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he arbitrary patterning of biomole-

cules such as proteins and peptides

on surfaces is useful for the develop-
ment of cellular biosensors, biomaterials,
and genomic arrays.'? Biorecognition oc-
curs over many length scales, and some of
the most important events take place at the
molecular or nanometer level; hence, ro-
bust and modular routes toward fabricat-
ing arrays with such precision become nec-
essary.® Reports on a number of methods
for preparing arrays approaching such pre-
cision have been described, including con-
ventional photolithography, scanning
probe techniques, nanografting, dip-pen
nanolithography, contact lithography,
printing, and self-assembled monolayers. A
comprehensive review covering these and
other methods has recently appeared.*

Of the many patterning techniques be-
ing pursued, contact lithographic processes,
such as nanoimprint lithography, show
great promise.>® Imprint techniques have
the advantage that they are not serial pro-
cesses; hence, large areas can be simulta-
neously patterned with features of differ-
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Figure 1. Structure of inimer (1) containing both a methacrylate
group for incorporation into the photopolymer and an
alkoxyamine group for subsequent brush growth. Structure of
pyrene-functionalized alkoxyamine initiator (2) used in nitroxide

exchange reactions.
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ABSTRACT The patterning of biologically active materials has been accomplished by the use of imprint
lithography of functional photopolymer resins to create controlled nanoscale patterns of a cross-linked

photopolymer containing embedded initiator groups. Functionalized polymer brushes consisting of polystyrene

and poly(N,N-dimethylacrylamide) were grown from these patterned layers by nitroxide-mediated polymerization.

Chain-end functionalization of the brush layer was accomplished by nitroxide radical exchange during the

polymerization. Accordingly, brush layers terminated by pyrene and biotin functional groups were obtained by

exchange with the appropriate alkoxyamines. The presence of pyrene functionality at the chain ends of the

brushes was confirmed by fluorescent emission measurements. Fluorescently labeled streptavidin protein was

selectively attached with high selectivity to the patterned biotinylated brush layer through biotin —streptavidin

interactions. The functionalized polymer grafted surfaces and nanopatterns have been successfully characterized

using a fluorescence spectrophotometer, AFM, SEM, confocal microscopy, and water contact angle measurements.

ent length scales. Additionally, imprint
equipment is not as complex or costly as
other advanced patterning tools, allowing
for high throughput, low cost fabrication.”
Patterning of proteins on surfaces has been
accomplished by thermal nanoimprint li-
thography (NIL) to produce patterned ac-
tive layers.2'° In each of these cases, the
first step is the imprinting of a poly(methyl-
methacrylate) (PMMA) layer that had been
applied to a silicon wafer surface. After pat-
terning of the PMMA, stan-
dard lithographic tech-
niques such as masked
deposition or inert materi-
al deposition followed by
lift-off, and additional ap-
plication of active materi-
als, patterned layers of ac-
tive materials on the silicon
wafer surface were cre-
ated. These active layers
are either self-assembled
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Figure 2. Nitroxide exchange principle describing the transfer of functional groups at

chain ends of polymer brushes during surface-initiated NMP.

monolayers (SAMs)®'° or adsorbed copolymers® which

permit patterning of proteins in the sub-100 nm size
range.

Another imprint method that has shown utility in
the patterning of functional materials is nanocontact
molding (NCM).""'? An advantage of this technique
compared with other available imprint methods is pre-
cise control of the chemistry through surface modifica-
tion and incorporation of reactive functionality into the
patterned cross-linked polymers. Complex functional-
ity can be obtained by the covalent incorporation of
functional inimers (compounds having both an initia-
tor and monomer fragments) for “living” free radical po-
lymerization into the photopolymer matrix (sample in-
imer structure is shown in Figure 1). Controlled “living”
radical secondary brush polymerizations of styrene,
acrylates, and other vinyl monomers from the embed-
ded inimer sites yield polymer brush surfaces that offer
the capability for adjusting imprinted feature sizes and
chemical functionalities in the nanometer-size re-
gime." As a result, the surface properties of the pat-
terned substrate can be radically altered. The grafting
density of these brushes is quite high though difficult to

Inimers embedded
within crosslinkinked

determine due to the uncertainty in quan-
tifying the accessibility of embedded in-
imer groups. Previous studies have shown
that brush growth from films with inimer
concentration as low as 5% gave brush
$2 height and molecular weight profiles con-
o-N sistent with densely packed brush layers.
\( Patterned layers of polyflurorene grafts
have also been made by an extension of
this technique.’ In a recent report, the util-
ity of the patterning of polymers with em-
bedded functionality to create metallic
nanostructures has been described.'”

This current paper concerns a careful
examination of the use of NCM to pattern a func-
tional resin that is subsequently converted into a
scaffold for the selective recognition and attachment
of streptavidin protein. In the approach used here,
NCM is performed on a photopolymer composition
containing an alkoxyamine-based inimer. After pat-
terning, brushes consisting of poly(N,N-
dimethylacrylamide) (PDMA) are grown from the
patterned layer by nitroxide-mediated polymeriza-
tion (NMP).'®"” The key enabling step here is a new
and robust technique for introducing functional
groups at chain ends of surface-grafted polymer
brushes via an in situ functionalized nitroxide radi-
cal exchange process, which occurs during the
surface-initiated polymerization reaction. Though
such nitroxide exchange has been described for lin-
ear polymers synthesized in solution,'®'® the use of
this radical crossover chemistry from surface-grafted
brushes has not been reported. This selective func-
tionalization of the brush layer by alkoxyamine ex-
change occurs in a process whereby an alkoxyamine
containing the desired functionality is exchanged
with the inimer alkoxyamine during brush growth
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Figure 3. Polymer brush growth concurrent with nitroxide exchange leading to PDMA brush layers end-capped with

pyrene-functionalized alkoxyamine.
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Figure 4. Absorbance (a) and emission (b) spectra of pyrene
chain-end functionalized PDMA brushes.

in such a way that, by the end of brush growth, the
majority of brush chains are terminated with the
functionalized nitroxide. Under the proper reaction
conditions, this exchange process has been shown
to be both rapid and quantitative, while at below 80
°C, the alkoxyamine chain end has been shown in
numerous studies to be fully stable.’® The nitroxide
exchange process is illustrated in Figure 2 where end
functionality R, is replaced by R,. Using this func-
tionalized nitroxide radical exchange process,
pyrene and biotin functionalities have been incorpo-
rated at the chain ends of patterned PDMA brushes
grown via surface-initiated NMP. The biotin chain-
end functionalities on the nanopatterned surfaces
have been utilized as selective binding sites for
streptavidin protein, resulting in the surface pattern-
ing of proteins. These systems also demonstrate a
significant feature of this technique in that it opens
up access to a wide array of functionalized structures
and permits the incorporation of functional groups
that are either very costly or incompatible with other
patterning procedures. The modular nature of the

process also allows libraries of functionalized struc-
tures to be prepared from one base material.

RESULTS AND DISCUSSION

To demonstrate the effective use of nitroxide ex-
change to introduce surface-tethered functional groups
during surface-initiated polymerization, a pyrene-
functionalized alkoxyamine initiator, 2 (shown in Fig-
ure 1), was prepared®® as an agent to transfer pyrene
groups to the chain ends of nanopatterned PDMA
brushes. PDMA was selected due to its hydrophilicity
and biocompatibility, hence its great potential in phar-
maceutical and biomedical applications.?'~2* Studies
have demonstrated that surfaces grafted with polymers
such as PDMA and polyethylene glycol (PEG) minimize
protein adsorption as compared with hydrophobic or
other polar surfaces.>*~¢ While living free radical po-
lymerization of N,N-dimethylacrylamide is challenging,
reports of controlled preparation of PDMA with low
polydispersities have appeared. These include
NMP,?”~3° atom transfer radical polymerization
(ATRP),>'~3* and reversible addition—fragmentation
chain transfer (RAFT).3>3¢

Initial experiments to test the nitroxide exchange
principle were performed from flat polymer films. Ac-
cordingly, the inimer containing methacrylate-based
photopolymer was applied to a silicon wafer surface by
spin-coating and cured under UV light (365 nm). It
should be noted that this wavelength is absorbed by
pyrene units, so the presence of 2 in the original photo-
polymer mixture leads to inefficient cross-linking and
thus prevents network formation. However, this is not
the case for the secondary thermal process where
PDMA brushes were grown from the cured photopoly-
mer surface by NMP performed in the presence of an

100 nm

Figure 5. Images (a) and (b) show the patterned silicon master where (a) is an optical microscope image and image (b) is
the SEM image of the highlighted circular region in image (a), showing 75 nm line patterns. Image (c) is the SEM image of
the polymer layer after nanocontact molding with the 75 nm lines region shown.
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Figure 6. Optical microscope fluorescence images of pyrene functionalized patterned PS
brushes. (a) When exposed at excitation wavelengths (\.,) between 450 and 490 nm, no fluo-  with features ranging from 100 nm to

rescence is observed. (b) When illuminated at A, 330-380 nm, bright fluorescence is ob-
served from the pyrene groups at chain ends of the PS brushes.

excess of alkoxyamine 2, leading to nitroxide exchange
during polymerization (Figure 3). After polymerization,
the wafer was removed from the reaction vessel and
washed extensively with acetone, dichloromethane,
THF, and water to ensure complete removal of any free
polymer from the wafer surface. Brush growth was con-
firmed by ellipsometry, as the film’s thickness after
brush growth increased from 36 to 130 nm. Brush
growth was further supported by water contact angle
measurements where the contact angle decreased from
81° (before polymerization) to 54° (after polymeriza-
tion). The presence of pyrene end-groups was con-
firmed by UV/vis absorption and fluorescence measure-
ments, where the functionalized surface had the
expected pyrene absorbance peak at 335 nm and fluo-
rescence emission peaks at 375 and 405 nm (excitation
wavelength of 330-380 nm) (Figure 4).

One consequence of performing brush growth by
NMP while using an excess of alkoxyamine is the forma-
tion of “free” polymer chains in solution concurrent
with surface brush growth."® This free polymer was pre-
cipitated and analyzed by gel permeation chromatogra-
phy (GPC) in order to estimate the molecular weight
and polydispersity of the PDMA brushes which were

Figure 7. AFM plots of the (a) inimer embedded patterned lines before polymerization and
(b) after polymerization of pyrene-functionalized PS brushes (z range = 100 nm).

A“t%\&) VOL.2 = NO.4 = JHAVERI ET AL.

found to be M,, = 24000 and PDI =
1.18 demonstrating the controlled na-
ture of the growth process and the po-
tential to tune the thickness of the re-
sulting thin films.3” The brushes grown
from these surfaces are consistent with
what would be expected for densely
packed brush layers, not low-density
mushroom-like grafting coverage.
Nanocontact molding was used to
prepare patterns of the inimer embed-
ded photopolymer in a manner similar
to previously reported studies.’®'>38
Molds containing arbitrary test patterns

10 wm were used. An optical micro-
graph image of the original silicon used
in the nanocontact molding process is shown in Fig-
ures 5a, and a close-up of the 75 nm wide lines is shown
in Figure 5b (SEM). The patterned inimer embedded
photopolymer replica is shown in Figure 5c. Clearly, the
nanocontact molding process very accurately repro-
duced the 75 nm line features of the master.

Surface NMP of styrene in the presence of ex-
cess alkoxyamine, 2, was utilized to grow pyrene-
functionalized polystyrene (PS) brushes from these
patterned photopolymer features. The fluorescence
emitted from the chain ends of the patterned PS
brushes was clearly visible by optical microscopy
(Figure 6). The emission of fluorescence was only ob-
served when exposed in the range of 330-380 nm,
and the patterns did not fluoresce when exposed to
other wavelengths. A closer examination of the pat-
terned surfaces was performed by atomic force mi-
croscopy (AFM) (Figure 7) and scanning electron mi-
croscopy (SEM) (Figure 8). The patterned pyrene-
functionalized PS brushes show an increase in the
width of the patterned lines. The initial feature width
of the initiator embedded line was 75 nm which in-
creased to 111 nm (A 36 nm) after the PS brush
growth. Brush growth was further supported by wa-
ter contact angle measurements
where the contact angle increased
from 81° (before polymerization) to
96° (after polymerization). GPC of the
free PS polymer isolated from the re-
action solution had M,, = 34 700 and
PDI = 1.16. The success of this proce-
dure demonstrates the ability to con-
trol the feature size, surface proper-
ties, and functionality of nanoscale
features.

The complex of biotin with strepta-
vidin and its structural homologue avi-
din are known to be among the stron-
gest ligand—protein complexes,®® with
measured binding constants of 1.7 X

www.acsnano.org



Figure 8. SEM images of the patterned lines before (top)
and after (bottom) polymerization of pyrene-functionalized
PS brushes.

10"% and 2.5 X 103, respectively.**° Because of the
very high binding affinities of biotin to these two pro-
teins, biotin—streptavidin systems have been used ef-
fectively for attachment of streptavidin to biotinylated
polymers,*'~*” carbon nanotubes,*® etc. Additionally,
since streptavidin is a tetramer with four binding sites,
each site binding to one molecule of biotin, it has been
shown that surface engineering of various other bioti-
nylated proteins on streptavidin-bound surfaces is
pOSSible.44'47'49_S1

An alkoxyamine initiator bearing biotin was synthe-
sized for the preparation of patterned brush
layers end-capped with biotin functionality for
the selective attachment of streptavidin pro-
tein. Hydroxymethyl-functionalized
alkoxyamine, 3, was chosen as the precursor
for the functionalization scheme (Figure 9). The
alcohol group of the starting alkoxyamine was
converted to the bromo group using carbon
tetrabromide (CBr,) and triphenyl phosphine
(PPh,) to afford the bromide-functionalized
alkoxyamine, 4, in almost quantitative yield.
The bromide functional alkoxyamine, 4, was
converted to the azide, 5, using sodium azide
(NaNs) in 71% yield. This was subsequently re-
duced using LiAlH, to give the amine-
functionalized alkoxyamine, 6, in 92% yield,
which was reacted with an activated biotin-
functionalized ester (biotin-N-
hydroxysuccinimide ester, 7) in the presence

www.acsnano.org
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Figure 9. Synthesis of biotin-functionalized alkoxyamine 8.

of triethylamine to produce the biotin-functionalized
alkoxyamine initiator, 8. The biotinylated alkoxyamine
was used in the nitroxide exchange during NMP of dim-
ethylacrylamide from the patterned inimer embedded
photopolymer yielding PDMA brush layers with bio-
tinylated end-groups. SEM images (Figure 10) taken be-
fore and after the growth of the patterned brushes
showed an increase in the height of the patterned lines.
The initial width of the initiator embedded line was 75
nm which increased to 114 nm (A 39 nm) after brush
polymerization. As described for the pyrene reactions
above, the free solution PDMA was isolated and ana-
lyzed and found to have an M,, = 8750 and PDI = 1.16.

A substrate with the patterned biotinylated PDMA
brushes was immersed in a HEPES buffered saline solu-
tion of fluorescently tagged Alexa-488 streptavidin (0.1
M) for 45 min. The substrate was removed from the
solution, washed with excess buffer solution, and dried
in air. Selective binding of fluorescently tagged Alexa-
488 streptavidin was observed on the biotin-
functionalized brush patterns using confocal micros-
copy (Figure 11). As a control, PDMA brushes were
grown using alkoxyamine, 10, that did not have biotin
functionality. These substrates were also allowed to re-
act with fluorescently tagged Alexa-488 streptavidin as
described above. After being rinsed and dried, these
PDMA brush layers showed no observable attachment
of streptavidin. For the biotinylated brushes, the con-
trast between the patterned areas and the underlying
silicon substrate showed the high selectivity of the at-
tachment to the brush layer and the relatively low level
of nonspecific adsorption of protein on the silicon
surface.

CONCLUSIONS

We have successfully demonstrated that in situ ni-
troxide radical exchange during NMP is a simple and
effective technique for introduction of functionality
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Figure 10. SEM images of inimer embedded photopolymer
(top) and biotinylated PDMA brushes after nitroxide ex-
change reaction (bottom).

to chain ends of grafted polymer layers. Pyrene and
biotin functional groups have been successfully in-
corporated at the chain end of patterned polymer
brush layers with the polymer grafted surfaces and
nanopatterns characterized by fluorescence mea-
surements, AFM, SEM, confocal microscopy, and wa-
ter contact angle measurements. The MW of the
free polymer grown concurrently in solution was
used to approximate the molecular weight of the
bushes. The results demonstrate accurate control
over feature size and polymer brush thickness. The
patterned biotinylated polymer brush layers have
been utilized in the specific binding of streptavidin
protein. Since streptavidin has a tetrahedral symme-
try with four binding sites for biotin, further studies
are presently being conducted to attach biotinylated
nanoparticles and protein sequences on these nano-
patterned streptavidin-functionalized surfaces. We

METHODS

Materials. All chemical reactions were performed under N, un-
less noted. THF was distilled under N, from sodium benzophe-
none. DMF was used as received. Styrene was freshly distilled
from CaH, prior to use. N,N-dimethyl acrylamide was passed
through a basic alumina column prior to use. All chemicals were
purchased from Sigma Aldrich and unless noted were used as re-
ceived. Streptavidin, Alexa Fluor 488 conjugated/tagged, was
purchased from Molecular Probes (Invitrogen). Syntheses of in-
imer (1),"® pyrene-functionalized alkoxyamine (2),°
hydroxymethyl-functionalized alkoxyamines (3),%° biotin-N-
hydroxy succinimide ester (7),? 2,2,5-trimethyl-4-phenyl-3-
azahexane-3-nitroxide (TIPNO, 9),>” and 2,5-dimethyl-3-(1-
phenylethoxy)-4-phenyl-3-azahexane (10)?” were performed in
accordance with literature procedures. The alkoxyamine initiator
embedded patterns were prepared as previously described in
the literature,”® using a nanocontact molding process and a
methacrylate-based photocurable resin.

Characterization. Nuclear magnetic resonance (NMR) spectros-
copy was performed on a Varian Unity 400 MHz NMR spectrom-
eter using deuterated chloroform (CDCls) as solvent and the in-
ternal solvent peak as the reference. Electrospray mass
spectroscopy (ESMS) was taken at Cornell BioResource Center us-
ing a Bruker Esquire-LC ion trap mass spectrometer. GPC was car-
ried out on a Waters chromatograph (four Waters Styragel HR
columns HR1, HR2, HR4, and HR5E in series) connected to a Wa-
ters 410 differential refractometer with THF as the carrier solvent.

) VOL.2 = NO.4 = JHAVERI ET AL

Figure 11. Confocal microscope images of (a) biotin-
functionalized patterned PDMA brushes, (b) patterned
PDMA brushes incubated in Alexa 488 labeled streptavidin,
and (c) unfunctionalized PDMA brushes incubated in Alexa
488 labeled streptavidin. Scale bar = 100 pm.

believe the described method of polymer brush
functionalization using a functionalized radical ex-
change process during surface-initiated living free
radical polymerization is a robust and modular tool
to control both the dimensions and the functional-
ity of grafted polymer brushes on the nanometer
scale. The ability to pattern biologically relevant ma-
terials at this length scale with the ease and speed
demonstrated will enable new device and sensor
development.

The SEM images were taken using a LEO 1550 SEM with a Schot-
tky field emission source. The confocal microscopy was per-
formed using a Leica TCS SP2 scanning confocal microscope. UV/
vis absorption spectra were recorded using an HP 8452A diode
array spectrometer. Emission was measured using an SA Instru-
ments FL3-11 fluorimeter. Epifluorescent microscopy was per-
formed using a Nikon E400 microscope body equipped with a Ni-
kon EPI EF illumination unit and a 100 W mercury light source.
AFM images of polymer patterns were obtained with a Digital In-
struments Dimension 5000 in intermittent contact mode at a
scan rate of 1 Hz. Samples were imaged under ambient condi-
tions with silicon nitride cantilevers (spring constant 0.58 N/m).

Synthesis of Bromine-Functionalized Alkoxyamine (4). To a solution
of alkoxyamine alcohol 3 (2.01 g, 5.65 mmol) in THF (10 mL)
was added CBr, (2.33 g, 7.03 mmol) followed by portionwise ad-
dition of PPh; (1.84 g, 7.03 mmol). The reaction was quenched af-
ter 5 min with 2 mL of water. The reaction mixture was concen-
trated using a rotatory evaporator. Dichloromethane and water
(50 mL each) were added. The organic layer was removed and
dried over MgSO,, filtered, and evaporated to dryness. The crude
product was purified by flash chromatography, starting with
pure hexanes and increasing to 1:1 hexanes/CH,Cl, to obtain
2.36 g (99%) of bromide, 4, as a colorless oil.

"H NMR (400 MHz, CDCl,, both diastereomers) 8 7.4-7.1 (m,
18H), 4.90 (q + q, 2H, J = 6.5 Hz, both diastereomers), 4.48 and
4.45 (each s, 4H, CH,Cl), 3.41 (d, 1H, J = 10.4 Hz, major diastereo-
mer), 3.29 (d, TH, J = 10.8 Hz, minor diastereomer), 2.30 (two

www.acsnano.org



m, 2H, both diastereomers), 1.61 (d, 3H, J = 6.4 Hz, major diaste-
reomer), 1.53 (d, 3H, J = 6.4 Hz, minor diastereomer), 1.30 (d,
3H, J = 6.4 Hz, major diastereomer), 1.03 (s, 9H, major dia-
stereomer), 0.91 (d, 3H, J = 6.4 Hz, minor diastereomer), 0.76 (s,
9H, minor diastereomer), 0.52 (d, 3H, J = 6.8 Hz, major diastere-
omer), and 0.20 (d, 3H, J = 6.8 Hz, minor diastereomer). '*C NMR
(100 MHz, CDCl;, both diastereomers) 8 145.8 (d), 143.276 (d),
143.071 (d), 135.952 (d), 135.741 (d), 131.446-126.377 aromatic
region, 83.766 (d), 83.187 (d), 72.000 (d), 71.874 (d), 60.774 (d),
60.615 (d), 32.204 (d), 31.784 (d), 28.651 (t), 28.585 (t), 28.460 (t),
24.889 (s), 23.312 (s), 22.321 (d), 22.154 (d), 21.395 (d), 21.264 (d).
ESI MS [M + 1 peak] calcd 419.41, obsd 420.20. HRMS calcd for
C,3H3,BrNO 417.166725, found 417.1662. Elemental Analysis:
Caled C, 66.02; H, 7.70; N, 3.34. Found: C, 65.38; H, 7.64; N, 3.09.

Synthesis of Azide-Functionalized Alkoxyamine (5). A mixture of 4
(2.36 g, 5.66 mmol), sodium azide (1.11 g, 17 mmol), and 18-
crown-6 (25 mg) was stirred in DMF (15 mL) at 60 °C for 16 h.
The reaction mixture was then poured into water (150 mL) and
extracted with CH,Cl, (3 X 40 mL). The organic fractions were
dried with MgSQ,, filtered, and evaporated to dryness. The resi-
due was purified by flash column chromatography eluting with
1:1 petroleum ether/CH,Cl, to obtain 1.53 g (71%) of azide-
functionalized alkoxyamine, 5, as a light yellow oil.

"H NMR (400 MHz, CDCl,, both diastereomers) § 7.45-7.11
(m, 18H), 4.91 (q + q, 2H, J = 3.6 Hz, both diastereomers), 4.33
and 4.27 (each s, 4H, CH,N5, major and minor diastereomers),
3.44 (d, 1H, J = 10.8 Hz, major diastereomer), 3.32 (d, TH,

J = 10.4 Hz, minor diastereomer), 2.34 (two m, 2H, both diaste-
reomers), 1.63 (d, 3H, J = 6.8 Hz, major diastereomer), 1.55 (d,
3H, J = 6.4 Hz, minor diastereomer), 1.32 (d, 3H, J = 6.8 Hz, ma-
jor diastereomer), 1.05 (s, 9H, major diastereomer), 0.93 (d, 3H, J
= 6.4 Hz, minor diastereomer), 0.78 (s, 9H, minor diastereomer),
0.55 (d, 3H, J = 6.4 Hz, major diastereomer), and 0.22 (d, 3H, J =
6.8 Hz, minor diastereomer). '*C NMR (100 MHz, CDCl;, both di-
astereomers) & 145.857 (d), 145.080 (d), 143.011 (d), 142.793 (d),
133.388 (d), 133.182 (d), 131.540-126.379 aromatic region,
83.762 (d), 83.127 (d), 72.058 (d), 71.948 (d), 60.761 (s), 60.623
(s), 54.902 (d), 54.873 (d), 28.695 (t), 28.634 (t), 28.445 (1),
24.912(s), 23.353 (s), 22.337 (s), 22.168 (s), 21.365 (s), 21.237 (s).
ESI MS [M + 1 peak] calcd 381.53, obsd 381.30. HRMS calcd for
Cy5H5,N,0 380.257611, found 380.2581. Elemental Analysis: Calcd
C,72.59; H, 8.47; N, 14.72. Found: C, 72.64; H, 8.28; N, 14.95.

Synthesis of Amine-Functionalized Alkoxyamine (6). LiAlH, (148 mg,
4.02 mmol) was added slowly to 5 (1.53 g, 4.02 mmol) dissolved
in THF (25 mL) and cooled to 0 °C. After the reaction was stirred
under argon for 16 h, water (160 pL) was slowly added fol-
lowed by filtration and concentration by a rotovaporator. The
crude product was purified by flash column chromatography
eluting with 5% MeOH/CH,Cl, to obtain 1.31 g (92%) of amino-
functionalized alkoxyamine, 6, as a light yellow liquid.

"H NMR (400 MHz, CDCl,, both diastereomers) § 7.41-7.06
(m, 18H), 4.88 (q + q, 2H, J = 4.8 Hz, both diastereomers), 4.08
(s, 4H, both diastereomers), 3.39 (d, TH, J = 10.4 Hz, major dia-
stereomer), 3.27 (d, TH, J = 10.4 Hz, minor diastereomer), 2.29
(two m, 2H, both diastereomers), 2.05 (s, 2H, both diastereo-
mers), 1.87 (s, 2H, both diastereomers), 1.60 (d, 3H, J = 6.4 Hz,
major diastereomer), 1.51 (d, 3H, J = 6.8 Hz, minor diastereomer),
1.28 (d, 3H, J = 6.4 Hz, major diastereomer), 1.024 (s, 9H, major
diastereomer), 0.90 (d, 3H, J = 6.4 Hz, minor diastereomer), 0.752
(s, 9H, minor diastereomer), 0.51 (d, 3H, J = 6.4 Hz, major diaste-
reomer), and 0.19 (d, 3H, J = 6.4 Hz, minor diastereomer). '3C
NMR (100 MHz, CDCl;, both diastereomers) & 145.885 (d),
145.098 (d), 138.50 (d),131.263-126.225 aromatic region, 83.643
(d), 82.996 (d), 72.046 (d), 71.938 (d), 60.678 (s), 60.551 (s), 49.872
(s), 28.695 (t), 28.655 (t), 28.458 (1), 24.914 (s), 23.331 (s), 22.380
(d), 22.198 (d), 21.401 (d), 21.301 (d). ESI MS [M + 1 peak] calcd
355.53, obsd 355.40. HRMS calcd for C,3H5,N,0 354.267113,
found 354.2647. Elemental Analysis: Calcd C, 77.92; H, 9.66; N,
7.90. Found: C, 78.18; H, 9.61; N, 7.75.

Synthesis of Biotin-Functionalized Alkoxyamine (8). To a solution of
alkoxyamine 6 (0.49 g, 1.37 mmol) in DMF (8.8 mL) was added
1.76 mL of triethylamine. After the solution was stirred for 30
min, a solution of biotin-N-hydroxy succinimide ester 7 (0.47 g,
1.37 mmol) in DMF (3 mL) was added. The reaction mixture was
stirred for 24 h at room temperature and then concentrated. The
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crude product was precipitated by addition of 100 mL of di-
ethyl ether, filtered, and washed again with 50 mL of diethyl
ether. NMR showed no presence of 7. The product was further
purified by flash column chromatography (2:8 CH;OH/CHCl;) to
obtain 0.541 g (68%) of biotin-functionalized alkoxyamine, 8, as a
white solid. Melting point = 100-101 °C.

"H NMR (400 MHz, CDCl,, both diastereomers) & 7.4-7.02
(m, 18H), 6.7(s, 2H, NH), 6.46 (bs, 2H, NH), 5.51 (s, 2H, NH), 4.85
(g + q, 2H, J = 2.8 Hz, both diastereomers), 4.39-4.21 (s, 4H,
CH,N and m,4H, NCHCHN), 3.36 (d, 1H, J = 10.8 Hz, major di-
astereomer), 3.24 (d, TH, J = 10.8 Hz, minor diastereomer), 3.07
(bd, 2H, CHS, both diastereomers), 2.78 (m, 2H, CH2S), 2.61 (d, 2H,
J=12.8 Hz, CH2S), 2.21 (two m, 2H, both diastereomers), 2.20 (t,
4H, CH2, both diastereomers), 1.67 (bm,12H), 1.57 (d, 3H, J = 6.4
Hz, major diastereomer), 1.50 (d, 3H, J = 6.4 Hz, minor diastereo-
mer), 1.25 (d, 3H, J = 6.4 Hz, major diastereomer), 1.00 (s, 9H, ma-
jor diastereomer), 0.87 (d, 3H, J = 6.4 Hz, minor diastereomer),
0.73 (s, 9H, minor diastereomer), 0.47 (d, 3H, J = 6.8 Hz, major di-
astereomer), and 0.14 (d, 3H, J = 6.8 Hz, minor diastereomer).
3C NMR (100 MHz, CDCl,, both diastereomers) § 173.40 (s),
164.30 (s), 145.750 (d), 144.995 (d), 141.81 (d), 141.625 (d),
136.678 (d), 136.468 (d), 131.351-126.394 aromatic region,
83.635 (d), 83.077 (d), 71.926 (d), 71.810 (d), 61.933 (s), 60.704
(s), 60.565 (s), 60.359 (s), 43.359 (s), 40.667 (s), 36.313 (s), 32.243
(s), 31.864 (d), 31.837 (d), 28.633-21.276: aliphatic “C". ESI MS [M
+ 1 peak] calcd 581.83, obsd 581.30. HRMS calcd for
C55H4gN,05S 580.344713, found 580.3453. Elemental Analysis:
Calcd C, 68.24; H, 8.33; N, 9.64. Found: C, 68.03; H, 8.45; N, 9.67.

General Procedure for the Preparation of Chain-End Functionalized
Polymer Brush Layers. Silicon substrates covered with a patterned
photopolymer that contained embedded initiators were pre-
pared by nanocontact molding.'® The substrates were immersed
in a solution of DMF, monomer (styrene or N,N-
dimethylacrylamide), and the desired alkoxyamine in a glass re-
action vessel. Three freeze-pump-thaw cycles were applied be-
fore heating the reaction vessel to 125 °C under N, for 12 h. The
reaction mixture was cooled and the polymerization solution de-
canted and added dropwise to methanol (in the case of polysty-
rene) or hexanes/diethylether (in the case of PDMA) to precipi-
tate the polymer. The free polymer was filtered and dried. The
silicon substrates were washed liberally with acetone, dichlo-
romethane, THF, and water and then dried.

Pyrene-Functionalized Patterned Polystyrene Brushes. The general
procedure above was followed with the use of pyrene-
functionalized alkoxyamine 2 (24 mg, 3.84 pmol), styrene (2.5
mL, 2.27 g), and DMF (2.5 mL). The free polymer formed in solu-
tion was precipitated from methanol. Yield 1.31 g (58%). GPC
molecular weight: M,, 34 700 (calcd = 34 200); PDI = 1.16.

Biotin-Functionalized Patterned PDMA Brushes. The general proce-
dure above was followed using the biotin-functionalized
alkoxyamine 8 (24 mg, 41.32 umol), N,N-dimethylacrylamide
(1.50 g), DMF (2.5 mL), and 0.45 mg of free nitroxide (TIPNO, 9).
The free polymer formed in solution was precipitated from cold
hexanes. Yield 0.35 g (23%). GPC molecular weight: M,, = 8750
(calcd = 8470); PDI = 1.16.

Binding of Streptavidin onto Biotin-Functionalized Nanopatterned
Polymer Brushes. Alexa 488 nm streptavidin solution (0.1 wM) was
prepared using HEPES buffered saline (0.1 M NaCl; pH = 7.4) with
0.02% Tween 20 detergent (v/v) to prevent nonspecific binding.
The silicon substrates containing patterned biotinylated polymer
brush layers were immersed in 5 mL of 0.1 uM Alexa 488 nm
streptavidin solution for 45 min. The wafers were removed,
washed liberally with the buffer, and allowed to dry before be-
ing observed under a confocal microscope.
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