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A novel polymeric initiator coating for surface modification via atom transfer radical polymerization (ATRP) is reported. The
synthetic approach involves the chemical vapor deposition of [2.2]paracyclophane-4-methyl 2-bromoisobutyrate and can be ap-
plied to a heterogeneous group of substrates including stainless steel, glass, silicon, poly(dimethylsiloxane), poly(methyl meth-
acrylate), poly(tetrafluoroethylene), and polystyrene. Surface analysis using X-ray photoelectron spectroscopy and Fourier-
transformed infrared spectroscopy confirmed the chemical structure of the reactive initiator coatings to be consistent with
poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-co-(p-xylylene)]. Appropriate reactivity of the bromoisobutyrate side groups
was confirmed by surface initiated atom transfer radical polymerization of a oligo(ethylene glycol) methyl ether methacrylate.
After solventless deposition of the CVD-based initiator coating, hydrogel films as thick as 300 nm could be conveniently pre-
pared within a 24 h timeframe via ATRP. Moreover, the polymerization showed ATRP-specific reaction kinetics and catalyst
concentration dependencies. In addition, spatially controlled deposition of the initiator coatings using vapor-assisted micro-
structuring in replica structures resulted in fabrication of spatially confined hydrogel microstructures. Both protein adsorption
and cell adhesion was significantly inhibited on areas that were modified by surface-initiated ATRP, when compared with un-
modified PMMA substrates. The herein described initiator coatings provide a convenient access route to controlled radical po-
lymerization on a wide range of different materials. While demonstrated only for a representative group of substrate materials
including polymers, metals, and semiconductors, this method can be expected to be generically applicable — thereby eliminating
the need for cumbersome modification protocols, which so far had to be established for each substrate material independently.

1. Introduction

Defined and stable surface properties are essential character-
istics of many future biodevices, such as high-density protein
and DNA arrays,!"?! micro total analysis systems (LTAS),” mi-
crofabricated cell sorting and detection devices,” or miniatur-
ized networks for cell isolation and culturing.[5’6] Because of
the high surface-to-volume ratios typically encountered in min-
iaturized biodevices, even minor variations in the surface
chemistry can reduce device performance.”! As a consequence,
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development of well-defined biointerfaces, which combine the
biological functionality of naturally derived support matrices
with the versatility and robustness of synthetic polymers will
be increasingly important for a large number of biotechnologi-
cal applications. Towards this end, surface initiated controlled
radical polymerizations,m such as reversible addition-fragmen-
tation chain transfer (RAFT) polymerization, nitroxide-medi-
ated polymerization (NMP), and atom transfer radical
polymerization (ATRP), have recently attracted increasing in-
terest. Among the different controlled radical polymerization
methods, surface-initiated ATRP has been used most widely
because of its tolerance to water and impurities, compatibility
with a wide range of different functional monomers, and the
relatively low polymerization temperatures typically required
for ATRP. Moreover, surface-initiated ATRP is capable of gen-
erating relatively thick films,”! patterned polymers,"*!" and
block copolymers.'? Surface-initiated ATRP has been success-
fully used for biosensors and biomaterials,'>?*! stabilization of
colloidal particles, ! bioseparation,”*>?! and nano-/micro-
fabrication.?>% Nevertheless, surface-initiated ATRP has also
some profound limitations. For instance, ATRP requires initial
chemical modification to introduce initiator groups to intro-
duce initiator groups to the substrate surface. Because appro-
priate surface immobilization protocols are often cumbersome
and far from routine use, surface-initiated ATRP is limited to a
relatively small group of surfaces, such as silicon, 2041
glass,m“] PDMS,*! gold,[g‘]s’“] and certain metal oxides."”]
Wider application to surfaces beyond these substrates, includ-
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ing a broad range of inorganic and organic materials, will re-
quire generally applicable surface protocols.

Opver the past few years, wel**l and others*—2 exploited
the use of chemical vapor deposition (CVD) polymerization to
develop surface modification protocols for a wide range of dif-
ferent substrate materials.*** The CVD polymerization pro-
cess shows promising features, like conformance to substrate
topology, pinhole-free coverage even in very thin films, and the
ability to penetrate[ssl and coat complex geometries.[56] CVvD
polymerization often does not require solvents, plasticizers,
catalysts, or accelerants minimizing cytotoxic effects by exclud-
ing potential leaching of low-molecular weight additives."”"!
Reactive coatings establish interfaces equipped with chemically
reactive groups that can be selected from a variety of different
chemical species, including amines, alcohols, aldehydes, acti-
vated carboxylic acids, alkynes, and anhydrides,[25 2 which can
be selected depending on the specific needs of a given applica-
tion.

Herein we use chemical vapor deposition polymerization to
create a polymeric initiator coating for surface-initiated ATRP
that can be applied to a wide range of different substrate mate-
rials. As such, it effectively decouples ATRP from the need for
continuously developing specialized and often expensive modi-
fication protocols. We further demonstrate the versatility of
the vapor-based initiator coatings by creating non-fouling sur-
faces that inhibit protein adsorption and cell adhesion.

2. Results and Discussion

2.1. CVD Polymerization to Prepare the Vapor-Based Initiator
Coating 2

Prior to CVD polymerization, synthesis of the starting mate-
rial [2.2]paracyclophane-4-methyl 2-bromoisobutyrate (1) was
established. Starting from the commercially available
[2.2]paracyclophane (3), Rieche formylation with a,a-dichloro-
methyl methyl ether under the influence of titanium chloride
and subsequent reduction with lithium aluminum hydride re-
sulted in 4-hydroxymethyl[2.2]paracyclophane (5) with 71 %
yields (Scheme 1). Compound 5 was converted into paracyclo-
phane (1) by reaction with 2-bromoisobutyryl bromide under
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Scheme 1. Synthetic route towards [2.2]paracyclophane-4-methyl 2-bromo-
isobutyrate (1).
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basic conditions. After careful purification, paracyclophane 1
was isolated and used as starting material for CVD polymeriza-
tion. The overall yield of the three-step synthesis was 61 %.

Optimized CVD polymerization conditions included subli-
mation of paracyclophane 1 (100 mg, 0.26 mmol) at 115-
125°C under reduced pressure (0.5 mbar) and subsequent
transfer into the pyrolysis zone, which was maintained at
550°C. Deposition of the polymer onto the substrate occurred
on a temperature-controlled sample holder at 15 °C. Substrates
were either homogenously coated or microstructured using a
recently developed masking technology (Fig. 1).*”! Under
these conditions, deposition rate of the polymer coating was
about 1.0 A s7, as determined by quartz crystal microbalance.
Film thickness depended on the amount of starting material 1
used during CVD polymerization and was 50-70 nm under the
conditions stated above. After CVD polymerization, the result-
ing polymer 2 was stable in aqueous solutions and certain non-
halogenated organic solvents, such as ethanol, toluene and
THEF. To evaluate the adhesion properties of the initiator coat-
ing 2, the scotch tape test'®! was performed on polymer coated
substrates including glass, silicon, quartz, PDMS, PMMA, poly-
styrene, and gold. During the scotch tape test, a polymer sur-
face is first scratched in form of a grid pattern and then the
scotch tape is pressed onto the surface. The surface is observed
before and after peeling off the tape. The press-peeling cycle is
repeated at least 5 time for each sample. On all substrates, the
deposited polymer films did not peel off suggesting an excel-
lent adhesion.

2.2. Chemical Analysis of the Vapor-Based Initiator Coating

Reactive polymer coating 2 was characterized using a combi-
nation of surface-sensitive methods, including XPS, grazing
angle Fourier-transformed infrared reflection adsorption spec-
troscopy (IRRAS) and imaging ellipsometry. The XPS survey
spectrum of polymer 2 is shown in Figure 2A and revealed Cys,
Oy, and Brs, signals (red curve). Quantitative composition
data are summarized in Table 1. A typical initiator coating con-
sisted of 87.5 atom % of carbon, 9.8 atom % of oxygen, and
2.7 atom % of bromine. Within the margins of error of XPS,
these values compare well with the theoretical values of
87.5 atom % for carbon, 8.3 atom % for oxygen, and 4.2 atom
% for bromine. As shown in Figure 2B, the high-resolution Cy;
spectrum of polymer 2 provides further insight into the chemi-
cal composition of polymer 2. The spectrum reveals a charac-
teristic signal at 285.0 eV, which has an intensity of 82.8 atom

Table 1. XPS analysis of poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-co-
(p-xylylene)] before and after surface-initiated ATRP of OEGMA.

c'Is O'Is Br3p
Binding Energy [eV] 285.0 532.0 184.0
initiator coating 2 caled. [%)] 87.5 83 4.2
found [%)] 87.5 9.8 2.7
poly(OEGMA) modified caled. [%)] 67.7 323 -
found [%] 69.5 30.5 -
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Figure 1. CVD polymerization approach to prepare the vapor-based initiator coating 2 for subsequent poly(OEGMA) modification via ATRP. A microsten-
cil is used during CVD polymerization to direct the reactive initiator coating to defined surface areas only. Using surface-initiated ATRP, a poly(OEGMA)
film is then selectively prepared at areas, where the initiator coating 2 has been deposited. The result is a microstructured hydrogel surface with potential
for protein or cell patterning. (j, k, m, n denote repeating units of the corresponding structures.)

% and can be assigned to aliphatic and aromatic carbons (C-C,
C-H). This signal compares well to the theoretical aliphatic
and aromatic carbon concentration of 85.6 atom %. Theoreti-
cal values were calculated based on the structure of starting
material 1. Moreover, the Cy spectrum shows characteristic
signals for ether bonds (C-O) at 286.6 eV as well as ester bonds
(O-C=0) at 287.0 eV (both 5.3 atom %). Both signals are in
good agreement with the expected theoretical values of
4.8 atom % each, as summarized in Table 1. In addition, a
characteristic signal at 289.2 eV with 4.5 atom % can be as-
signed to bromine-bound carbon (C-Br). This signal is in good
agreement with the theoretically expected value of 4.8 atom
% . A smaller signal centered at 291.2 eV can be attributed to
n—n* shake-up signal characteristic of aromatic n electrons and
has been previously reported for similar poly(p-xylylenes).>*!

The correct structure of CVD coating 2 was further con-
firmed by IRRAS. Figure 3a shows the FT-IR spectrum of re-
active polymer coating 2 on a gold-coated silicon substrate.
Characteristic functional groups of polymer 2 can be associated
with absorption bands at 3004, 2934, and 2860 cm™ due to C-H
symmetric and asymmetric stretching bands, a strong, sharp
band at 1730 cm™ indicative of the C=O bond of the ester
group, and a strong band at 1160 cm™, which is due to C-O-C
stretches of the ester group.

Adv. Funct. Mater. 2008, 18, 27-35
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2.3. Surface-Initiated ATRP from the Vapor-Based Initiator
Coating

After confirming the successful synthesis of poly[(p-xyly-
lene-4-methyl-2-bromoisobutyrate)-co-(p-xylylene)],
ducted a series of experiments to assess the ability of these
coatings to initiate ATRP. Gold substrates modified with the
initiator coating 2 were incubated under inert conditions with
aqueous solution of oligo(ethylene glycol) methyl ether meth-
acrylate (OEGMA, average M, ca. 475), which contained
CuBr/CuBr,/bpy as the catalyst. After ATRP, the polymer
thickness of the poly(OEGMA) layer was ~ 15 nm, as deter-
mined by multiwavelength ellipsometry. Figure 3 shows the
FTIR spectra of the initiator coating 2 before (Fig. 3a) and
after ATRP (Fig. 3b). After ATRP, the strong absorption
bands at 2874 and 2930 cm™ due to C-H stretching, a sharp
band at 1732 cm™ from C=O stretch in the ester group, and a
strong band at 1156 cm™ due to C-O-C stretch can be clearly
resolved and indicate the presence of poly(OEGMA).

To further support these data, we analyzed ATRP-modified
surfaces by XPS and compared the data to the bare initiator
coating 2. Figure 2A (black curve) displays XPS survey spec-
trum of a substrate after surface-initiated ATRP. As summa-
rized in Table 1, chemical composition of 69.5 atom % carbon

weE con-
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Figure 2. XPS analysis of a poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-co- (p-xylylene)] film with a thickness of 25 nm as well as a 15 nm-thick
poly(OEGMA,) film grafted onto the initiator coating 2 via ATRP. A) Survey spectra of poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-co- (p-xylylene)] before
(black line) and after (red line) ATRP reaction. B) High-resolution XPS spectra of carbon and bromine recorded for coating 2. C) High-resolution XPS

spectra of carbon and oxygen after ATRP of OEGMA from initiator coating 2.

and 30.5 atom % oxygen was observed. These data correspond
well with the theoretical composition of a poly(OEGMA) film
with carbon and oxygen compositions of 67.7 atom % and
32.3 atom %, respectively. Accordingly, the oxygen/carbon
ratio increased from 0.11 for coating 2 to 0.48 after ATRP
polymerization, which compares well with the theoretically ex-
pected ratio of 0.44. The presence of bromine was no longer
detected. Furthermore, high-resolution XPS spectral analysis
of carbon is shown in Figure 2C and confirmed the presence of
poly(OEGMA) as indicated by aliphatic (C-C, C-H), ether-

www.afm-journal.de
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bound (C-0), and ester-bound (O—-C=0) carbon atoms corre-
sponding to binding energies at 285.0, 286.4, and 288.9 eV, re-
spectively. The aliphatic (C-C, C-H) component of 13.6 atom
% compared well with the theoretical value of 16.4 atom %. A
significant ether (C—O) component was detected (78.4 atom
%), which compared well with the theoretical value of
81.8 atom %. In addition, characteristic ester (O-C=0) atoms
were detected at 5.2 atom %, which compares to a theoretical
value of 4.6 atom %.

Adv. Funct. Mater. 2008, 18, 27-35
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Figure 3. IRRAS spectra of poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-
co-(p-xylylene)] (a) deposited as a film with a thickness of 25 nm, and of a
15 nm-thick poly(OEGMA) film grafted onto the initiator coating 2 via sur-
face-initiated ATRP (b). Spectra were recorded on the same sample before
and after ATRP and spectrum (b) is reported after subtraction of spectrum
(a) from the original spectrum (not shown).

2.4. Reaction Kinetics of the Surface-Initiated ATRP of
OEGMA Using the Vapor-Based Initiator Coating

ATRP is often considered a controlled/living radical poly-
merization, because the irreversible termination reactions, such
as radical coupling, are suppressed due to the very low free
radical concentration.’! As such, ATRP should follow a linear
relationship between film thickness and polymerization time.
However, irreversible chain termination reactions and loss of
catalyst activity cannot be entirely excluded in reality. Baker,
Bruening, and co-workers’ study of kinetics of surface-initiated
ATRP of methyl methacrylate and methyl acrylate with a Cu/
tris[2-(dimethylamino)ethyl]amine catalyst system suggested
that the controllability of a given surface-initiated ATRP is di-
rectly related to the catalyst concentration.”! In our case,
CuBr1/CuBr,/bpy was used as the catalyst system and the molar
ratio was set to be 1/0.3/2.5. In order to assess if considerable
film thicknesses and sufficient polymerization controllability
can be achieved by surface-initiated ATRP from reactive coat-
ing 2, a range of different catalyst concentrations was examined
(Fig. 4). As expected, lower catalyst concentrations lead to
slower polymerization rates and increased process controllabil-
ity. When a catalyst concentration of 5.0 mm was employed,
the film growth rate was relatively constant over a 26-h period,
but only a ~ 15 nm thick film was generated after 26 h. In con-
trast, when a catalyst concentration of 15 mM was used, a more
than 100 nm thick polymer film was formed within 5 h. Under
the same conditions, up to ~ 300 nm thick films were prepared,
when surface-initiated ATRP was allowed to proceed for 24 h.
For a wide range of experimental conditions, surface-initiated
ATRP of OEGMA from initiator coating 2 showed excellent
controllability over a period of at least 5 h and was in agree-
ment with previously reported surface-initiated ARTP reac-
tions in aqueous media.**!

Adv. Funct. Mater. 2008, 18, 27-35
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Spatial homogeneity of the polymer coatings was further
studied using a combination of imaging ellipsometry and scan-
ning probe microscopy. Figure 4C shows the ellipsometric im-
age of a 350 x 650 um? area of a polymer square that consists
of a two layers: (i) a 66 nm thick layer of the initiator coating 2
and (ii) a 68 nm thick top layer of poly(OEGMA). The films
were deposited on PMMA using vapor-assisted microstructur-
ing in replica structures’™! as described in the Experimental
Section. The image indicates homogeneous deposition
throughout the coated area. Moreover, the deposited film
shows sharp boundaries suggesting that patterns can be pre-
pared with spatial control. Further SPM analysis of modified
and unmodified surface areas suggests a substantial smoothen-
ing effect due to the deposited polymer films (Fig. 5). In spite
of the fact that the overall thickness of the polymer film was
only 134 nm, the root mean square roughness, recorded in the
dry state, decreased from initially 1.44 nm for PMMA
(Fig. 5A) to 0.64 nm after surface modification (Fig. 5B). All
values are recorded for a 5 x 5 pm?® area. The significant de-
crease in surface roughness indicates that the surface modifica-
tion not only changes the physico-chemical properties of the
surface, but also have a leveling effect on surface roughness.

2.5. Assessment of Non-Fouling Properties after Surface-
Initiated ATRP

Finally, we verified that the resulting poly(OEGMA) coat-
ings exhibit expected biological properties, such as protein-
and cell-resistance. Throughout the study, experiments were
performed by comparing bare PMMA surfaces with surfaces
modified via CVD polymerization in conjunction with ATRP.
The entire sample surfaces consisting of a poly(OEGMA)-
coated background and unmodified PMMA squares were incu-
bated with an aqueous buffer solution of fluorescence-labeled
fibrinogen. Fibrinogen was used as a model protein, because it
is the prototype of a large protein (M,, = 340 kDa) with strong
tendency to adsorb to artificial substrates.|”®] As shown in Fig-
ure 6A and B, fibrinogen selectively adsorbed only to areas
that corresponded to non-modified surfaces, i.e., surface areas
without initiator coating 2. In contrast, areas that were modi-
fied with the reactive initiator coating 2 during CVD polymer-
ization and, as such, were able to support surface-initiated
ATRP polymerization of OEGMA, showed consistently low
levels of protein adsorption relative to unmodified PMMA sur-
faces. Image analysis revealed high contrast between surface-
modified areas and background (insets of Fig. 6A and B) and
unambiguously demonstrates the effectiveness of the CVD-
based initiator coating in supporting ATRP polymerization.
The ability to create surfaces that can support low levels of
non-specific protein adsorption is an important feature of any
biomedical coating technology that these coatings could be in-
strumental in preventing non-specific adsorption of proteins in
several applications, such as biosensors or microfluidic devices.

To further complement the protein adsorption study, we in-
vestigated the adhesion of murine fibroblasts (NIH3T3 cells)
to poly(OEGMA )-modified surfaces. The samples were coated
with fibronectin prior to cell seeding. NIH3T3 cells were re-
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Figure 4. A) Dependence of poly(OEGMA) film thickness on polymerization time for ATRP of aqueous OEGMA (OEGMA/water, 2:1, v:v) at room temper-
ature with different concentrations of CuBr/CuBr,/bpy as catalyst system (CuBr:CuBr,:bpy = 1:0.3:2.5, molar ratio). (V) [CuBr] =5 mwm, (A)
[CuBr] = 7.5 mm, (@) [CuBr] = 10 mwm, (M) [CuBr] = 15 mm; n = 3. Inset B) shows an enlarged view of the plot shown in (A) clarifying the linear relation-
ship between reaction time and thickness for a 5 h period independent of the catalyst concentration. Cross-section thickness profile (C) and thickness
map (D) were acquired by using imaging ellipsometry. In this example, the thickness was found to be 66 nm for reactive coating 2, and 68 nm for
poly(OEGMA) resulting in a total thickness of 134 nm.

A

20 nm

Ve

Rms = 1.44 nm Rms = 0.64 nm

™ um pm

Figure 5. Surface roughness analysis by using SPM of A) PMMA background with a surface roughness of R, = 1.44 and B) the same substrate after
CVD deposition of coating 2 and subsequent surface-initiated ATRP (Rns = 0.64).

suspended in DMEM without FCS, and were added to wells DMEM. Samples were then evaluated via phase contrast mi-
containing the surface-modified samples. Cells were allowed to  croscopy without further washing or fixation steps. The ratio-
adhere onto the substrates for 2 h at 37°C in serum-free nale for eliminating washing steps was to ensure that the direct

www.afm-journal.de © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 27-35
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Figure 6. Biological properties of patterned surfaces. Regular (A) and large-area (B) view of a mi-
crostructured surface after exposure to an aqueous solution of fluorescence-labeled fibrinogen.
The surfaces were prepared by spatially controlled deposition of the initiator coating 2 via vapor-as-
sisted microstructuring in replica structures and subsequent ATRP. The histogram at the upper
right corner of each image shows the line profile of the fluorescence intensity. C) and D): NIH3T3
cells on surface-modified PMMA substrates that were exposed to serum-free (C) and serum-con-
taining (D) media. The images have been acquired without employing any washing steps. Scale

bars are 100 um (A, C, D) and 400 um (B), respectively.

contact properties of these surfaces with cells were evaluated,
which may be altered during subsequent washing. As shown in
Figure 6C, even without further washing, a clear contrast was
observed between areas that were surface modified and sur-
faces consisting of bare PMMA. In fact, in the areas modified
via CVD polymerization and ATRP, essentially no cells were
found to be adherent. After this initial 2h adhesion, a subset of
samples was rinsed with DMEM. The samples were then incu-
bated with FCS-containing DMEM for additional 24 h and
analyzed using phase contrast microscopy (Fig. 6D). Again, no
washing steps were employed prior to analysis. Interestingly,
even after prolonged exposure to serum-containing media, cell
adhesion to poly(OEGMA )-modified surface areas was still
negligible. Cell adhesion data corroborate protein adsorption
data and suggest that the herein proposed method can result in
remarkably protein-resistant surfaces coatings.

3. Conclusions

Non-fouling surface coatings have been created on a repre-
sentative range of different substrates using a two-step surface

Adv. Funct. Mater. 2008, 18, 27-35
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modification protocol. The method con-
sists of CVD polymerization of a novel re-
active initiator coating, poly[(p-xylylene-
4-methyl-2-bromoisobutyrate)-co- (p-xyly-
lene)] (2), which effectively supported sur-
face-initiated ATRP. Because of the sub-
strate independence of the CVD coating
step, this approach establishes a generic
surface engineering protocol that is widely
applicable to a range of materials and
even hybrid structures consisting of two or
more materials in close proximity to each
other. Moreover, the method establishes a
versatile avenue to highly controlled sur-
faces with distinct materials features, such
as the ability to support fabrication of spa-
tially controlled bioinert surfaces for pro-
tein or cell patterning. Finally, this study
manifests an important demonstration of
the versatility of the CVD polymerization
technology by providing a simple access
route towards bioinert surfaces. In this
sense, this work effectively leverages the
potential of reactive coatings for biological
applications by minimizing the non-specif-
ic protein adsorption and cell adhesion.
Given that the essential step, the CVD
polymerization of the initiator coating 2 is
equally applicable to a wide range of
different substrates, we foresee the tech-
nology to be useful for the fabrication of
cell-based screening devices, BioMEMS
applications, and diagnostic bioassays.

4. Experimental

Materials: Unless otherwise specified, all chemicals were obtained
from Aldrich. [2.2]Paracyclophane (PCS), Titanium (IV) chloride
(99.9 %), a,a-dichloromethyl methyl ether (98 %), lithium aluminium
hydride (Acros, 95 %), 2-bromoisobutyryl bromide (98 %), triethyla-
mine (TEA, 99.5 %), Cu(I)Br (99.999 %), Cu(II)Br, (Fluka, 99 %),
anhydrous THF (EMD) were used as received. CH,Cl, was distilled
over calcium hydride. 2,2’-dipyridyl (bpy, 99 %) was sublimed prior to
use. Oligo(ethylene glycol) methyl ether methacrylate (OEGMA, aver-
age M,: ca. 475) was passed through a 20 cm column of inhibitor re-
mover and subsequently stored at —20 °C in the dark.

Preparation of [2.2]Paracyclophane-4-methyl 2-Bromoisobutyrate:
Under nitrogen, titanium (IV) chloride (9.0 mL, 82 mmol) was added
dropwise over 20 min to an ice-cooled 1 L round bottom flask charged
with anhydrous CH,Cl, (400 mL) and [2.2]paracyclophane (10.0 g,
48 mmol). After the addition, the mixture was stirred for 20 min, fol-
lowed by dropwise addition of a,a-dichloromethyl methyl ether
(7.0 mL, 77 mmol). The reaction mixture was stirred at 0 °C for 90 min
and was subsequently poured into ice water (300 mL). The organic
layer was washed with 3 M HCI (2 x 300 mL), water (2 x 300 mL), and
saturated aqueous sodium bicarbonate (2 x 300 mL), and dried over
Na,SO,. After filtration and removal of the solvent, the crude product
was dissolved in anhydrous THF (100 mL). To this THF solution, LAH
(3.7 g, 96 mmol) was carefully added and the mixture was stirred at
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room temperature for 36 h. The excess LAH was then decomposed by
careful addition of ethyl acetate. The solution was then diluted by
diethyl ether (200 mL), washed with 3 M HCI (3 x 200 mL) and water
(2 x 200 mL), and dried over Na,SO,. The crude product was isolated
and purified on silica gel using hexane/ethyl acetate (4/1) as eluent to
yield 4-(hydroxymethyl)[2.2]paracyclophane as white crystals (8.1 g,
71 %). Next, 4-(hydroxymethyl)[2.2]paracyclophane (5.0 g, 21 mmol)
and 2-bromoisobutyryl bromide (5.2 mL, 42 mmol) were dissolved in
anhydrous THF (100 mL) and cooled at 0 °C under nitrogen. To this
stirred solution, TEA (14.6 mL, 105 mmol) was added dropwise over
30 min and the solution was stirred for 2 h at 0 °C. The solution was
then diluted with diethyl ether (200 mL), washed with 3 M HCl
(3 x 200 mL) and water (2 x 200 mL), and dried over Na,SO,. The iso-
lated, crude product was purified on silica gel using hexane/ethyl ace-
tate (85/15) to yield [2.2]paracyclophane-4-methyl 2-bromoisobutyrate
as off-white crystals (7.0 g, 86 %): 'H NMR (9): 6.64 (m, 1H), 6.50 (m,
4H), 6.40 (m, 2H), 5.15 (d, 1H), 4.96 (d, 1H), 3.35 (m, 1H), 3.07 (br m,
6H), 2.89 (m, 1H), 1.94 (d, 6H); *C NMR § 171.63, 140.12, 139.50,
139.12, 138.06, 135.03, 133.94, 133.27, 133.15, 133.14, 132.88, 132.27,
129.40, 66.95, 55.78, 35.23, 34.97, 34.32, 32.84, 30.74, 30.72; IR: 3008 (W),
2926 (m), 2852 (m), 1730 (vs), 1269 (s), 1160 (s), 1104 (s); MS (m/z
(%)):387.2 (M +1).

Polymerization of OEGMA from Initiator Coating 2: For kinetic
studies, an aqueous solution of OEGMA (OEGMA/H,0, 2:1, viv),
2,2"-bipyridine (bpy), and CuBr, was stirred in a Schlenk flask at room
temperature. The homogeneous solution was degassed using three
freeze-pump-thaw cycles. Next, CuBr was added under nitrogen purge
to the frozen solution and the molar ratio of CuBr/CuBr,/bpy was set
to be 1/0.3/2.5. The mixture was warmed up to room temperature and
was stirred until a homogeneous dark brown solution was formed. The
solution was then transferred into a nitrogen-purged glovebag, and split
into 20 mL scintillation vials containing one CVD-coated substrate per
vial. The polymerizations proceeded at room temperature for a set re-
action time. Samples were analyzed in triplicate. To prepare samples
for protein adsorption and cell adhesion studies, the CuBr concentra-
tion was 10 mM and polymerizations proceeded for 3 h at room tem-
perature.

Fabrication of Microstencils: Micropatterns were designed using
AutoCAD, and the design was printed on high-resolution emulsion
transparencies (40640 DPI, Photoplot Store). For fabrication of the
master, a layer of photoresist (SU-8 100, MicroChem Co.) was spin-
coated at 1000 rpm for 30 s onto a silicon wafer. The wafer was soft-
baked at 65 °C for 30 min followed by 95 °C for 90 min, and then
exposed to UV radiation (404.7 nm, 10 mJ cm™) for 4 min to define
the desired microstructure from the transparency mask. Post-exposure
bake was performed at 65 °C for 1 min followed by 95 °C for 20 min.
After removal of the activated photoresist by exposing to a SU-8 de-
veloper solution (MicroChem Co.) for 20min with agitation, the result-
ing SU-8 master was cleaned with isopropyl alcohol (IPA). Uniformly
mixed PDMS prepolymer and curing agent (Sylgard 184, Dow Corn-
ing) were combined at a ratio of 10:1 and were spin-coated at 1200 rpm
for 30 s onto the SU-8 master, and resulted in a 150 pm thick layer.
The PDMS prepolymer was cured at 70 °C for 1 h. Finally, a microsten-
cil with embossed microgeometries was released from the SU-8 master.
The fabricated PDMS microstencils were 150 um high, and had square-
shaped columns of 500 pm x 500 um. The replicated PDMS microsten-
cil was brought into intimate contact with the substrate and the sample
was placed onto the sample holder located in the deposition chamber
for further modification by CVD polymerization.

CVD Polymerization: Poly[(p-xylylene-4-methyl-2-bromoisobuty-
rate)-co-(p-xylylene)] (2) was prepared via CVD polymerization in a
custom-made CVD polymerization system[44]. The starting material,
[2.2]paracyclophane-4-methyl 2-bromoisobutyrate (1), was sublimed
under vacuum and converted by pyrolysis into the corresponding qui-
nodimethanes, which spontaneously polymerized upon condensation to
the cooled substrate surface, which was maintained at 15 °C. Through-
out CVD polymerization, a constant argon flow of 20 sccm and a work-
ing pressure of 0.5 mbar were maintained. The pyrolysis temperature
was set to be 550 °C and sublimation temperatures were between 115—
125 °C under these conditions. CVD Polymerization spontaneously oc-
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curred on samples placed on a rotating, cooled sample holder. In cases,
where patterned substrates were required, the PDMS microstencils
were sealed to the substrates during CVD polymerization.

Surface Analysis: X-ray photoelectron spectroscopy (XPS) data were
recorded on an Axis Ultra X-ray photoelectron spectrometer (Kratos
Analyticals, UK) equipped with a monochromatized Al Ka X-ray
source. XPS spectra were recorded with an X-ray power of 150 kW.
Pass energies were 160.0 eV and 20.0 eV for survey spectra and high-
resolution elemental spectra, respectively. XPS atomic analysis was re-
ported based on atomic concentrations (%); theoretical values were
calculated on the basis of structure 1. Surface morphology data were
obtained with a Nanoscope I1la scanning probe microscopy (Digital In-
struments/Veeco, USA) using a JV type scanner (150 pm x 150 pm
maximum scan size). NSC 16 cantilevers (MikroMasch, USA) with
spring constants between 25 N/m and 60 N/m, and resonance frequen-
cies of 150-170 kHz were used as AFM tips. Scanning size for the im-
ages shown herein was 5 pm x 5 pm at a scan rate of 0.8 Hz. Film thick-
nesses were measured using a multi-wavelength rotating analyzer
ellipsometer (M-44, J. A. Woollam) at an incident angle of 75°. The
data were analyzed using WVASE32 software, and thickness determi-
nations were performed on at least three spots that were at least 3 mm
away from each other. Thickness measurements were recorded by fit-
ting the ellipsometric psi and delta data with fixed An (1.46) and Bn
(0.01) values using a Cauchy model and software module integrated
with the system. For thickness imaging, data were recorded at an angle
of incident of 65° using an EP’-SW imaging ellipsometer (Nanofilm
Technologie GmbH, Germany) equipped with a 532 nm solid state la-
ser operated at 15 mW. Measurements were performed by an imaging
scanner with a lateral resolution of 1 um at a field of view of about
100 pm x 500 pm. The images were captured using a CCD camera with
a maximum resolution of 768 x 572 pixels. Infrared spectroscopy was
performed using a Thermo/Nicolet 6700 spectrometer utilizing the
grazing angle accessory (Smart SAGA) at a grazing angle of 85°.

Protein Adsorption Studies: Alexa Fluor 546-conjugated fibrinogen
(Molecular Probes Inc.) was used as model protein to study the fouling
property of surface-modified substrates. Protein solutions were pre-
pared at a concentration of 60 ug ml™ according to manufacturer’s
manual. Samples were incubated with the protein solution for 10 min.
After incubation, phosphate buffered saline (PBS) and DI-water were
used to rinse off excess adsorbed proteins. The resulting samples were
then examined by fluorescence microscopy (TE 200, Nikon).

Cell Adhesion Studies: Cryopreserved murine fibroblasts (NIH3T3)
were purchased from ATCC (Manassas, VA) and cultured in DMEM
containing 10 % fetal calf serum (FCS). For cell adhesion, PMMA was
used as the substrate. ATRP/poly(OEGMA) modified surfaces were
rinsed in EtOH, dried, and coated with 25 mg mlI™ fibronectin for
20 min at 37 °C. These surfaces were then rinsed with PBS, and briefly
maintained in Dulbecco’s Modified Eagle Medium (DMEM) (ATCC,
Manassas, VA) without FCS (Invitrogen, Carlsbad, CA) until cells
were ready to be seeded. Cells were re-suspended in DMEM without
FCS, and added to the wells containing the modified surfaces. They
were then allowed to adhere onto the substrates for 2 h at 37°C in
DMEM without serum, and analyzed by phase contrast microscopy.
Alternatively, a sub-group of samples was rinsed with DMEM after this
initial 2h adhesion, and the media was exchanged to FCS-containing
DMEM. The substrates were then incubated for additional 24 h and
analyzed by phase contrast microscopy without washing.
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