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ABSTRACT: We describe the in situ synthesis of nanometer thick films of polystyrene (PS) on a self-
assembled monolayer (SAM) on gold by surface-initiated free radical polymerization and further
demonstrate that three-dimensional polymer structures with micrometer lateral resolution and nanometer
vertical resolution can be fabricated by combining microcontact printing (uCP) with surface-initiated
polymerization (SIP). We implemented SIP onto a COOH-terminated SAM on gold using a sequential
approach to couple an amine-terminated free radical initiator to the terminal COOH groups presented
by the SAM, followed by free radical polymerization of styrene. Each step of SIP was characterized by
X-ray photoelectron spectroscopy and ellipsometry, and the PS film and micropattern were also
characterized by atomic force microscopy. We typically obtained PS films with a thickness of 10—20 nm
for a polymerization time of 12—24 h and with a root-mean-square roughness of <0.5 nm. PS micropatterns
were also successfully fabricated by reactive ¢CP of the initiator onto a COOH-terminated SAM, followed
by SIP of styrene. We also demonstrate two potential applications of SIP in biomaterials research: (1)
label-free, real-time monitoring of protein adsorption on polymers by surface plasmon resonance (SPR)
on nanometer thick homogeneous polymer films fabricated on a SAM on gold and (2) patterning cells on

micropatterned polymers fabricated by combining uCP and SIP.

Introduction

We describe the in situ synthesis of nanometer thick
films of polystyrene (PS) on a self-assembled monolayer
(SAM) on gold by surface-initiated free radical polym-
erization and further demonstrate that three-dimen-
sional polymer structures with micrometer lateral reso-
lution and nanometer vertical resolution can be fabricated
by combining microcontact printing (uCP) with surface-
initiated polymerization (SIP).

Thin homogeneous polymer films and microstructures
can be fabricated by many conventional methods such
as spin-casting polymer solutions onto substrates, graft-
ing polymers on surfaces by reaction from solution,!
deposition of ionic polymers via electrostatic interac-
tions,?2 and the growth of multilayers via covalent
interactions.? Although these methods are useful, they
have several limitations. Spin-casting polymers onto
planar substrates is convenient and can yield homoge-
neous films ranging from tens of microns to well below
a micron, but it is difficult to create polymer micro-
structures by spin-casting from solution. Grafting poly-
mers from solution generally does not provide dense
polymer brushes because of the steric barriers and
unfavorable concentration gradient that limits diffusion
of polymer molecules to the surface during the grafting
process. The deposition of multilayer films via electro-
static interactions is limited to ionizable polymers.

In contrast, SIP can potentially circumvent these
limitations. Because polymerization in SIP occurs from
an initiator that is covalently immobilized on a surface,
it should be possible to control both the thickness and
graft density of the polymer. Furthermore, a wide
variety of polymers can be synthesized by this method-
ology by appropriate choice of the polymerization chem-
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istry; thin polymer films have been synthesized, in situ,
on inorganic substrates using cationic,* anionic,® free
radical ® living free radical,” Michael addition,® and ring-
opening metathesis polymerization (ROMP).° Previous
studies on SIP have focused on growing nanometer thick
polymer films#*56ab.7a8.9 and brushes on silica (or silicon
dioxide) substrates.®~¢7 These films have potential
applications as soft alignment layers for liquid crystal
cells,® barrier layers for corrosion control, etch resists,®
and matrices for capillary electrophoresis.”

We are interested in developing complementary meth-
ods for SIP on SAMs on gold for the following reasons.
First, SAMs on gold are well-defined and understood
model organic interfaces.l® Second, a wide variety of
alkanethiols with different terminal functional groups
are available, which enable the physical properties and
chemical reactivity of the interface to be specified by
choice of the appropriate alkanethiol or mixture of
thiols.!* Third, SAMs on gold have useful electrochemi-
cal? and optical properties (e.g., surface plasmon reso-
nance (SPR)),1® which can be directly exploited in
biosensing. Finally, we are interested in nanoscale
control of the topography of microstructured surfaces,
because of its potential utility in the design of new
surface architectures for fundamental studies on cell—
surface interactions and biomaterials. SIP onto SAMs
on gold should enable fabrication of micropatterned
polymers with nanoscale control of topography, because
of the diversity of soft lithography techniques (e.g.,
microcontact printing) that have been successfully ap-
plied to SAMs on gold.**

We therefore sought to implement a scheme for SIP
onto a SAM on gold with the following attributes: (1)
we wanted to develop an in situ, modular approach to
polymer synthesis, which utilized commercially avail-
able reagents and stepwise, coupling reactions on SAMs
on gold, and (2) we wished to develop a method that
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was compatible with soft lithography,* to allow the
fabrication of micropatterned polymer films.

We implemented SIP onto a SAM on gold using a
sequential approach to couple a free radical initiator to
the surface, followed by polymerization of styrene. Each
step of SIP was characterized by X-ray photoelectron
spectroscopy (XPS), and polymer micropatterns formed
by uCP of the initiator were characterized by XPS,
imaging ellipsometry, and atomic force microscopy
(AFM). We synthesized both 10—20 nm thick homoge-
neous films and patterned polymer films with microme-
ter lateral resolution and nanometer vertical resolution.
Finally, we demonstrate two possible applications of SIP
on SAMs on gold in biomaterials research: (1) label-
free monitoring of protein adsorption on nanometer
thick homogeneous polymer films by surface plasmon
resonance (SPR) and (2) patterning of mammalian cells
on a micropatterned polymer substrate, fabricated by
combining reactive uCP and SIP.

Experimental Section

Materials. Styrene was purified using a DTR-7 column
(Scientific Polymer Products), distilled in vacuo and stored in
a freezer at —20 °C. 2,2'-Azobis(2-amidinopropane)dihydro-
chloride (Vazo56 WSP, DuPont), a water-soluble, amine-
functionalized free radical initiator, was used as purchased.
11-Mercaptoundecanoic acid (MUA, 95%, Aldrich), 1-ethyl-3-
(3-(dimethylamino)propyl)carbodiimide (EDAC, Aldrich), and
pentafluorophenol (PFP, Aldrich) were used as purchased.
Bovine serum albumine (BSA) was purchased from Sigma.

Preparation of Gold Substrates. The gold substrate for
SIP was prepared by thermal evaporation of an adhesion layer
of chromium (50 A), followed by gold (450 A for SPR or 2000
A for all other measurements) onto a silicon wafer at 4 x 107
Torr. Before deposition, the silicon wafer was cleaned in a 5:1:1
(v/v) mixture of H,0O, H,0,, and NH3 at 80 °C for 20 min.

Covalent Immobilization of Free Radical Initiator
onto a Reactive SAM on Gold. The SAM of MUA was
prepared by immersing a freshly prepared gold surface into
an ethanol solution of 0.2 mM MUA overnight at room
temperature. After formation of the SAM, the samples were
washed with absolute ethanol, followed by ultrasonication in
ethanol for 15 min, and dried under a stream of nitrogen. The
terminal COOH groups in the MUA SAM were reacted with
0.1 M EDAC and 0.2 M PFP in ethanol for 20 min to convert
the carboxylic acid groups to pentafluorophenyl esters. After
reaction, the samples were rinsed with ethanol and dried
under a stream of nitrogen. For synthesis of homogeneous PS
films, the PFP-derivatized surface were reacted with a 10 mM
solution of Vazo in methanol for 30 min. Alternatively, for
fabrication of PS micropatterns, PFP-derivatized SAMs were
microcontact printed with a plasma-oxidized PDMS stamp,
which had been inked with a 10 mM solution of Vazo in
methanol for 5 min. The surface was then washed with
methanol and dried under a stream of nitrogen. Details on
the fabrication of the PDMS stamps have been reported
elsewhere.'®

Surface-Initiated Polymerization of Polystyrene. SAMs
on gold, presenting immobilized VVazo initiator on their surface,
were introduced into a flask. A 1:2 v/v mixture of toluene and
styrene was added to the flask, and the solution was degassed
through at least five freeze—thaw cycles to remove oxygen from
the monomer solution. Free radical polymerization was initi-
ated by heating the solution to 65 °C. The polymerization time
was typically in the range 12—24 h, and the reaction time is
reported in the text or in figure captions, where relevant. After
polymerization, the samples were Soxhlet extracted in toluene
for at least 12 h to remove physisorbed polymer originating
from solution polymerization of styrene.

X-ray Photoelectron Spectroscopy. XPS was performed
on a SSX-100 spectrometer (Surface Science Inc., Mountain
View, CA) equipped with a monochromatized Al Ko X-ray
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source, a hemispherical electron analyzer, and a low-energy
electron flood gun for charge compensation. Samples were
typically introduced into a preparation chamber, which was
maintained at a pressure of 1074 Torr, and then transferred
into the analysis chamber, which was typically maintained at
1078 Torr. The samples were analyzed at 15°, 35° or 55°
takeoff angle, defined as the angle between the sample plane
and the entrance axis of the hemispherical analyzer. The
typical X-ray spot size was 1000 um. Survey scan spectra were
acquired from 0 to 1000 eV for elemental composition, and
high-resolution spectra of the C;s core level were acquired from
279 to 299 eV.

Ellipsometry. A manual null ellipsometer, built in-house,
was used for ellipsometric measurements. A He—Ne laser
(632.8 nm, Melles Griot) incident at an angle of 68.25° was
used as the light source for intensity as well as for imaging
ellipsometry. Polarizer angles were determined with a preci-
sion of 0.01°, and the intensity was measured with a lock-in
amplifier (Princeton Applied Research, Princeton, NJ). Ellip-
sometric constants of the substrate were measured before and
after modification. For imaging ellipsometry, two lenses were
inserted into the output beam, and the detector was replaced
with a CCD camera with fixed gain and black level (Dage-
MTI) connected to a computer for digital acquisition of images.
The magnification was ~9 x. To obtain the ellipsometric
constants of a micropatterned substrate in imaging ellipsom-
etry, the polarizer and analyzer angles were adjusted to mini-
mize the signal from either the patterned region or background
in separate measurements. The polarizer and analyzer angles
obtained from each set of measurements were used to inde-
pendently calculate the thickness of each layer. The thickness
of the SAM and homogeneous PS films and micropatterns were
calculated using a parallel slab model¢ with assumed refrac-
tive indices of 1.00 for air, 1.5 for the SAM,*” and 1.59 for the
polymer.t®

Surface Plasmon Resonance. The BiacoreX instrument
(Biacore AB, Sweden) was used for surface plasmon resonance
(SPR) studies. Typically, polymers or SAMs were prepared on
a gold-coated glass coverslip (450 A gold thickness) and
mounted in an empty Biacore sensor cartridge using water-
insoluble, double-sided sticky tape (3M Corp.). The sensor
cartridge was docked into the BiacoreX instrument and
checked for the absence of leaks and baseline drift. SPR mea-
surement of BSA adsorption in PBS was performed at a con-
stant flow rate of 10 xL/min for 5 min at different concentra-
tions of BSA in solution. After adsorption, desorption of the
protein from the polymer surface was monitored by SPR at a
flow rate of 10 uL/min of PBS for 5 min.

Atomic Force Microscopy. Contact mode AFM imaging
was performed on a MultiMode SPM (Digital Instruments) in
air using a standard silicon nitride tip (Nanoprobe SPM,
Digital Instruments) with a spring constant of 0.12 N/m at a
scan rate of 3.05 Hz.

Cell Adhesion Measurement. FADU cells, a human cell
line from a hypopharyngeal carcinoma, were grown in Dul-
becco’s modified eagle medium (DMEM, Gibco Laboratories)
supplemented with 10% fetal bovine serum (FBS, Gibco
Laboratories), 100 units/mL penicillin, 100 mg/mL streptomy-
cin, and 7.5 mM HEPES at 37 °C in 5% CO,. Cells were
removed from the tissue culture flask by brief treatment (~2
min) with 0.05% trypsin—EDTA (Gibco Laboratories) and
plated on patterned samples or controls at a density of 106
cells/mL in DMEM supplemented with 10% serum. Cells were
incubated at 37 °C for 90 min. Nonadherent cells were washed
away, and adherent cells were fixed for 10 min in 2% (w/v)
paraformaldehyde, incubated with a 2 mM solution of FM1-
43, a fluorescent lipophilic dye (Molecular Probes, Eugene, OR)
in DMEM to label the plasma membrane, and then washed
in growth medium. Cells were then visualized by epifluores-
cence microscopy using fluorescence optical filters.

Results and Discussion

We implemented SIP onto a SAM on gold using a
sequential approach to couple a free radical initiator to
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COOH

Figure 1. Schematic of surface-initiated free radical polym-
erization of styrene on gold.

the surface followed by polymerization of styrene, as
follows (Figure 1): (1) a SAM, presenting terminal
carboxylic acid groups, was formed by self-assembly of
MUA from solution onto gold; (2) the terminal COOH
group in the MUA SAM was converted to pentafluo-
rophenyl ester by reaction with PFP/EDAC;® (3) a
commercially available, amine-terminated free radical
initiator, Vazo, was reacted with the pentafluorophenyl
ester, either from solution or by spatially resolved
transfer using an elastomeric stamp inked with the
initiator; and (4) styrene was polymerized at the surface
by free radical polymerization. We chose to polymerize
styrene by SIP, because its free radical polymerization
on a surface has been previously demonstrated on
silica.62 Furthermore, the absence of oxygen in poly-
styrene (PS) and its aromatic substituent facilitates its
surface characterization by XPS.

Characterization of Homogeneous PS Films
Synthesized by SIP. We fabricated PS films and
characterized the fabrication process by ellipsometry,
XPS, and AFM. XPS enabled unambiguous surface
characterization because unigue elements were intro-
duced at each step in the SIP of styrene. First, the gold
surface was modified by solution self-assembly of a MUA
SAM, which resulted in a 1.5 nm thick film on gold as
measured by ellipsometry. XPS of the MUA SAM on
gold showed the introduction of a unique sulfur Sy,
signal at 162 eV and an Ogs signal at 533 eV (Figure 2,
spectrum I). The experimental atomic O/C ratio of 0.185
determined by XPS is close to the calculated ratio from
the stoichiometry of the SAM, suggesting the formation
of a SAM of MUA without significant organic contami-
nation or defects. Au peaks with significant intensity
(Figure 2, spectrum I; Au/C ratio of 0.3 in Table 1) were
also observed, consistent with the fact that the 1.5 nm
thickness of the MUA SAM, measured by ellipsometry,
is smaller than the 5—8 nm sampling depth of XPS at
a takeoff angle of 55° for organic overlayers.20-22

One concern in the implementation of SIP on gold was
the ability of the MUA SAM to resist organic solvents
at the temperatures typically used in free radical
polymerization. We therefore examined the thermal
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Figure 2. XPS survey scan of the different modification steps
in SIP on gold: (1) MUA SAM on gold, (1) PFP derivatization
of MUA SAM, (Ill) formation of a PS film by SIP (12 h
polymerization time; 8 nm ellipsometric thickness).

Table 1. Elemental Analysis of Derivatized Surfaces by

XPS
measured calculated
o/C F/IC N/C Au/C o/C F/IC N/C Au/C
thiol 0.185 0 0 0.300 0.182 0 0
PFP 0.131 0.126 0 0.246 0.118 0.294 O
PS 0.074 0 0 0.027 100 0 0 0

stability of the MUA SAM on gold upon immersion in
toluene at 65 °C for 12—24 h, solution conditions that
were typically used in SIP. The atomic O/C and S/C ratio
of the MUA SAM were experimentally indistinguishable
from the control SAM, which had not been incubated
in toluene at elevated temperature (results not shown).

Next, the terminal COOH group in the MUA SAM
was activated by reaction with PFP (Figure 1). We chose
PFP to activate the COOH group in PET—COOH,
because previous reports have suggested that pentafluo-
rophenyl esters are significantly more reactive than the
more commonly used N-hydroxysuccinimide ester.'®
Fluorine was introduced as a new element upon deriva-
tization of the MUA SAM on gold with PFP (Figure 2,
spectrum I1). The experimental F/C ratio of 0.126 after
derivatization of the MUA SAM with PFP is signifi-
cantly lower than the calculated ratio of 0.294 (Table
1), assuming complete derivatization of the COOH
group, and indicates that only ~25% of the COOH
groups were derivatized with PFP. This finding is
consistent with the expected steric barrier to coupling
of PFP to the COOH group, due to the larger size of the
PFP substituent compared to the COOH moiety. This
result also suggests that conversion of the COOH group
in the MUA SAM to pentafluorophenyl ester could be
optimized by diluting the MUA SAM with a diluent
alkanethiol presenting an unreactive functional group
(e.g., CH3, OH) in order to maximize the accessibility
of the COOH group to PFP. After immobilization of the
Vazo initiator, a 0.6 nm increase in thickness was
measured by ellipsometry relative to the MUA SAM.
We attempted to analyze the Vazo-modified SAMs by
XPS but obtained irreproducible results, which we
speculate are caused by side reactions of the thermally
labile, reactive initiator upon prolonged exposure to air
and ambient water vapor prior to XPS analysis and also
due to electron beam damage during analysis.

The Vazo-modified SAM was incubated with styrene,
and the solution was heated to 65 °C to initiate free
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Table 2. Variable Takeoff Angle XPS Results for a
Homogeneous PS Film Fabricated by SIP on an MUA

SAM on Gold
atomic percent (%)
takeoff angle (deg) C (@) Au
15 91.41 4.17 4.12
35 49.94 5.81 14.25
55 69.71 7.42 22.87

a Polymerization time = 6 h.

radical polymerization of styrene from the surface of the
SAM. The polymerization was typically carried out for
12 or 24 h, and the thickness of the polymer overlayer
ranged from 8—10 nm (12 h) to 15—20 nm (24 h) as
measured by ellipsometry after extensive extraction of
the samples in toluene. The survey scan spectrum of
the surface-initiated polymerization of styrene is shown
in Figure 2 (spectrum I11). A dominant C;s signal and
smaller Aus and O;s peaks were observed in the
spectrum. The dramatic decrease in the O/C and Au/C
ratio compared to the PFP-derivatized SAM indicated
the formation of a PS overlayer on the substrate (Table
1), whose thickness is close to the 7 nm XPS sampling
depth for PS at a 55° takeoff angle.2®> The XPS re-
sults are in reasonable agreement with the 8 nm
thickness of the film, independently measured by ellip-
sometry.

Partial coverage of the substrate by PS and the
oxidation of the surface PS layer are alternative pos-
sibilities that could account for the observed O;s and
Auys signals in the survey scan spectrum of PS synthe-
sized by SIP. We examined these possibilities by per-
forming variable takeoff angle XPS on a PS overlayer
synthesized by SIP on the SAM (Table 2). To examine
the distribution of elements as a function of XPS
sampling depth, we chose a shorter 6 h polymerization
time for this sample. The Au/C ratio and the O/C ratio
increased as a function of takeoff angle. These results
indicate a thin overlayer in which the Au atoms as well
as the oxygen-containing moieties are preferentially
localized in the subsurface region. The increased O/C
ratio with increasing XPS takeoff angle is consistent
with the spatial distribution of the COOH groups in the
SAM, which are buried below the PS overlayer formed
by SIP of styrene. These results do not, however, rule
out partial coverage of PS over the 1 mm? area inter-
rogated by XPS. The increase in the O/C and Au/C
atomic ratio with increasing XPS sampling depth does,
however, rule out the possibility of significant surface
contamination by oxygen-containing species or postpo-
lymerization oxidation of the PS overlayer.

The stepwise modification of gold and subsequent
polymerization by SIP was also studied by high-resolu-
tion XPS of the Cy5 core level (Figure 3), and the curve-
fitting results for each C;s spectrum?425 are summarized
in Table 3. A peak at 289 eV in the spectrum of the MUA
SAM on gold is consistent with the presence of the
terminal COOH group in the SAM (Figure 3A), though
the CHy + C—S:COOH ratio of 4.9 is somewhat lower
than the stoichiometric ratio of 10 (Table 2). Derivati-
zation of the COOH groups by PFP results in loss in
the intensity of the COOH moiety and the appearance
of a shoulder at lower BE (Figure 3B). Deconvolution
of the spectrum suggested a peak at 288 eV, which could
be assigned to the C—F species. This peak accounted
for ~12% of the overall peak intensity of the C;s spectral
envelope (Table 3), which is consistent with the 10%
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peak intensity calculated from the stoichiometry of the
reaction, assuming 25% conversion of the COOH group
to pentafluorophenyl ester, as shown by the XPS survey
scan of the PFP-derivatized MUA SAM on gold.

The Cys spectrum of the surface after SIP of styrene
provided clear evidence that the polymerization of
styrene was successful (Figure 3C). A symmetric peak
at 285 eV could be assigned to the CHy species, and a
secondary peak with an overall intensity ~5% that of
the CHy peak was clearly observed at 292 eV (Table 3).
The binding energy (BE) of this peak, its significantly
lower intensity relative to the peak at 285 eV, and its
full width at half-maximum (fwhm) of ~1.7 eV enable
assignment of this peak to a # — z* shake-up satellite
from the aromatic substituent of PS.26

Although the XPS results (Figures 2 and 3) are
consistent with stepwise derivatization and surface-
initiated polymerization from the immobilized free
radical initiator, we performed additional experiments
to verify that the attachment of initiator and polymer-
ization of styrene proceeded as shown in Figure 1. In
independent control experiments, we carried out the SIP
of styrene by omitting either activation of the COOH
groups in the MUA SAM by PFP/EDAC or attachment
of the free radical initiator. For both controls, XPS
showed the absence of a PS overlayer, both in the survey
scan spectrum and by the absence of a symmetric Cys
envelope and & — a* shake-up satellite in the high-
resolution Cis spectrum (results not shown).

We also examined the SIP of styrene by contact mode
AFM in air (Figure 4). AFM imaging showed that
polymerization of styrene significantly altered the to-
pography of the gold surface. (Figure 4A). AFM images
of PS, synthesized by SIP on gold, showed a homoge-
neous layer over areas of several hundred um? (Figure
4B), with a root-mean-square (rms) roughness of <0.5
nmover a2 um x 2 um scan area, which is significantly
smaller than the 5 nm rms roughness of polycrystalline
gold over the same area. The surface topography
measured by AFM of the PS films on gold reported here,
and in a previous study on silicon oxide,® were very
similar, with rms roughness of <1 nm and peak-to-
valley height differences of <3 nm.

Although there are several experimental differences
between this study and that of Prucker et al. which
preclude direct comparison, in general the thickness of
PS films obtained in this study (e.g., ~10 nm for a
polymerization time of 12 h) was significantly smaller
than those obtained by Prucker et al. on silicon oxide
for the same polymerization time (~40 nm).6 Experi-
mental differences between the two systems, such as
the surface concentration of immobilized initiator and
the polymerization temperature, may account for these
results. An alternative explanation of the observed
differences in the film thickness originating from the
lower thermal stability of alkanethiol SAMs would
require SIP to be performed on the two substrates under
identical experimental conditions. While this paper was
under review, Huang et al. reported similar results for
SIP of styrene on a MUA SAM on gold.?” They suggest
that three factors might account for the smaller film
thickness observed on SAM on gold as compared to
SAMs on silicon oxide or aluminum. These are (1)
partial, thermally induced desorption of initiator-func-
tionalized monolayers on gold under typical thermally
initiated polymerization conditions, (2) desorbed thiols
may serve as chain transfer agents which would termi-
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Figure 3. XPS Cys spectrum at each stage of SIP of styrene on gold: (A) MUA SAM on gold, (B) PFP-derivatized MUA SAM on

gold, (C) PS film.

Table 3. XPS C3s Component Peaks of Modified Gold
Surfaces at Different Stages of SIP of Styrene on Gold

functional Cis component (%)
group Cis BE (eV) MUA SAM PFP PS

c-C 285.0 69.1(81.8) 73.3(72.0) 95.0(90.0)
c-s 285.4 13.9(9.1) (8.0

C—NHy 286.0

c-0 286.5 9.5 (2.0)

C-F 287.9 11.5 (10.0)

NH,—C=0 288.1

0-C=0 289.0 17.0(9.1)  5.7(8.0)

T—a* 292.0 5.0 (10.0)

a Styrene was polymerized for 12 h by free radical polymeriza-
tion and an 8 nm PS film was obtained, as measured by ellipsom-
etry. Parentheses are calculated values.

nate polymer growth from the surface, and (3) radicals
in solution or on the surface could accelerate desorption
of thiols or their oxidation products.

Protein Adsorption on Homogeneous Polymer
Films Fabricated by SIP. We are specifically inter-
ested in using SIP to fabricate thin polymer films for
two biomedical applications. First, thin homogeneous
polymer films that are directly polymerized onto SAMs
on gold are likely to be more robust substrates for optical
biosensing (e.g., SPR) than SAMs on gold. Second, thin
polymeric films synthesized by SIP on gold are useful
from a biomaterials perspective, because a large number
of free radical polymers such as polystyrene, polyacry-
lates, and polymethacrylates are commonly used in
tissue culture and as biomaterials.2® The adsorption
behavior of proteins from serum or blood onto a bioma-
terial is an important interfacial property of interest.
The formation of nanoscale thickness films of polymers

on a gold substrate by SIP should enable protein
adsorption to be studied by SPR reflectometry in an
aqueous environment of interest.

In principle, studying the adsorption of proteins onto
polymers by SPR is attractive because, unlike current
methods to study protein adsorption such as radiola-
beling and ELISA, SPR does not require extrinsic labels
and also enables adsorption Kinetics to be monitored in
real time.2° SPR, however, requires the use of reflective
gold or silver substrates (e.g., 450 A gold deposited on
glass), and the material of interest has to be deposited
onto the gold substrate. The critical challenges in
fabricating polymer films on gold (or silver) for use in
adsorption (or binding) studies by SPR are twofold:
Because surface plasmons decay exponentially with
distance from the metal film,3° the polymer film on gold
should be thin enough so that the subsequent adsorption
of a protein onto the polymer film can be detected by
SPR with high analytical sensitivity. Second, the film
should be uniform and defect free over at least several
hundred micrometers to ensure that the interaction
between the protein and the polymer surface are inter-
rogated by SPR rather than with the underlying SAM
on gold.

Davies et al. have previously shown that SPR can be
used to monitor the adsorption of proteins on polymers
deposited onto silver by solution casting.3! SIP provides
an alternative approach to the fabrication of nanometer
thick homogeneous polymer films that are suitable
substrates for adsorption or binding studies by SPR.
Figure 5A shows real-time sensorgrams?? of BSA ad-
sorption from solution onto a gold SPR chip coated with
a 20 nm thick PS film for a range of BSA solution
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Figure 4. Contact mode AFM images of (A) gold, (B) PS synthesized by SIP on a MUA SAM on gold (24 h polymerization time;
20 nm ellipsometric thickness), (C) line profile across the AFM image of the gold surface in (A), and (D) line profile across the

AFM image of the PS film in (B).
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Figure 5. SPR measurement of BSA adsorption on a PS film
on gold synthesized by SIP. (A) Sensorgrams of BSA adsorption
and desorption from a 20 nm thick PS film prepared by SIP
at different concentrations of BSA: (1) 7.5 mM, (2) 3.0 mM,
(3) 150 uM, (4) 15 uM, (5) 1.5 uM. (B) Steady-state adsorption
of BSA on PS in resonance units (RU) as a function of BSA
solution concentration.

concentrations. The sensorgram is a plot of the change
in the resonance signal as a function of time. The BSA
solution was injected in a pulse from 200 to 500 s, and

protein adsorption on the PS surface was followed by
observing the change in resonance signal as a function
of time. The protein bound to the polymer surface during
injection and loosely bound protein dissociated when the
protein was replaced with buffer. The amount of ad-
sorbed protein on the polymer surface was obtained
from the difference of the steady-state SPR response
between the association and dissociation parts of the
sensorgram. The SPR sensorgrams (Figure 5A) as well
as the steady-state amount of BSA adsorbed (Figure 5B)
as a function of BSA solution concentration show that
the minimum detection limit for BSA adsorption by SPR
is ~1.0 uM. Although the detection limit for protein
adsorption on polymers by SPR is comparatively higher
than that obtained by using radiolabeled proteins, SPR
has the important advantages of being a label-free
technique, enabling adsorption Kinetics to be quantified
in real time, as well as quantitation of the total protein
adsorbed on a surface from complex protein mixtures
such as serum and plasma.

Fabrication and Characterization of Micropat-
terned PS Films. Combining SIP with soft lithography
is attractive for applications that require polymer
structures with micron-scale lateral and nanometer-
scale vertical resolution. We are specifically interested
in fabricating polymeric structures with these dimen-
sions as substrates for cell interaction studies. To
microfabricate PS patterns by SIP, a plasma-oxidized
PDMS stamp with 40 um wide lines was inked with a
solution of the initiator in methanol and brought into
conformal contact with the surface of a PFP-derivatized
MUA SAM on gold. This resulted in spatially resolved
transfer and reaction of the initiator with the surface.
A film of PS was then grown in the regions of the surface
containing immobilized initiator by SIP and imaged by
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Figure 6. PS micropatterns fabricated by SIP of styrene by
reactive uCP of an amine-terminated free radical initiator onto
a MUA SAM on gold, followed by SIP of styrene: (A) ellipso-
metric image (12 h polymerization time; 8 nm ellipsometric
thickness of micropatterned PS features); (B) AFM image (24
h polymerization time; 20 nm height); (C) line profile across
the image in (B).

AFM and ellipsometry (Figure 6). Imaging ellipsometry
is an attractive method to image topographical varia-
tions on a substrate because it is a nondestructive
method that does not require extrinsic chromophores
and allows relatively large areas of the surface to be
imaged. Imaging ellipsometry is also a quantitative
method because it provides the coverage density or an
effective thickness of the micropatterned regions.33

A representative ellipsometric image of a PS pattern
fabricated by reactive uCP of the initiator using a PDMS

Macromolecules, Vol. 34, No. 16, 2001

stamp with 40 um wide lines, and a polymerization time
of 12 h at 65 °C, is shown in Figure 6A. Imaging
ellipsometry showed that the micropatterned PS was
spatially localized to the regions that were in contact
with the surface of the stamp (Figure 6A). Quantitative
analysis of the image showed that the thickness of the
polymer layer was ~8 nm. A contact mode AFM image
of a sample fabricated by SIP of PS from a SAM
presenting patterned Vazo groups is shown in Figure
6B. The thickness of the polymer layer was determined
to be ~20 nm by measuring the step height by AFM
(Figure 6C), which is consistent with the longer, 24 h
polymerization time used to fabricate this sample.

Application of SIP to Pattern Cells on Sub-
strates. The patterning of cells onto surfaces is of
increasing interest in the design of biomaterials, cell-
based sensors, and combinatorial library screening. A
number of methods have been developed to pattern cells
onto solid substrates, which are derived either from
photolithography3* or soft lithography.** In particular,
a number of soft lithography patterning methods such
as microcontact printing®® patterning using microfluidic
flow channels,3 laminar flow patterning,®” and elasto-
meric stencils®® have been developed to pattern cells
onto surfaces.

We believe that a useful application of SIP is in the
design of new surface architectures to modulate cell—
surface interactions by engineering the topography and
chemistry of a surface. We therefore explored the
feasibility of fabricating micropatterned PS films by
combining SIP with 4uCP and performed preliminary
studies of the interaction of the microfabricated polymer
structures with mammalian cells.

We examined the attachment of a mammalian cell
line to a patterned surface which comprised of 40 um
wide micropatterned PS features with ~20 nm high
walls, fabricated by SIP onto a MUA SAM on gold. The
interfeature spacing which comprised the MUA SAM
was 35 um. Figure 7 shows an epifluorescence image of
cells attached to micropatterned PS features on a MUA
SAM. As shown in Figure 7A, the cells display a
significant spatial preference in their attachment to the
surface of the micropatterned substrate. Control experi-
ments, where the cells were independently seeded onto
a homogeneous MUA SAM or a PS film (parts B and C
of Figure 7, respectively) showed that the cells prefer
to attach to the hydrophilic MUA surface rather than
the hydrophobic PS surface. These results clearly indi-
cate that the cells attached to the MUA SAM between
the PS walls on the substrate on the micropatterned
PS substrate (Figure 7A). The attachment of cells to the
MUA monolayer, as opposed to the PS features, is
consistent with previous work by Leggett and col-
leagues, who have shown that in serum certain mam-
malian cell lines such as fibroblasts show a marked
preference for COOH-functionalized surfaces.3® These
initial results show that the combination of nanoscale
walls and a favorable surface chemistry largely confines
cells to the COOH tracks on the surface.

In its ability to create three-dimensional structures
with micron-scale lateral and nanometer-scale vertical
resolution, SIP is complementary to other soft lithog-
raphy patterning methods.3>~38 In particular, SIP should
allow independent control of topographical and chemical
features. For example, SIP in combination with uCP
should allow independent control of the width of the
patterned polymer features as well as their height at
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Figure 7. Epifluorescence images of cell attachment on (A)
PS microstructures (width 40 um, height 21 nm; interfeature
spacing 35 um) fabricated by reactive uCP of free radical
initiator followed by SIP of styrene (24 h polymerization time)
on a MUA SAM on gold, (B) MUA SAM on gold, (C) spin-cast
PS film on gold, and (D) integrated fluorescence intensity as
a function of horizontal pixels for panels A—C.

the nanoscale. SIP should also enable chemistry and
topography to be independently controlled: after SIP
of a monomer, the background could be filled in with
the same or different polymer by a subsequent round
of SIP. Surface structures fabricated by these methods
will also facilitate investigation the role of surface
chemistry and nanoscale topography in controlling cell
adhesion, migration, and proliferation, with implications
to the design of textured biomaterials and tissue engi-
neering scaffolds.

In conclusion, we believe that SIP combined with soft
lithography is a useful method to fabricate polymer
surface structures with independent control of lateral
and vertical resolution at size scales ranging from a few
nanometers to the micrometer scale as well as flexibility
in surface chemistry. Achieving this goal, however, will
require further elucidation of the factors involved in
controlling the stability of SAMs during surface-initi-
ated polymerization on gold.
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