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ABSTRACT A method to perform in situ roughening of arrays of microstructures weakly adherent to an underlying substrate was
presented. SU8, 1002F, and polydimethylsiloxane (PDMS) microstructures were roughened by polishing with a particle slurry. The
roughness and the percentage of dislodged or damaged microstructures was evaluated as a function of the roughening time for both
SU8 and 1002F structures. A maximal RMS roughness of 7-18 nm for the surfaces was obtained within 15-30 s of polishing with
the slurry. This represented a 4-9 fold increase in surface roughness relative to that of the native surface. Less than 0.8% of the
microstructures on the array were removed or damaged after 5 min of polishing. Native and roughened arrays were assessed for
their ability to support fibronectin adhesion and cell attachment and growth. The quantity of adherent fibronectin was increased on
roughened arrays by two-fold over that on native arrays. Cell adhesion to the roughened surfaces was also increased compared to
native surfaces. Surface roughening with the particle slurry also improved the ability to stamp molecules onto the substrate during
microcontact printing. Roughening both the PDMS stamp and substrate resulted in up to a 20-fold improvement in the transfer of
BSA-Alexa Fluor 647 from the stamp to the substrate. Thus roughening of micrometer-scale surfaces with a particle slurry increased
the adhesion of biomolecules as well as cells to microstructures with little to no damage to largescale arrays of the structures.
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INTRODUCTION

The need for miniaturization is especially apparent in
biochemical and biomedical analysis because smaller-
scale devices provide better efficiency, integration,

and throughput. Microscale devices can also permit automa-
tion, minimize sample and reagent consumption, speed up
analysis, and improve system portability (1, 2). More re-
cently, polymers have found increased usage in nearly all
types of microelectromechanical systems (MEMS) (2). Al-
though early studies focused primarily on silicon- and glass-
based devices, polymers have attractive features such as
biocompatibility, low cost, and simple fabrication methods
(2, 3). In addition, unlike the limited choices provided by
glass or silicon substrates, there are usually numerous
options from a pool of available polymeric substrate materi-
als for a specific MEMS applications (2, 4). Many polymeric
devices have focused on the analysis of biomolecules such
as oligonucleotides, peptides and proteins (5, 6). However,
analysis systems utilizing cultured cells on a microchip
platform are rapidly growing (1). These applications include
cell culture, separation, lysis, fixation, and immunostaining
(1, 7, 8). In most cases, the surface properties of a polymeric
microdevice must be modified to match the specific cell-
based application of the device (2–4). Surface modification

has been accomplished by covalently and noncovalently
attached chemical coatings as well as other strategies, for
example, by bombardment with ions. However, each of
these technologies significantly alters the chemical moieties
present on the surface of the microdevice.

It is often of interest to alter the surface of a microdevice
without changing the chemical composition of the surface.
For example, the physical roughening of a surface can
improve wettability as well as adhesion to another surface
without the need for chemical alterations. Roughening of a
flat surface or wafer is often accomplished using slurries of
particles (9–14). These technologies often require very
expensive mechanical, chemical, or electrochemical instru-
mentation and will frequently damage delicate features or
remove loosely attached microstructures from their sub-
strate. To improve surface roughness, the use of complicated
and expensive nanotechnology-based techniques to fabri-
cate nanostructures varied in shape, type and dimension has
been reported (15–28). The nanotechnology-based studies
were predominantly directed at flat surfaces and usually
cannot be transferred to miniaturized 3D features without
challenges.

In this work, we report a simple, rapid, and inexpensive
method using a slurry to roughen polymeric microstructures
formed from two photoresists or PDMS. Surface roughness
was characterized by atomic force microscopy (AFM) with
respect to the duration of the roughening process. In addi-
tion, fragmentation and loss of weakly attached microstruc-
tures from an array was also evaluated. Chemical alterations
in the roughened surfaces were assessed utilizing X-ray
photoelectron spectroscopy (XPS). The influence of the
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roughening strategy on the quantity of fibronectin and the
numbers of cells attached to the surface were measured. The
utility of this roughening method was demonstrated in cell
separation by micropallet arrays and for microcontact print-
ing (µCP) of biomolecules as two examples of microdevices
utilized in biomedical research. The ability of cells to remain
adherent to a growth surface during sorting as well as the
efficiency of ink transfer to a surface during µCP were
assessed.

EXPERIMENTAL SECTION
Materials. EPON resin 1002F (phenol, 4,4′-(1-methyleth-

ylidene)bis-, polymer with 2,2′-[(1-methylethylidene) bis(4,1-
phenyleneoxymethylene]bis[oxirane]) was obtained from Miller-
Stephenson (Sylmar, CA). SU8 photoresist (a polymeric solid
epoxy novolac resin possessing an average epoxide group
functionality around eight) and SU8 developer (1-methoxy-2-
propyl acetate, also used for 1002F) were obtained from Mi-
croChem Corp. (Newton, MA). The Sylgard 184 silicone elas-
tomerkitusedtoformpoly(dimethylsiloxane)(PDMS)components
was purchased from Dow Corning (Midland, MI). (Heptadeca-
fluoro-1,1,2,2-tetrahydrodecyl) trichlorosilane was from Gelest
Inc. (Morrisville, PA). Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), L-glutamine, penicillin/
streptomycin, phosphate buffered saline (PBS) 1×, pH 7.4,
0.05% trypsin with EDTA solution, Alexa Fluor 647 labeled
bovine serum albumin (BSA-Alexa 647, excitation 650 nm,
emission 668 nm), and Alexa Fluor 633 protein labeling kit
(excitation 632 nm, emission 647 nm) were obtained from
Invitrogen (Carlsbad, CA). Human plasma fibronectin was
purchased from Millipore Corporation (Billerica, MA). Slurry of
alumina particles (1.0 µm) in water was purchased from MTI
Corp. (Richmond, CA). All other chemicals were obtained from
Fisher Scientific (Pittsburgh, PA).

Fabrication of SU8 and 1002F Micropallet Arrays. Micro-
pallet arrays composed of SU8 or 1002F (50 µm sides, 20 µm
inter-pallet spacing, and 50 µm height) were fabricated on a
glass substrate as described previously (29, 30). O-rings (I.D./
O.D. of 18/35 mm) to form chambers around the arrays were
constructed from PDMS as described previously (29, 30). O-
rings were placed on a micropallet array and then uncured
PDMS applied around the O-ring edges followed by curing of
the PDMS (65 °C, 30 min). The SU8 and 1002F micropallet
arrays with attached cell chamber contained approximately
46 000 micropallets.

Surface Roughening with Alumina Particles. A custom-
fabricated device utilized an aqueous slurry of alumina particles
to roughen the pallet surfaces on the arrays, the PDMS stamps,
and photoresist films (Figure 1 and the Supporting Information,
Figure S1). The top portion of the device was fabricated in the
lower portion of a polystyrene tissue culture dish (60 × 15 mm,
Corning Incorporated, Corning, NY). A ceramic magnet (oval
shaped, 38 mm diameter-major axis, 8 mm diameter-minor
axis, Fisher Scientific) was sealed within a layer of PDMS inside

the lower portion of the polystyrene tissue culture dish. Another
layer of PDMS covered the portion of the culture dish in contact
with the particle slurry. The bottom piece of the polishing device
was the upper part (lid) of the polystyrene tissue culture dish. A
self-adhering polishing cloth was placed inside this component
to prevent the movement of the microarray, PDMS stamp, or
photoresist film during roughening. After each use, the bottom
and top pieces of the roughening device were washed with
water and ethanol.

To roughen their surface, we placed a micropallet array,
PDMS stamp, or photoresist film in the bottom piece of the
roughening device and overlaid with a 1:1 (v/v) solution (5 mL)
of alumina particles in distilled water. The bottom piece was
then placed on a magnetic stirrer (PC-620 Corning Incorporated,
Corning, NY). The top piece of the device was placed over the
bottom piece and rotated at 66 rpm for 15 s (SU8) or 30 s
(1002F) unless otherwise indicated. The roughened micropallet
arrays were rinsed with distilled water and then ethanol five
times and dried with N2. For cell-culture experiments only, the
roughened and unroughened arrays were coated with hepta-
decafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane in a low-pres-
sure reactor (31). The micropallet arrays were stored in a
vacuum desiccator until use.

Surface Analyses. Contact-mode AFM images of 1002F
micropallets were obtained in air using a Molecular Force Probe
3D AFM (Asylum Research, Santa Barbara, CA) controlled with
MFP-3D software running under Igor Pro (Wavemetrics, Lake
Oswego, OR). A ThermoMicroscopes AFM from Topometrix
(Santa Clara, CA) controlled with SPM Image software (Nano-
science Instruments Inc., Phoenix, AZ) was used for obtaining
contact mode AFM images of SU8 micropallets in air. The AFM
data for SU8 were plotted and analyzed using Gwyddion
software (Czech Metrology Institute, Brno, Czech Republic). The
root mean squared (RMS) roughness was used to report the
roughness values (32). Each AFM measurement was obtained
on randomly selected 25 µm2 regions on the top surfaces of the
pallets.

XPS was used for surface chemical analysis of polymers
before and after roughening. All XPS data were acquired on a
Kratos Axis Ultra DLD system (Kratos Analytical Inc., New York,
NY) with a monochromatic Al Ka source. Survey scans and high
resolution scans were acquired at pass energies of 80 eV and
20 eV, respectively. All spectra were calibrated using the C1s
energy of 284.6 eV. The high-resolution scans were background
subtracted. Sessile water contact angle measurements were
performed using a method described previously (4).

Coating SU8 and 1002F Micropallet Arrays with Alexa
Fluor 633-Labeled Fibronectin. For experiments involving
fluorescence analysis of fibronectin-coated arrays, fibronectin
was labeled and purified using an Alexa Fluor 633 protein
labeling kit following the manufacturer’s instructions. Briefly,
0.5 mL of 1 mg/mL fibronectin in PBS was mixed with 50 µl of
1 M bicarbonate solution. The mixture was incubated with Alexa
Fluor 633 reactive dye for 1 h at room temperature. The free
dye was then removed from labeled fibronectin by passage
through a size-exclusion column (BioRad BioGel P-30 resin,
molecular weight cut-off of 40,000 D) and the number of
fluorophores/fibronectin measured as described in the manu-
facturer’s protocol (33).

To coat pallet arrays with Alexa Fluor 633-labeled fibronectin,
we added Alexa Fluor 633-fibronectin (50 µg/mL in PBS, 1 mL)
to control and roughened SU8 and 1002F arrays and incubated
it overnight (16 h) at room temperature. The coating solution
was replaced with cell media after the arrays were washed three
times with PBS. The arrays were overlaid with DMEM with 10%
fetal calf serum and incubated at 37 °C for 20 days. The
fluorescence of the Alexa Fluor 633-fibronectin on the pallets
was measured by fluorescence microscopy (Nikon TE 300)
using a cooled CCD camera (Photometrix Coolsnap FX, Tucson,

FIGURE 1. Schematic side view of the custom device used for
roughening of micropallet arrays, PDMS stamps, and photoresist
films. A micropallet array is shown in the device that is fabricated
from a standard polystyrene dish.
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AZ). Fluorescence images were collected using Metafluor soft-
ware (Universal Imaging Corporation, Downingtown, PA). Im-
ageJ (National Institutes of Health, Bethesda, MD) was used for
quantitative analysis of the fluorescence micrographs. The data
were normalized by subtracting the background fluorescence
of uncoated SU8 or 1002F pallets.

Cell Culture. Rat basophilic leukemia (RBL), HeLa and 3T3
cells were cultured in DMEM supplemented with 10% FBS, 584
mg/L L-glutamine, 100 units/mL penicillin, and 100 µg/mL
streptomycin at 37°C in a humidified 5% CO2 atmosphere.
Prior to culturing cells on the micropallet arrays, we sterilized
the arrays with PDMS O-rings attached by rinsing them with
95% ethanol.

Micropallet Array Cell Capture Efficiency. RBL, HeLa, or
3T3 cells (45 000 cells, 1.5 mL) were plated on the arrays and
allowed to attach to the pallets overnight under standard tissue
culture conditions. The micropallet arrays with cells were
washed to remove weakly attached cells then imaged using
brightfield microscopy (Nikon TE 300). The capture efficiency
of different arrays for each cell line was evaluated by counting
cells on the array elements as described in the results and
discussion. A Student’s t-test (R ) 0.05) was used to determine
the 95% confidence intervals of the data (to evaluate whether
the differences were statistically significant).

Release and Collection of Micropallet-Containing Cells.
Micropallets containing attached cells were viewed by bright-
field microscopy and the pallets released using a pulsed laser
as described previously (31). Briefly, a frequency-doubled Q-
switched Nd:YAG laser (Minilite II, Continuum, Santa Clara, CA)
was used to generate a single laser pulse (5 ns pulse width, 532
nm, 3 µJ and 6 µJ release energy used for SU8 and 1002F
micropallets, respectively), which was spatially expanded to a
4 mm diameter (Beam Expander, Newport Corp., Irvine, CA)
prior to entry into the rear port of a microscope (Nikon TE 300).
An objective (Nikon Planfluor, 20×, 0.50 N.A.) was used to focus
the laser pulse at the interface between the glass surface and
micropallet.

Before laser-based pallet release, the array was rinsed with
fresh culture medium five times to remove detached and/or
weakly attached cells. The array was overlaid with fresh culture
medium and a collection chamber sealed to the top surface of
the array as described previously (31). This assembly was placed
on the microscope stage and selected micropallet/cells were
released with the pulsed laser. The assembly was then inverted
to transfer the media containing released micropallet/cells into
a collection chamber. The released micropallets were then
inspected to determine whether the cells remained attached to
the pallet surface.

Fabrication of PDMS Stamps and Microcontact Printing
of SU8 and 1002F Films. A 1002F mold (100 µm square-wells,
55 µm spacing, and 50 µm depth) for forming the PDMS stamps
was fabricated and coated by vapor-phase deposition with
heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane. The
1002F mold was cleaned with distilled water then ethanol and
dried with N2. PDMS pre-polymer mixture was then layered over
the 1002F mold, degassed for 1 h, and cured for 1 h at 65 °C.
After slowly cooling down to room temperature, the PDMS
stamp was carefully cut and peeled from the 1002F master.
When indicated the PDMS stamp was roughened for 25 s. After
gently washing with water, then ethanol, and drying with N2,
the PDMS stamps were placed in an air-plasma cleaner (Harrick
PDC-001, Ithaca, New York) for 20 min immediately before use.

SU8 and 1002F films were fabricated on glass slides in a
manner previously described (29). The SU8 and 1002F surfaces
were roughened for 15-30 s as indicated. The films were
washed with water and ethanol and then dried in a stream of
N2. The photoresist surfaces were placed in an air-plasma
cleaner (Harrick PDC-001) for 20 min before stamping.

A solution of 200 µg/mL BSA-Alexa Fluor 647 in PBS was
spread (1 mL) on TechniCloth clean room wipes which are made
of a polyester/cellulose blend (∼650 mm2 area, ITW Texwipe,
Mahwah, NJ) inside a culture dish and used as a stamping pad.
The inking of the PDMS stamp was performed by pressing the
PDMS stamp and stamping pad in contact for 10 s with the force
provided by a 52 g mass. The inked stamp was depressed onto
an SU8 or 1002F film for 5 s again with the force provided by
a 52 g mass. The fluorescence of BSA-Alexa Fluor 647-stamped
surfaces was quantified by fluorescence microscopy. The data
were corrected for the background fluorescence of native SU8
and 1002F films.

RESULTS AND DISCUSSION
In situ Roughening of SU8 and 1002F Micro-

pallet Arrays. Because cell and biomolecule adhesion is
enhanced when surfaces are rough (34–40), we developed
a simple technique for rapid in situ roughening of micro-
structures such as the micropallet arrays. A key feature of
the microstructures on these arrays is that the micropallets
are loosely attached to their glass substrate so that laser-
based lift off of desired structures is easily accomplished.
Thus, the roughening process must not detach the micro-
structures from the array. A custom-fabricated device uti-
lized an aqueous slurry of alumina particles to roughen the
microstructures (Figure 1). The device was fabricated using
a standard polystyrene dish. PDMS was used to seal a
ceramic magnet to the top portion of the device which was
fabricated in the base of a polystyrene dish. Arrays with the
microstructures to be roughened were placed in the bottom
portion of the device or lid of the polystyrene dish. A slurry
of alumina particles was overlaid onto the microstructure
array, which was then covered with the top portion of the
device. The array in the assembled device was placed on a
magnetic stir plate, which was used to rotate the top half of
the device relative to the bottom piece with the microstruc-
tured array.

To determine whether the alumina slurry could be used
to abrade the microstuctured surfaces, the micropallet arrays
were polished in the presence of the alumina particles (1.0
or 0.05 µm) for varying times. When viewed by light
microscopy, the surfaces roughened with 1.0 µm particles
appeared free of debris (see Figure S2 in the Supporting
Information). In contrast when surfaces were roughened
with 0.05-µm particles, substantial residue remained on the
array surfaces. For this reason, only 1.0 µm particles were
used for subsequent experiments. The roughness of micro-
pallet top surfaces was then measured by AFM. Pallets
fabricated from SU8 or 1002F photoresist experienced a
maximal increase in roughness of 9- and 4-fold, respectively
after 15-30 s of abrasion with the alumina particles (Figure
2E). With continued polishing, the roughness declined for
both the SU8 and 1002F surfaces. The AFM images were also
used to view the topography of SU8 and 1002F pallets
roughened for 15 and 30 s, respectively. Cone-shaped
structures of nanometer size were visible on the AFM images
of the roughened SU8 and 1002F micropallets (Figure
2A-D). In contrast, native pallets did not display these
distinct surface features. Although SU8 and 1002F are both
epoxide-based photoresists (see Figure S3 in the Supporting
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Information) with related monomer structures and identical
photocatalyst, the resists possess a number of distinct
properties. SU8 with 8 epoxides/monomer is an extensively
cross-linked polymer, whereas 1002F with only 2 epoxides/
monomer is a linear uncross-linked polymer (29, 41). Con-
sequently, SU8 is a harder, less flexible material compared
to 1002F. These distinct properties likely resulted in the
different topography and degree of roughening of SU8
relative to 1002F surfaces.

To evaluate the uniformity of the in situ roughening
method, the roughness values for native and 15 s roughened
SU8 were measured (n ) 15) at the center and outer edges
of a 1 cm diameter area. Compared to native SU8 (roughness
) 0.89 ( 0.18 nm), roughened SU8 showed an enhanced
roughness value of 6.76 ( 1.07 nm in the center and 6.41
( 1.11 nm around the edges of the 1 cm diameter area.
These data suggest that the method resulted in uniform
roughening across the photoresist surface.

The roughening of the microstructured surfaces was due
to random collisions with the alumina particles in the moving
fluid. It was possible that the moving fluid and particles
might remove the microstructures from the underlying glass

surface because no adhesive metal layer was present be-
tween the glass and photoresist. To determine whether
dislodged or fragmented microstructures were present, the
arrays were inspected by light microscopy. For 1002F, there
was no significant increase in dislodged or fragmented
micropallets on arrays roughened as long as 5 min relative
to arrays that were never roughened (n > 5,000 micropallets,
2 arrays) (see Figure S4 in the Supporting Information). For
SU8 micropallet arrays, 0.10% ( 0.06 of the micropallets
were dislodged or fragmented on arrays roughened for 15 s
(n > 5000 micropallets, 2 arrays each photoresist) (see Figure
S4 in the Supporting Information). The SU8 micropallet
removal or damage rates increased for longer roughening
times but always remained below 0.4%, demonstrating the
suitability of this method for in situ roughening of micro-
structures. It was likely that the SU8 arrays sustained more
damage than the 1002F arrays because SU8 is a harder,
more brittle polymer than 1002F. The greater number of
SU8 pallets removed from the glass surface compared to
1002F pallets was also consistent with the weaker adhesive
force between glass and SU8 relative to glass and 1002F (29).

FIGURE 2. AFM images of (A) native SU8 pallets, (B) SU8 pallets roughened for 15 s, (C) native 1002F pallets, and (D) 1002F pallets roughened
for 30 s. (E) Variation in roughness vs roughening time for SU8 and 1002F micropallet arrays. The data points represent the average of the
RMS roughness values (n ) 5). The error bars represent the standard deviations of these data points.
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In addition to the increased surface area created by the
roughening process, it is possible that the surfaces were
chemically altered. To assess this possibility, we analyzed
the chemical composition of the surface using XPS. The
composition of the 1002F and SU8 surfaces as judged by the
peaks corresponding to C1s, O1s, and F1s was not altered
by the roughening process (see Figure 3 and Figures S5 and
S6 in the Supporting Information). However, the strength of
the N1s signal from the in situ roughened SU8 was increased
relative to that of unmodified surfaces. Because nitrogen is
not present in the photoresist or slurry particles, the source
of the small increase in nitrogen was uncertain but appeared
in all three analyzed samples. Peaks representative of Al2s
and Al2p were observed only in samples for which the
alumina particle slurry was intentionally left on the surfaces
(Figure 3 and Figure S6 in the Supporting Information). At
the binding energies indicative of Al2s and Al2, the spectra
of in situ roughened 1002F and SU8 were identical to that
of native 1002F or SU8 suggesting that alumina particles did
not contaminate the surface of the in situ roughened 1002F
and SU8. These data suggest that the surface chemical
properties of in situ roughened and native 1002F and SU8
were similar.

To further characterize the surfaces, we measured the
contact angle of a water droplet on native and roughened
1002F and SU8. Native 1002F possessed a lower water-
droplet contact angle compared to that for SU8 (70 ( 4 vs

77 ( 3, n >15) consistent with the greater hydrophilicity of
1002F realtive to SU8. Roughening the 1002F and SU8
surfaces further decreased the water-droplet contact angle
to 63 ( 4 and 66 ( 4, respectively. The decrease in contact
angle following roughening is consistent with that observed
for other hydrophilic materials (42–44).

Cell Adhesion to Roughened SU8 and 1002F
Micropallet Arrays. Most cell types must attach to a
surface to grow and divide (45). Surface topography is well-
known to influence cell adhesion with rougher surfaces (in
an appropriate range) enhancing attachment (38). To deter-
mine whether the microstructures roughened with the
alumina particles offered improved cell adhesion, were
cultured three cell lines (RBL, HeLa, and 3T3 cells) on SU8
and 1002F micropallet arrays. These three cells lines were
selected because of their different tissue origin and pheno-
type. Cells were plated on native and roughened array
surfaces at identical cell densities, cultured for 16 h, and then
examined by microscopy (see Figure S7 in the Supporting
Information). The capture efficiency for the cells on the
arrays was defined as the number of cells captured on the
micropallets divided by the total number of cells added to
the array chamber. For roughened SU8 arrays, a 6-10×
increase in cell capture efficiency was observed relative to
native arrays for all three cell types (p < 1 × 10-7) (Figure
4A). For 1002F arrays, the improvement in capture ef-

FIGURE 3. XPS scans of an unmodified 1002F surface, an in situ roughened 1002F surface, and a 1002F surface overlaid with the particle
slurry. For the lower two traces (Al 2s and 2p), the upper line is for the slurry-coated 1002F, whereas the unmodified and in situ roughened
1002F yielded identical traces (lower two lines).
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ficiency for roughened vs. native arrays was 3-9 fold for
the three different cell lines (p < 0.0005) (Figure 4A). These
results are in agreement with previous reports demonstrat-
ing that rougher surfaces increased cell capture and growth
rate (46–52).

As demonstrated in previous work (53), a major advan-
tage of the micropallet arrays is their use for cell separations
for biomedical research. For effective cell sorting, the cells
must remain attached to the micropallet during its laser-
based release from the underlying glass substrate. To study
the effect of roughening on cell attachment during laser
release, the percentage of cells remaining attached to rough-
ened and native pallets after pallet release was measured.
The 3T3, HeLa, and RBL cells were cultured on the arrays of
SU8 or 1002F micropallets overnight. A single laser pulse
(532 nm, 5 ns) was used to release pallets with attached cells
from the array. The released micropallets were observed
immediately for the presence or absence of an attached cell.
The percent of released pallets with an attached cell was
recorded. For all three cell types, the roughened surfaces
were more efficient at retaining the adherent cells compared
to the native photoresist. On average, 50 and 30% more

cells remained on the roughened SU8 and 1002F, respec-
tively, relative to their nonroughened counterparts after
release (Figure 4B).

These differences were significant with p e 0.05. The
greater degree of improvement for SU8 relative to 1002F is
likely due to the fact that the surface of native SU8 is
smoother on average than that of 1002F and therefore
roughening has a greater effect. Of the three cell types
tested, the 3T3 cells benefited the most from adhesion to
roughened surfaces during laser release. 3T3 cells demon-
strate a loose adhesion to many culture surfaces, for ex-
ample, polystyrene, whereas HeLa and RBL cells are tightly
adherent to standard culture surfaces. Thus it is perhaps not
surprising that roughened surfaces improved the collection
of 3T3 cells more than that of RBL or HeLa cells.

Coating Stability of Roughened SU8 and 1002F
Micropallet Arrays. In most cases, micropallet arrays
must be coated with gels or proteins such as fibronectin prior
to culture of cells on the arrays (29–31, 53–57). Many
experiments require that the cells grow on the arrays for
several days to weeks during which time the coated layer
must remain stably attached to the pallet surface. This is
especially critical for primary cells, such as stem cells, where
the lack of a coating layer can result in cell death or
differentiation (55). To determine whether surface roughen-
ing of the arrays might increase the density of these base
coatings, we incubated Alexa Fluor 633-labeled fibronectin
with native and roughened SU8 and 1002F micropallet
arrays. The arrays were placed in tissue culture medium and
the fluorescence intensity of the micropallets was measured
over time by microscopy (Figure 5). At day 0 of incubation
in the aqueous medium, the normalized fluorescence inten-
sity of the roughened SU8 and 1002F arrays was more than
2 and 1.5 times, respectively, relative to that for native
arrays. 1002F arrays possessed significantly more surface
fibronectin than SU8. This may be due to the increased
surface roughness relative to that of SU8 or the presence of
hydroxyl groups in 1002F not present in SU8 (see Figure S3
in the Supporting Information) (29, 58). By day 20, the

FIGURE 4. (A) Cell capture efficiency of native and roughened arrays
composed of SU8 or 1002F. The data points represent the average
value (n g 200 micropallets) and the error bars represent the 95%
confidence intervals as determined by a Student’s t-test (R ) 0.05).
At least 10 random micrographs, each containing 20 micropallets,
was inspected per array (ng 2 arrays). (B) Attachment of HeLa, 3T3,
and RBL cells to micropallets following laser-based pallet release
for unroughened and roughened SU8 and 1002F arrays (n g 25
micropallets, at least two arrays per condition).

FIGURE 5. Efficiency and stability over time for Alexa Fluor 633-
labeled fibronectin on native and roughened SU8 and 1002F micro-
pallet arrays (n g 32 micropallets from two arrays) is shown. The
average of the data is shown with the error bars representing the
standard deviations of the data points.
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fluorescence of all of the arrays had decreased relative to
that at day 0. However, the roughened arrays possessed
fluorescence intensities 2-2.5 times that of the native
arrays. The rate of Alexa Fluor 633-labeled fibronectin loss
between day 0 and 20 was similar for native arrays and
roughened arrays suggesting that the larger quantity of
fibronectin on the roughened arrays was due to the greater
surface area relative to that of the unroughened arrays.
These results were also consistent with the XPS data, which
suggested that the roughened and unroughened surfaces
possessed similar chemical properties.

Improved Efficiency of µCP Transfer of Coat-
ings onto Roughened Surfaces. Despite the advan-
tages that µCP provides (59–62), especially for polymeric
substrates, the surfaces must be well-prepared for efficient
and homogeneous transfer of the patterns from the stamp,
a task that is difficult to achieve. The plasma treatment of
both the PDMS stamp and the polymeric substrate before
stamping facilitates ink transfer (63), but a simple solution
that further enhances the efficiency and homogeneity of
stamping is highly desirable. Consequently, the influence of
roughening on both the stamp and the receiving substrate
on ink transfer by µCP was measured. A PDMS stamp was
used to transfer BSA-Alexa Fluor 647 to SU8 or 1002F
substrates. The transfer of fluorescent BSA was measured
for roughened and native PDMS stamps as well as rough-
ened and native SU8 and 1002F substrates. The fluorescence
of the stamped BSA-Alexa Fluor 647 on SU8 and 1002F
substrates was measured by fluorescence microscopy (Fig-
ure 6 and Figure S8 in the Supporting Information). Rough-
ening only the SU8 and 1002F films increased the amount
of printed BSA-Alexa Fluor 647 by 2- and 5-fold, respectively,
relative to native SU8 and 1002F. Thus mechanically rough-
ened surfaces can demonstrate increased acceptance of ink
from the stamp. Roughening both the PDMS stamp and the
SU8 substrate further enhanced transfer of the BSA-Alexa
Fluor 647 by 8% relative to roughened SU8 alone. The
efficiency of BSA-Alexa Fluor 647 transfer from a roughened

PDMS stamp to a roughened 1002F surface was improved
by 20-fold compared to unroughened surfaces. This dra-
matic enhancement was likely due to both the increased
surface area of the hydrophilic 1002F and hydrophilic
oxidized PDMS.

CONCLUSION
Mechanical roughening of polymeric microstructures with

a particle slurry was reported. A simple device using a
magnetic stir bar yielded controlled roughening of micro-
structure surfaces. Aqueous slurries of particles in a variety
of sizes and of varying composition are commercially avail-
able at a low cost. Thus the roughening process can be
tailored to increase or decrease the roughness of miniatur-
ized polymeric structures and surfaces to the desired degree
by optimizing the polishing time as well as the particle
properties. This in-situ roughening technique was success-
fully used in two applications for polymeric microstructures:
(i) improving biomolecule and cell adhesion to micropallets
utilized for cell sorting, and (ii) enhancing the efficiency of µCP
to pattern biomolecules on surfaces. In addition to these
applications, this mechanical polishing method should find
widespread utility for other fragile structures such as cantilevers
and for the placement of biomolecule or cell coatings on
surfaces for a variety of biomedical applications (2, 64–67).
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