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Abstract: We report the development of laser-scanning
lithography (LSL), which employs a laser-scanning con-
focal microscope to pattern photoresists that can be
utilized, for example, in the fabrication of masters for use
in soft lithography. This convenient technique provides
even exposure across the entire view field and facilitates
accurate alignment of successive photoresist exposures.
Features on the scale of 3 um have been achieved to date
with a 10x objective (NA 0.45). Virtual masks, instructions
for laser irradiation, were drawn using the Region of
Interest (ROI) function of a Zeiss LSM 510 microscope.
These regions were then exposed to a 458 nm argon laser
for 32 us (0.9 mW/um?). Differential interference contrast
(DIC) imaging was utilized with a non-destructive 514 nm
argon laser as an immediate quality check of each
exposure, to align successive exposures, and to reduce
chromatic aberration between imaging and exposure.
Developed masters were replica-molded with poly(di-
methylsiloxane) (PDMS); these masters were then utilized
for microcontact printing of cell-adhesive self-assembled
monolayers (SAMs) to demonstrate the utility of this
process. Initial studies confirmed that human dermal
fibroblast adhesion and spreading were limited to cell-
adhesive SAM areas. LSL is a rapid, flexible, and readily
available technique that will accelerate master design and
preparation; moreover, it can be applied to additional
forms of photolithography and photopolymerization for
studies in cell biology, biomaterials design and evalua-
tion, materials science, and surface chemistry.
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INTRODUCTION

This work describes the development of laser-scanning
lithography (LSL) to prepare micropatterned photoresist
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masters for use in lithographic applications. Photoresist
masters have been utilized for replica-molding PDMS
structures used in soft lithography (Chen et al., 1997; Jiang
et al., 2005; Kane et al., 1999), microfluidics (Beebe et al.,
2002; Jeon et al., 2000; Khademhosseini et al., 2004a),
microelectronics (Yan et al., 2001), and biological applica-
tions, such as the construction of neuronal cell networks
(Dertinger et al., 2002; Heller et al., 2005), the design of
cellular arrays for high throughput screening (Chiu et al.,
2000; Nelson et al., 2003), and other applications (Bhatia
et al., 1997; Khademhosseini et al., 2004b; Suh et al., 2004).
Indeed, several groups have been seeking to develop
alternatives to traditional photolithography for the patterning
of photoresists. Ideally, new methodologies should be highly
flexible, widely available, and circumvent the need for a
clean room. An inexpensive alternative has involved the
adaptation of a fluorescent microscope for so-called micro-
scope projection photolithography (MPP; Love et al., 2001).
However, because a lamp is used as the light source, MPP
inherently suffers from a Gaussian light intensity distribution
across the entire view field. Uneven light intensity across the
beam width means that optimal exposure settings at the
center of the view field are different than those near the edge
of the view field. Under- or over-exposure of the sample leads
to pattern distortions, and therefore limits the total area of
each view field that can be practically utilized. A more recent
development has employed a liquid crystal display (LCD)
projector as a programmable mask for projection photo-
lithography (Itoga et al., 2004). A computer is connected to
the LCD to project the computer screen image onto a given
sample. However, this projection method leads to exposure
artifacts from embedded electronic wires, which are
necessary to control each pixel in the LCD.

Rather than whole area exposure, lithography in a serial
fashion with a focused laser has been investigated (Ghislain
etal., 1999; Rensch et al., 1989). The highly collimated light
produced by the laser provides consistent exposure at the
focal point. To create structures in more than one dimension,
the sample is translated during exposure by the action of a
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programmable stage. Although this process is typically
slower than whole area exposure due to the serial nature in
which sample coordinates are addressed, the laser power and
focal point position in the sample can be precisely controlled.
Unfortunately, however, the extensive time required for the
construction and optimization of these systems have limited
their widespread use. Additionally, the necessity to translate
the stage during exposure artificially limits the speed at
which a given area can be addressed, compared to translating
the laser beam across a fixed sample. Finally, these systems
have been built to utilize only a single laser source, limiting
their flexibility and the range of substrates that can be
exposed.

In this work, we sought to utilize a commercially available
laser-scanning confocal microscope as a readily available
and highly flexible system for laser-scanning lithography
(LSL). Confocal microscopes operate by focusing a laser of a
given wavelength to a diffraction-limited size at the focal
plane. The focal point can then be raster-scanned across the
sample. The ability to control precisely the laser irradiation
eliminates the need for traditional physical photomasks. In
addition, the sample stage need not be translated during each
exposure cycle because commercially available confocal
microscopes—optimized over the past decade by several
companies—now have raster scanning mirrors behind the
objective. These mirrors enable the microscope to address up
to 1 mm? or greater at a much faster rate and with fewer
translational artifacts than if the sample stage were translated
across a fixed beam. Confocal microscopes also have
multiple aligned lasers that can be turned on and off
independently for more complicated addressing of the
sample (e.g., one laser for imaging and another for
patterning). Multiple aligned lasers could also be useful for
direct patterning of photoactive monolayers (Dillmore et al.,
2004; Ryan et al., 2004). As an initial demonstration of the
capabilities of LSL, we have employed this new method to
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Figure 1.

create photoresist masters, and we have used these masters in
conjunction with soft lithography to create micropatterned
cell-adhesive self-assembled monolayers (SAMs).

Defining a Virtual Mask

The area of each view field of the microscope is determined
by the properties of its optics and the objective chosen. A
typical value for the view field area with a 10x objective
(NA 0.45) is 922 x 922 pm. The computer controlling the
microscope defines this area as an array of pixels, typically
2,048 x 2,048 pixels, which are sequentially addressed by
the raster-scanning laser. Thus, in addition to the laser power
(in these studies, 0.9 mW/ umz), a critical parameter to define
with LSL is the “pixel time,” or the residence time of the
laser at each pixel location. Additionally, the number of
“iterations,” or the total number of times the entire view field
is scanned, can be defined.

Rather than conventional photomasks, LSL employs
“virtual masks” to achieve addressable irradiation. These
masks are simply bitmap images drawn onscreen that are
converted into irradiation instructions, dictating at which
pixel locations the shutter of the laser is open or closed
during each raster-scanning cycle. To create these bitmap
images, the user simply draws shapes onscreen to be
exposed. The true dimensions of each drawn object, in pm,
can be easily calculated once the pixel to pm conversion
factor is known (~2.2 pixels/um along both the x- and
y-axis, based on the above values). The types of shapes that
can currently be drawn using the microscope software
include rectangles, ellipses, closed Bezier curves, and
polygons. After drawing is complete, the computer
converts all drawn shapes into programming instructions
for the shutter of the laser (Fig. 1). In this manner, LSL
allows for addressable irradiation without the need for a
conventional physical photomask.

dhhid bbb

Schematic of laser-scanning lithography (LSL). a: LSL utilizes a laser-scanning confocal microscope for addressable irradiation of a

photosensitive material, such as photoresist. Programmatic control of the xy-scanner and laser shutter enables addressable irradiation without the need for a
physical photomask (adapted with permission from Carl Zeiss, Inc.). b: A bitmap image is drawn onscreen using tools available in the software of the
microscope, and serves as a virtual mask. ¢: The computer converts the virtual mask into irradiation instructions for exposure. The focal point of the microscope
is unidirectionally raster scanned across the view field with the laser shutter closed (dashed arrows). When the scanning focal point intersects a pixel inside the
virtual mask, the laser shutter is opened for the programmed pixel time (solid lines).
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MATERIALS AND METHODS

Hexamethyldisilazane (HMDS), 16-mercaptohexadecanoic
acid, 3-mercaptopropyltrimethoxysilane, hexaethylene gly-
col, N-hydroxybenzotriazole (HOBt), and N-(3-dimethyla-
minopropyl)-N'-ethylcarbodiimide (EDC) were purchased
from Sigma-Aldrich (St. Louis, MO) and used as received,
unless otherwise specified. Gold shot (>99.99%) was
purchased from Americana Precious Metals (East Ruther-
ford, NJ). The solvents dichloromethane (DCM), tetrahy-
drofuran (THF), dimethylformamide (DMF), methanol
(MeOH), and ethyl acetate (EtOAc) were purchased from
EMD Chemicals (Gibbstown, NJ) and used as received,
unless noted otherwise.

Preparation of Gold-Coated Coverslips

Round coverslips (22 mm; Fisher Scientific, Pittsburgh, PA)
were cleaned with “piranha solution” (7:3 concentrated
H,S04/30% H>0,) and then rinsed with deionized water.
Caution: piranha solution reacts violently with organic
materials and should be handled carefully. The coverslips
were next treated with a mixture of H,O,, NH,OH, and H,O
(1:1:5) at 80°C for 1 h, and then rinsed with deionized water.
The glass surface was functionalized with 3-mercaptopro-
pyltrimethoxysilane by immersion at 80°C for 1 h in a
mixture of water and isopropyl alcohol (1:4) containing the
silane. The coverslips were then rinsed with isopropyl
alcohol, blown dry with nitrogen, and dried at 100°C for 10
min. Thermal evaporation of gold yielded a 100 A gold layer
on these coverslips.

Preparation of Photoresist-Coated Coverslips

Premium #1 coverslips (Fisher Scientific) were primed with
HMDS for 10 s and spun dry. Microposit S1813 photoresist

(Shipley, Marlborough, MA) was spin coated to a thickness
of 1.3 pm (4,000 rpm for 40 s) and soft-baked in an oven at
100°C for 5 min.

Laser-Scanning Lithography

A Zeiss LSM 510 microscope (Carl Zeiss, Oberkochen,
Germany) and its accompanying LSM 5 software were used
for LSL. To define a virtual mask, shapes were drawn using
the “Region of Interest” (ROI) function of the LSM 5
software. Exposures were performed with a 458 nm argon
laser at a pixel to pm conversion factor of 4.93 pixels®/um?
(2,048 x 2,048 pixels =922 x 922 um), an exposure inten-
sity of 0.9 mW/um?, and a pixel time of 6.4 ps (32 ps/um?).
Differential interference contrast (DIC) imaging was per-
formed with a non-destructive 514 nm argon laser.

Replica-Molding of PDMS

Photoresist masters prepared by LSL were coated with
(tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane
(United Chemical Technologies, Bristol, PA) by vacuum
deposition in a dessicator for 1 h at 100°C. After cooling, a
PDMS prepolymer (Sylgard 184, Dow Corning, Midland,
MI) was poured onto the photoresist and cured at 150°C for
15 min. The resulting PDMS stamps were removed by hand.

Soft Lithography

To create a binary surface of self-assembled monolayers
(SAMs), functionalized thioalkanes were synthesized. A
thioalkane terminated with an oligoethylene glycol (OEG)
moiety (thioalkane-OEG, 1) was prepared according to
Figure 2 and the following paragraphs. This type of
alkanethiol has been shown to have cell non-adhesive
properties (Jiang et al., 2004; Prime and Whitesides, 1991).
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Figure 2. Synthesis of thioalkane-OEG.
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Convenient methods to monosubstitute hexaethylene glycol
with a primary amine were performed as previously
described (Loiseau et al., 2004; Svedhem et al., 2001).
The intermediates and products were characterized by
NMR spectroscopy in CDCl; using a QE-300 spectrometer
(300 MHz 'H).

Synthesis of HO(CH,CH,0)sCH,CH,OTs (3)

To a chilled and stirred solution of hexaethylene glycol (2)
(5.0 g, 18 mmol) in DCM were added: Ag,O (6.2 g, 27
mmol), TsCI (3.7 g, 20 mmol), and KI (0.6 g, 4 mmol). After
stirring for 1 h, the precipitated silver salts were removed by
filtration through celite. The celite cake was thoroughly
washed with EtOAc. The combined filtrates were evaporated,
and the residue was purified by column chromatography
(2% MeOH in DCM) to afford pure 3in 79% yield. '"HNMR:
07.79 (d,J=6.6Hz,2H),7.33 (d,/=8.4 Hz, 2 H), 4.15 (t,
J=5.7Hz,2 H),3.47-3.71 (m, 22 H), 2.45 (s, 3 H).

Synthesis of HO(CH2CH20)sCH2CH2N: (4)

To a solution of 3 (2.5 g, 5.7 mmol) in DMF, sodium azide
(0.6 g, 9 mmol) was added. The stirred mixture was warmed
to 110°C. After 2.5 h, the solution was cooled to room
temperature, and the DMF was removed by distillation. The
residue was purified by column chromatography (5% MeOH
in DCM) to afford pure 4 in 99% yield. '"H NMR: 6 3.59—
3.71 (m, 22 H), 3.39 (t, J=5.4 Hz, 2 H).

SyntheSiS of HO(CH2CH20)5CH20H2NH2 (5)

To a chilled solution (0°C) of 4 (1.8 g, 5.9 mmol) in dry THF
(previously distilled from LiAlH,), triphenylphosphine
(1.7 g, 6.5 mmol) was added. The solution was stirred for
10 h at room temperature. Water (1 mL) was then added, and
the solution was stirred for an additional 3 h. The solvent was
evaporated, and the residue was purified by column
chromatography (MeOH:DCM:E;N, 3:3:1) to afford pure
5in 76% yield. '"H NMR: 6 3.73 (t, J=3.6 Hz, 2 H), 3.58—
3.67 (m, 18 H), 3.52 (t, J=5.1 Hz, 2 H), 2.87 (t, /=5.7 Hz,
2 H).

Synthesis of AcS(CH,)5sCOOH (7)

To a solution of DCM (15 mL) and acetic acid (15 mL), 16-
mercaptohexadecanoic acid (6) (1.5 g, 5.2 mmol) was
dissolved. Zinc powder (3.0 g) was added, and the mixture
was stirred for 1 h at room temperature. After cooling at 0°C,
acetyl chloride was added (7.4 mL, 0.10 mol). When the
production of hydrogen gas ceased, the reaction was brought
to room temperature and stirred for an additional 30 min. The
zinc powder was then removed by filtration through celite,
and the organic filtrate was washed twice with 0.1M HCI. The
solution was dried over anhydrous magnesium sulfate,
filtered, and evaporated. The residue was purified by column
chromatography (EtOAc) to afford pure 7 in 89% yield. 'H

NMR: 6 2.86 (t, J=7.8 Hz, 2 H), 2.36 (t, J=7.2 Hz, 2 H),
2.34 (s,3 H), 1.64 (m, 2 H), 1.54 (m, 2 H), 1.25 (bs, 22 H).

Synthesis of
AcS(CH3);5CONHCH,CH>(OCH,CH,)50H (8)

To a solution of dried DCM (30 mL), AcS(CH,);5sCOOH (7)
(1.6 g, 4.7 mmol) was dissolved, and the solution was cooled
to 0°C. HO(CH,CH,0)sCH,CH,NH, (5; 2.0 g, 7.1 mmol)
was added, as well as N-hydroxybenzotriazole (HOBt, 1.0 g,
7.1 mmol), and N-(3-dimethylaminopropyl)-N'-ethylcarbo-
diimide (EDC, 1.4 g, 7.1 mmol). The reaction mixture was
warmed to room temperature and stirred for 12 h. The
mixture was then diluted with DCM, and washed first
with 0.1M HCI and then with water. The solution was dried
over anhydrous magnesium sulfate, filtered, and evaporated.
The residue was purified by column chromatography (3%
MeOH in DCM) to afford pure 8 in 75% yield. "H NMR: 6
3.73 (t,J=4.2Hz,2H),3.66 (bm, 18 H),3.55(t,/=4.8
Hz, 2 H), 3.44 (t, J=4.8 Hz, 2 H), 2.87 (t, J=7.5 Hz, 2 H),
2.33(s,3H),2.19(t,J=7.5Hz,2 H), 1.57 (m, 4 H), 1.24 (bs,
22 H).

Synthesis of
HS(CH5);5CONHCH,>CH>(OCH,>CH,)s0H (1)

To a solution of methanol, AcS(CH,);sCONHCH,.
CH,(OCH,CH,)sOH (8) (1.7 g, 2.9 mmol) was dissolved,
and the flask was purged with argon. Sodium methoxide
(0.5M in methanol, 29 mL, 14 mmol) was added to the
solution, and the mixture was stirred for 1 h. The reaction was
then neutralized with Dowex H" resin, and the solvent was
evaporated. The residue was purified by column chromato-
graphy (3% MeOH in DCM) to afford pure 1 in 96% yield.
"HNMR: 6 3.72 (t,J = 5.7 Hz, 2 H), 3.66 (bm, 18 H), 3.56 (t,
J=48Hz,2H),3.44(t,J=5.1Hz,2H),2.51 (q,J="7.8 Hz,
2 H),2.18 (t,J=7.5Hz,2 H), 1.59 (m, 4 H), 1.24 (bs, 22 H).

Synthesis of Thioalkane-OEG-GRGDS (9)

Thioalkane-OEG-GRGDS was efficiently synthesized using
Fmoc solid-phase peptide synthesis (431A Synthesizer,
Applied Biosystems, Foster City, CA) according to Figure 3
(a similar scheme has been previously described, see
Houseman and Mrksich, 1998). Following chain extension
of the GRGDS peptide on the resin, the commercially
available  O-(N-Fmoc-2-aminoethyl)-O’-(2-carboxyethyl)-
undecaethyleneglycol (10, Novabiochem, UK), and then
(16-tritylsulfanyl)hexadecanoic acid (11), were incorpo-
rated. Cleavage from the resin was effected with 95% TFA,
2.5% H,0, 2.5% triisopropylsilane (TIPS; Pearson et al.,
1989) to give thioalkane-OEG-GRGDS (9). This thioalkane
is connected to an OEG spacer and terminated with the cell-
adhesive GRGDS sequence to give a molecule that forms a
cell-adhesive SAM (Houseman and Mrksich, 1998; Roberts
et al., 1998). Note that although the GRGDS sequence was
chosen for these studies, the strategy shown in Figure 3 can be
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Figure 3. Synthesis of thioalkane-OEG-GRGDS by solid-phase peptide synthesis (SPPS). (i) Solid-phase peptide synthesis (SPPS) via the Fmoc strategy, (ii)
neat TFA; evaporation; diethyl ether extraction, (iii) 95% TFA, 2.5% H,0, 2.5% TIPS.

utilized for the efficient synthesis of any peptide-terminated
alkanethiol of interest.

Synthesis of (16-Tritylsulfanyl)Hexadecanoic
Acid (11)

The trityl protection of 6 was effected with triphenylmetha-
nol (12) and TFA as previously described for the trityl
protection of cysteine (Photaki et al., 1970). A 1:1.2 mixture
of 6 (2.70 g, 9.37 mmol) and 12 (2.93 g, 11.2 mmol) was
dissolved in neat TFA (18 mL) and stirred at room
temperature for 1 h. The TFA was removed under vacuum.
The crude mixture was dissolved in diethyl ether (20 mL) and
sodium acetate (25% w/v in deionized H,O, 50 mL), and
extracted three times with diethyl ether (120 mL). The
extracted organic phases were combined and evaporated, and
the residue was purified by column chromatography (25%
diethyl ether in hexanes) to afford pure 11. "H NMR: 6 7.40
(m, 6 H),7.20-7.30 (m,9H),2.35(t,/=7.2Hz,2H), 2.12 (t,
J=17.5Hz, 2 H), 1.62 (m, 2 H), 1.26 (bs, 24 H).

Microcontact Printing

PDMS stamps were dipped in an ethanolic solution of 1 (2
mM) and dried under a stream of argon. Stamps were gently
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applied to gold-coated coverslips for 10-30 s. After
removing the stamp, the slides were dipped in an ethanolic
solution of 9 (2 mM) for 2 min to coat unmodified areas of the
gold surface.

Cell Culture

Human dermal fibroblasts (HDFs, Cambrex, East Ruther-
ford, NJ) were maintained in Dulbecco’s modified Eagle
medium containing 10% fetal bovine serum, 2 mM L-
glutamine, 1,000 U/mL penicillin, and 100 mg/L streptomy-
cin at 37°C/5% CO,. Cells were used at passage 5-9, and
seeded onto SAM-modified coverslips at a density of
3.1 x 10° cells/cm?. Photographs were taken at 3 h, and the
fidelity of the cell patterns were optically verified over the
first 24 h.

RESULTS AND DISCUSSION

Identifying Optimal Parameters for LSL

To determine optimal exposure parameters for LSL, we
performed several arrays of exposures for a given combina-
tion of positive photoresist (S1813), laser wavelength
(458 nm), and microscope objective (10x, NA 0.45).
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Figure 4. Dependence of fidelity on focus. Using the virtual mask from Figure 1b, the photoresist was exposed in or out of focus and then developed
(z-position of focal point relative to photoresist: a = —40.0 pm, b = —20.0 um, ¢ = 0.0 pm [in focus], d = +20.0 pm, e = 4+40.0 um; 1 scan, 6.4 s pixel time,

0.9 mW/pum?). Accurate focusing greatly influences the concordance of the exposed region with the original virtual mask. Scale bar = 100 pum.

Dependence of Fidelity on Focus

The width of the laser beam outside of the focal plane spreads
by 2Z\/mwq where wy is half the width of the laser beam at the
focal plane, and Z is axial distance from the focal plane
(Guenther, 1990). Thus, even when using a thin photoresist
layer, positioning the photoresist tens of microns out of focus
led to noticeably blurred features (Fig. 4).

Dependence of Fidelity on Laser Power

Power settings required for adequate exposure were assessed
using an intermediate pixel time (6.4 ps) and a single iteration
(Fig. 5). At low power levels, some feature definition was
present, but there were considerable artifacts from the
scanning laser. As the power level was increased, even
exposure of the area was achieved while maintaining high
lateral resolution. Higher power settings gave the smoothest
exposures. An intermediate power setting of 0.9 mW/um?
was chosen as the optimal setting.

Dependence of Fidelity on Pixel Time
and Iterations

Optimal pixel time settings were assessed using a fixed power
setting (0.9 mW/um?) and a single iteration (Fig. 6). At long
pixel residence times, the exposure was even but time-
consuming (~100 s to expose the virtual mask). Short pixel
times completed the exposure faster but showed scanning
artifacts. Even after compensating with high power, a short
pixel time was unable to completely expose the photoresist.
An intermediate pixel time of 6.4 ps (~12 s to expose the
virtual mask) was chosen as the optimal setting for maximum
speed and fidelity.

The number of iterations required for optimal exposure
was assessed using a fixed pixel time (0.64 ps) and laser
power setting (0.9 mW/um?). Although scanning artifacts
from this shortest pixel time could be compensated with
multiple iterations, other inaccuracies arose (Fig. 7). The
fidelity of the exposure depends on the shutter of the laser
operating on a faster time scale than the scanning laser. Using
a pixel time of 0.64 ps, the scanning speed surpassed the
speed at which the shutter of the laser could operate, leading
to elongation of the smallest features (highlighted in Fig. 7c).
A high number of scans made potential registration issues
apparent, and led to the widening of all exposed regions (up to
~10% for 100 iterations). These results confirm that an
intermediate pixel time of 6.4 pus and a single scan are needed
to maximize efficiency while maintaining fidelity.

DIC Imaging for Focus and Alignment

Another advantage of LSL is that DIC imaging can be used
for focusing on the photoresist and aligning successive
exposures. A non-destructive 514 nm laser was used initially
to image the photoresist and focus on the surface. Following
exposure by LSL, the non-destructive laser was used to
observe the exposed regions. DIC imaging provides contrast
based on differences in indices of refraction within the
sample. Exposing the photoresist photochemically changes
these regions sufficiently to provide the contrast needed for
visualization. The ability to observe exposed regions of
undeveloped photoresist aided in the alignment of successive
exposures. Manually translating the stage allowed for precise
alignment of the next exposure (precision is approximately
3 um). Development of the photoresist showed good agree-
ment with the area seen with DIC imaging (Fig. 8).
Additionally, because the imaging and exposing lasers were

Figure 5. Dependence of even exposure on laser power. Using the virtual mask from Figure 1b, the photoresist was exposed to various laser power settings and
then developed (a = 0.14 mW/um?, b = 0.24 mW/um?, ¢ = 0.33 mW/um?, d = 0.9 mW/um?, e = 1.2 mW/um?; 1 scan, 6.4 s pixel time). a, b: These low power
levels gave poor exposure contrast and showed scanning artifacts. c: An intermediate power level began to show good exposure contrast and detail. d, e: These
high power levels gave the smoothest exposures. Scale bar = 100 pum.
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Figure 6. Dependence of fidelity on pixel time. Using the virtual mask from Figure 1b, the photoresist was exposed to various pixel time settings and then
developed (a=51.2 pus, b=25.6 ps, ¢ =3.2 ps, d = 1.6 pus; 1 scan, 0.9 mW/umz). a, b: These long pixel times gave time-consuming but even exposures. ¢, d:
Short pixel times gave faster exposures but required higher laser power to fully expose the photoresist. Failure to increase the laser power with decreasing pixel
time led to scanning artifacts. Scale bar = 100 pm.

Figure 7. Dependence of fidelity on number of iterations. Using the virtual mask from Figure 1b, the photoresist was exposed to various iterations and then
developed (a =8 scans, b = 16 scans, ¢ =20 scans, d = 100 scans; 0.64 pus pixel time, 0.9 mW/umz). Scanning artifacts (a, b) were compensated with increased
iterations, to smooth the exposure (c). However, short pixel times (i.e., 0.64 ps) led to distortions of narrow features, as the scanning speed surpassed the speed at
which the shutter of the laser could operate. These distortions were manifested as elongations along the direction of scanning (compare the arrows in ¢ with the
virtual mask in Figure 1b). d: A high number of scans led to decreased fidelity due to widening of the exposed area (measured distance in ¢ =35.1 um,
d=38.7 um). The microscope was unable to keep accurate registration during a high number of rapid scans. Scale bar = 100 pm.

Figure 8. Another advantage of LSL is the ability to observe exposed regions of photoresist with DIC imaging before developing. a: Unexposed photoresist
was imaged with a non-destructive 514 nm argon laser to locate the surface. b: Following LSL with a 458 nm argon laser, the 514 nm laser was again used to
image the exposed regions. ¢: Confirmation that the regions of increased contrast were exposed during LSL is seen in the developed photoresist. Scale bar =

50 pm.
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Figure 9. Replica-molding of poly(dimethylsiloxane) (PDMS) from a photoresist master created with LSL. a: Virtual mask drawn onscreen, (b) developed
photoresist master, and (¢) replica molded PDMS. Scale bar = 100 um. The minimum feature size achieved with a 10x objective (NA 0.45) was 3 pm (enlarged
in b, ¢; scale bar =5 pm).
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Figure 10. Cell patterns created by soft lithography. Non-adhesive 360 um squares were stamped with thioalkane-OEG on a gold-coated surface (Prime and
Whitesides, 1991). Intervening 10 um lines were then backfilled with the adhesive thioalkane-OEG-GRGDS (Roberts et al., 1998). Human dermal fibroblasts
were cultured on these surfaces and photographed with phase contrast microscopy. Scale bars: a =50 pm, b= 100 um, ¢ =200 pm.

similar in wavelength, chromatic aberration that can result
from focusing with visible light (450—750 nm) and exposing
with UV light (300—450 nm) was greatly reduced.

LSL Masters for Soft Lithography

To demonstrate the utility of LSL, soft lithography was
performed with masters generated by LSL. Photoresist
masters prepared with a 10x objective were replica-molded
into PDMS. Features with 3 pm resolution could be
fabricated with high reproducibility (Fig. 9). Binary surfaces
of self-assembled monolayers (SAMs) were created on gold-
coated substrates by microcontact printing of functionalized
alkanethiols with these micromolded PDMS stamps (Chen
et al., 1997; Jiang et al., 2005; Kane et al., 1999). Regions
were formed that inhibited or promoted mammalian cell
attachment by using thioalkane-OEG (OEG = oligoethylene
glycol) or thioalkane-OEG-GRGDS (GRGDS = Gly-
Arg-Gly-Asp-Ser peptide sequence), respectively (Prime
and Whitesides, 1991; Roberts et al., 1998; Fig. 10). The
small defects present in the cell patterns are believed to
reflect the high surface packing density of the thioalkane-
OEG used. Adding a small percentage of CHj-terminated
thioalkane would afford a lower surface packing density
of this SAM and should decrease cell pattern defects
(Li et al., 2005).

CONCLUSIONS

Laser-scanning lithography of photoresist masters enables
micron-scale features to be generated with high fidelity and
greater facility than conventional photomasking. Various
parameters can be precisely controlled by the user to allow
maximum flexibility, such as the laser power, the pixel time,
and the number of iterations. DIC imaging permits
immediate verification of each exposure, precise alignment
of successive scans, and reduced chromatic aberration

between imaging and exposure. LSL rapidly produces
masters for use in soft lithography, and its utility was verified
by HDF confinement within micropatterned SAMs. A
current limitation of this technique is that maximum fidelity
can be achieved only with thin photoresist layers due to the
width of the laser beam outside of the focal plane. Future
studies will characterize the minimum feature size possible
with this method. The minimum lateral feature size possible
should be, in practice, approximately the wavelength of light
used (~500 nm or smaller) due to diffractional limitations
(Love etal., 2001). The maximum feature size possible in the
axial direction can be expanded through cycles of photoresist
deposition and exposure, or by multiphoton irradiation.
Multiphoton or two-photon photopolymerization will be a
particularly useful modification of this system as the buildup
of arbitrary three-dimensional structures should be possible
without the need for layer-by-layer substrate deposition.
Additionally, multiphoton photopolymerization could allow
even smaller features (e.g., at or below 1 micron) to be readily
obtained (Cumpston et al., 1999). LSL is applicable to other
forms of microfabrication, such as SU-8 negative photoresist
photolithography or PEG hydrogel photopolymerization
(Hahn et al., 2005), which are areas under current investiga-
tion. We believe the equipment required for LSL is readily
available at many institutions, and that many scientific
disciplines will find this technique advantageous when
compared to conventional photomasking.

We thank Prof. Rebekah Drezek for helpful discussions.
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