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ABSTRACT: Metal-mesh lithography (MML) is a practical hybrid
of microcontact printing and capillary force lithography that can be
applied over millimeter-sized areas with a high level of uniformity.
MML can be achieved by blotting various inks onto substrates
through thin copper grids, relying on preferential wetting and
capillary interactions between template and substrate for pattern
replication. The resulting mesh patterns, which are inverted relative
to those produced by stenciling or serigraphy, can be reproduced
with low micrometer resolution. MML can be combined with other
surface chemistry and lift-off methods to create functional
microarrays for diverse applications, such as periodic islands of
gold nanorods and patterned corrals for fibroblast cell cultures.
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B INTRODUCTION

Surface patterning by lithography is one of the essential tools
for micro- and nanoscale technologies. A number of litho-
graphic approaches are able to reproduce features with
submicrometer resolution, including serial writing methods
such as electron-beam and scanning-probe lithography"” and
photolithography using extreme ultraviolet wavelengths or soft
X-rays.”* However, many lithographic applications do not
require this level of spatial definition, but are more strongly
dependent on the versatility of the patterning method. For this
reason, direct-contact printing—arguably the oldest and
simplest form of pattern replication—remains one of the
most practical and versatile methods of surface patterning.>®
Direct-contact printing mechanisms include mechanical
deformation (nanoimprint lithography),”® anisotropic dewet-
ting induced by capillary forces (capillary force lithography, or
CFL),”™"" and the pressure-mediated deposition of materials
using patterned stamps (microcontact printing, or ,uCP).lz_14
The latter has become highly popular because of its relative
ease of implementation: patterning is readily achieved by
casting solutes (inks) onto elastomeric polydimethylsiloxane
(PDMS) stamps with appropriate wetting and adhesion
characteristics, followed by their conformal contact onto
substrates for high-quality pattern replication. Other types of
materials can also be used to mediate pattern transfer, and
provide opportunities to develop useful variants of #CP.">~"”

Although many efforts in lithography are focused on
improving spatial resolution and increase the complexity of
pattern features, there is also a need for simple but robust
microprinting methods with minimal requirements for infra-
structure or specialized equipment. This rationale is supported
by our own experiences with #CP using PDMS stamps: despite
their versatility, the stamps can be sensitive to their environ-
ment and are best handled in controlled laboratory settings. In
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addition, the masters from which stamps are cast (typically
fabricated in clean-room facilities) are delicate and must be
maintained in pristine condition. The scope and accessibility of
UCP can be expanded by developing “low-overhead”
alternatives that can remove such practical problems in
microprinting applications, while providing comparable quality
and control in pattern replication.

In this work, we introduce metal-mesh lithography (MML)
as an economical and overhead-free variant of uCP for
reproducing microscale patterns over millimeter length scales,
based on the controlled wetting of thin metal templates (Figure
1). Metallic grids of various mesh sizes are widely available as
substrates for electron microscopy and have been previously
employed as shadow masks in photolithography,'®~>" as well as
in serigraphy (screen printing) or stencil-assisted lithography
(SAL) based on plasma etching and polymerization.”*~** The
patterns produced by MML, however, are inverted with respect
to these techniques: ink is delivered onto the mesh template,
then directly patterned onto the underlying substrate by
capillary forces. In this regard, we consider MML as a hybrid of
uCP and CFL, one that requires fewer operations for pattern
transfer. The metal mesh can be used repetitively for pattern
replication using either commercial blotting pens or customized
microquills. Binary patterns can be created by performing
MML on functionalized substrates, then backfilling the ink-free
regions with different materials; the MML patterns can also be
removed using organic solvents (lift-off) to produce functional
microarrays with well-defined edges.
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Figure 1. Metal-mesh lithography (MML). A commercial blotting pen
or customized ink delivery system (microquill) is gently pressed
against a fine copper mesh on a flat surface. Controlled wetting and
capillary action permits the mesh pattern to be replicated, leaving the
interstitial regions untouched.

B EXPERIMENTAL SECTION

Materials. All chemical or biochemical reagents were obtained
from Sigma—Aldrich unless otherwise noted. 3-aminopropyltriethox-
ysilane (APTES, 98%) and 3-mercaptopropyltrimethoxysilane
(MPTMS, 95%) were obtained from Alfa Aesar and Fluka,
respectively. Cyclo(Arg-Gly-Asp-p-Phe-Lys) (c-RGDfK) was pur-
chased from Peptide International. CTAB-stabilized gold nanorods
(GNRSs; A0 = 690 nm, O.D. 1) were prepared by a seeded growth
method,?® and centrifuged once (12500 g, 20 min) to remove excess
surfactant with redispersion in deionized water. This was obtained
from an ultrafiltration system (Milli-Q, Millipore) with a measured
resistivity above 18 MQ-cm and passed through a 0.22-um filter to
remove particulate matter.

Copper grids of various mesh sizes and geometries (Veco or Gilder,
3.05 mm diameter, 0.8 mil thickness) were obtained from Electron
Microscopy Sciences: 200-mesh square lattice, hexagonal lattice, and
parallel bars (125 pum pitch, 40 ym bar, 85 um spacing); 200-mesh
alphanumeric index grid (125 ym pitch, 20 gm bar, 105 ym spacing);
400-mesh square lattice (63 ym pitch, 33 ym bar, 30 ym spacing);
2000-mesh square lattice (12.5 um pitch, S ym bar, 7.5 ym spacing).

Glass slides were cleaned in freshly prepared piranha solution (5
parts 18 M H,SO,, 2 parts 30% H,0,) at 70 °C for S min with stirring,
then thoroughly rinsed with deionized water and dried under a stream
of argon gas. Caution! Piranha solution is highly corrosive and must be
handled while wearing gloves and protective clothing. Clean glass slides
were immersed in a 2-mM solution of APTES in benzene or a 1-mM
solution of MPTMS in toluene for 12 h at 25 °C. The functionalized
slides were thoroughly rinsed with clean acetone to remove excess
silanizing agent, then again with deionized water and dried under a
flow of argon. NHS-functionalized glass slides (CodeLink) were
obtained from SurModics and used as received.

Backfilling experiments were performed with rhodamine B
isothiocyanate (RhB-ITC), fluorescein isothiocyanate (FITC), bovine
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serum albumin (BSA) or dye conjugates (RhB-BSA or F-BSA),
streptavidin from  Streptomyces avidinii, Atto 550-labeled biotin, c-
RGDfK, and CTAB-stabilized GNRs. Disposable syringes (3 mlL,
Luer-Lok tip) and needles (22 G, 1-1/2 in) were obtained from
Becton—Dickinson. Glass capillary tubes (B150-86-10) were obtained
from Sutter instrument for microquill fabrication.

MML Patterning with 200- or 400-Mesh Grids. Permanent-ink
markers (Sharpie or BiC Mark-It, fine point) were used as blotting
pens when patterning with 200- or 400-mesh grids. In a typical print,
200-mesh copper grids (3.05 mm diameter) were positioned on
functionalized glass slides using forceps, then inked with blotting pens
by applying gentle pressure at the center of the template. Inking
parameters were optimized using a new blotting pen, including:
contact time (0.5 s), pressure (80 kPa), tip-to-mesh contact area (1.1
mm?), and postcontact drying time (minimum 20 s), prior to
removing the metal mesh template. As a practical guide for manual
control over ink flow, the blotting parameters could also be tested
without the metal mesh on filter paper (Whatman #1) and adjusted to
produce a 2.9-mm round spot, slightly less than the diameter of the
copper grid. It is important to minimize the inking pressure in order to
prevent template adhesion and deformation during its removal from
the substrate. The latter was best performed by carefully lifting one
side with tweezers using a vertical motion, to prevent smudging of the
newly formed pattern. All MML-patterned slides were carefully dried
under ambient conditions before further use.

MML Patterning with 2000-Mesh Grids Using Microquills.
2000-mesh copper templates were immersed in a 1-mM solution of 1-
octadecanethiol in octane for 3 h, then washed with acetone and dried
in air. MML patterning was performed using freshly pulled
microcapillaries (microquills) instead of commercial blotting pens,
for more precise control over the inking volume. Microquills were
prepared from glass capillary tubes (0.86 mm LD., 1.50 mm O.D.)
using a P-87 Flaming/Brown micropipet puller (Sutter Instrument),
with ramped heating optimized to produce tips with LD. and O.D. of
35 and 50 pm, respectively. Micropipets were cut with a ceramic tile
(CTS) to produce flat tips. The microquill was then inserted inside of
a 22-gauge needle mounted on a 3-mL plastic syringe, and sealed by
wrapping wax (Parafilm) around the base.

Backfilling and Lift-off. MML-patterned substrates were im-
mersed in aqueous solutions containing fluorescent dyes or proteins in
a phosphate buffered solution (PBS) adjusted to pH 8.5: RhB-ITC, 2
mg/mL (3.73 mM), 1 h at 25 °C (APTES-functionalized slides); BSA
or fluorescent BSA conjugate, 1 mg/mL, 20 h at 4 °C (CodeLink
slides); streptavidin, 50 prg/mL, 48 h at 4 °C; c-RGDfK, 600 pg/mL (1
uM), 12 h at 4 °C. Streptavidin-patterned slides were labeled by
treatment with Atto 550-biotin in PBS, 1 mg/mL, for 2 h at 25 °C.
MML-patterned substrates functionalized with MPTMS were treated
twice with an aqueous solution of CTAB-stabilized gold nanorods
(A= 690 nm; O.D. 1) by dropcasting, then drying in air.

For lift-off, slides with backfilled MML patterns were thoroughly
rinsed with PBS or deionized water, then treated with reagent-grade
acetone to remove the pattern and excess dye. For the best results, the
lift-off procedure should be performed immediately after washing. In
the case of protein-based backfills, the slides were rinsed again after
lift-off with PBS containing 0.05% Tween-20, then again with standard
PBS. In the case of dual-colored patterned slides, the lift-off step was
not performed.

Patterned Fibroblast Adhesion. RGDfK-patterned CodeLink
slides were washed repeatedly with deionized water followed by lift-off
with acetone, then placed in 6-well plastic Petri dishes and incubated
with GFP-transfected 3T3 fibroblasts for 12 h under standard cell
culture conditions (RPMI medium, 37 °C, 5% CO,). GFP-transfected
3T3 fibroblast cells were detached from the walls of a T7S tissue
culture flask by treatment with trypsin, then dispensed into wells
containing MML-patterned slides (5 X 10° cells/well, 2 mL media).
Cells were grown to 80% confluence on patterned slides, which were
then transferred to clean wells and washed twice with PBS (pH 7.5).
The fibroblast adhesion patterns were imaged by confocal microscopy
while immersed in PBS.
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Confocal Microscopy. All imaging studies were performed on an
Olympus FV1000 laser scanning confocal microscope (inverted
configuration), using a 10X or 20X objective lens for bright-field
imaging. RhB was excited at 543 nm and detected using a 560—620
nm window; fluorescein and GFP were excited at 488 nm and detected
using a 505—525 nm window. Confocal reflectance imaging was
performed using the 635 nm laser line; scattered photons were
detected using a 560—660 nm window. Transmission images were
recorded simultaneously in all cases.

B RESULTS AND DISCUSSION

MML studies were initially performed on glass substrates using
standard Cu electron microscopy grids (200-, 400-, and 2000-
mesh) and with organic inks delivered by commercial blotting
pens. Inspection of the metal grids by confocal reflectance and
scanning electron microscopy revealed one face to be optically
smooth and the other face rough, with grain sizes on the order
of 0.3 um (Figure 2). Surface roughness has an influential role

Figure 2. Microscopic structure of 2000-mesh Cu template used in
MML (plan view). (A, B) Scanning electron microscopy (SEM) and
confocal reflectance images of optically rough surface; (C, D) SEM
and confocal reflectance images of smooth surface using the same
brightness. Scale bar = 10 ym.

on the quality of pattern transfer: in the case of 200-mesh grids
(125 pm pitch, 40 ym bar width) and 400-mesh grids (63 um
pitch, 33 pm bar width), pattern replication is best achieved by
placing the rough face of the metal mesh against the substrate.
Similarly, MML with 2000-mesh Cu grids (12.5 ym pitch, S pm
bar width) using the microquill delivery system (see below) can
produce better quality patterns with the rough face down,
which helps to limit excessive spreading.

MML is applicable to a broad range of inks and template
types, and enables straightforward reproduction of structural
features from square or hexagonal grids, parallel bars, and even
alphanumeric characters (Figure 3). In the case of 200-mesh Cu
grids (3 mm disks), uniform patterns could be replicated using
commercial blotting pens with nibs of approximately 1 mm and
a contact time and peak pressure of roughly 0.5 s and 80 kPa,
based on tip contact area. These values are intended as practical
guidelines: contact times and pressures can vary as a function of
nib porosity, ink viscosity, and other environmental factors, so
should be defined for each delivery system in order to avoid
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Figure 3. (A—D) Confocal bright-field images of test patterns on glass
substrates replicated by MML, using commercial blotting pens with
flat tips and standard Cu grids and gratings. (A) 200-mesh square
lattice (125 pum pitch, 40 pm bar); (B) 200-mesh hexagonal lattice;
(C) 200-mesh linear grating; (D) 200-mesh template (125 X 105 ym)
with alphanumeric characters. (E, F) Confocal fluorescence images of
test pattern from 200- and 400-mesh Cu grids (1, = 543 nm),
showing a clear contrast between printed grid lines and interstitial
voids. A and B produced by BiC Mark-It fine point (red); C and D
produced by Sharpie fine point (green); E and F produced by Sharpie
fine point (red). Scale bar = 200 ym.

overpressure and partial filling of the interstitial regions. On the
other hand, the uniformity of ink transfer is easily optimized by
adjusting the pressure and contact area.

The quality of MML patterning is uniform across the
template when the blotting pen is positioned in the center,
indicating an even pressure distribution. The fidelity of
lithographic reproduction can be quantified by statistical
analysis: in the case of 200-mesh parallel bars (45 um width),
the mean line width of the printed band patterns is 44 + 5 ym
(N = 100; see the Supporting Information). The print quality is
also readily apparent by the confocal imaging of fluorescent ink
patterns, which clearly delineate the grid and void areas (Figure
3E, F). Lastly, the metal-mesh templates can be reused many
times, with slight improvement in reproduction quality after the
first few uses (Figure 4).

MML can be applied toward functionalized substrates to
create periodic arrays of ink-free regions, with subsequent
backfilling to produce binary patterns (Figure SA). In the
example below, a polymer-coated slide functionalized with N-
hydroxysuccinimide (NHS) groups was subjected to MML
patterning using a 200-mesh grid and red fluorescent ink, then
backfilled with fluorescein-labeled BSA (F-BSA) to produce a

dx.doi.org/10.1021/am201305x | ACS Appl. Mater. Interfaces 2011, 3, 4812—4818
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Figure 4. Consecutive reproduction of MML patterns using the same
200-mesh Cu template and blotting pen (BiC Mark-It fine point,
black). (A, B) second printing; (C, D) ninth printing; (E, F) 15th
printing. Scale bar = 500 ym.

dual-color pattern (Figure SB,C). The primary ink layer serves
as a mask that is stable under aqueous conditions, but can be
easily removed by washing with organic solvents. This option is
useful in situations where the backfilling materials cannot be
cleanly deposited into the ink-free voids, requiring their
selective removal between array elements. For example, NHS-
activated slides were patterned by MML as described above,
immersed in an aqueous solution containing streptavidin, then
washed with acetone to produce an optically clear substrate
(Figure SD). Subsequent treatment with Atto $50-labeled
biotin revealed square islands with well-defined edges after
careful washing, indicating that proteins adsorbed onto the
printed ink layer were removed upon lift-off (Figure SE).
MML is also a practical method for producing functional
interfaces such as microarrays of nanoparticles’ > or li%and—
based “microcorrals” for cell patterning and adhesion.”*>*
Mesh patterns were printed onto MPTMS-functionalized glass
slides using a commercial blotting pen as described above,
immersed for several hours in an aqueous dispersion of CTAB-
stabilized Au nanorods (GNRs), then washed with acetone to
reveal well-defined square lattices of GNRs (Figure 6A, B). A
similar MML patterning, backfill, and lift-off procedure was
performed on NHS-activated glass slides, which were treated
with a cyclic pentapeptide (c-RGDfK) known to promote
integrin-mediated cell adhesion.>> These patterned slides were
then incubated with 3T3 fibroblasts engineered to express
enhanced green fluorescent protein (eGFP), and visualized by
fluorescence microscopy. Fibroblast adhesion and growth was
observed to be confined within each microcorral, confirming
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Figure S. (A) Formation of binary patterns and microarrays using
MML and a secondary ink for the backfilling of unprinted regions. The
primary ink pattern (mask) can be removed by organic solvents. (B,
C) Bright-field and dual-channel fluorescence images of a 200-mesh
pattern printed by MML (primary ink, red) and then F-BSA on NHS-
activated (CodeLink) slides. (D, E) Bright-field and fluorescence
images of streptavidin microarray (labeled with Atto 550-biotin) after
lift-off of a 400-mesh pattern mask.

their specificity for the RGD ligands (Figure 6C, D). In
contrast, corrals functionalized with a control peptide ligand (c-
RADfK) did not result in patterned cell adhesion (not shown).

To determine whether MML could be performed with low
micrometer resolution using manual control, we examined the
fidelity of pattern transfer using 2000-mesh Cu grids (12.5 ym
pitch, S ym bar width). These templates are more sensitive to
blotting conditions and also mechanically more fragile, and thus
prone to structural defects that can adversely affect the
spreading and wetting of the applied inks. Such technical
issues are alleviated in part by treating the templates with
chemisorptive surfactants like alkanethiols, which are well-
known to assemble into densely packed monolayers on metal
surfaces.”® The chemisorptive coatings provide improved
wetting characteristics to enable the smooth transfer of organic
inks from the metal mesh onto the substrate, and reduce the
adhesion of the template to the substrate after the ink has dried.

The volume of ink used with the 200-mesh templates (ca. 0.5
uL) is excessive for MML patterning with the 2000-mesh
patterns, such that the grid pattern cannot be replicated cleanly
using conventional blotting pens. To address this, we developed
customized microquills by pulling glass micropipets and
mounting them on syringe needles (Figure 7A). The ink is
drawn into the microquills by capillary action, and then

dx.doi.org/10.1021/am201305x | ACS Appl. Mater. Interfaces 2011, 3, 4812—4818
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Figure 6. (A, B) Bright-field and confocal reflectance images of GNR
microarrays on an MPTMS-treated glass slide, prepared in three steps:
(i) MML using a 200-mesh template, (ii) electrostatic adsorption of
GNRs; (iii) lift-off of primary ink pattern. (C,D) Bright-field and
fluorescence images of eGFP-producing 3T3 fibroblasts in micro-
corrals, functionalized with ¢-RGDfK for integrin-mediated cell
adhesion.

HH i
-
-

as
“Rr
*T29
vl w8
A AR
N
c o
L B A
IR B 8
® v . -
& & 10pm¥
i ® e W @

2o@ PN

SN

U BN KR
R A NORCE I
iPthegrer”
Ridb<y
t ETII J
LN R
aefdaare

Figure 7. MML patterning using a 2000-mesh Cu grid passivated with
octadecanethiol. (A) Schematic of microquill for delivery of
customized ink (0.5 wt % polystyrene in CHCL,); inset, confocal
image of microquill tip (scale bar = 100 ym). (B) Confocal bright-field
image (4 = 635 nm) of 2000-mesh pattern with well-shaped square
voids, replicated manually by MML. (scale bar = 100 ym) (C, D)
Bright-field and confocal reflectance images of GNR microarray on
MPTMS-coated slides, after lift-off of MML-generated ink pattern.

delivered with precise volume control by applying hydrostatic
pressure. This setup is well-adapted for dispensing customized
ink formulations, which further increases the diversity of
patterns that can be prepared by MML. In the example below, a
flat-tipped glass micropipet (35 ym LD, S0 pm O.D.) was
loaded with 0.06 L of a 0.5 wt % solution of polystyrene (30
kDa) in CHCI,, then applied to a 2000-mesh, octadecanethiol-
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coated Cu grid placed on top of a MPTMS-coated glass slide.
The microquill was positioned over the center of the template
and the ink was delivered manually, allowing the 2000-mesh
pattern to be replicated over a finite area (ca. 0.1 mm?; Figure
7B). The polystyrene ink is also amenable to the same lift-off
procedure described previously, enabling the production of
GNR microarrays with island dimensions below S um, as
defined by the mesh voids (Figure 7C, D).

Although the MML patterns produced by 2000-mesh grids
are not as uniform as those produced by lower-mesh templates,
we note that the quality and reproducibility of these higher-
mesh patterns are greatest when the template is prewetted with
solvent, which promotes conformal contact with the substrate
and smoother ink flow through capillary action. Such empirical
wetting factors may be optimized by engineering the ink
delivery system, an objective for further development of MML
as a manual, high-definition printing technology for general use.

With respect to implementation, MML compares favorably
with several other methods of microlithography (Figure 8). In
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Figure 8. Stepwise procedures for various lithographic methods, with
substrate in gray, template in yellow, and solute (ink) in blue. Top left:
capillary force lithography (CFL); Top right: stencil-assisted
lithography (SAL) and photolithography (PL), with positive and
negative resists after exposure colored dark red and light red,
respectively; bottom left: microcontact printing (4CP); bottom
right: metal-mesh lithography (MML).

CFL, the solute (ink) is first deposited onto the substrate as a
uniform layer by spin coating, and then remolded by capillary
forces induced by the differential wetting properties of the mask
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layer. Patterned wetting or dewetting is determined by several
factors, including solvent quality of the ink, rate of solvent
evaporation, and viscosity of the residual wetting layer.'>'" SAL
and photolithography (PL) also require the resist layer to be
deposited on the substrate prior to patterning, and the range of
deliverable materials is more restricted than with other
methods. pCP is the most versatile in its application, but
involves separate casting and drying steps to prepare a transfer
layer on the patterned surface of the stamp. In addition, the
quality of material transfer is dependent on the porosity of the
elastomeric stamping material and also the applied pressure,
which if improperly controlled can result in stamp and pattern
deformation.

MML combines inking and pattern transfer in a single step,
and thus involves the fewest manipulations of all. The
availability of high-quality metal templates precludes the need
to fabricate and maintain expensive masters like those
employed in uCP, and the flexibility of manual ink delivery
allows this approach to be adapted for patterning a wide variety
of materials. The variables that influence MML pattern quality
are similar to those encountered in CFL and uCP: the
reproducibility of ink transfer is dependent on the wetting
interactions and capillary forces between the substrate and
metal template, and the volume of ink delivered is a function of
both applied pressure and the effective retention of the blotting
device (pen or microquill). On the other hand, the practical
advantage of MML is the flexible combination of manual
control, choice of ink composition, and minimal equipment
needs, while allowing microscopic patterns to replicated across
millimeter-sized areas.

B CONCLUSIONS

MML is a practical “direct-write” method of microcontact
printing, one that is complementary to many other templating
techniques developed for micropatterning. MML is an
overhead-free alternative to CFL and elastomer-based uCP
and is versatile with respect to printing conditions and ink
source, and can produce functional surface patterns using
simple backfilling and lift-oft protocols. The ink mask can be
easily removed by treatment with organic solvents, similar to
the removal of negative resist layers. MML has minimum
technical requirements and can be performed under manual
control, with sufficient reproducibility to be useful for studies
involving periodic microstructures, cell adhesion, and subse-
que;lét_;pplications in tissue engineering®>**** and biosens-

mng.

B ASSOCIATED CONTENT
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Histogram of linewidths from 200-mesh template with parallel
bars, replicated manually by MML. This material is available
free of charge via the Internet at http://pubs.acs.org.
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