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Dip-pen nanolithography (DPN) allows one to directly print a
wide variety of biomaterials including DNA, phospholipids,
and proteins on a surface with high registry and sub-50-nm
resolution."! The recent development of massively parallel
DPN has substantially increased the throughput of DPN
through the use of 2D pen arrays consisting of as many as
55000 atomic force microscopy (AFM) cantilevers per square
centimeter.[*] Multiplexing, or the ability to simultaneously
generate structures made of different materials, is the next
step in developing a suite of DPN-based nanofabrication
tools. Such capabilities will allow researchers to: 1) fabricate
nanoarrays® " with unprecedented chemical and biochemi-
cal complexity; 2) control materials assembly through the
use of affinity templates,[11’12] such that each patterned
feature controls the placement of different building blocks
for fabricating higher-ordered architectures; and 3) develop an
understanding of multivalent interactions between patterned
surfaces and proteins, viruses, spores, and cells on a length
scale that is biologically meaningful. >3 Methods for
multiplexing in the context of a DPN experiment thus far
have been limited owing to the challenges associated with
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addressing and inking each pen of an array with different
molecules. The challenge extends beyond issues of cantilever
addressability because a viable approach also requires uniform
ink coating for different pens within an array and controlled
transport rates for different ink molecules during a single
experiment.

Hong et al. first demonstrated the direct DPN patterning of
two different inks, 16-mercaptohexadecanoic acid (MHA) and
1-octadecanethiol (ODT), with high registry by using different
tips in a serial process.[lﬁ] This approach provided little control
over the diffusion rates of the two inks and the corresponding
linewidths of the nanostructures generated in the experiment.
Later, researchers developed microscopic inkwells that could
be filled with various inks through integrated microfluidic
channels. These inkwells were used to address the different
pensin a 1D cantilever array for simultaneous DPN patterning
of multiple inks from a single pen array.[”] This technique
allows one to ink a linear pen array with up to eight different
inks in a single step, depending on the number of available
inkwells.!'8! Although this approach works well for research
applications where a few inks are being integrated in the
context of a linear cantilever array comprising relatively few
pens, the method is not directly scalable to 2D arrays
consisting of thousands or even millions of pens. For instance,
an inkwell chip containing 55 000 individually addressable
ink wells in one square centimeter would require more than
0.5 m? just to accommodate the area occupied by the ink
Teservoirs.

Herein, we describe a novel approach to inking pen arrays
that addresses the multiplexed inking challenge in the
context of DPN and related nanolithographies. Specifically,
we independently address pens within 1D or 2D arrays with
chemically distinct inks using an inkjet printer and introduce a
new surface-modification strategy that directs the droplets of
inks to the tips of the cantilevers. This method of delivery
provides control over the inking process and transforms DPN
into a general nanofabrication tool that uniquely combines
high throughput, high resolution, and multiplexing capabilities
(Scheme 1).

We first demonstrate that inkjet printing allows one to
independently address each pen within an array. Using a
remote piezoelectric-controlled nozzle, the inkjet printer can
directly deliver pico- to nanoliter volumes of ink to each pen.
In air, the droplet diameters range from 40 to 100 wm, but
increase to several hundred micrometers when they contact
the substrate.!'?! This inking protocol allows for the delivery
of a large number of chemically distinct inks to each pen, or
several pens, within a 1D or 2D pen array. To evaluate this
approach, we initially studied the ability to address and
coat every other penin a 7-pen 1D array with an MHA/ethanol
solution (10mm, ~320 pL droplets), Figure 1A. This ink-
coated pen array was then used in a DPN experiment to
generate a 4 x 4 array of 1.5 um diameter MHA features on a
gold thin-film substrate. Subsequent etching of the exposed
gold left raised features that could be easily characterized by
optical microscopy, Figure 1B. Note that only the four inked
cantilevers produced patterns. This experiment demonstrates
that cantilevers spaced 150 wm apart can be addressed without
cross-contamination.
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Scheme 1. Schemes for A) addressable inking of pen arrays by inkjet
printing and B) multiplexed dip-pen nanolithography.

Importantly, we found that delivering the same amount of
MHA ink to different pens within an array using inkjet
printing yields pattern features that are similar in size. Pattern
sizes were measured by in situ lateral force microscopy (LFM)
of the MHA patterns, by examining the aforementioned raised
gold structures via optical microscopy, and also by AFM. The
standard deviation of feature sizes generated by four different
pens within the same array is (44+1.4)% and increased
only slightly among different pen arrays, to (4.8+0.7)% (see
Supporting Information, Figure S2). This size variation is

Figure 1. Addressable inking of a 1D pen array. A) Optical image of a 1D pen array with alternating pens
inked with 1 drop of MHA-ethanol solution (10 mm, 320 pL) and B) the corresponding gold nano-
structures patterned with the inked pen array.
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remarkably small compared to dip-coated pen arrays, whose
ink diffusion rates can vary by more than 10% from pen to pen
(standard deviation) and are arbitrary from array to array
(Supporting Information, Figure S3). The inked pen arrays
have a shelf-life of at least one month and can generate high-
quality features down to 100 nm with less than a 10% feature
size variation.

These experiments confirmed that the large variation in
diffusion rates associated with a pen array inked by dip-coating
in a solution mainly arises from inhomogeneous ink distri-
bution on the pens. Typically, the inking process involves pens
soaking in an ink solution (e.g., a saturated solution of MHA
in acetonitrile) for a few seconds, after which they are blow-
dried with N,.["232%] This process introduces variability due to
inhomogeneous solvent drying, which can depend on the
duration and angle of N, blowing, as well as the manner of
soaking. Because well-defined amounts of ink can be delivered
with high spatial resolution to each pen, inkjet printing is a
method that allows one to overcome the irreproducibility
problems associated with inking from a solution.

To evaluate the prospects for multiplexing, we inked
alternating cantilevers within a 7-pen array, each with
different fluorophore-labeled phospholipids, by programming
a single inkjet nozzle to go through cycles of aspiration,
dispensing (inking), and cleaning for each of the four inks
(Figure 2A). Each of the dye-labeled lipids was diluted
(1 wt%) in a carrier lipid, 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC). The use of DOPC as a carrier for
multiplexed DPN is important for several reasons. First, it
allows one to make the transport properties of different dye-
labeled lipid inks uniform. Second, it is possible to incorporate
up to ~25 wt% of certain functional lipids (such as
biotinylated or nickel-chelating lipids) with DOPC. Third,
being a major structural and functional component of
biological membranes, phospholipids are well studied and
compatible with many biological molecules.['® The inked pen
array was subsequently used to pattern four different inks in
arrays of squares. Each square is 10 wm wide and made of
300nm parallel line features. Significantly, the pen spacing is
150 pm, but using this technique and a mechanical stage, one
can move pens in and out of the normal AFM field of view
(90 pm x 90 pm), allowing one to
construct structures made of dif-
ferent materials in one field of view
(Figure 2B). This pattern demon-
strates that inkjet printing can
enable multiplexed DPN with mul-
tiple inks.[>31¢]

Multiplexed inking of 2D
arrays with multiple fluorophore-
labeled phospholipids is also pos-
sible. In a proof-of-concept experi-
ment, the gold-coated tips of a
55000-pen 2D array!*>! were func-
tionalized with 1-mercaptoundeca-
nol, and the remaining areas (sili-
con nitride and silicon/SiO,) were
passivated with  1-octadecyltri-
chlorosilane (OTS). This chemical
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Figure 2. Fluorescent images showing individually addressable, multiplexed inking of a
1D pen array with phospholipids. A) A pen array inked with four different fluorophore-
labeled phospholipids (structures shown on the right). B) Corresponding multiplexed

patterns written on a glass slide.

modification step is important as it overcomes the capillary-
action-driven adhesion of inked cantilevers to the silicon/SiO,
support (Supporting Information, Figure S5). In one experi-
ment, fluorophore-labeled phospholipids were printed on one
quadrant of a 55 000-pen 2D array in the pattern of “NU”
(Figure 3A and Supporting Information, Figure S4). The inked
pen array was subsequently used for DPN patterning. Due to
the 20 wm spacing between the adjacent pens of this 2D array,
each inkjet droplet covered five to seven pens rather than one.

Figure 3. Addressable inking of 2D pen arrays with phospholipids. A) Four fluorophore-

labeled phospholipids printed on a 2D pen array (90 pm x20 wm spacing). B) Rhodamine-
labeled phospholipid addressed to every other pen in a 2D array (90 wm x90 wm spacing)
and C,D) Corresponding 700 nm linewidth patterns written on a glass slide. Note that the
cross-talk problem encountered in (A) is eliminated when the pen-to-pen spacing is increased
to 90 wm x90 pm.
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Moreover, the inking was not perfectly
uniform due to the spreading of droplets
once they hit the substrate. Both of these
issues can be addressed by increasing the
pen-to-pen spacing in the array. Indeed, as
proof of concept, single-pen addressability
can be achieved by using a 2D pen array with

W

¢ © 90 pm x90 pm pen-to-pen spacing (Figures

Fluorescein (1 wi%) * 3B-D). It is important to note that the
Wﬁ“’“u&i@ phospholipid ink droplets were better con-
%2 % fined to the tips by functionalizing the gold-

E~W4 coated pens with a hydrophobic molecule,

Rhodamine (1 wt%) Ao ODT; the droplet footprints decreased by

~50% compared to those on hydrophilic
MHA -functionalized surfaces.

Despite the addressability afforded
by inkjet printing, the spatial resolution of
inking is constrained by mechanical hyste-
resis, which limits registration of the inkjet
printer with the pens in the array, the size of
the nozzle (~85 pm diameter for the system
used herein), occasional droplet formation inconsistencies,
and the spreading of ink on the surface.'**!! To overcome
these problems, we have developed a self-correcting inking
strategy that allows directed drying of the ink droplet based on
chemical wetting and surface modification protocols!'>26-27]
(Scheme 2). The basic idea is to functionalize the pen
anisotropically so that the pyramidal tip is hydrophilic and the
remaining area is hydrophobic. The anisotropic functionaliza-
tion facilitates localization of an ink droplet on the hydrophilic
tip due to differences in surface energy.

As proof of concept, we selectively
coated the tips of an array with a thin layer
of gold using a cover slip as a shadow
mask (Supporting Information, Figure S6).
This approach allows one to locally func-
tionalize the tip area with MHA through
alkanethiol-gold chemistry[“] (Figure 4).
Because the gold-deposition step can be
integrated into the mold-and-transfer pen-
microfabrication process,[4’28] this anisotro-
pic functionalization strategy can be con-
veniently applied to both individual AFM
cantilevers and pen arrays.[4] Using this
approach and an inkjet printer to deliver
320 pL droplets onto individual pens within
the array, such structures could be selec-
tively addressed without contaminating
neighboring pens (Figure 4A). The ink
droplet was localized within the MHA-
functionalized tip area, an area which is less
than 2% of the total footprint area for an
MHA/ethanol droplet drying on a MHA-
functionalized gold substrate. This experi-
ment, however, does not demonstrate the
selective ink localization from the cantile-
ver arm to the tip. To evaluate localization,
a 0.2 pL droplet of 2mm MHA/ethanol
solution was deposited on the cantilever

L
o=d=0
=N
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Scheme 2. Scheme for self-correcting inking of an anisotropically functionalized pen. The pen
is functionalized in such a way that the tip area is hydrophilic (MHA functionalization) and the
remaining areas are hydrophobic (ODT functionalization). Ink molecules are preferentially

driven to the hydrophilic area due to differences in surface energy.

and tip areas of a 7-pen array (Figure 4B, five pens shown).
Optical microscopy showed that as the droplet dries, the ink
moves from the hydrophobic cantilever arm to the hydrophilic
tip (see Supporting Information, movie). The liquid film

control
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Figure 4. Self-correcting inking of anisotropically functionalized pens.
A) Addressable inking of pens (white arrows) within a pen array by inkjet
printing 3 drops of 10 mm MHA/ethanol solution (320 pL each) on each
tip. The anisotropically functionalized areas (boundary marked by red
arrows) dictate where the ink droplet dried. The inset shows the
anisotropic functionalization of AFM probes, which consists of three
steps: 1) coating the back side with a thin layer of 20 nm Au/5 nm Ti and
functionalizing with 1H,1H,2H,2H-perfluorodecanethiol, 2) coating
the front side of the tip area with gold (10 nm Au/4 nm Ti) using a
glass cover slip as a shadow mask, and 3) selectively functionalizing
the Au-coated front side of the tip with MHA. B) Optical microscopy
image of anisotropically functionalized pens dip-coated with an MHA/
ethanol solution. Note that the ink is confined to the hydrophilic tip
areas.
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breaks up at the hydrophobic-hydrophilic
boundary, thereby confining the ink to the
tip area (Figure 4B). A control experiment
shows that the ink dries randomly on native
Si,N, cantilevers.

In another experiment, a gold-on-silicon
substrate (25nm gold/Snm Ti/SiO,/Si)
was modified with a monolayer of ODT,
followed by a second deposition of gold on
an area not covered by a glass cover slip.
The second gold area was functionalized
with  MHA. This procedure creates a
sharp boundary between the hydrophobic
and hydrophilic portions of the substrate. An
array of 10mM MHA/ethanol ink droplets
were deposited directly on and near the
boundary, with varying droplet-boundary
distances. For droplets that were within
230 wm of the boundary but on the ODT side, the ink droplets
all moved to the MHA side of the substrate (Figure 5).
Therefore, one does not have to perfectly address the tips of an
array to achieve uniform tip inking because the ink on the
cantilever arm will move to the tip.

Taken together, the inkjet and self-correcting inking
strategy reported here provide a versatile and high-resolution
method of addressing the multiplexed-inking challenge for
DPN with 1D and 2D cantilever arrays. This work marks an
important step towards the realization and practice of high-
throughput, multiplexed, and consistent nanoscale patterning
of soft matter. When one considers that we and others have
shown the versatility of DPN for many types of inks,>?! it
should be possible to extend the strategy to many classes of
important molecules, including DNA, peptides, proteins, and
other chemically and biologically relevant materials.

Experimental Section

Materials: 16-mercaptohexadecanoic acid (MHA, 90%),
1-octadecanethiol (ODT, 98%), and ethanol (200 proof, HPLC
grade) were purchased from Sigma-Aldrich. Ti (99.7%) and Au
(99.99%) wires were purchased from Alfa Aesar, Ward Hill, MA. All
phospholipids were purchased from Avanti Polar Lipids, Inc.
and include 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPCQ),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
Rhodamine B sulfonyl) ammonium salt (Rhodamine), 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(5-dimethylamino-1-
naphthalenesulfonyl) (Dansyl), and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(carboxyfluorescein) (Fluorescein).

Inkjet printing: Inkjet printing was carried out using a drop-on-
demand microdispensing system (Piezorray, Perkin Elmer, Inc.,
Waltham, MA) with an 85-um piezoelectric-controlled nozzle that
dispenses 320 pL droplets. The droplet formation was controlled
by adjusting the voltage and pulse-width dispensing conditions
(70V, 40 ps), which could be monitored in real time using a
charge-coupled device (CCD) camera. The system was enclosed in
an environmental chamber, and the X-Y positional accuracy
was 25 um. Ink solutions included MHA in ethanol (0.5-10 mm),
DOPC phospholipids in water (multilamellar vesicles at 10g/L
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Figure 5. Footprints of inkjet droplets on and near a hydrophobic-hydrophilic boundary. A) A [12] Y. Wang, D. Maspoch, S. Zou, G. C. Schatz,

representative optical image showing the footprints of MHA ink droplets (320 pL, 10 mm in
ethanol) printed near the MHA-ODT boundary. The footprint radii are (233.3 +6.2) pm for

R. E. Smalley, C. A. Mirkin, Proc. Nat. Acad.
Sci. USA. 2006, 103, 2026.

MHA (left) and (35.7 +3.7) wm for ODT (right). When a droplet hits the hydrophobic— [13] C. D. Blanchette, T. V. Ratto, M. L. Longo, in

hydrophilic boundary, the portion on the hydrophobic side is driven and localized to the MHA
side (center). B) AFM image showing MHA was completely localized to the hydrophilic side.

with 1 wt% fluorophore-labeled lipids), and saturated MHA-
acetonitrile solutions.

Dip-pen nanolithography: DPN experiments were performed
with an NScriptor (Nanolnk, Inc., Skokie, IL) or an AFM (CP-IlI,
Veeco/Thermomicroscopes, Sunnyvale, CA) equipped with a
100-wm scanner and closed-loop scan control. All DPN patterning
experiments were carried out under controlled environments
(~40-75% relative humidity, 20-24°C). Polycrystalline Au films
were prepared by thermal evaporation of 5-10 nm of Ti on SiO,
followed by 25 nm of Au at a rate of 1 A/s and a base pressure of
<5 X 107° Torr.
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Figure S1. Inkjet printing of MHA (saturated solution in acetonitrile) on a custom pen array with
different pen-to-pen spacings. (A) An optical microscopy image of an inked pen array. (B, C)
Lateral force microscopy images showing that pen 3 (inked) was effective for DPN (ink diffusion
rate of 0.015 pum? sec™). (D) Pen 4 (uninked control) did not produce patterns. DPN was carried
out at a relative humidity of 49%.
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Figure S2. Pattern uniformity of inkjetted pen arrays. Two drops of an MHA-ethanol solution (10
mM, 320 pL/drop) were inkjetted on alternating pens. The DPN was carried out at a relative
humidity of 40%, and the dwell time per dot is 360 seconds. The standard deviation of the gold
patterns generated by pens in the same array is 4.4 + 1.4%, and increases to 4.8 + 0.7% when
comparing three different pen arrays.
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Figure S3. Pattern size variation of pen arrays inked by dip coating. The cantilevers were dipped
into a saturated MHA-acetonitrile solution for 20-25 seconds and blown dry with a stream of N,
from the cantilevers towards the tips. Subsequently, the cantilevers were dipped into ethanol
briefly and brown dry with N,. (A) Optical microscopy image of dip-coated pen array. (B) Dark
field microscopy image of raised gold features generated by the pen array in “A”. (C, D) Higher
magnification of patterns boxed in (B). The standard deviation of dots created by different pens in
the same array was at least 9.9%. Both inks (2 MM MHA-ethanol solution, results not shown, and
saturated MHA-acetonitrile solution) showed similar standard deviations. In this particular



example, DPN was carried out at a relative humidity of 50%, and the dwell time for each dot was
30 seconds. Note that the lines in “C” connecting the dots are present because the pen was not
completely removed from contact with the surface.

Figure S4. Phospholipids printed on a 55,000-pen 2D array with the pattern “NU”. (A) Optical
image. (B) Fluorescent microscopy images showing the rhodamine labeled DOPC ink making up
the “U” pattern. Here the 2D pen array was on a SiO, support. The cantilevers were coated with
titanium/gold and annealed to induce bending, following a published protocol.™! The back sides
of the cantilevers and SiO, support were functionalized with octyltrichlorosilane (OTS, 1 vol% in
hexane for 30 minutes), while the front sides were functionalized with 11-amino-1-undecanethiol
(AUT, 1 mM in ethanol for 20 minutes). This functionalization renders the back side of the
cantilevers and the SiO, support hydrophobic, thereby preventing capillary action that causes the
cantilevers to adhere to the SiO, support.
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action. The optical microscopy image shows that inked tips are in the focal plane of the SiO;
support. (B) This stiction problem was eliminated by functionalizing the back sides of the
cantilevers and the SiO, support with octadecyltrichlorosilane (OTS).

! K. Salaita, Y. Wang, J. Fragala, R. A. Vega, C. Liu, C. A. Mirkin, Angew. Chem. Int. Ed. 20086,
45, 7220-7223.



boundary

Figure S6. Anisotropically structured pens fabricated by shadow mask deposition of gold. A
glass cover slide was used as a mask to expose select areas of the cantilevers for gold deposition.
(A) Functionalization scheme. (B-D) Optical microscopy images showing cantilevers with
varying areas coated with gold. The gold areas are brighter due to enhanced reflection. The
arrows dictate the SiyNy-Au boundary.

Movie: Drying of a 0.2 pL droplet of 2 mM MHA-ethanol solution on an anisotropically
functionalized 7-pen array. The movie is at a speed of 1 frame sec™ with each frame taken at 5
second intervals.
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