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Multiplexed Protein Arrays Enabled by Polymer Pen Lithography:

Addressing the Inking Challenge**
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Gengfeng Zheng, and Chad A. Mirkin*

The ability to fabricate protein micro- and nanoarrays in a
low-cost and high-throughput manner is important for a wide
variety of applications, including drug screening, materials
assembly, medical diagnostics, biosensors, and fundamental
biological studies.'™ Traditional approaches to making
protein microarrays include photolithography and inkjet
printing. Recently, studies also have focused on the miniatur-
ization of protein patterns into the nanometer regime because
high density protein arrays can provide increased detection
sensitivity and, in principle, allow one to screen millions of
biomarkers with one chip.*! Protein nanopatterns also can
provide insight into important fundamental biological pro-
cesses,I”) such as cell adhesion and differentiation."”) Indeed,
the ability to place an array of proteins or even multiple
protein structures underneath a single cell opens up the
opportunity to study multivalent interactions between a cell
and a surface, and points to a major capability of nanoarray
technology not afforded by analogous microscale structures.
Herein, we report a novel and rapid strategy for inking
nanoscale probes with different proteins, which can be
transferred to a surface through the technique known as
Polymer Pen Lithography (PPL).'"! Using this approach, we
have generated sub-100 nm structures at a rate of 150000
features per second.

Many new techniques have been explored for miniaturiz-
ing single component protein features and micropatterning of
multiple proteins, including microcontact printing,!"*4 nano-
imprint lithography,™ e-beam lithography,'! and a variety of
scanning probe lithographies.*'"??l To date, only a few
examples of nanopatterning multiple proteins have been
reported, and the majority among these examples uses

[¥] Dr. Z. Zheng,! W. L. Daniel, L. R. Giam, F. Huo, A. ]. Senesi,
Dr. G. Zheng, Prof. C. A. Mirkin
Department of Chemistry
Department of Materials Science and Engineering
and the International Institute for Nanotechnology
Northwestern University
2145 Sheridan Road, Evanston, IL 60208-3113 (USA)
Fax: (+1) 847-567-5123
E-mail: chadnano@northwestern.edu
[+

Current address: Institute of Textiles and Clothing
The Hong Kong Polytechnic University (China)

[**] C.A.M. acknowledges the AFOSR, DARPA/SPAWAR, and NSF for
support of this research. C.A.M. is also grateful for the NIH
Director’s Pioneer Award and a NSSEF Fellowship from the DoD.
L.R.G. acknowledges the NSF for a graduate research fellowship.
Z.Z., W.L.D., and L.R.G. contributed equally to this work.

Q@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.200902649.

SUUL WWILEY R
{;)) InterScience*

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

destructive strategies, which require multiple cycles to deposit
multiple proteins. As such, the throughput is relatively low
and cross-contamination between different proteins is of
great concern. Dip-pen nanolithography (DPN)?? and PPL
are particularly versatile “direct write” methods which allow
one to generate protein structures over large areas with sub-
micrometer resolution using as many as 11 million pens in
parallel. ™! Lee et al.’! showed that one can use DPN to
generate nanoarrays of two different proteins in two sequen-
tial steps on a surface. This approach was extended to PPL in
the context of single-ink structures. Importantly, the “direct
write” nature of DPN and PPL minimizes ink cross-contam-
ination. By combining the advantages of inkwell inking and
inkjet printing with DPN, we have demonstrated multiplexed
patterning of small molecules.””!

Patterning multiple proteins by DPN over large areas
remains a significant challenge for several reasons. 1) The
opacity of Si and Si;N, cantilevers makes it difficult, if not
impossible, to align a 2D cantilever array for inking multiple
proteins using inkwells. 2) The 2D Si;N, cantilever array
required for large-scale parallel DPN experiments is rela-
tively costly and fragile.

In principle, PPL is well-suited for patterning protein
structures in a multiplexed manner. Instead of relying on hard
Si;N, cantilevers, PPL utilizes a soft polymer pen array to
deliver inks onto a surface by controlling the movement of the
pen array with a scanning probe microscope. Unlike DPN and
conventional contact printing, the feature size in a PPL
experiment not only depends upon probe-substrate contact
time, but also contact force (which results in the reversible
flattening of the tip). In addition, the same mould used to
make the array can be used as an inkwell that can be
addressed and filled by inkjet printing. In this way, one can
achieve perfect registry between the pens in the array and the
inkwells. Herein, we demonstrate that one can use PPL to
pattern multiplexed protein arrays in one writing step with
control over feature size (spanning the sub-100 nm to the um
length scale).

In a typical experiment, the pyramid-shaped wells in a Si
mould used to make a PPL array were first filled with protein
inks by inkjet printing (Figure 1a). The ink solution was
composed of 0.1 to 0.5 mgmL™" of protein molecules and
5 wt % of glycerol in phosphate buffered saline (PBS, pH 8.0).
Note that the glycerol molecules serve as a carrier to increase
the mobility of the ink on the polymer pens. A Piezorray
(PerkinElmer, Waltham, MA) inkjet printer was used to
selectively address and ink each well without contaminating
neighboring wells. Subsequently, the pen array was treated
with oxygen plasma for 30 s to render the surface hydrophilic,

Angew. Chem. 2009, 121, 77627765


http://dx.doi.org/10.1002/anie.200902649

a) Inkjet-print multiple
protein inks

1A o) (o o
>

Align and ink
polymer pen array

Pattern multiplexed d)
protein arrays

Figure 1. a) lllustration of the PPL patterning process used for making
multiplexed protein arrays. b—d) Fluorescence images of b) a Si mould
inked with three proteins by inkjet printing; c) a polymer pen array
dipped into the Si mould in (b); d) multiplexed proteins arrays made
by PPL with the polymer pen array in (c). Yellow: TRITC-conjugated
anti-mouse 1gG (TRITC =tetramethylrhodamine isothiocyanate);
green: Alexa Fluor488-conjugated anti-prostate specific antigen (anti-
PSA); red: Alexa Fluor647-conjugated anti-cholera toxin beta (anti-
CTB).

and minimize nonspecific adhesion of proteins. The pen array
was placed in an NSCRIPTOR (Nanolnk, Skokie, IL)
nanolithography instrument and dipped in the wells. We
then used the inked polymer pen array to write directly on a
Codelink slide, which has a surface terminated with N-
hydroxysuccinimide (NHS) ester functional groups. The
patterned slide was incubated at 4°C for 8 h, according to
the manufacturer’s protocol, to allow the amine groups on the
proteins to react with the NHS esters. Finally, the slide was
passivated with bovine serum albumin (BSA) for 1 h, rinsed
with PBS buffer, and dried.

The wells in the mould are inverted pyramids with an
average depth of 86 um, edge length of 120 pm, and centre-to-
centre distance of 240 pm. As a proof-of-concept, we loaded
1600 inkwells with three different dye-labeled proteins, and
by fluorescence microscopy one can see that they have been
properly addressed with the inkjet printer (Figure 1b). By
making the well surface hydrophobic with 1H,1H2H 2H-
perfluorodecyltrichlorosilane, the ink is driven by gravity into
the wells. A PPL array was then leveled, aligned, and brought
into contact with the ink-filled mould by the optical micro-
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scope of the NSCRIPTOR. Importantly, because the polymer
pen array is transparent, one can readily confirm inking
optically (Movie 1, Supporting Information). The PPL array
was allowed to absorb ink for 10 min at 90% relative
humidity, imaged by fluorescence microscopy (Figure 1c),
and then used for patterning experiments. As a proof-of-
concept, each pen in an array was used to make a 5 x 5 protein
dot array with 5 um spacing between the dots (Figure 1d). As
shown in the inset image, the sizes of the protein features from
left column to right column are (0.63 £ 0.06), (1.94+0.02),
(3.09£0.1), (3.94+£0.09), and (4.83 +0.08) um, respectively.
There is no apparent cross-contamination, a consequence of
the one-step, top-down writing attribute of PPL. Finally, the
inkwells can be used repeatedly to ink more than five pen
arrays with very similar results and less than 10 % variation in
feature size across the studied length scale.

Importantly, one can control feature size over the sub-
100 nm to many-pm length scale by varying both the tip—
substrate contact time and contact force (Figure 2). When the
tip makes initial contact with the substrate, 65 nm features are
made at 0.01 s contact time (Figure 2a and b). One sees the
feature area dependence upon the tip—substrate contact time
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Figure 2. a) Tapping mode atomic force microscopy (AFM, topo-
graphic mode) of CT3/glycerol patterned on a Codelink slide by PPL.
b) A zoom-in AFM topography of (a). c) Feature size of patterned
protein arrays as a function of tip—substrate contact force. d) Fluores-
cent image of PSA arrays labeled with Alexa Fluor488-conjugated anti-
PSA at different tip—substrate contact time and contact force. The
inset is a magnified fluorescence image.
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typical of DPN and PPL (Figure S1). Because feature size in a
PPL experiment is also dependent upon contact force, one
can rapidly access larger feature sizes by controlling the Z-
piezo extension (Figure 2¢). For example, with a 500 nm
extension (relative to initial contact) and a fixed contact time
of 10s, the resulting protein feature size is 860 +40 nm.
Further extending the Z-piezo results in a quasilinear increase
in feature size. For example, (13.32+0.32) um dots were
generated with a 12 um Z-piezo extension in the same pen
array configuration. This feature of PPL allows one to not
only multiplex, but also span the sub-100 nm to many-um
length scale in a single patterning experiment.

We patterned 5x5 PSA dot arrays by PPL onto a
Codelink slide with increasing tip—substrate contact times
and contact forces. The distances between neighboring dots
(in one array) and neighboring arrays were 5 yum and 60 pum,
respectively. This protein chip was labeled by its correspond-
ing antibody by immersion in a PBS (pH 7.4) solution
containing 100 nm Alexa Fluor488-conjugated anti-PSA for
1 h, followed by rinsing, drying and imaging with fluorescence
microscopy. As shown in Figure 2d, anti-PSA binds selec-
tively onto the PSA regions with undetectable background.
The feature size increases from 1.1 to 3.2 um with increasing
contact force. Interestingly, the fluorescence intensity
increases with increasing tip-substrate contact time, most
likely because of higher PSA densities at longer contact times.
In addition, we demonstrated that PPL-patterned proteins
retain their structural integrity by patterning the PSA anti-
body onto Codelink slides and incubating an Alexa Fluor 488-
labeled PSA with the surface-bound antibodies. Fluorescence
microscopy results demonstrate that the PPL-patterned anti-
bodies bound their antigens (Figure S2, Supporting Informa-
tion).

In conclusion, we have demonstrated a novel way of using
a PPL array mould to localize different inks on the pens of a
PPL array. This new strategy for localizing the respective inks
on the nanoscale tips of a two-dimensional PPL array allows
for the multiplexed patterning of protein nano- and micro-
arrays in a high-throughput and low-cost manner. The
resulting protein features retain their structure and can be
prepared with no evidence of cross-contamination over very
large areas. This novel method is a general approach, which in
principle can be applied to large-scale, multiplexed nano- and
micropatterning of many biomolecules and other libraries of
small molecules, catalysts, and essentially any set of structures
which can be transported by PPL.

Experimental Section

Materials. Si wafers (100) with 500 nm of thermally deposited SiO,
were purchased from Silicon Quest International. Codelink slides
were purchased from SurModics. Shipley1805 photoresist and MF319
developing  solution were purchased from MicroChem.
1H,1H 2H 2H-perfluorodecyltrichlorosilane was purchased from
Gelest. TRITC-conjugated anti-mouse IgG, bovine serum albumin
(BSA), and prostate specific antigen (PSA) proteins were purchased
from Sigma-Aldrich. Anti-PSA was purchased from R and D
Systems. Alexa Fluor488 and 647 monoclonal antibody labeling kits
and anti-cholera toxin beta (anti-CTp) antibodies were purchased
from Invitrogen. The antibodies were labelled with the Alexa Fluor
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dyes following the manufacturer’s instructions. Buffered HF etching
solution was purchased from Transene Company. Isopropyl alcohol
and acetone were purchased from Fisher.

Antibody labeling. After the antigens were bound to the slides,
they were rinsed with 0.15m PBS supplemented with 0.1 % Tween 20.
Then, the labeled antibodies were each diluted to a final concen-
tration of 100 nm in 0.15M PBS with 0.025 % Tween20 and 0.1 % BSA
and incubated with the surface-bound antigens for 1 h. The slide was
then rinsed with the 0.15M PBS and Tween 20 solution, briefly rinsed
with water, and spun dry.

Fabrication of Si moulds. Shipley1805 photoresist was spin-coated
onto Si wafers with a 500 nm thick top layer of SiO,. Square-well
arrays were fabricated by photolithography using a chrome mask. The
photoresist patterns were developed in an MF319 developing solution
and then exposed to O, plasma for 30 s (200 mTorr) to remove the
residual organic layer. Subsequently, the substrates were placed in a
buffered HF etching solution for 6 min. The photoresist was then
removed with acetone to expose the SiO, pattern. The SiO,-patterned
substrate was placed in a KOH etching solution (30 % KOH in H,0/
isopropyl alcohol (4:1 v/v)) at 75 °C for ca. 2.5 h with vigorous stirring.
The uncovered areas of the Si wafer were etched anisotropically,
resulting in the formation of recessed pyramids. The remaining SiO,
layer was removed by exposure to HF etching solution for 1 min.
Copious rinsing with MilliQ water was required after each etching
step to clean the surface. Finally, the pyramid inkwell/master was
modified with 1H,1H,2H 2H-perfluorodecyltrichlorosilane by gas-
phase silanization.!>2"!
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