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Abstract

Dip pen nanolithography (DPN) involves the direct transfer of an ink from a coated atomic force
microscope (AFM) tip to a substrate of interest and uses as many as 55,000 pens to form arbitrary
patterns of alkanethiols, oligonucleotides, proteins and viruses. Two limitations of DPN are the
difficulty in transporting high molecular weight inks and the need to optimize individually the
transport rates and tip inking methods of each molecule. As an alternative strategy that circumvents
these two challenges, a method termed redox activating DPN (RA-DPN), is reported. In this strategy,
an electrochemically active quinone functionalized surface is toggled from the reduced hydroquinone
form to the oxidized benzoquinone form by the delivery of an oxidant by DPN. While the
benzoquinone form is susceptible to nucleophilic attack in Michael-type additions, hydroquinone is
not and acts as a passivating agent. Because both forms of the quinone are kinetically stable, the
patterned surface can be immersed in a solution of a target containing any strong nucleophile, which
will react only where the benzoquinone form persists on the surface. For proof-of-concept
demonstrations, quinone surfaces were patterned by the delivery of the oxidant cerric ammonium
nitrate and were immersed in solutions of AF549 labeled cholera toxin  subunit or oligonucleotides
modified at the 5’ end with an amine and the 3’ end with a fluorophore. Fluorescent patterns of both
the proteins and oligonucleotides were observed by epifluorescence microscopy. Additionally, RA-
DPN maintains the advantageous ability of DPN to control feature size by varying the dwell time of
the tip on the surface, and variation of this parameter has resulted in feature sizes as small as 165
nm. With this resolution, patterns of 50,000 spots could be made in a 100 x 100 pum grid.

The localized deposition of biological molecules is increasingly employed in materials
applications,1 diagnostic screening2 and genetic assays.® Current commercial methods for
generating DNA microarrays are limited in feature size to 1 um for the direct synthesis of
oligonucleotides up to 60 bp on a surface, or ~ 50 um for oligonucleotides or proteins spotted
on surfaces. Consequently, new lithographic methods capable of patterning biological
molecules with sub-micrometer resolution are necessary. Contact printing,” dip-pen
nanolithography,6 (DPN) and polymer-pen lithograpy (PPL)7 have emerged as powerful tools
for patterning surfaces on the sub-um length scale because they can be used to transfer
molecules directly to a surface rather than use energy to activate a surface in an indirect manner.
The direct transfer of molecules has several advantages over photolithography and indirect
scanning probe methods,8 including potentially reduced costs and time, the ability to pattern
organic and biological molecules, and, in the case of DPN and PPL, arbitrary pattern design
with the potential for massive parallelization. Indeed, DPN uses as many as 55,000 pens in a
1 cm? cantilever array,9 and PPL now utilizes as many as 11 x 10° pens in a 3 inch wafer to
pattern over square centimeter areas with sub-100 nm resolution. DPN, the highest resolution
technique of the three aforementioned methods, involves the direct transfer of an ink from a
coated atomic force microscope (AFM) tip to a substrate of interest, and has been used to form
patterns of alkanethiols, oligonucleotides, proteins, and viruses. Two limitations of DPN and
PPL, however, are (1) the difficulty in transporting high molecular weight species or molecules
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with poor aqueous solubility through the meniscus to the surface and (2) the need to optimize
individually the transport rates and tip inking methods of each molecule.

An alternative strategy is to develop an electrochemically addressable surface that can be
switched from active to inactive states during or just before a patterning event. Indeed, Yousaf,
Mrksich and coworkers have developed10 ways of using electroactive and photoprotected
quinones with alkanethiols adsorbed on gold to create surfaces that can be toggled between
states inactive and active towards Diels-Alder or nitroxamine addition reactions with
cyclopentadiene or nitroxamine-containing reagents. Several aspects of this important
technique limit its widespread use, notably the lengthy synthesis of the photolabile protected
quinone, the requirement of a photomask, which increases complexity and limits resolution,
and the reliance on a Diels-Alder or nitroxamine reaction for surface immobilization, which
necessitates labeling the target. Herein, we describe a more straightforward and high resolution
method for using quinones to create redox switchable surfaces that can be patterned with
reagents that contain a strong nucleophile. Moreover, this new technique, termed Redox
Activating DPN (RA-DPN), can be carried out on almost any type of surface, including
insulators like Si/SiO5 and glass with many bio-relevant structures, including unmodified
proteins and amine-modified oligonucleotides.

The RA-DPN method relies on the spatially resolved delivery of the oxidant, cerricammonium
nitrate (CAN), to a hydroquinone (HQ) surface by DPN, which reversibly switches the quinone
moiety from the reduced HQ to the oxidized benzoquinone (BQ) state (Scheme 1). This redox
chemistry, in turn, alters the reactivity of the quinone-rich surface in a highly localized manner.
While the BQ form is susceptible to nucleophilic attack in Michael-type additions, 11 HQ is
not and acts as a passivating layer. Because both forms of the quinone are kinetically stable,
the patterned surface can be immersed in a solution of a target containing any strong
nucleophile, which will only react where the BQ form persists on the surface. The silane surface
is prepared in only two steps, and features as small as 165 nm have been generated by RA-
DPN. Importantly, this solution-based immobilization circumvents the transport optimization
required for every different material patterned because the same oxidant is always delivered
to the surface.

In a proof-of-concept experiment, an aminated surface was formed12 by immersing an
oxidized silicon wafer (525 nm SiO, layer) in a 2% (v/v) solution of aminopropyl
trimethoxysilane (APTMS) in dry toluene for 5 hours in an oxygen free environment. The
resulting surface, upon exposure to an ethanolic solution of freshly sublimed 1,4-BQ, forms
the BQ-terminated surface via Michael Addition.13 To ink the cantilever arrays for RA-DPN
with CAN, parafilm was used to sandwich the chip holding the array of 26 cantilevers (F26
pen array, Nanolnk, Skokie, IL} so that the CAN solution deposited by micropippette would
be localized on the cantilevers.14 Drying the array in an oven resulted in an even coating of
the CAN oxidant on the tips, as evidenced by optical microscopy (see supporting information).
To form patterns, the CAN coated tips were used in a DPN experiment to activate the HQ
surface through local oxidation to BQ at a relative humidity of 40-60%. The hydrophilic nature
of the substrate facilitates the formation of a meniscusL® and, as a result, the transport of the
ink to the surfaces. The CAN inked arrays were washed with deionized water and immersed
in a 10 pM solution of an oligonucleotide sequence, modified at the 5’ end with an amine and
at the 3" with a Cy3 fluorophore, for 2 hrs. The resulting oligonucleotide arrays could be imaged
by epifluorescence microscopy (Figure 1A). Similarly, arrays of dots consisting of proteins
were also prepared by RA-DPN by immersing the patterned quinone surface for 2 h in a 50 pg
mL 1 solution of the AF549 labeled protein cholera toxin f subunit, and arrays of proteins dots
were observable by epifluorescence microscopy (Figure 1B). Presumably, Michael addition
occurs between the BQ moieties on the surface and the lysine residues that occur frequently
on the exterior of proteins, resulting in the immobilization of the proteins on the surface without
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prior labeling. Upon exposure to fluorophore-labeled complementary antibodies for the
protein, binding was observed, demonstrating that the proteins maintain bioactivity.

An important feature of DPN, which is maintained in RA-DPN, is the ability to form patterns
on a large range of length scales with precise control over size by varying dwell time. Tip arrays
inked with CAN were brought into contact with the HQ surface with dwell times ranging from
0.01to 10 s. Fluorescent images show an increase in spot size as well as fluorescence intensity
as the dwell time increases (see supporting information). AFM topographical images of these
patterns confirm that as dwell time increases so too does the feature size (Figure 2), following
the same growth rate predicted theoretically,15 with a diameter range from 350 to 830 nm,
while maintaining a constant height.

In conclusion, a novel method for using DPN to activate and deactivate features on
hydroquinone functionalized surfaces has been developed. This method avoids time consuming
optimization processes to pattern each additional species, can be used to pattern any material
containing a strong nucleophile, and the relationship between dwell time and feature size is
maintained. With the resolution demonstrated here, patterns of 50,000 spots of oligonucleotides
and proteins could be made in a 100 x 100 um grid.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fluorescence image of 16 x 21 pattern of (A) Cy3-labelled oligonucleotide and (B) AF549

labeled protein dot features assembled on an Si/SiO, surface, prepared by the RA-DPN method
with a 26 pen array.
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Figure 2.

(A) AFM topographical image of a series of oligonucleotide dots of increasing size created by
varying dwell times (0.01, 0.05, 0.1, 0.5, 1, 5, 10 s, left to right) results in increasing spot size
(350, 450, 500, 650, 740, 800, 830 nm). (B) Plot of Dwell time vs. Feature Area.
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Scheme 1.
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