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Many emerging fields of science and technology rely on precise
patterning of functional molecules on surfaces. Examples include A
the creation of DNA and protein microarrays and other bioanalytical
sensors, the formation of functional biomaterial interfaces, and the m
creation of molecular-scale electronics devices. A variety of — —_
patterning techniques exist that allow the patterning of substrates ‘ PDMS ‘

on the micrometer to nanometer scale, including scanning tunneling
microscopy (STMY, dip-pen nanolithography (DPNJ);* micro- B | PDMS ‘

contact printing £CP)>6 photolithography;® nanopipef, etc. | | ¢;¢

However, patterns of arbitrary complexity remain a difficult
problem. For example, the need to create patterns containing [ ]

multiple components, small patterns separated by large distances, Substrate
or large patterns next to small patterns motivates us to develop Figure 1. SFINKS' procedures. (A) Inked cantilevers deposit ink to

more versatile patterning capabilities. In this paper, we demonstrateindividual stamp features. (B) The stamp is tumed over and printed onto a
P 9 cap pap substrate. Stamps were fabricated according to standard procedures with

poly(dimethylsiloxane) (PDMS). See Supporting Information.

an alternative patterning technique, which we refer tcsingle
featureinking and stamping (SFINKS). Notably, SFINKS can
pattern multiple components with complex structures and without
cross-contamination.

SFINKS combines elements of DPN am@P in order to generate
patterns otherwise impractical to create. Figure 1 illustrates
SFINKS’ procedures. First, we dip an atomic force microscopy
(AFM) cantilever into an “ink” solution and then deposit the ink
onto a patterned elastomer stamp feature (Figure 1A). In step 2,
we turn the stamp over and allow it to make conformal contact
with a substrate. In the final step, the stamp is removed, leaving a
patterned substrate (Figure 1B). SFINKS inks individual features
on the stamp and can therefore ink multiple components on a single
stamp without cross-contamination. It can also ink features tightly
spaced or over large distancesu® to 1 cm), and it can ink both
large and small features (2 t8300 um).

As a first demonstration, we show that SFINKS can pattern
multiple components in close proximity, with precision, and without
cross-contamination. We inked three consecutive 8-um square
stamp features with three different 20mer probe ssDNA, identified

. : B . Figure 2. Scanning fluorescence microscopy images of three different
as f.O“OWS' 1, (amino C6) GCGATAGTAG_TCTAGAC_AAC'Z' fluorescently labeled cDNA sequences specifically bound to their comple-
(amino C6)-GGATTATTGTTAAATATTGA; and3, (amino C6)- mentary probe DNA. The probe DNA was patterned with SFINKS onto a

ACGCAGGCTCCTCCATCACT). We then printed the DNA  CodelLink slide. All three images correspond to scans over the same region
features onto a CodeLink glass slide (Amersham) and incubated but with _different laser excitation wavelengths and detection filters that
with a solution containing the three complementary DNAs, each greferenstlallly %etecltéhe quSoropgores: (A) |C3]ﬁ5 (B) Cy3, and (C) Oregon
labeled with a different fluorphorel( Cy5; 2, Cy3; and3, Oregon reen. Scale bar 10um. See Supporting Information.
Green). As shown in Figure 2, three distinct squares were created,
and each square specifically hybridized the cDNA. The difference lies in the fact that the resolution of SFINKS is
This procedure should be easily adaptable to situations requiringdefined by the stamp features, and not by the deposition of the
the patterning of many more components than demonstrated hereink. We have found that patterns as large as g0 are easily
In addition to DNA, we have successfully patterned proteins (see inked with a fully dipped tip. Also, unlike DPN, because the
Supporting Information). Our inking solution typically contains glycerol-stamp interaction predominates, SFINKS is less tied to
glycerol that helps to wick the ink over the pillar top when the the tip—analyte interactions. We believe that anything soluble in
AFM tip is brought into contact with the pillar. Therefore, unlike glycerol can be readily inked without tip-coating procedures.
DPN, where excess glycerol limits the resolution of the pattern, Important to protein patterning, glycetdlis an antidesiccant,
glycerol used in SFINKS allows us to readily ink a single feature allowing us to pattern many components over several hours without
simply by bringing the tip into contact with the top of a feature. loss of activity.
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inked AFM probes. This is a problem for other forms of scanning
probe lithography as well. However, it has been shown that one
can create multiple stamped surfaces from a single inked stafip.
For example, Lange et & created multiple patterns of 20mer DNA
from a single elastomeric stamp similar to the one described here.
Furthermore, affinity contact printingnCP) should be possible
with SFINKS. Delamarche et &2 have demonstrated that this
technique can print 10 times after a single stamp derivatization
step. Therefore, after a relatively slow inking step, multiple patterns
could be repeatedly created in a very quick and simple stamping
step. Used in such a manner, SFINKS holds the possibility of being
an extremely efficient and versatile patterning technique.

In summary, SFINKS patterns multiple components with greater
Figure 3. SEM images of patterned fluorinated silane on a HF etched Versatility than existing methods. We patterned multiple components
silicon wafer. We inked four “RAMS” features separated by 140 and 170 consisting of DNA or streptavidin and proved that they remain

um and then stamped them onto a wafer. The inset shows a higher resolutiongctive. SFINKS will extend our abilities to create multiplexed

scan of a single "RAMS” consisting of 2m lines. See Supporting g ingical arrays and molecular electronics devices.
Information.

Acknowledgment. We thank David Grainger, Charles Henry,

Only a few techniques can pattern multiple components at single William Hannemann, and Stewart Feld for helpful discussions. We
micrometer resolution, each with drawbacks. Photolithography has also thank Patricia Liu and Ming Yu for technical assistance. This
been demonstrated, but it suffers from cross-contaminafibi research was supported by the National Institutes of Health
Nanopipetis a versatile new method allowing grayscale patterning (EB000726) and the donors of the Petroleum Research Fund,
and subnanometer resolution. However, SFINKS is better suited administered by the American Chemical Society (38422-AC5).
for patterns with distinct borders, and it more readily patterns
multiple components, especially when patterns differ in size. While
DPN has proven to be a very versatile patterning technique, certain
limitations still exist. DPN can pattern multiple components but
requires either a substrate registty define relative positions or
an array of cantilevers each inked with a different compo#ent.

Supporting Information Available: Experimental details and
control experiments. This material is available free of charge via the
Internet at http://pubs.acs.org.

References

The latter approach is still under development for more than two
components? SFINKS is advantageous because the pattern resolu-
tion and component registry are defined by the stamp features. Also,
the ink deposition is straightforward. Multiple-component patterning
has been demonstrated using conventigi@® 1>6However, only
two-component patterning has been achieved at the micrometer
scalet®

To further demonstrate SFINKS' patterning versatility, we

patterned small features separated by large distances. Patterns such

as these are difficult, if not impossible, to create with traditional

(1) Kleineberg, U.; Brechling, A.; Sundermann, M.; Heinzmann,Adv.
Funct. Mater.2001, 11, 208-212.

(2) Hong, S.; Zhu, J.; Mirkin, C. ASciencel999 286, 523-525.

(3) Demers, L. M.; Ginger, D. S.; Park, S.-J.; Li, Z.; Chung, S.-W.; Mirkin,
C. A. Science2002 296, 1836-1838.

(4) Jung, H.; Kulkarni, R.; Collier, C. B. Am. Chem. So2003 125 12096~
12097.

(5) Jackman, R. J.; Wilbur, J. L.; Whitesides, G. Stiencel995 269, 664—
666

(6) Bernard, A.; Delamarche, E.; Schmid, H.; Michel, B.; Bosshard, H. R.;
Biebuyck, H.Langmuir1998 14, 2225-2229.

(7) Brooks, S. A.; Dontha, N.; Davis, C. B.; Stuart, J. K.; O’Neill, G.; Kuhr,
W. G. Anal. Chem200Q 72, 3253-3259.

(8) Fodor, S. P. A.; Read, J. L.; Pirrung, M. C.; Stryer, L.; Lu, A. T.; Solas,
D. Sciencel991, 251, 767-773.

stamping and scanning probe techniques. With stamps the structure (9) Bruckbauer, A.; Zhou, D.; Ying, L.; Korchev, Y. E.; Abell, C.; Klenerman,

tends to collapsé&. Overcoming this collapse is a major limitation
of the technique and an area of active resedtdlith scanning
techniques, the working distance typically covers only 30000
um?, and stages larger than that are prohibitively expensive. In a
self-promoting fashion, we patterned the word “RAMS” (our school
mascot) four times onto a silicon wafer with tridecafluoro-1,1,2,2-
tetrahydrooctyl-1-trichlorosilan¥.In this case, the fluorinated silane
has properties similar to those of glycerol. Therefore, the ink
solution consisted only of the fluorinated silane dissolved in hexane.
In a manner similar to DPN, we deposited the ink by scanning the
tip across the “RAMS” features. SFINKS overcomes stamp collapse

D. J. Am. Chem. So@003 125, 9834-9839.

(10) Lim, J.-H.; Ginger, D. S.; Lee, K.-B.; Heo, J.; Nam, J.-M.; Mirkin, C. A.
Angew. Chem., Int. EQ2003 42, 2309-2312.

(11) Gaber, B. P.; Martin, B. D.; Turner, D. ©Chemtechl999 29, 20—24.

(12) Holden, M. A.; Cremer, P. 9. Am. Chem. So2003 125 8074-8075.

(13) Hong, S.; Mirkin, C. A.Science200Q 288 1808-1811.

(14) Rosner, B.; Duenas, T.; Banerjee, D.; Shile, R.; Amro, N.; Rendlen, J. In
Proceedings of SPIE: BioMEMS and Nanotechnojdgigolau, D. V.,
Muller, U. R., Dell, J. M., Eds.; SPIE: Bellingham, WA, 2004; Vol. 5275,
pp 213-222.

(15) Inerowicz, H. D.; Howell, S.; Regnier, F. E.; Reifenberger|. 8agmuir
2002 18, 5263-5268.

(16) Tien, J.; Nelson, C. M.; Chen, C. Broc. Natl. Acad. Sci. U.S.2002
99, 1758-1762.

(17) Hui, C. Y.; Jagota, A.; Lin, Y. Y.; Kramer, E. Langmuir 2002 18,
1394-1407.

because the features not inked serve as stamp support. SEM imageg18) Xia, Y.; Whitesides, G. MAnnu. Re. Mater. Sci.1998 28, 153-184.

(Figure 3) clearly reveal the four stamped patterns. The inset shows
a close-up view of one of the “RAMS”. For this demonstration,
we chose to ink features separated by orfi50 um, but feature

spacing up to centimeters is also possible. On the basis of the results )

of Rodgers et ak? one can expect pattern resolution to hen or
less over 1 crhareas, depending on the stamp material.

These results suggest several possibilities for the future develop-
ment of SFINKS. For example, the inking of multiple features is
the slow step because it relies on serial operation of differently

(19) See Supporting Information for further information.

(20) Rodgers, J. A.; Paul, K. E.; Whitesides, G. 8.Vac. Sci. Technol. B
1998 16, 88—97.

(21) Trimbach, D. C.; Al-Hussein, M.; de Jeu, W. H.; Decre, M.; Broer, D. J.;

Bastiaansen, C. W. M.angmuir 2004 20, 4738-4742.

Lange, S. A.; Benes, V.; Kern, D. P.; Hoerber, J. K. H.; Bernardyrfal.

Chem.2004 76, 1641-1647.

(23) Bernard, A.; Fitzli, D.; Sonderegger, P.; Delamarche, E.; Michel, B.;
Bosshard, H. R.; Biebuyck, HNat. Biotechnol2001, 19, 866—869.

(24) Renault, J. P.; Bernard, A.; Juncker, D.; Michel, B.; Bosshard, H. R.;
Delamarche, EAngew. Chem., Int. EQ002 41, 2320-2323.

JA045737T

J. AM. CHEM. SOC. = VOL. 127, NO. 4, 2005 1107



