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ABSTRACT
This paper presents a flexible approach for using Dip Pen Nanolithography (DPN) to nanopattern mixed monolayers for the selective immobilization
of bioassemblies. DPN was used with a binary inksconsisting of a symmetric 11-mercaptoundecyl-penta(ethylene glycol) disulfide and a
mixed disulfide substituted with one maleimide groupsto pattern nanoscale features that present functional groups for the chemospecific
immobilization of cysteine-labeled biomolecules. This strategy was applied to the chemospecific immobilization of cysteine mutant cowpea
mosaic virus capsid particles (cys-VCPs). The combination of DPN for defining nanopatterns and surface chemistries for controlling the
immobilization of ligands will be broadly useful in basic and applied biology.

The development of methods for patterning and immobilizing
biologically active moieties with micrometer- and nanometer-
scale control has proven integral to a range of applications
in basic research, diagnostics, and drug discovery. Some of
the most important advances have been in the development
of biochip arrays that present either DNA,1 proteins,2 or
carbohydrates.3 In related themes, the use of patterned
substrates for studies of cell adhesion4,5 as scaffolds in tissue
engineering6 and as components of microfluidic systems for
bioanalysis is progressing rapidly.7 A remaining challenge
for many applications is the development of patterning
methods thatcombinenanoscale feature sizes with surface
chemistries that facilitate both selective immobilization and
preservation of the activities of patterned biomolecules. In
this letter, we report a method that uses dip-pen nanolithog-
raphy (DPN) to pattern self-assembled monolayers into
nanoscale pattern features that present functional groups for
the chemospecific immobilization of cysteine-labeled pro-
teins. We apply this strategy to the immobilization of cysteine
mutant cowpea mosaic virus (CPMV) particles.8,9

DPN has been used previously to create affinity templates
for constructing arrays consisting of nanoscopic features of

biologically active proteins.5 In a first demonstration, we used
a variant of this method to create nanoarrays of wild-type
CPMV. DPN was used to initially pattern a gold substrate
(40-nm Au and 10-nm Ti on a silicon wafer, Silicon Sense,
Inc) with an array of 150-nm circular features consisting of
monolayers of 16-mercaptohexadecanoic acid (MHA,1,
Aldrich, Milwaukee, WI) (Scheme 1). All DPN patterning
was done with a ThermoMicroscopes CP AFM interfaced
with DPN Write (NanoInk, Chicago, IL) and conventional
Si3N4 cantilevers (Thermo Microscopes sharpened Mi-
crolever A, force constant) 0.05 N/m). Tapping-mode
images were taken with a Nanoscope IIIa and a MultiMode
microscope from Digital Instruments. Unless noted otherwise,
all DPN patterning experiments were conducted at 40%
relative humidity and 24°C with a tip-substrate contact
force of 0.5 nN. A 90-µm scanner with closed-loop scan
control was used to minimize piezo tube drift and alignment
problems. After the circular features were written, the
remaining regions surrounding those features were passivated
with a monolayer of 11-mercaptoundecyl-tri(ethylene glycol)
by applying a drop of the alkanethiol (1 mM in ethanol) on
the patterned area for 24 h followed by rinsing with ethanol
and Nanopure water (NANOpure, Barnstead/Thermolyne
Corp.). The substrate was immersed in a solution containing
the virus (30µg/mL, phosphate buffered saline (PBS), pH
) 7.0) for 1 h, removed, and rinsed with 10 mM PBS,
Tween-20 (Sigma, St. Louis, MO, 0.05% in water), and then
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Nanopure water (Scheme 2A). The resulting arrays of wild-
type virions were characterized by tapping-mode atomic force
microscopy (TM-AFM).

TM-AFM images reveal that the CPMV particlesswhich
are 27-nm-diameter icosahedral structures composed of 60
heterodimeric protein subunits10sare adsorbed predominantly
on the MHA features, demonstrating that the 11-mercap-
toundecyl-tri(ethylene glycol) monolayer is inert to inter-
action with the virus (Figure 1A).11 The height profile of
the patterned surface shows that each raised feature has an
apparent height of 20.0( 3.5 nm (determined from 10
particles). This is consistent with the size of a single virion,
taking into account previous observations that tapping-mode
images of soft materials such as proteins often give somewhat
smaller vertical dimensions than would be expected on the
basis of the solution-phase structure.12

Patterning methods that rely on the nonspecific adsorption
of proteins to hydrophobic or electrostatic substrates often
result in substantial denaturation and hence loss of biological
activity. Although the loss of activity is acceptable for many
immobilized format applications, it can be to be a consider-
able drawback for proteins patterned on the nanoscale, where
only a few of the biomolecules are present. To address this

issue, we have integrated DPN and a functional dialkyl
disulfide ink. With this ink, DPN writes monolayers that
present maleimide groups among penta(ethylene glycol)
groups. The latter prevent nonspecific interactions of proteins
with the surface whereas the maleimide groups provide for
the chemospecific immobilization of proteins that display a
thiol group. We use a mixture of two dialkyl disulfides for
the ink: a symmetric 11- mercaptoundecyl-penta(ethylene
glycol) disulfide (3) (98%) and a mixed disulfide substituted
with one maleimide group (2) (2%) (Scheme 1). With this
composition of ink, the density of the maleimide groups in
the monolayer is approximately 1% among penta(ethylene
glycol) groups. At these low surface densities, the maleimide
groups provide for efficient and complete thiol capture
through Michael addition of the thiol to the maleimide group
and at the same time do not interfere with the inert properties
of the ethylene glycol-terminated monolayer.13

Mutant CPMV particles have been engineered with cys-
teine inserts on the outer surface of the coat protein (capsid),
having robust chemical reactivity toward maleimides.9 We
employed one of these (designated Cys-CPMV), bearing an
exposed cysteine residue at eachâE-âF loop of the capsid
structure and therefore at 60 widely spaced positions in all,9

Scheme 1

Scheme 2
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for attachment to maleimide-functionalized surfaces. Surface
plasmon resonance (SPR) spectroscopy14 was employed to
characterize the specificity of the immobilization process.
Gold films (80-nm Au and 8-nm Ti) were evaporated on
microscope coverslips. Monolayers were formed by immers-

ing substrates in an ethanolic solution of disulfides2 and3
for 18 h (ratio of 2:98, 1 mM total concentration). The
substrates were subsequently rinsed with ethanol and dried
in a nitrogen stream. SPR experiments were performed with
a Biacore 1000 instrument using a flow rate of 2µL/min at

Figure 1. (A) Tapping-mode image, zoom-in image, and height profile of a wt-VCP nanoarray (see dotted line). (B) Tapping-mode image,
zoom-in image, and height profile (see dotted line) of a cys-VCP nanoarray. See text for TM-AFM conditions.

Figure 2. SPR spectroscopy data showing the chemospecific irreversible immobilization of the Cys-VCP. Experimental conditions are
described in the text. The change in resonance angle,∆θ, is plotted on the vertical axis. The scale bar applies to all data. (A) Cys-CPMV
(60µg/mL) was immobilized by the maleimide groups presented at the monolayer interface. The immobilization did not proceed to completion,
and hence the linear rise represents the initial rate for the immobilization. (B) Under identical experimental conditions, wt-VCP did not
bind.
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25 °C with potassium phosphate buffer (pH) 7.0). Cys-
CPMV buffer solutions also contained 2 mM tris(carboxy-
ethyl)phosphine hydrochloride (TCEP) to prevent aggrega-
tion through disulfide bridging.

In the SPR experiment, we first flowed phosphate buffer
across the monolayer, followed by a solution of Cys-CPMV
in the same buffer for 40 min and then in the original buffer
for 4 min. Irreversible attachment of the virions was
demonstrated by the persistence of the adsorbed SPR signal
throughout the final wash with buffer (Figure 2A). A control
experiment with CPMVswhich does not display the reactive
cysteine thiol groupssgave no immobilization and estab-
lishes the chemospecificity intrinsic to this strategy (Figure
2B). As a further control experiment, we found that SAMs
were inert when exposed to concentrated solutions of
fibrinogen (1 mg/mL, Sigma, St. Louis, MO), a large protein
with a tendency to adsorb nonspecifically to surfaces. Taken
together, these observations demonstrate the specific cys-
teine-mediated immobilization of Cys-VCP to the monolay-
ers.

We have also demonstrated that DPN can be combined
with the surface chemistry for the specific immobilization
of Cys-CPMV to create patterned surfaces. We used DPN
to generate a pattern of circular features, 150 nm in diameter,
that presented maleimide groups at low density among penta-
(ethylene glycol) groups. A mixture of disulfides3 and 2
(molar ratio 98:2, saturated ethanol solution) was used as
the ink for DPN. The region surrounding the features was
modified with a monolayer of3 by immersing the substrate
in a solution of3 (1 mM in ethanol) for 24 h (Scheme 2B).
After treatment with Cys-CPMV as described above, TM-
AFM revealed that the virus particles attached almost
exclusively to the circular features (Figure 1B). As before,
the height profile of the patterned substrate shows that
immobilized virions are 20.0( 4.3 nm in diameter (deter-
mined from 10 particles). Repetition of this experiment with
wt-CPMV resulted in no immobilization. These results
demonstrate that DPN can be used to pattern a mixed SAM
that presents a functional group for chemospecific im-
mobilization of biomolecules and at the same time maintains
inertness to nonspecific protein adsorption.

This work provides an early demonstration of integrating
a nanoscale patterning methodology (DPN) with surface
chemistries that are tailored for biological applications. By
performing DPN with a dialkyl disulfide ink mixture of2
and3, nanoscale pattern features presenting cysteine-reactive
maleimide groups can be constructed with a reasonable
degree of control over their surface density. Importantly,
these sites are presented within a biologically inert back-
ground. The preservation of the native structure and biologi-
cal activity of patterned proteins has been an intractable
challenge in initial micrometer-scale patterning schemes.15

Often, assays on these length scales can tolerate the inef-
ficient presentation of immobilized protein so long as a
sufficient fraction of proteins are active. On the nanoscale,
however, it is critical to optimize the presentation of proteins
to achieve reproducible activities. We note that the resolution
of the technique described here has not been optimized, and

it is reasonable to expect that it will rival that of conventional
DPN (10 nm).16 The ability to generate patterned arrays of
biomolecules and/or bioassemblies with well-defined nano-
scale features while simultaneously maintaining bioactivity
will have a significant impact in areas ranging from biosen-
sors to engineering model substrates for studying receptor-
ligand interactions at cell-substratum interfaces.

Acknowledgment. C.A.M. acknowledges the Air Force
Office of Scientific Research, the Defense Advanced Re-
search Projects Agency (DARPA), and the NSF for support
of this research. K.-B.L. acknowledges NSF-NSEC for
Award Number EEC-0118025. J.C.S. and M.M. acknowl-
edge DARPA and NSF for generous support. J.C.S. ac-
knowledges the NIH for National Research Service Award
Number 1-F32-GM64308-01. We thank Dr. Linette Demers
for helpful discussions.

References

(1) (a) Demers, L. M.; Ginger, D. S.; Park, S. J.; Li, Z.; Chung, S. W.;
Mirkin, C. A. Science (Washington, D.C.)2002, 296, 1836-1838.
(b) Lockhart, D. J.; Winzeler, E. A.; W.Nature (London)2000, 405,
827-836.

(2) (a) Toepert, F.; Pires, J. R.; Landgraf, C.; Oschkinat, H.; Schneider-
Mergener, J.Angew. Chem., Int. Ed.2001, 40, 897-900. (b)
Hodneland, C. D.; Lee, Y. S.; Min, D. H.; Mrksich, M.Proc. Natl.
Acad. Sci.2002, 99, 5048-5052.

(3) Houseman, B. T.; Mrksich, M.Chem. Biol.2002, 9, 443-454.
(4) (a) Dike, L. E.; Chen, C. S.; Mrksich, M.; Tien, J.; Whitesides, G.

M.; Ingber, D. E.In Vitro Cell DeV. Biol. 1999, 35, 441-448. (b)
Chen, C. S, Mrksich, M.; Huang, S.; Whitesides, G. M.; Ingber, D.
E. Science (Washington, D.C.)1997, 276, 1345-1347. (c) Mrksich,
M.; Dike, L. E.; Tien, J. Y.; Ingber, D. E.; Whitesides, G. M.Exp.
Cell Res.1997, 235, 305-313. (d) Chen, C. S.; Mrksich, M.; Huang,
S.; Whitesides, G. M.; Ingber, D. E.Biotech. Prog. 1998, 14, 356-
363.

(5) Lee, K. B.; Park, S. J.; Mirkin, C. A.; Smith, J. C.; Mrksich, M.
Science (Washington, D.C.)2002, 295, 1702-1705.

(6) Curtis, A.; Wilkinson, C.Trends Biotechnol.2001, 19, 97-101.
(7) Dertinger, S. K. W.; Jiang, X. Y.; Li, Z. Y.; Murthy, V. N.;

Whitesides, G. M.Proc. Natl. Acad. Sci. U.S.A.2002, 99, 12542-
12547.

(8) Wang, Q.; Lin, T.; Tang, L.; Johnson, J. E.; Finn, M. G.Chem. Biol.
2002, 9, 805-811.

(9) Wang, Q.; Lin, T.; Tang, L.; Johnson, J. E.; Finn M. G.Chem. Biol.
2002, 9, 813-819.

(10) Lin, T.; Chen, Z.; Usha, R.; Stauffacher, C. V.; Dai, J. B.; Schmidt,
T.; Johnson, J. E.Virology 1999, 265, 20-34.

(11) Mrksich, M.; Whitesides, G. M.ACS Symp. Ser. 1997, 680, 361-
373.

(12) (a) Kenseth, J. R.; Harnisch, J. A.; Jones, V. W.; Porter, M. D.
Langmuir 2002, 17, 4105-4112. (b) Wadu-Mesthrige, K.; Amro,
N. A.; Garno, J. C.; Xu, S.; Liu, G.Biophys. J.2001, 80, 1891-
1899.

(13) Houseman, B. T.; Gawalt, E. G.; Mrksich, M.Langmuir2003, 19,
1522-1531.

(14) (a) Mozsolits, H.; Aguilar, M. I.Biopolymers2002, 66, 3-18. (b)
Nelson, B. P.; Grimsrud, T. E.; Liles, M. R.; Goodman, R. M.; Corn,
R. M. Anal. Chem.2001, 73, 1-7. (c) Sigal, G. B.; Mrksich, M.;
Whitesides, G. M.Langmuir 1997, 13, 2749-2755. (d) Mrksich,
M.; Sigal, G. S.; Whitesides, G. M.Langmuir1995, 11, 4383-4385.

(15) (a) Zhu, H.; Bilgin, M.; Bangham, R.; Hall, D.; Casamayer, A.;
Bertone, P.; Lan, N.; Jansen, R.; Bidlingmaier, S.; Houfek, T.Science
(Washington, D.C.)2001, 293, 2101-2105. (b) MacBeath G.;
Schreiber S. L.Science (Washington, D.C.)2000, 289, 1760-1763.

(16) (a) Piner R. D.; Zhu J.; Xu, F.; Hong S.; Mirkin C. A.Science
(Washington, D.C.)1999, 283, 661-663. (b) Hong S.; Zhu J.; Mirkin
C. A. Science (Washington, D.C.)1999, 286, 523-525.

NL025956H

886 Nano Lett., Vol. 3, No. 7, 2003


