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We demonstrate the direct printing of proteins on a surface using a cantilevered nanopipette as the
probe of a scanned probe microscope. Protein features as sm&2il0@snm were directly delivered
through the~100 nm aperture of the nanopipette by simply contacting the probe with any surface.
This allows for the direct connection of this methodology to standard separation techniques so that
multiple proteins can be printed through one nanopipette at different locations in ambient
conditions. ©2003 American Institute of Physic§DOI: 10.1063/1.1594844

The deposition and confinement of molecules in nanosists of dipping an atomic force microsco@@M) probe in
metric domains is a problem of considerable current interestan “ink”, and delivering molecules from the AFM tip to a
It is of particular importance when the molecules are of asolid substrate of interest via capillary transport. The other,
biological nature, such as deoxyribonucleic ad@NA) or  “fountain pen nanochemistry3,is based on the development
proteins. The age of genomics and proteomics has triggeresf cantilevered nanopipettes as AFM sendaasd uses these
the development of the “biochip”, an array of dots, eachnanopipettes to flow molecules to the substrate. In this
consisting of a small volume of molecules or dots consist ofvork,® it was shown that such a nanopipette AFM sensor
fragments of DNA, in a protein chip, the spots consist ofcould act to write defined patterns with AFM control. This
various proteins. The biochip allows researchers to study th@as demonstrated through the deposition of a chemical
interaction of a very large number of molecules at once, on &tchant, to chemically alter a metal film.
single platform. This is a crucial requirement for processing  Recently>® DPN was used to print proteins on gold sur-
the vast amount of information involved with the fields of faces as has been previously demonstrated with much
genomics and proteomics. Reading of the chips is typicallysmaller molecules. In the first exampléhe proteins were
done using fluorescent probes. chemically modified with thiol groups in order to make a

Protein printing is a problem that has been investigatedeovalent linkage with the gold surfaces. In the second
The work of MacBeath and Schreibeshowed that protein  example® the protein was not directly written but a small
microarrays spotted using a conventional arrayer GMS 41folecule was deposited first to which the proteins had an
(Affymetrix, Santa Clara, CAcould be produced for high affinity and thus could absorb to these regions. A third
throughput screening with spot diameters of between 150example’ of biomolecule printing did not use standard AFM
200 microns. This study highlighted the problem of the sizecontrol but relied on working in a solution environment and
of the arrays that would result from conventional techniquegsed the ionic current between two electrodes, one in a
of protein printing(dot dimensions are o200 um). straight pipette and the other in the solution, to allow for a

In an attempt to produce smaller features consisting ofeedhack signal based on the ionic current. In this experi-
proteins, several articles have been published, using scannifgent, the solution contained in the pipette included solubi-
probe microscopy(SPM) techniques to create dots of pro- |ized biotinylated DNA that was ejected by the electrochemi-
teins on surfaces. They were based on earlier methods 9y current onto a streptavidin-coated glass surface.
deliver molecules to substrates. One of them, Dip-pen lithog-  \we here show that protein solutions can readily flow
raphy (DPN) has been pioneered by Pineral.” and con- through cantilevered nanopipettes using the methods of Ref.
3 using a scanned probe microscogySOM)/SPM-100
dElectronic mail: lewisu@vms.huji.ac.il Confocal System with cantilevered nanopipettB&nonics
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FIG. 1. (a) AFM topography image shows protein G line printed on Super- © 05 1 15 25 3 35 4
Aldehyde surface(Scan area of 1414 um?, line scan rate of 2 Hz, and
AFM tip with resonance frequency of 125 kHZb) Line profile of the FIG. 2. (a) AFM ima . 2 ’
. ) - e : .2 ge with 4.3<4.3 um* scan area of GFP dots printed on
protein G line. The linewidth is-500 nm and height of-40 nm. a BSA substratgb) Line profile of the printed protein dots shows300 nm
width and ~2 nm height. Based on the measurement of the height it is
possible that these are monolayer dots of GFP.
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Imaging Ltd., Jerusalejo print proteins in ambient envi-
ronments under standard normal force AFM control without
the need for external electric fields and liquid environmentsused for protein G was phosphate buffered saline solution
The writing can also take place with little limitation on the 100 uM with 10% glycerol to keep the proteins hydrated.
surface character. Thus, in this study either a surface without The solutions for both proteins used for the protein print-
the need for covalent linkage chemistry or the surface previing in this letter were loaded from the large end of the pipette
ously used by MacBeath and Schretbeere employed. We  with a syringe, and capillary action rapidly sucked the solu-
have printed structures which are 1000 times smaller thation to the pipette tip. The temperature for both systems was
those printed with the conventional methods of MacBeatiroom temperature and the writing speed was approximately a
and Schreibet. line scan rate of 2 Hz. The humidity was not controlled al-
The advantage of our methodology over the techniquethough there is some evidence that such control of humidity
of DPN® or the ionic current feedback metHoid that our ~ could improve the writing in terms of dimensionality and
technique can be readily connected to standard separatiamiformity.
methodologies such as high performance liquid chromatog- Protein patterns formed on such surfaces were strongly
raphy(HPLC) and can be used in ambient conditions withoutlinked and were not removed by washing the slides, and
the need for liquid environments. The connection to HPLCcould be imaged repeatedly by using intermittent contact
instrumentation would allow the writing of dots of many mode AFM without any disruption of the pattern.
different proteins with one cantilevered nanopipette con-  Green fluorescent proteiiGFP is a fluorescent protein
nected to an HPLC system even in an air environment orisolated from the Pacific jellyfishAequoria victoriawhich
standard substrates that have been used previously for prbas an absorption at 490 nm and an emission at 509 nm. This
tein printing. Furthermore, it is important to emphasize thatallowed characterization of the printed line by both atomic
the technique does not require multiple dipping of the tip andorce and near-field optical imaging. Unlike the case of pro-
specific treatment of the substrate for protein printing. tein G, in the case of GFP, a simple association with bovine
As an initial experiment, our goal was to see whether theserum albumin(BSA) is used for the printing. To demon-
same conditions used in the report by MacBeath andtrate the ability to print a line even without any covalent
Schreibet i.e., printing of “protein G”, a yeast protein, onto linkage, we show a sequence of GFP dots on a glass slide
aldehyde-coated glass slifesould be used at the scale of coated with BSA. The dots have a diameter~a250 nm, as
our experiments which was 1000 times smaller than this preshown in the cross section in Fig. 2. The GFP was also in
vious work. Furthermore, this investigation defined thePBS solution at a concentration 1.&y per ul.
chemistry of the system in which an aldehyde group on the We also show a line of GFP in Fig. 3, and its cross
surface reacts preferentially with the primary amino group ofsection in Fig. &), showing its width to be~450 nm. We
the N terminus on the protein to form a Schiff base linkage stress the fact that no chemical bond is formed between the
A line of protein G printed on such a surface and imaged inprinted GFP and the BSA substrdes may be the case for
intermittent contact mode is presented in Fig. 1. The lineprotein G on aldehyde substrateslowever, the adsorption

width is ~500 nm and the thickness 1s40 nm. The solution is strong enough to allow multiple scans of the area without
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FIG. 3. (a) AFM topography image24.8x21.6 um?
scan area in 1 Hz line scan rathows a GFP protein
line printed on a BSA substrate. The line was imaged by
using a cantilevered NSOM probe in noncontact mode
’ . : 418 with a resonance frequency of 125 kHh) NSOM

"o s 0 s » ' image of the protein line it@) shows the absorption of
the GFP protein with laser emission wavelength of 488
nm. (c) Cross section of the line ifb) shows an absorp-
tion line width of 450 nm.
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alteration of the features. The BSA substrate is more corruthat have been previously used in protein printing protocols
gated than the aldehyde slides. In spite of this, the printethat use conventional spot arrayers, this method yields spots
features are clearly visible when imaged with AFM. that are almost 1000 times smaller200 xm compared with

We further characterized the printed GFP patterns using-200 nmj.
NSOM, which can be readily implemented on the very same  The printing process and the adsorption of the protein on
NSOM/SPM-100 Confocal platform. Using a cantileveredthe substrate does not seem to induce significant changes in
NSOM probe, with a 100 nm aperture, we measured the 48the printed protein, as indicated by the fact that GFP does not
nm light from an Ar-ion laser, reflected from the sample. Welose its property to absorb light at 488 nm. In addition, we
show in Fig. 3b) the result of such an experiment. The to- show that future nanobiochips can be read with NSOM, to
pography imagédFig. 3(a)] shows a dim line with a noisy overcome the inherent diffraction limit problem, posed by
background from the BSA substrate due to the less than flahe small separation between the spots.
BSA background in this case. The reflected light image, ac-
quired simultaneously, is presented in Figb)3 The GFP
line appears as a black line across the image, due to thég. macBeath and S. Schreiber, Scier29, 1760 (2000; P. Arenkov,
strong absorption at 488 nm of the protein. Also, most of the Anal. Biochem.278 123(2000. S
noisy background seen in the topography image does nofR- D. Piner, J. Zhu, F. Xu, S. Hong, and C. A. Mirkin, Scier288, 661
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appear here. The Only feature that absorbs |Ight is the GI:BA. Lewis, Y. Kheifetz, E. Shambrodt, A. Radko, and E. Khatchatryan,
line and the background is brighter because the image, whichappl. Phys. Lett.75, 2689(1999.
was obtained using reflection mode, has more scattered lightS. Shalom, K. Lieberman, A. Lewis, and S. R. Cohen, Rev. Sci. 183{r.

; ; ; 061(1992.
when there is less absorption and even more scattered IIgmAD. L. (\Nilsg)n R. Martin, S. Hong, M. Cronin-Golomb, C. A. Mirkin, and

in regions which have a larger topogra}phy. _ D. L. Kaplan, Proc. Natl. Acad. Sci. U.S.A8, 13660(2001.
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