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There is a considerable interest in positioning functional bio- Scfzje_]g?e 1 S§h|ematic .ﬁ_hovv(ing the F)’roceddure for the Fggrication,
; i ; ; Modification, Solution Filling (Route a), and Nanopipet Addressing
molecules at defln_ed positions on surfaces to produce_ blo'.c’glcal (Route b) with Antibodies of the FIB Nanofabricated Holes
arrays for analysis or to assemble complex and biologically
functional structures using molecular recognition between different

biomolecules. The key issues are maintaining the functionality of '+ FIB Etchin

the biomolecules, the smallest feature or spot size that can be 5™ T ™ —pr "

obtained, the highest density of features possible, the ability to I—I_>I—|_|—|_|—IM

address a specific feature on the surface, and the ability to deposit /3 Glass Glass

different molecules to assemble complex structures. T;éa' with
One approach has been to use direct-write methods based on Nanopen delivery —

scanning probe microscopy (SPKfR Dip-pen nanolithography
(DPNY-8 uses a functionalized AFM tip for delivery of molecules

Au

from the tip to the surface and operates in air. DPN has recently il a2 ——
been used to deliver DNA and proteih§Ve have developed a R S it i [ai‘ntl-lgs
complementary method based on a nanopipet working in ionic ™ s"’};’a" — —
solutions? An ion current that flows between an electrode in the % Rabbitige - i

pipet and the bath is used to control the distance from the surface. 8 Goatanti-rabbit IgG

The nanopipet _acts as a nanopen, locally delivering biomOI?CUIes‘the volume inside the hole because of the optical properties of the
from the pipet tip, which then diffuse to the surface. The delivery gold” We show that we can fill these nanofabricated holes with

is controlled by the sign and magnitude of the applied voltage, proteins and that the feature size is determined by the size of the

gnabhrg (iontrol Ofl the r?urgbsfr Ofd mollef:ules Sehve{feﬂhe hei holes. Functional antibodies were delivered into specific holes to
b!olmo_eclu es are waﬁs in-bu er? Sk? utlonhan malnta:jn It' €Il address them individually, and their binding was detected by
iological activity. We have recently shown that we can deliver o 4 orescence microscopy.

controlled numbers of functional biomolecules, including DNA and Scheme 1 outlines the experimental procedures. We produced

antlb_o_dles, o a surface, that the antlbeayl_t!gen Interactions are 1,165 of two different sizes by FIB. The smaller holes were typically
specific, and that we can address a specific feature on the surface

th d bi lecutis ellipsoidal possibly due to a beam drift during patterning. Measure-
with a secon 1oMOIeCUte. ments at the hole opening showed H30 nm for the major axis
Work to date using SPM methods has been performed on flat

o . . and 150+ 10 nm for the minor axis. The width of the holes
surfaces, where the feature size is controlled by wetting or diffu- decreased with depth; the full widths at half depth weret85
sion?~5 Here, we report the use of a novel nanofabricated surface !

duced b lium ion f dion b i B *and 50+ 6 nm, respectively (Supporting Information, Figure S1).
produced by a gailium Ion focused lon béam microscope (_ ) ). After the FIB patterning, the surface was incubated with a MPA
patterned with distinct chemical functionalities at defined positions.

h h imilariti h db bb and K solution fa 1 h tocoat the exposed gold with a MPA SAM. After
The _structure as simi an_t|es to that used by Webb and co-workers that, the surface was incubated with a solution of Alexa 488 labeled
for single molecule detectidmand consists of regularly spaced holes.

L o L IgG, washed to remove unbound IgGs, and then incubated with a
However, in this wo_rk, the holes were _produced W'th'_n a thin fllm solution of Alexa 647 labeled anti-IgG (Scheme 1, route a). Both
(50 Qm) of gold. This allows the position of a nanopipet, held n green (from 1gG) and red (from anti-IgG) fluorescence, detected
so_lunon over the hples, to be observe_d t_hr_ough the gold by optical simultaneously, were observed exclusively from the holes (Figure
microscopy, enabling us to address individual holes. The bulk of 1A). This demonstrates that these small holes can be filled with
the gold surface was coated with a self-assembled monolayer (SAM) , ibodies and is consistent with antibedgntigen  interaction
terminated with hexa(ethylene glycol) (EGgroups to resist between the bound IgG and the anti-lgG from solution.
nonspecific adsorptiofiwhile the holes were functionalized with

SAM of 3 g id (MPA to facili he'i We then went on to address individual holes by delivering anti-
a>Avo 'mercapmpmplon'c acid ( ) to facilitate the immo- 1gG from the nanopipet. Because the outer diameter of the nanopipet
bilization of IgG antibodies (Scheme 1) mainly through electrostatic

. . : ) . . is about 240 nm2larger holes (diameter~300 nm at hole opening,
interactiong. Biomolecules in solution or delivered from the nano-

. ) . depth~ 90 nm) were used so that the pipet could enter the hole
pipet thus adsorbed preferentially into the holes. Furthermore, the(Supporting Information, Figure S2). The depth of these holes
detection volume for fluorescence spectroscopy was confined to

indicated that the FIB had milled into the glass layer. The holes

- were first filled with Alexa 488 labeled 1gG from solution. After
Department of Chemistry, University of Cambridge. f 2

# Nanoscience Center, University of Cambridge. the sample was washed, the napoplpet was used to fill selec.ted

§ Imperial College London. holes with Alexa 647 labeled anti-lgG (Scheme 1, route b). This
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Figure 1. 3D representations of fluorescence images obtained from small
holes, and bigger holes addressed by nanopipet deliveryz-akis in the
figure is the fluorescence count rate. (A) A surface nanostructured with 7
x 7 holes (66-90 nm in diameter), after treatment with the solutions of
1gG (labeled with Alexa 488) and then anti-IgG (labeled with Alexa 647)
under blue (488 nm, left image) and red (632.8 nm, right image) laser
excitations (image size: 20m x 20 um). (B) A surface nanostructured
with 5 x 5 holes (256-300 nm in diameter) after treatment with the IgG
solution and then selective deposition of anti-IgG into 4 of the 25 holes

using the nanopipet under blue (488 nm, left image) and red (632.8 nm,

right image) laser excitations (size g4n x 34 um).

was accomplished by moving the pipet with ion-current distance
control backward and forward+1.5 um) in a line over each
selected hole for 30 s. The position of the hole could be identified
by the dip in the simultaneously recorded topographic line scan.
The green fluorescence (from 1gG) was exclusively detected from
the holes, and the intensity from each hole was similar (Figure 1B,
left). The red fluorescence (from anti-IgG) clearly showed that
specific holes, containing IgG, could be addressed with the
secondary antibody by the nanopipet (Figure 1B, right). Combined
fluorescence images of the two colors clearly indicated the 1gG
and anti-lgG were co-localized (Supporting Information, Figure S3).
A parallel experiment based on AFM images taken on small and
shallow holes with sizes comparable to the small holes filled from
solution (180+ 8 nm in diameter at opening, 16 1 nm deep,
Supporting Information, Figure S4), and larger holes with sizes
comparable to those being addressed by the nanopipetf285
nm in diameter, 25t 3 nm deep, Supporting Information, Figure
S5), produced within a flat template-stripped gold suféoceder
identical conditions, indicated that the antibodies preferably stuck

to the side walls and the bottom of the holes. The apparent diameter

and the depth of holes were reducedi30 and 10 nm, respectively
(Supporting Information, Figures S4 and S5). The AFM images

also showed that some IgGs adsorbed around the edges of the larger
holes, although this was about 100 times less than that in the holes.
There was little evidence of nonspecific IgG adsorption in the case
of the smaller and shallower holes, probably due to the use of a
shorter milling time and smaller ion beam current leading to mini-
mum damage of the PEG coating. Thus, in both cases, the adsorbed
antibody feature size is determined by the hole size. For the small
holes, this is 180 nm at the opening and 90 nm at the half depth.
The use of the nanofabricated surfaces has several advantages.
First, it provides a region with different chemical functionality for
selective adsorption of biomolecules to produce a nanoarray of bio-
molecules. The antibody feature size was determined by the nano-
fabricated hole and is comparable to those achieved by3HRi
nanocontact printingt Second, it provides a topographic feature

enabling one to return to the same position on the surface. Third,
it defines the measurement region. The fluorescence from molecules
outside the holes is blocked by the low transparency of the 50 nm
thick gold layer, so there is a very low background in the fluo-
rescence images (Figure 1), and the measurement is not affected
by adsorption outside the hole.

In the addressing experiment, a small amounl@%) of the
anti-lgG was also detected from holes that were not addressed by
the nanopipet (Figure 1B). This is presumably due to some anti-
1gGs delivered outside the holes diffusing over the surface and bind-
ing into neighboring holes during the pipet scanning. The delivery
of molecules only when the nanopipet is in the hole, by using tem-
poral control of the applied voltage, should reduce this cross con-
tamination.

In summary, we have demonstrated that it is possible to se-
lectively address specific features in a nanoarray by nanopipet
delivery of a functional antibody. The addressed feature si360
nm in diameter, is a significant improvement over the spot size
achieved by delivery with the nanopipet directly onto a flat surface
(800 nm)? To our knowledge, this is the first example of addressing
specific biologically functional features on a surface at the nano-
scale? This method could be extended to perform local assembly
of biological structures or to perform a local assay by delivery of
reagents from the pipet at defined positions on the suffetiRirect
writing on a nanofabricated surface should be a powerful combina-
tion for the performance of miniaturized analysis or creation of
novel biological assemblies on the nanoscale.
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