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Protein Nanoarrays Generated
By Dip-Pen Nanolithography
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Dip-pen nanolithography was used to construct arrays of proteins with 100- to
350-nanometer features. These nanoarrays exhibit almost no detectable non-
specific binding of proteins to their passivated portions even in complex mix-
tures of proteins, and therefore provide the opportunity to study a variety of
surface-mediated biological recognition processes. For example, reactions in-
volving the protein features and antigens in complex solutions can be screened
easily by atomic force microscopy. As further proof-of-concept, these arrays
were used to study cellular adhesion at the submicrometer scale.

Arrays of microscopic features comprising
different proteins are extremely important for
proteomics and cell research, pharmaceutical
screening processes (/—4), and panel immu-
noassays (5, 6). Many conventional pattern-
ing techniques, including photolithography
(6, 7), microcontact printing (2, 8), and spot
arraying (), have been used for fabricating
such arrays. Submicrometer spot arrays of
proteins have been generated by finely fo-
cused ion beam lithography (FFIB) (9), and
individual micrometer and submicrometer
features have been prepared by atomic force
microscopy (AFM) techniques with varying
degrees of success (/0—14). One of the ad-
vantages of miniaturization is that when a
feature composed of receptors is miniaturized
to the scale of the biological analytes, new
methods for screening reactions involving
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such receptors and analytes become avail-
able, because almost every physical property
of the receptor feature is changed upon reac-
tion with the analyte, including the height,
hydrophobicity, roughness, and shape of each
feature, which are all variables easily probed
with a conventional AFM. One disadvantage
of receptor feature miniaturization in such an
array is that nonspecific binding of the pro-
tein array can become a major problem lead-
ing to large background signals. For example,
it could be difficult to differentiate inactive
areas of the substrate that experience such
binding from the active receptor features,
thereby complicating the analysis of the
nanoscale libraries. Indeed, others who have
attempted to study reactions involving anti-
bodies and antigens on a surface with an
AFM have noted the importance of eliminat-
ing nonspecific binding when studying indi-
vidual nano- and micrometer-scale protein
features (/0-13). Here, we describe how a
high-resolution patterning technique, dip-pen
nanolithography (DPN), can be used to con-
struct nanoarrays of proteins. Moreover, we
demonstrate that these arrays can be fabricat-
ed with almost no detectable nonspecific
binding of proteins to the passivated portions

geometry and materials property, which can be
calculated from the equation shown in the work
cited in this reference, and P_is the critical load at
fracture (4). « was measured to be 1.1 x 10*
m~3/2_ The fracture energy (G,) value can be
calculated according to the literature (7), G, = (1
- v?) K\ 2/E, where v is the Poisson ratio and E is
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of the array, even in solutions containing
multiple proteins, and that reactions involv-
ing the protein features and antigens can be
screened by AFM. Finally, we show how
such nanoarrays can be implemented in the
study of cellular interactions with nanopat-
terned surfaces.

A typical protein array was fabricated by
initially patterning 16-mercaptohexadecanoic
acid (MHA) on a gold thin-film substrate in
the form of dots or grids. The features studied
thus far, both lines and dots, have been as
large as 350 nm (line width and dot diameter,
respectively) and as small as 100 nm (Fig. 1).
The areas surrounding these features were
passivated with 11-mercaptoundecyl-tri(eth-
ylene glycol) by placing a droplet of a 10 mM
ethanolic solution of the surfactant on the
patterned area for 45 min followed by copi-
ous rinsing with ethanol and, then, NANO-
pure water (NANOpure, Bamstead/Ther-
molyne Corp.). As proof-of-concept experi-
ments, the proteins were absorbed on the
preformed MHA patterns (Fig. 2) by immers-
ing the substrate in a solution containing the
desired protein (10 wg/ml) for 1 hour. The
substrate was then removed and rinsed with
10 mM Tris buffer [Tris-(hydroxymethly)
aminomethane], Tween-20 solution (0.05%)
and, finally, NANOpure water. Such proteins
have a high affinity for carboxylic acid—ter-
minated monolayers at pH 7 (/0-/3) and a
relatively weak affinity for surfaces coated
with 11-mercaptoundecyl-tri(ethylene glycol)
(15, 16). The protein arrays were then char-
acterized by AFM. In the case of arrays com-
posed of immunoglobulin G (IgG) patterns,
the reaction of the array with rabbit antibody
to mixtures of proteins was studied by AFM.

Lysozyme, an ellipsoidal shaped protein
(4.5 nm by 3.0 nm by 3.0 nm), (/7) cleanly
assembled on the MHA nanopatterns, as ev-
idenced by contact and tapping mode AFM
(Fig. 1, B to D), respectively (/8). Note that
there is almost no evidence of nonspecific
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protein adsorption on the array and that
height profiles suggest that between one and
two layers of protein adsorb at each MHA
site (19). The height distribution observed in
the image is likely due to the different orien-
tations the protein can adopt on the MHA-
coated surface (Fig. 1C, inset). Finally, the
protein can be assembled in almost any array
configuration, including lines and grids (Fig.
1D).

IgG, which has substantially different di-
mensions (Y-shape, height = 14.5 nm,
width = 8.5 nm, thickness = 4.0 nm) (20,
21), exhibited qualitatively similar adsorption
characteristics (19) (Fig. 3). The height pro-
file of an IgG nanoarray shows that each IgG
feature is 6.5 = 0.9 nm (n = 10) high, which
is consistent with a single monolayer of the
protein adsorbed onto the MHA features and
is comparable to what others have seen for
macroscopic features (10-13).

We addressed the issue of nonspecific
binding by incubating a nanoarray of rabbit
IgG in a four-component aqueous protein
solution (10 mM Tris buffer, pH 7.3) con-
taining lysozyme, Retronectin, goat/sheep
antibody to IgG (anti-IgG), and human an-
ti-IgG (each at 10 pg/ml) for 1 hour. A
comparison of the AFM images of the array
before and after treatment with this solution
shows no evidence of protein binding to the
array and almost no detectable nonspecific
binding to the passivated, inactive areas of
the substrate (compare Fig. 3, A and B).
When a nanoarray of rabbit IgG was treated
with a solution containing lysozyme, goat/
sheep anti-IgG, human anti-IgG, and rabbit
anti-IgG (concentration of each was 10 g/
ml) for 1 hour, each of the active features of
the array increase in height from 6.5 + 0.9
nm (rn = 10) to 12.1 £ 1.3 nm (» = 10)
(compare Fig. 3, C and D). This almost
doubling in height is consistent with a 1:1
reaction between the two protein structures.
These experiments show that regardless of
the orientations of the IgG within the nano-
scopic features, the proper orientation can
be adopted under these conditions to react
with the anti-IgG in a complex protein
solution. Thus, the proteins maintained bi-
ological activity aftér adsorption.

These protein nanoarrays also can be
used for studying other biological interac-
tions, such as cell adhesion, on a much
finer length scale than what is possible with
conventional micro- and nanofabrication
techniques. We fabricated an array of Ret-
ronectin, a cellular adhesion protein that is
a recombinant fragment of fibronectin con-
taining the central cell-binding domain, the
heparin-binding domain II, and a CS1 site
(Fig. 4). The adhesion of cells to Retronec-
tin is mediated by the binding of integrin
receptors to peptides found within the ex-
tracellular matrix protein (22). After adhe-
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sion and spreading of a cell, the integrin
receptors cluster into aggregates that re-
cruit the assembly of several cytoplasmic

A

5.0 nm

10.0 nm

5.0 nm

0.0 nm

proteins at the membrane into a complex
termed the focal adhesion. These focal ad-
hesion sites serve to regulate adhesion-de-

H

265nm

0.0 nm

Fig. 1. AFM images and height profiles of lysozyme nanoarrays. (A) Lateral force image of an 8 pm
by 8 wm square lattice of MHA dots deposited onto an Au substrate. The array was imaged with
an uncoated tip at 42% relative humidity (scan rate = 4 Hz). (B) Topography image (contact mode)
and height profile of the nanoarray after lysozyme adsorption. A tip-substrate contact force of 0.2
nN was used to avoid damaging the protein patterns with the tip. (C) A tapping mode image
(silicon cantilever, spring contant = ~40 N/m) and height profile of a hexagonal lysozyme
nanoarray. The image was taken at a scan rate of 0.5 Hz to obtain high resolution. (D)
Three-dimensional topographic image of a lysozyme nanoarray, consisting of a line grid and dots
with intentionally varied feature dimensions. Imaging was done in contact mode as described in (B).

MHA coated
AFM tip

8%
LT O
45 8 %8
%8 8%

Au Surface

Anti-IgG A
Binding

Passivation

Fig. 2. Diagram of proof-of-concept experiments, in which proteins were absorbed on preformed
MHA patterns. The resulting protein arrays were then characterized by AFM.
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Fig. 3. AFM tapping mode image and height profile of rabbit IgG assembled onto an MHA dot array
generated by DPN before (A) and after (B) exposure to a solution containing lysozyme, Retronectin,
goat/sheep anti-IgG, and human anti-IgG. An IgG nanoarray before (C) and after (D) treatment
with a solution containing lysozyme, goat/sheep anti-lgG, human anti-IgG, and rabbit anti-IgG. All
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images were taken at a 0.5-Hz scan rate in tapping mode.

nanoarray®,
Nttt
700 nm

Alignment mark for
locating DPN pattern on
the back side of substrate

DPN
Nanoarray
area

50 um

Fig. 4. (A) Diagram describing the cell adhesion experiment on the DPN-generated pattern. The
total patterned area is 6400 um?2. The alignment marks were generated by scratching a circle into
the backside of the Au-coated glass substrate. (B) Topography image (contact mode) of the
Retronectin protein array. Imaging conditions were the same as in Fig. 1B. (C) Large-scale optical
microscope image showing the localization of cells in the nanopatterned area. (D) Higher resolution

20 um

optical image of the nanopatterned area, showing intact cells.
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pendent signaling processes and also play
an important mechanical role by connecting
the actin cytoskeleton structure to the sub-
strate. An understanding of how adhesion
and signaling of cells depend on the sizes
and distributions of focal adhesions has
been limited in patterning studies of immo-
bilizing proteins to 1-pwm patches, which do
not have the resolution necessary for char-
acterizing the sizes of focal adhesions that
are necessary for normal cell adhesion (4).
Whereas current studies reveal that focal
adhesions have sizes on the micrometer
length scale, the lack of higher resolution
patterning methods has prevented direct ex-
amination of the range of sizes that consti-
tute active focal adhesions (23).

To test whether cells can adhere to protein
nanoarrays with features well below 1 wm, we
used DPN to pattern MHA into a square array
of dots that are 200 nm in diameter and sepa-
rated by 700 nm (Fig. 4A) (24). Like the other
proteins, AFM images (/9) showed that the
Retronectin adsorbed almost exclusively on the
MHA pattern (Fig. 4B). The protein nanoarray
was then immersed for 12 hours in a Dulbec-
co’s Modified Eagle Medium (DMEM) solu-
tion with 10% bovine calf serum, which con-
tained the 3T3 Swiss fibroblast cells (20,000
cells/ml). The arrays were then gently rinsed
with phosphate buffered saline (PBS) and stud-
ied by optical microscopy. Significantly, cells
only attach to the patterned region of the sub-
strate and spread, but not completely, into a
more flattened morphology. This morphology
is a direct consequence of the sizes and spac-
ings of the patterned protein, because cells
placed on a nonpatterned substrate were well
spread. Thus, submicrometer features can sup-
port cell adhesion and point toward the impor-
tance of a way of systematically identifying the
relation between nanofeature size and compo-
sition in studies of cell adhesion and other
related processes.

The ability to make protein nanoarrays on a
surface with well-defined feature size, shape,
and spacing should increase the capabilities of
researchers studying the fundamental interac-
tions between biological structures (cells, com-
plementary proteins, and viruses) and surfaces
patterned with proteins. Although we have ex-
plored only three proof-of-concept systems, we
expect that it can be extended, with straightfor-
ward modifications of the aforementioned pro-
tocols, to a wide range of biomolecular struc-
tures and that the resolution of the technique,
once optimized, should compare well with that
of conventional DPN (10 nm) (25-27).
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Niobium-Zirconium
Chronometry and Early Solar
System Development
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Niobium-92 (°2Nb) decays to zirconium-92 (°2Zr) with a half-life of 36 million
years and can be used to place constraints on the site of p-process nucleo-
synthesis and the timing of early solar system processes. Recent results have
suggested that the initial >Nb/°>Nb of the solar system was high (>1073). We
report Nb-Zr internal isochrons for the ordinary chondrite Estacado (H6) and
a clast of the mesosiderite Vaca Muerta, both of which define an initial °2Nb/
93Nb ratio of ~1075. Therefore, the solar system appears to have started with
aratio of <3 X 10~>, which implies that Earth's initial differentiation need not
have been as protracted as recently suggested.

Some extinct radionuclides were sufficiently
abundant at the start of the solar system that
they produced variations in the abundance of
their daughter isotopes in early-formed ob-
jects (1). Such nuclides provide information
about late-stage presolar nucleosynthetic sites
and the time scales over which the early solar
system formed and first differentiated (2—4).
Of considerable interest in this regard is
92Nb, which decays by electron capture with
a half-life of 36 = 3 million years (My) to
927r (5, 6). °2Nb is a shielded nuclide that
forms by the p-process only. The p-process is
a nucleosynthetic process that occurs in su-
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pernovae and produces proton-rich nuclides.
Therefore, the initial abundance of *>Nb pro-
vides information on stellar nucleosynthesis
before the start of the solar system.

Both Nb and Zr are refractory and litho-
phile, except under reducing conditions when
Nb may become siderophile (7). Within the
Earth the dominant Nb/Zr fractionation
mechanisms are silicate partial melting (8)
and the crystallization of accessory minerals
such as zircon, ilmenite, and rutile. The Zr
isotopic compositions of early reservoirs can
therefore vary in response to early differenti-
ation processes and can help in dating plan-
etary differentiation, if the initial abundance
of ®2Nb (or °>Nb/**Nb) was sufficiently high.

Early results demonstrated that the initial
92Nb/**Nb of the solar system was <0.007
(9). Evidence of formerly live “2Nb was first
identified in a Nb-rich rutile from the iron
meteorite Toluca (/0). An initial *2Nb/*>*Nb
of 1.6 (+0.3) X 10~° was inferred. More
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recently, three studies using a multiple-col-
lector inductively coupled plasma mass spec-
trometer (MC-ICPMS) proposed that the ini-
tial ®>Nb/**Nb ratio of the solar system was
higher by two orders of magnitude (~1073)
(11-13). Such a high value limits the possible
sites for p-process nucleosynthesis and places
specific constraints on the time scales for the
development of differentiated reservoirs on
the Earth and Moon. For example, it has been
argued that large silicate reservoirs in the
Earth and Moon formed >50 My after the
start of the solar system (/2). However, such
a result requires that the Toluca rutile grew
very late (>200 My). In contrast, a combined
Zr isotopic and U-Pb age study of an early
zircon from a eucrite implied that the initial
92Nb/?3*Nb ratio was <10~* (14).

Here, we used the internal isochron ap-
proach to determine the initial °>Nb/*>Nb
ratio of the solar system. Two meteorites
were studied in which ilmenite with high
Nb/Zr is in textural equilibrium with other
phases having intermediate Nb/Zr. Because
the half-life of °Nb is long (36 My) and the
level of uncertainty concerning the initial so-
lar system abundance is more than two orders
of magnitude, the critical concern is not the
exact age of the meteorite (provided it is
reasonably early) but the acquisition of a
reliable isochron from a cogenetic suite of
phases that remained undisturbed after their
formation. Therefore, we used the equilibrat-
ed but only weakly shocked (S1) H6 ordinary
chondrite Estacado, which has a single gen-
eration of ilmenite, and a eucritic clast from
the mesosiderite Vaca Muerta.

Using a Nu Plasma MC-ICPMS, we were
able to measure £°>Zr with an external preci-
sion of *+0.3 € units (20 standard deviation)
for samples with only 50 ng of Zr (15). The
Nb/Zr ratios were determined by inductively
coupled plasma dynamic reaction cell mass
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