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ABSTRACT: The ability to direct the self-assembly of
biomolecules on surfaces with true nanoscale control is
key for the creation of functional substrates. Herein we
report the fabrication of nanoscale biomolecular arrays via
selective self-assembly on nanopatterned surfaces and mini-
mized nonspecific adsorption. We demonstrate that the
platform developed allows for the simultaneous screening
of specific protein�DNA binding events at the single-
molecule level. The strategy presented here is generally
applicable and enables high-throughput monitoring of
biological activity in real time and with single-molecule
resolution.

Nanoscale control over the organization of biomolecules at
solid substrates is a powerful tool for addressing funda-

mental issues in many areas of biology.1�9 Nanoarrays of
biomolecules10�18 can offer unmatched sensitivity, smaller test
sample volumes in molecular diagnostics, and high-throughput
analysis through the ability to monitor (distinct) biorecognition
events in parallel on the same chip. By approaching the size scale
of individual biomolecules, nanoscale control could conceivably
allow us to carry out single-molecule investigations19 (on an
array) that in turn would enable monitoring of biochemical
processes in real time, characterization of transient intermediates,
and measurement of the distributions of molecular properties
rather than their ensemble averages.20,21 Key issues involved in
developing a nanoscale biochip are related to the selectivity (and
spot uniformity) of the biomolecular (self)assembly, the con-
sequent minimization of nonspecific adsorption of the biomole-
cules under investigation, and the accessibility of recognition
elements within an immobilized biomolecule.22,23 All such issues
affect signal-to-noise ratios and prevent proper interpretation of
biomolecular binding/recognition events.24,25

Herein we present a strategy that overcomes all of the above
limitations through control of the localization of biomolecules in
ordered nanoarrays, allowing for high-throughput single-mole-
cule investigations in real time. Specifically, we show how the
dimensions and separation of the nanodots in the fabricated
arrays allow for both clear addressability and parallel readout of
single-molecule events of biological interest via conventional
epifluorescence microscopy imaging. As a proof of principle, the
activity of a DNA-binding enzyme, exemplified here by the

restriction endonuclease PvuII, was monitored. This work high-
lights the clear advantage of true nanoscale confinement in the
design of high-throughput (and high-resolution) heterogeneous
assays for biological investigations.

For our studies, we began by nanopatterning a glass substrate
surface via direct electron-beam lithography (EBL) to create
50 μm � 50 μm arrays of 30 ( 4 nm Au/Pd nanodots spaced
2 μm apart and interspersed with 500 nm registration squares
spaced 10 μm apart (see Figures SI-1 and SI-2). Figure 1 shows
the approach used to biofunctionalize the nanodots [details are
given in the Supporting Information (SI)]. We first formed self-
assembled monolayers (SAMs) of thiolated alkanes26 exhibiting
biotin headgroups. We next passivated the surface against non-
specific adsorption of biomolecules via the formation of a
polyethylene glycol (PEG)�silane monolayer on the glass sur-
face. Next, we immobilized streptavidin on the nanodots,27,28 and
finally, we tethered biotinylated DNA via a second biotin�
streptavidin linkage.29,30

Epifluorescence microscopy imaging of the resulting array
demonstrated the selectivity of the functionalization at the single-
nanodot level. In particular, Figure 2a shows the immobilization
of fluorescently labeled streptavidins on every nanodot, while
Figure 2b shows the subsequent immobilization of fluorescently
labeled double-strandedDNAs (dsDNAs). Each employedDNA
molecule was labeled with one rhodamine red (RhodRed)
fluorophore on the distal end of the duplex (i.e., on the end
not attached to the surface-bound streptavidin). Furthermore,
the uniformly passivated regions between the nanodots in
Figure 2a,b exhibited a remarkably low fluorescence background
and demonstrated the minimization of nonspecific adsorption
achieved at the glass substrate. By measuring the average back-
ground fluorescence intensity of the glass surface before and after
exposure of the substrate to fluorescently labeled DNA (see the
SI and Figure SI-3), we were able to determine that the
physisorbed DNA coverage on the glass surface of our biochip
was 0.1�0.5 μm�2 (i.e., less than one DNA every 2 μm2). It is
noteworthy that because of the size of the nanodots and therefore
the limited number of streptavidins and DNAs attached on each
of them (see below for discussion), the ability to resolve single dots
required the ultralow nonspecific adsorption that we achieved.31

To demonstrate the general suitability of our platform for
monitoring biomolecular interactions, we carried out proof-of-
principle restriction enzyme experiments on the functionalized
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nanoarrays. We anchored to the surface of our nanoarray a 20
base pair (bp) DNA labeled with a RhodRed fluorophore (one
fluorophore per DNA) on the distal end of the duplex (i.e., on the
end not attached to the nanodot via the biotin�avidin linkage).
The arrays were then incubated with PvuII-HF, a well-known
and commercially available restriction enzyme with minimal star
activity.32 In the presence of the 50-CAGCTG-30 PvuII recogni-
tion site33 on the employedDNA, we observed a complete loss of
fluorescence intensity localized at the individual nanodots within
seconds of addition of the enzyme (Figure 3). This is ascribable
to DNA cleavage by the enzyme and consequent loss of
the fluorescently labeled segment of the anchored DNA (see
the scheme in Figure 3). Notably, no loss of localized fluore-
scence intensity at the nanodots was observed in the absence of
the recognition site, consistent with a lack of DNA cleavage by
PvuII (see Figure SI-4). Thus, the interaction of PvuII with the
nanodot-immobilizedDNAon our nanoarray was highly specific.
This observation demonstrates that our platform is generally well
suited for rapid, reliable, and specific real-time monitoring

of biomolecular interactions via conventional epifluorescence
microscopy.

The minimized crowding of the immobilized DNA that arises
from the nanoscopic size and microscopic spacing of the
nanodots, in combination with the high selectivity and conse-
quently high signal-to-noise ratio achieved, enabled us to obtain
single-molecule resolution in monitoring the DNA�PvuII inter-
action. Each nanodot in our nanoarray was optically resolvable
from its neighbors because of the 2 μm spacing, so we were able
to monitor the loss of fluorescence at the single-nanodot level.
This resulted in a loss of fluorescence intensity that occurred in
discrete steps, as shown in Figure 4a. By extracting the time delay
between when PvuII was first delivered to the nanoarray and
when each single-DNA cleavage event was observed, we built a
histogram of single-molecule fluorescence extinction as a func-
tion of time (Figure 4b).34 It is noteworthy that the histogram is
well-described by a difference of two exponentials (as shown in
Figure SI-6); this implies the existence of at least two rate-
determining steps in the PvuII�DNA cleavage reaction, consis-
tent with the existence of a Michaelis�Menten complex.35,36 In
addition, our extrapolated value of the overall catalytic rate
constant (i.e., the “turnover rate constant”, k) for PvuII (k ≈ 1 s�1)
is comparable to previously reported values obtained from
ensemble measurements under the same buffer conditions
(k ≈ 0.3 s�1).37�39

The discrete steplike drops in fluorescence intensity enabled
us to determine the average number of DNA molecules im-
mobilized on single nanodots.40 Our analysis demonstrated that
∼60% of the nanodots had one bound DNA molecule, ∼20%

Figure 1. Scheme employed for the chemical functionalization of the
nanopatterned substrate.

Figure 2. (a) Epifluorescence microscopy image of the electron-beam-
written nanoarray functionalized with Alexa488-labeled streptavidins
(100 ms exposure time). (b) Epifluorescence microscopy image of the
nanoarray functionalized with RhodRed-labeled dsDNAs (100 ms
exposure time). The insets at the top right-hand corners of (a) and
(b) show zoomed fluorescence images of the corresponding arrays.

Figure 3. Scheme and epifluorescence microscopy images of PvuII
recognition and cleavage of the nanodot-immobilized DNA (200 ms
exposure times).

Figure 4. (a) Plot of the fluorescence intensity vs time for a represen-
tative single nanodot containing a single RhodRed-labeled DNA; the
single-step loss of fluorescence intensity was derived from PvuII cleavage
of the DNA (200 ms exposure time). (b) Representative histogram of
single-molecule DNA cleavage events over an entire nanoarray.
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had two boundDNAmolecules, and∼5% had three boundDNA
molecules.41 Although each 30 nm nanodot could accommodate
up to ∼30 streptavidins, each of which could anchor two
biotinylated DNAs, we found fewer than four DNAs on ∼85%
of the nanodots. We postulate that this fortuitously sparse
density of DNA results from a combination of an unfavorable
arrangement of the streptavidins at the surface and electrostatic
repulsion among DNA molecules during immobilization. In
particular, the unknown arrangement that biotin�thiols adopt
in a mixed SAM on a nanoscale substrate42 is likely responsible
for the limited number of streptavidins, and consequently DNAs,
anchored on each nanodot.

In order to demonstrate that the process presented here is
scalable, we monitored distinct biorecognition events on a single
biochip that was fabricated using a low-cost nanopatterning
technique. We coassembled two different 20 bp DNAmolecules,
one endonuclease-active and the other not, on a substrate
patterned by nanoimprint lithography,43 a lower-cost, higher-
throughput patterning technique. The PvuII-active DNA was
labeled with a RhodRed fluorophore, while the inactive DNA
(i.e., lacking the PvuII recognition site) was labeled with a Cy3 dye
molecule; in each case, the fluorophore was localized at the distal
end of the duplex. We coassembled the DNAs on a 50 μm �
50 μm array of 10( 2 nm Au/Pd nanodots spaced 200 nm apart
and fabricated by nanoimprint lithography43 (see Figure SI-7).

Multichannel epifluorescence microscopy imaging of the
resulting nanoarray enabled us to monitor the presence of the
two different DNAs coassembled on the same nanoarray, as
shown in Figure 5a,b: the RhodRed-labeled DNA was imaged in
the green channel and the Cy3-labeled DNA in the red channel.

The resulting nanoarray was then incubated with PvuII. Within
seconds of the addition of the enzyme, we observed a loss of
fluorescence for the PvuII-active DNA (green channel), as shown
in Figure 5c. We attribute this to DNA cleavage by the enzyme
and consequent loss of the fluorescently labeled segment of the
anchored DNA, similar to that shown in Figure 3. Notably, no
loss of fluorescence intensity was observed on the same nano-
array for the DNA lacking the PvuII recognition site and labeled
with the Cy3 fluorophore (red channel; see Figure 5d), consis-
tent with a lack of DNA cleavage by the enzyme. This proves that
our platform allows simultaneous monitoring of two distinct
biorecognition events on the same biochip (patterned via a low-
cost fabrication technique).

In summary, we have demonstrated the ability to control the
immobilization of biomolecules at surfaces in arrayed 30 nm
domains, minimizing nonspecific adsorption and allowing for the
parallel monitoring of specific protein�DNA binding events at
the single-molecule level. This also allowed us to determine the
average number of DNAmolecules immobilized on single 30 nm
dots: we found fewer than four DNAs on∼85% of the nanodots.
Notably, the overall strategy is highly general and can be utilized
to immobilize any biotinylated biomolecule for further studies.
By specific design of the biomolecular nanoarray, conventional
epifluorescence microscopy imaging can be used to record
hundreds of single-molecule events of biological interest simul-
taneously on a single biochip; to our knowledge, this is the first
time biological activity has been monitored on a nanoarray with
such high density and resolution (i.e., single-molecule investiga-
tions carried out in parallel). Furthermore, the fabrication
strategy can be easily scaled via nanoimprint lithography, a
lower-cost, higher-throughput patterning technique. In this con-
text, we have also shown that we can fabricate and biofunctio-
nalize arrays of ∼10 nm domains and that we can dynamically
monitor distinct biorecognition events on the same biochip. We
envision that the high density and resolution achievable with our
platform will find general application in high-throughput hetero-
geneous assays of a wide variety of biomolecular interactions.
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