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Surface patterns of single-stranded DNA (ssDNA) consist-
ing of nanoscale lines as thin as 40 nm were fabricated
on polymer substrates for nanotechnology and bioaffinity
sensing applications. Large scale arrays (with areas up
to 4 cm2) of ssDNA “nanolines” were created on strept-
avidin-coated polymer (PDMS) surfaces by transferring
biotinylated ssDNA from a master pattern of gold
nanowires attached to a glass substrate. The gold nano-
wires were first formed on the glass substrate by the
process of lithographically patterned nanowire elec-
trodeposition (LPNE), and then “inked” with biotiny-
lated ssDNA by hybridization adsorption to a thiol-
modified ssDNA monolayer attached to the gold
nanowires. The transferred ssDNA nanolines were
capable of hybridizing with ssDNA from solution to
form double-stranded DNA (dsDNA) patterns; a com-
bination of fluorescence and atomic force microscopy
(AFM) measurements were used to characterize the
dsDNA nanoline arrays. To demonstrate the utility of
these surfaces for biosensing, optical diffraction mea-
surements of the hybridization adsorption of DNA-
coated gold nanoparticles onto the ssDNA nanoline
arrays were used to detect a specific target sequence
of unlabeled ssDNA in solution.

There are a multitude of very good reasons for fabricating
patterned DNA monolayers on surfaces. For example, patterned
DNA monolayers can be used to (i) create single-stranded DNA
(ssDNA) microarrays for DNA diagnostics and detecting gene
expression,1 (ii) generate ssDNA patterns for the adsorption of
multiple ssDNA-linked antibodies for the detection of protein
biomarkers,2 (iii) position DNA molecules at specific distances
and orientations for the formation of DNA nanomachines,3,4 and
(iv) deposit ordered DNA surface patterns for the sequence-
specific surface arrangement of DNA tiles for DNA computing
applications.5,6 A subset of these applications requires ssDNA
monolayer patterns that simultaneously contain nanometer scale

features and also span overall length scales of up to centimeters.
There are currently only a few serial deposition strategies such
as e-beam deposition methods7,8 or dip-pen nanolithography9 that
can make large scale nanopatterns, but the time required for any
serial deposition/fabrication process will naturally scale with the
overall size of the surface. One potential methodology that does
not have this limitation is the “mechanical transfer process”
developed by R. M. Crooks et al. to create replicas of DNA
microarrays on polymer (PDMS) surfaces from a master pattern
of ssDNA attached to a glass substrate.10-14 A similar transfer
process for two gold surfaces was developed by Stellacci et al.15,16

This method is a very fast, reproducible, and inexpensive process
for making multiple copies of large scale ssDNA patterns with
features on length scales down to 10 µm. In this paper, we use a
modified version of this master-replica transfer methodology of
Crooks et al. to create DNA patterns with nanometer-scale features
on PDMS substrates using master surfaces that consist of patterns
of gold nanowires on glass substrates. Nanolines of ssDNA as thin
as 40 nm can be created on PDMS substrates with total areas as
large as 4 cm2. A combination of scanning electron microscopy
(SEM), fluorescence, and atomic force microscopy (AFM)
measurements is first used to characterize the DNA nanoline
arrays. We then demonstrate that these nanoscale DNA
patterns can be used for surface bioaffinity sensing experiments
by detecting the simultaneous specific adsorption of ssDNA
target molecules and DNA-coated nanoparticles from solution
with optical diffraction measurements.

* To whom correspondence should be addressed. E-mail: rcorn@uci.edu.
(1) Schena, M.; Shalon, D.; Davis, R. W.; Brown, P. O. Science 1995, 270

(5235), 467–470.
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EXPERIMENTAL SECTION
Materials. 3-Aminopropyltriethoxysilane (APTES, Aldrich),

streptavidin (SAV, Thermo Scientific), amine-reactive biotin label-
ing reagents with polyethylene oxide spacer (NHS-PEO4-biotin,
Thermo Scientific), N-hydroxysuccinimidyl ester of methoxy-
poly (ethylene glycol) propionic acid MW 10 000 (mPEG-NHS,
Creative PEGWorks), polydimethylsiloxane (PDMS) curing
agent, and prepolymer (Sylgard 184, Dow Corning) were used
as received. Standard saline citrate (SSC, 20×, USB corporation)
was diluted to 2×. Five HPLC purified ssDNA sequences (Table
1) were purchased from Integrated DNA Technologies. A PBS
buffer (100 mM Na2HPO4, 0.3 M NaCl, 5 mM MgCl2, 1 mM
EDTA, adjusted to pH 7.4) was used for all DNA solutions.
Millipore water was used throughout.

Master-Replica Transfer Procedure. A few modifications
were made to the DNA microarray replication technique devel-
oped by Crooks et al.10-14,17 The first step is to create a
streptavidin coated PDMS surface. The PDMS substrate was cast
on polished Si wafers, cured, and then thoroughly cleaned by
sonication in ethanol and water. The PDMS surface was then
exposed to an O2 plasma at 200-250 mTorr for 30 s. (From
our experience, the PDMS surface is very sensitive to the
plasma conditions.) The PDMS surface was exposed to HCl
vapor by being placed face down above a 12 M solution for 1
min. Immediately following, the PDMS was exposed to APTES
vapor for 1 h in the same manner, however, in a vacuum
chamber. The amine-modified PDMS was then treated with a
2 mg/mL solution of NHS-PEO4-biotin in PBS buffer for 2 h
and then blocked with a 1 mg/mL mPEG-NHS in PBS buffer
for 1 h. The biotinylated PDMS surface was finally exposed to
a 0.1 mg/mL streptavidin solution in 0.1 M NaHCO3 buffer
(pH8.0) for 30 min.

The second step in the master-replica transfer process was to
“ink” the gold nanowire array master with biotinylated ssDNA.
The gold nanowire master was created by a novel electrodeposi-
tion process called “lithographically patterned nanowire elec-
trodeposition” or “LPNE” as described elsewhere.18,19 The gold
nanowire master was first exposed to intense UV light from a
mercury arc lamp for 15 min and then rinsed with ethanol and
water to remove any residual photoresist from the LPNE process.
The gold nanowire master was first exposed to a 250 µM solution
of 5′ thiol-modified T45 oligonucleotide denoted as D1-S (see

Table 1) for 4 h, rinsed, gently blown dry with N2, and then
exposed to a 10 µM 5′-biotinylated A30 oligonucleotide denoted
as D2-B for at least 2 h.

The third step in the master-replica transfer process is to
transfer the biotinylated oligonucleotide, D2-B, from the inked gold
nanowire master to the streptavidin-coated PDMS substrate. The
streptavidin-coated PDMS was thoroughly rinsed with water and
gently dried with nitrogen. The inked nanowire master was
immersed in 2× SSC for 1 min, briefly rinsed with water, and
gently dried with nitrogen. The streptavidin-coated PDMS surface
was placed in contact with the inked gold nanowire master by
applying a minimum amount of pressure ∼0.01 N cm-2, corre-
sponding to the weight of the PDMS alone. After 15 min of
contact, the PDMS replica was gently peeled off from the
master surface. The resultant ssDNA nanoline array on the
PDMS surface was thoroughly rinsed with water.

Fluorescence Measurements. The ssDNA (D2-B) nanoline
array on the PDMS surface was exposed to 1 µM solution of
complementary fluorescently tagged ssDNA, D1-F, for 15 min,
then immersed in 2× SSC for 1 min, and briefly rinsed with water.
For control experiments, a noncomplementary ssDNA, D3-F, was
used. Fluorescence images were taken on an inverted fluorescence
microscope Olympus IX71 and an Eclipse E800 with an oil
emersion lens (60×A/1.40 oil).

SEM and AFM measurements. Scanning electron micros-
copy (SEM) images were carried out using a Zeiss Ultra 55,
operated at 10 keV. All gold nanowire samples were sputter coated
before imaging to prevent charging. Atomic force microscopy
(AFM) imaging was performed in AC mode in air at ambient
pressure and humidity using a MFP-3D AFM (Asylum Research).
The AFM tips were silicon with an aluminum coating (AC160TS,
Olympus).

Diffraction Measurements. The ssDNA nanoline array on
the PDMS surface was exposed to 1 µM solution of ssDNA
denoted as DT and then to a 1 nM solution of ssDNA-coated gold
nanoparticles denoted as D4-NP. The detailed procedure of the
three sequence hybridization adsorption reaction was as described
elsewhere.17 Diffraction measurements were obtained using an
optical setup of a HeNe laser, a λ/2 plate, a polarizer, and a
monochrome CCD camera as described elsewhere.20 In TIR
geometry, a PDMS prism was coupled to the DNA nanowires
PDMS substrate with a refractive index of 1.43.

RESULTS AND DISCUSSION
Master-Replica Transfer Process. The master-replica trans-

fer process for creating nanoscale ssDNA patterns on PDMS
polymer substrates is shown schematically in Figure 1. The first
step is to create a large scale master pattern of gold nanowires
on a glass substrate. In a series of recent papers,18,19,21 we have
described a novel electrodeposition process for creating patterns
of metallic nanowires that we call “lithographically patterned
nanowire electrodeposition” or “LPNE”; the nanowires created by
LPNE can range in width from 500 nm down to 11 nm, and the
overall LPNE surface pattern can cover areas of up to wafer length
scale.21 For example, we have applied the LPNE methodology to(17) Sendroiu, I. E.; Corn, R. M. Biointerphases 2008, 3 (3), FD23–FD29.

(18) Menke, E. J.; Thompson, M. A.; Xiang, C.; Yang, L. C.; Penner, R. M. Nat.
Mater. 2006, 5 (11), 914–919.

(19) Xiang, C.; Kung, S.-C.; Taggart, D. K.; Yang, F.; Thompson, M. A.; Güell,
A. G.; Yang, Y.; Penner, R. M. ACS Nano 2008, 2 (9), 1939–1949.

(20) Halpern, A. R.; Nishi, N.; Wen, J.; Yang, F.; Xiang, C.; Penner, R. M.; Corn,
R. M. Anal. Chem. 2009, 81 (14), 5585–5592.

(21) Xiang, C.; Yang, Y.; Penner, R. M. Chem. Commun. 2009, (8), 859–873.

Table 1. DNA Sequences

symbol sequence

D1-S 5′-HS-(CH2)6-TTT TTT TTT TTT TTT TTT TTT TTT TTT
TTT TTT TTT TTT TTT TTT-3′

D2-B 5′-biotin-(CH2)6-AAA AAA AAA AAA AAA AAA AAA AAA
AAA AAA-3′

D1-F 5′-Cy3-(CH2)6-TTT TTT TTT TTT TTT TTT TT-3′
D3-F 5′-Cy3-(CH2)6-ACA CAT AAG CAC GAA CCA CT-3′
DT 5′-TGT GTC TGG ATT TCG TTA TGT GTC TGG ATT

TTT TTT TTT TTT TTT TTT TT-3′
D4-NP 5′-AAT CCA GAC ACA TAA CGA AAT CCA GAC ACA

TAA GCA CGA ACC GAA-(CH2)3-SH-3′
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create arrays of Au and Pd nanowires with unique optical
diffraction properties for biosensing applications.20,22 LPNE is used
in this paper to create an array of gold nanowires that are spaced
by approximately 5 µm; the LPNE process actually creates
nanowire arrays with a slightly asymmetric alternate spacing that
leads to a unique signature in the diffraction experiments.20 Figure
2a shows a representative SEM image of a portion of a 200 nm
gold nanowire array. (The total area was 1 cm2.) The inset in
Figure 2a shows a higher magnification SEM image of a gold
nanowire in the array; the grain structure of the electrodeposited
nanowires has been discussed elsewhere.21 The average nanowire
width of the arrays used in this paper was varied from sample to
sample in the range of 40-250 nm.

The second step in the master-replica transfer process is to
“ink” the gold nanowire array pattern with biotinylated ssDNA
molecules that will eventually be transferred to the PDMS
substrate. The biotinylated ssDNA molecules are attached to the
gold nanowires by hybridization adsorption to form DNA duplexes
with a monolayer of a thiol-modified ssDNA that was first
adsorbed onto the gold nanowires. (See Figure 1: the thiol-
modified ssDNA is denoted as D1-S, and the complementary
biotinylated ssDNA is denoted as D2-B.) The sequence and
chemical modfications of all DNA molecules used in this paper
are listed in Table 1. The adsorption of thiol-modified ssDNA onto
gold surfaces has been characterized by several research groups;
a typical ssDNA surface density is 4 × 1012 molecules/cm2, and
hybridization efficiencies of these ssDNA monolayers are
typically 80-100%.1,23 A 100% hybridization efficiency would

correspond to an average of 8000 D2-B oligonucleotides/
micrometer for a 200 nm gold nanowire.

The third and final step in forming the nanoscale ssDNA
pattern is to use a stamping process to transfer biotinylated ssDNA
molecules from the nanowire master surface to a streptavidin-
coated PDMS surface. Transfer of the D2-B molecules from the
nanowire array to the PDMS surface was accomplished through
the strong noncovalent binding of the D2-B biotin moiety to a
streptavidin monolayer on the PDMS. This biotin-streptavidin
interaction is much stronger than the hybridization energy of the
D1-D2 duplex. A monolayer of streptavidin was created on the
PDMS surface using a standard surface modification procedure
of sequential reactions with an aminosilane, NHS-biotin, and then
streptavidin. The streptavidin-coated PDMS surface and the inked
gold nanowire array master surfaces were first both briefly dried
with nitrogen and then placed in contact with each other for 15
min. Crooks et al. used pressures of approximately 1.4 N cm-2

for the mechanical transfer process, but we found for our
master-replica transfer process that any pressure above 0.5 N

(22) Yang, F.; Taggart, D. K.; Penner, R. M. Nano Lett. 2009, 9 (5), 2177–
2182.

(23) Chen, Y.; Nguyen, A.; Niu, L.; Corn, R. M. Langmuir 2009, 25 (9), 5054–
5060.

Figure 1. Schematic diagram of the master-replica transfer process
for creating nanoscale ssDNA patterns on PDMS polymer substrates.
The gold nanowire array master was “inked” by first exposing it to
thiol-modified ssDNA, D1-S, and then hybridizing with complementary
biotinylated ssDNA, D2-S, to create a dsDNA monolayer on the
nanowire surface (bottom left). A streptavidin-modified PDMS sub-
strate (top left) was placed in contact with the inked gold nanowire
array with minimum pressure. When peeled apart, D2-B was bound
to PDMS replica by the strong biotin-streptavidin interaction (top
right), leaving D1-S on the nanowire master (bottom right).

Figure 2. SEM image of a gold nanowire array master and
fluorescence image of DNA nanolines on PDMS replica. (a) A
representative large area scan showing a portion of gold nanowire
array with average spacing of 5 µm. The inset is a high-magnification
image of a single gold nanowire with an average width of 200 nm.
(b) A 60× fluorescence image of the PDMS replica surface obtained
after the master-replica transfer process and exposure to D1-F, a
fluorescently labeled ssDNA complementary to D2-B. The inset is a
schematic diagram of the replica surface.
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cm-2 resulted in the indentation of the PDMS substrate and
even some transfer of gold nanowires to the PDMS. The
efficient transfer of biotinylated ssDNA molecules (D2-B)
without indentation or nanowire transfer was observed for
pressures as low as 0.01 N cm-2. After 15 min, the PDMS
replica was gently peeled off from the master surface (see
Figure 1). Finally, the resultant ssDNA nanoline array on the
PDMS surface was rinsed thoroughly with Millipore water to
remove any thiol-modified ssDNA molecules (D1-S) that were
accidentally transferred in the stamping process along with the
D2-B molecules. In order to faithfully replicate the pattern on the
nanoscale, there should be no visible liquid between the PDMS
and the nanowire interface when brought into contact; If contact
is made under wet condition as described by Crooks et al.,
fluorescence images showed indistinct, blurry nanolines, possibly
due to diffusion of D2-B from a partial denaturation of DNA duplex
in aqueous solution. For convenience, we show data from poly(T)
and poly(A) oligonucleotides in this paper, but we have also
successfully used other sequences containing all four bases.

Fluorescence Hybridization Adsorption Measurements.
The sequence-specific adsorption of complementary ssDNA
molecules onto the ssDNA nanoline patterns created by the
master-replica transfer process was characterized with a series
of fluorescence microscopy measurements. Nanoline arrays
formed by the attachment of biotinylated ssDNA (sequence D2-
B) onto streptavidin-coated PDMS surfaces were exposed to
phosphate buffer solutions that contained fluorescently labeled
ssDNA (either complementary ssDNA D1-F or noncomplementary
ssDNA D3-F). After 15 min, the PDMS replica was rinsed with
buffer and examined with a fluorescence microscope. Figure 2b
shows a typical 60× fluorescence image of the PDMS surface
obtained after exposure to complementary ssDNA D1-F; exposure
to the noncomplementary ssDNA D3-F resulted in no observable
fluorescence in the image. Lines of fluorescence spaced by
approximately 5 µm with an overall morphology very similar to
the gold nanowires seen in the SEM data (Figure 2a) are clearly
observed in the image. These fluorescence measurements confirm
that (i) biotinylated ssDNA was indeed transferred from the gold
nanowires to the PDMS substrate and (ii) the transferred ssDNA
nanolines were able to hybridize with ssDNA to form double
stranded DNA (dsDNA) monolayers.

The gold nanowire master surface could be reinked and used
again to create either additional PDMS surfaces or more complex
nanoscale DNA patterns. Figure 3a shows the 20× fluorescence
image from a PDMS substrate that was stamped twice in
perpendicular directions and then exposed to complementary
ssDNA. A dsDNA pattern of two sets of nanolines clearly fills the
entire fluorescence image; in fact, this high fidelity dsDNA
nanoscale pattern was observed for virtually the entire sample
surface. The fluorescence intensity observed from the second
stamping (after reinking) was slightly (4.0 ± 1) % less than the
first stamping. In a separate experiment, the fluorescence from
replicas obtained by stamping after reinking a single master once
and twice were observed to be (3.5 ± 1) % and (7.3 ± 1) % less
than the original replica (data not shown). In principle, multiple
stampings with different nanowire master surfaces can be used
to create arbitrarily complex ssDNA and dsDNA nanoline
structures.

The integrated fluorescence signal from a nanoline could be
used to ascertain its relative width. Of course, the widths of the
nanolines in the fluorescence images are limited by the optical
resolution of the microscope. However, if the fluorescence profile
across the width of a nanoline was integrated to give a value of
the total fluorescence, this integrated fluorescence was observed
to vary systematically with the width of the gold nanowire, even
for nanowires as thin as 40 nm. Figure 3b shows two representa-
tive line profiles of dsDNA nanolines stamped from two different
master gold nanowire widths: 170 and 40 nm. The integrated
fluorescence values from five line profiles including the two
mentioned above are shown in the inset of Figure 3b. This inset
graph clearly shows a linear relationship between the integrated
fluorescence intensity and the master gold nanowire width over
the entire range from 40 to 250 nm. This linear relationship
demonstrates that the number of adsorbed ssDNA molecules in
the ssDNA nanolines could indeed be controlled by the width of
the gold nanowires in the master pattern and strongly suggests
that the width of the nanolines on the replica surface match the

Figure 3. Fluorescence image and fluorescence measurements. (a)
A 20× fluorescence image of a PDMS replica that was stamped in
perpendicular directions and then exposed to fluorescently labeled
complementary ssDNA, D1-F. (b) Two representative line profiles of
the fluorescence intensity that were obtained from two different
samples of dsDNA nanolines created from masters with average
nanowire width of 40 and 170 nm. The inset plot is the integrated
fluorescence intensity of line profiles obtained from five different
samples of dsDNA nanolines created from masters with gold nanowire
widths varying from 40 to 250 nm. The widths of the master gold
nanowires were obtained by SEM measurements. (Note: 10 pixels
in the fluorescence image ≈1.6 µm.)
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width of the gold nanowires on the master surface. Similar
measurements of the total integrated fluorescence from optical
images to ascertain the properties of suboptical surface features
have been used previously in single molecule fluorescence
measurements.24

AFM Measurements. Although the fluorescence data un-
equivocally demonstrates the successful fabrication of ssDNA
nanoline replica patterns, we also wish to establish the physical
dimensions of the transferred DNA relative to those of the metal
nanowire “masters”. Atomic force microscopy (AFM) was used
for this purpose (Figure 4). The limitation of AFM is that, although
it accurately measures the height of the gold nanowires and the
transferred DNA, the apparent widths of these nanostructures are
artificially broadened because of the convolution of an AFM tip
of unknown shape.25-27 The AFM image of the master gold
nanowire arrays and the height profile of a single gold nanowire
(Figure 4a,b) show the nanowires have a height of 80 nm and an
average spacing of 5 µm, just as seen by SEM (Figure 2a). The
AFM image of dsDNA nanolines on the PDMS replica surface
obtained after the master-replica transfer process and hybridization
with D1-F is shown in Figure 4c, and the representative height
profile of a single dsDNA nanoline shows the transferred DNA
nanolines have an average height of 4.50 ± 0.2 nm on the surface
(Figure 4d). The characteristic line spacing pattern seen for the
gold nanowires (Figure 4a) is faithfully reproduced in the DNA
nanolines (Figure 4c). The measured height of the transferred
DNA of 4.5 nm height is less than the 9 nm expected from a full
monolayer of hybridized 30mer dsDNA; this suggests that not all
of the biotinylated ssDNA on the gold nanowire is transferred to

the replica surface. Indeed, multiple stamped replicas could be
created from a single inked gold nanowire master;13,14 however,
fluorescence measurements showed that the first stamped replica
always had significantly more transferred ssDNA.

Optical Diffraction Measurements. As a demonstration of
how these ssDNA nanoline arrays can be applied to bioaffinity
sensing, optical diffraction patterns were used to detect the
hybridization adsorption of unlabeled ssDNA target molecules in
solution. For these experiments, a 50mer target ssDNA in solution
(sequence DT in Table 1) was observed by a three sequence
hybridization adsorption reaction in which the target ssDNA (DT)
simultaneously hybridized to a 20mer ssDNA nanoline array (D2-
B) and to a 30mer ssDNA sequence attached to a 13 nm gold
nanoparticle (D4-NP) to form the surface structure shown
schematically in Figure 5a. The surface grating used in the
diffraction measurements consisted of an array of 230 nm ssDNA
nanolines that were spaced by an average of 5 µm. This grating
was placed in contact with a PDMS prism as shown in Figure 5b,
and diffraction was observed from a 633 nm HeNe laser that was
incident on the surface in total internal reflection (TIR) geometry
at Brewster’s angle for the PDMS-air interface (35.0°). The
presence of DNA-coated gold nanoparticles adsorbed onto this

(24) Muller, J. D. Biophys. J. 2004, 86, 3981–3992.
(25) Allen, M. J.; Hud, N. V.; Balooch, M.; Tench, R. J.; Siekhaus, W. J.; Balhorn,

R. Ultramicroscopy 1992, 42-44, 1095–1100.
(26) Markiewicz, P.; Goh, M. C. J. Vac. Sci. Technol., B 1995, 13 (3), 1115–

1118.
(27) Thundat, T.; Warmack, R. J.; Allison, D. P.; Bottomley, L. A.; Lourenco,

A. J.; Ferrell, T. L. J. Vac. Sci. Technol., A 1992, 10 (4), 630–635.

Figure 4. AFM images and measurements. (a) AFM image of a
master gold nanowire array at low and high (inset) magnification and
(b) a representative height profile of a single gold nanowire. (c) AFM
image at low and high (inset) magnification of dsDNA nanolines on
the PDMS replica surface obtained after the master-replica transfer
process and hybridization with D1-F and (d) a representative height
profile of a single dsDNA nanoline.

Figure 5. Optical diffraction measurements of the hybridization
adsorption of DNA-coated gold nanoparticles onto the ssDNA nano-
line arrays. (a) Schematic diagram showing a three sequence
hybridization adsorption reaction in which the target 50mer ssDNA,
DT, simultaneously hybridized to a 20mer ssDNA nanoline array (D2-
B) on PDMS replica and to a 30mer ssDNA sequence attached to a
13 nm gold nanoparticle (D4-NP). (b) The nanoparticle-DNA grating
on PDMS was placed in contact with a PDMS prism, and diffraction
was observed from a 633 nm HeNe laser that was incident on the
surface in TIR geometry at Brewster’s angle for the PDMS-air
interface (35.0°). (c) Diffraction intensity line profile (red) observed
after exposing the PDMS grating surface to a 1 µM sample of the
target ssDNA, followed by a 1 nM solution of ssDNA-coated gold
nanoparticles. The blue curve corresponded to the line profile of the
control experiment that was repeated without the target sequence
DT.
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grating surface resulted in a strong optical diffraction signal.17

The results of the diffraction measurements are shown in Figure
5c; the red trace in the figure is the intensity of the laser light
scattering observed in reflection from the PDMS prism after
exposing the grating surface to a 1 µM sample of the target
ssDNA, followed by a 1 nM solution of ssDNA-coated gold
nanoparticles. Three features stand out in the reflectance data from
the grating: (i) a strong specular reflection peak at an output angle
equal to the incident angle, (ii) a weak diffuse background due
to scattering from imperfections in the PDMS that resulted in a
broad peak at the PDMS-air critical angle (44.4°), and (iii) a
series of diffraction peaks (where m ranges in value from +6 down
to -7) at various angles due to the hybridization adsorption of
the DNA-coated nanoparticles. The alternating intensities of the
diffraction peaks follow the same pattern as those observed
previously from gold nanowire arrays20 and are due to the
alternating line spacing of 5 ± ∆ µm that occurs in the gold
nanowire array on the master surface where ∆ ) 0.25 µm as
obtained from SEM measurements. Note that the intensities of
the diffraction peaks in Figure 5c increase at output angles equal
to or greater than the critical angle; this has also been observed
previously in the diffraction patterns from gold nanowire arrays.20

The amount of TIR enhancement depends on the ratio of the
refractive index of the prism and the adjacent medium (air, in
this case); replacing PDMS with a higher refractive index polymer
should result in greater TIR enhancement of the diffraction. As a
control experiment, we repeated the diffraction measurements
without the DT sequence present in solution, and no diffraction
peaks were observed. The blue curve in Figure 5c corresponds
to the reflection data from this control experiment; only a specular
reflection peak and the diffuse background scattering are evident.
Any nonspecific adsorption of nanoparticles onto the PDMS
surface did not result in diffraction; this is an inherent advantage
of all diffraction-based biosensing methods.

In this initial demonstration, the ssDNA target concentration
was 1 µM. We can estimate the ultimate sensitivity of the
nanoparticle-enhanced diffraction detection method by measuring
the lowest measurable surface coverage of target ssDNA. At very
low concentrations, the relative surface coverage (θ ) Γ/ΓMax)
is linearly related to the solution concentration C by θ ) KAdsC,
where KAds is the Langmuir adsorption coefficient.23 We can
estimate a limit of detection for target DNA concentration in
solution (CLOD) from the lowest detectable surface coverage
θmin: CLOD ) θmin/KAds. From previous papers, we can obtain a
θmin of 10-3 for SPRI28 and 10-5 for nanoparticle-enhanced

diffraction.17 For a Langmuir adsorption coefficient of 109 M-1,
this corresponds to a CLOD of 1 pM and 10 fM, respectively.

CONCLUSIONS
In this paper, we have shown that nanoscale ssDNA patterns

can be created on PDMS substrates by a master-replica transfer
process from a LPNE nanowire pattern on glass substrates.
Creating nanoscale patterns of metal nanowires on micrometer
or even centimeter length scales by LPNE has previously led to
a number of new devices and measurements.20,22 Using this new
transfer process, nanoscale patterns can now be constructed
completely from ssDNA, and more complex nanoscale ssDNA
surface patterns can be created using multiple stamps on a single
surface. These nanoparticle-enhanced diffraction measurements
can be multiplexed in two ways: first, by creating an array of spots
(the laser spot size is less than 1 mm2), and second, by creating
multiple diffraction patterns in one spot. (For example, two
orthogonal DNA nanoline arrays in one spot can be used to
detect two different sequences via diffraction patterns in two
orthogonal directions.)

In addition, the total quantity of transferred ssDNA per unit
length in these nanolines is directly proportional to the width of
the gold nanowires in the master surface. As the thickness of the
gold nanowires is reduced to 100 nm or below, they start to match
the length scale of single DNA molecules. (For example, a 1 KB
dsDNA molecule has a length of approximately 300 nm.) As a
first, very simple demonstration of the utility of this ssDNA
nanoline fabrication process, we have created a ssDNA nanoline
grating and then used optical diffraction measurements to detect
unlabeled ssDNA target molecules in solution. The detection of
ssDNA by measuring the diffraction from nanoparticle-decorated
nanoline gratings is only a first example of how to use these
nanoscale patterns. In the future, we intend to extend the transfer
process to other biomolecules (e.g., antibodies, peptides) and we
will use bioaffinity interactions with these surfaces to incorporate
proteins, viruses, and even cells into the nanoscale patterns.
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