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We demonstrate the powerful combination of dip-pen nanolitho-

graphy (DPN) performed on non-flat plasmonic gold surfaces

and subsequent detection by surface enhanced resonance Raman

scattering (SERRS).

Dip-pen nanolithography (DPN),1 is a versatile technique in

which a scanning probe microscope tip can be used to deliver a

material (‘‘ink’’) to a surface via a water meniscus. DPN allows

controlled deposition of a wide range of materials such as (but

not limited to) alkyl thiols,1 silazanes,2 Au(III) complexes3 and

nanoparticles.4,5 The size of the feature being written is related

to a complex interaction between the tip, ink, meniscus and

surface.6 Development of the technique has allowed Mirkin

and co-workers to report direct7 and indirect8 writing of

biological materials onto suitable surfaces to form highly

structured arrays. Because the feature sizes produced by

DPN are so small (potentially down to 15 nm), detection of

biological interactions is often achieved by atomic force

microscopy (AFM) or, as is most common in the case of

DPN-directed DNA arrays, fluorescence.9 However, surface

enhanced resonance Raman scattering (SERRS) potentially

offers a number of significant advantages over conventional

fluorescence detection.

SERRS is a highly sensitive spectroscopic technique that has

been used in an increasing number of applications in biodiag-

nostics including novel gene probes,10,11 and DNA detection.12

The technique is flexible and with controlled chemistry can be

performed using longer, biologically compatible, wavelengths of

excitation (lex) either in solution,13 or on nanostructured plas-

monic gold surfaces.14 When considering the simultaneous

detection of multiple targets, it is significant to note that a large

proportion of the overall enhancement derives from the addi-

tional ‘resonance’ with the molecular chromophore. This is a

major advantage of the technique, when applied in a real assay,

as a number of characteristic bands within each dye class are

enhanced to a greater extent than other materials in the

matrix.15,16 The characteristic narrow SERRS lines (B0.5 nm

width) have the potential to form the basis of a highly effective

multiplexed analysis from a single excitation source. A further

advantage of SERRS is that the excitation wavelength can be

selected anywhere in the optical range and wavelength selectivity

can be observed using combinations of reporter dyes.17 A

number of effective SE(R)RS substrates have been reported in

recent years, including those fabricated by nanosphere lithogra-

phy,18 silver metal island films19 and nanostructured gold

surfaces.20,21 Herein, we demonstrate for the first time the

powerful combination of DPN on non-flat surfaces and SERRS,

highlighting the potential to generate high density biosensor

arrays.

The method presented is synergic in that the high specificity,

sensitivity and speed of the SERRS technique is complemen-

ted by the high spatial precision and scalability of DPN onto

high density three-dimensional micro- and nanostructured

plasmonic gold surfaces. The fact that the SERRS spectrum

from each reporter dye is so distinct and retains a quantitative

response when overlaid means that active features can poten-

tially be placed in high spatial (sub-diffraction limit) proximity

by DPN, thus maximising the array density. Using simple,

cheap optics this is an ability of SERRS that is very difficult to

replicate using molecular fluorescence or quantum dots.

Oligonucleotides modified with 50-dye labels, previously

reported to be strongly SERRS active,13,14 were directly

patterned onto nanostructured gold surfaces (Fig. 1A) by

DPN. 30-Thiol or thiotic acid and 50-dye modified oligo-

nucleotides were delivered to the surface using diving board

type probes (max k = 0.041 N m�1) a carrier fluid and a

microfluidic inkwell system.w The carrier fluid method is

important as it allows a wide variety of biological materials

to be patterned that would otherwise be difficult to deposit

using DPN tips. High density writing was achieved by raster-

ing at 0.5 Hz in an area 0.6 � 0.6 mm centred in single

microwell of width 1.3 mm (Fig. 1B). The SERRS spectra

and map obtained are shown below in Fig. 1C–D. The spectra

of each dye label are identical matches to those reported

previously using silver and gold nanoparticles as the enhancing

surface.13 Typically between 600–2000 counts per second were

obtained at 632.8 using short accumulation times (1 s) and low

laser power (B0.6 mW at 0.75 NA) resulting in an ‘‘active’’ to

‘‘blank’’ pixel ratio of about 70 : 1. The intensity of the

response depends, to some extent, on the degree of interaction

between the molecular chromophore and the surface plasmon

modes resonant in the red and near infrared (NIR).14,21

Similar signal strengths were obtained when arrays were

patterned by means of fast piezo drops to the centre of each

well with minimum dwell times at the surface. The limits of

detection in each case were found to be similar to or better

than those reported previously where 1 � 10�11 M solutions of

Cy7 labelled target strands could be recorded using 785 nm

lex.
14 This optimal enhancement in the near infrared is under-

standable as this type of surface has a broad plasmon reso-

nance in this region.21 Parallel multi-pen alignment and
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writing was achieved by contact mode AFM imaging at tips at

either end of the pen array, thus alignment could be performed

by rotation relative to the very regular surface features.

The DPN technique has been shown to be massively scal-

able with the recent report of 55 000 pens arranged in a

2D-array.22,23 Therefore, any complementary spectroscopic

technique would need to be performed both with sufficient

sensitivity and speed in order to read the large number of small

array pixels within a reasonable timescale. Spectra in this case

were obtained using a Streamlinet mapping stage, charge

coupled device (CCD) and an InVia Raman microscope

system (Renishaw, UK). The line mapping system operates

by line focussing the laser and rastering vertically across the

sample, simultaneously collecting multiple spectra across the

CCD area. Using a 42 CCD line setup it was possible to

acquire spectra at B16 Hz from the surface of the nanostruc-

tured gold surface with sufficient sensitivity to identify the

target dye. The laser power in SE(R)RS point mapping or

confocal scanning is often attenuated to avoid sample damage

to the monolayer or photo-degradation of the reporter dye.

However, DPN and readout by fast line mapping allows the

laser to be deployed more efficiently, illuminating a wider area

(30–60 times as many active pixels) with a correspondingly

lower surface power density.

The ability of DPN to pattern features that complement the

spectroscopic collection geometry allowed the lateral resolu-

tion and detection speed to be optimized. DPN patterning of

broad lines, 3 mwells wide (Fig. 2A), enabled the rapid

identification of adjacent targets by scanning orthogonally in

a SERRS ‘‘bar-code’’. In this example scan rates of 16–32 Hz

(lines per second) were obtained, although the high signal to

background ratio means that significantly faster scanning rates

could be achieved, potentially up to 350 Hz. An example

SERRS false-colour image using Cy3.5 and Cy5 labelled

oligonucleotides is shown in Fig. 2B. Patterning long, narrow

lines also removes the need for complex sample alignment with

the reader in a manner broadly analogous to a supermarket

checkout scanner, further increasing the throughput of the

combined technique.

Fig. 1 SEM micrographs of (A) Klaritet nanostructured gold surface (25 M mwells cm�2), (B) AFM tip interaction with surface. (C) SERRS

spectra obtained from ROX and Cy3.5t dye-labelled oligonucleotide sequences written (1 � 1 mm area) into single well [1 � 1 s, lex = 632.8 nm,

0.6 mW]. (D) SERRS map of single Cy3.5 oligonucleotide pixel (false colour map over white light image), showing signal (at 1280 cm�1) from only

one pixel (1.3 mm per map pixel).

Fig. 2 (A) Representation of DPN line writing. (B) Dual overlaid

Streamlinetmapping images recorded orthogonally to broad DPN lines

drawn onto Klarite. Image consists of overlaid false colour maps with

the intensity based on 1370 cm�1 (Cy3.5t, ) and 1600 cm�1

(Cy5t, ) integrated peak area to base line. Recorded and processed

at 16 Hz (spectra per second).
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To demonstrate the practicality of the combined DPN-

SERRS method a DNA detection experiment using an 18

base region of a sequence coding for a Chlamydia trachomatis

target probe was performed (Fig. 3). Two independently

modified complements to the Chlamydia target were obtained,

one is a 12mer modified at the 30-end with a disulfide surface

attachment moiety14 and a triple ‘‘A’’ spacer, suitable for

DPN. A triple ‘‘A’’ region was added to the 30-end of the

sequence as a spacer to remove the active probe region from

the gold surface. After lithography of the capture strand and

removal of the ‘‘Just Add DNA’’ carrier fluid, the surface was

passivated with triethylene glycol mono-11-mercaptoundecyl

ether to prevent nonspecific binding of the disease target

sequence or the dye-labelled complement. Only in the presence

of the Chlamydia target, immobilised by the capture sequence,

would the dye labelled complement hybridise and thus provide

a reporter for SERRS detection. The signal levels were

43000 : 1 and show good reproducibility from pixel to pixel

(RSD o5%, with 99 of data points falling within �1.96 s of

the mean).w Significantly, the spectral contrast is very high

with no trace of the reporter dye detectable in the ‘‘blank’’

regions that had also been exposed to identical hybridisation

materials and conditions.

In conclusion, we have shown how DPN performed on non-

flat plasmonic gold surfaces can be used to selectively create

SERRS active DNA array pixels in a relatively simple manner.

Very high information density and depth can be obtained by

embedding multiple reporter dyes within the same sub-diffraction

limit area. Careful tuning of the surface chemistry and spectro-

scopic conditions enable the most sensitive results to be gained

from this combined method. The generation of high efficiency

SERRS from the surface translates directly into the fast acquisi-

tion times demonstrated in this work that will ultimately make

sensitive reproducible nanoarrays a practical reality.
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Fig. 3 (A) (i) SERRS spectra (4 � 4 microwells) from active area

after hybridisation of disease target probe and dye labelled comple-

ment oligonucleotide (Cy5t). (ii) Spectra recorded from adjacent

blank region. [1 � 1 s, lex = 632.8 nm, 0.6 mW, 0.75 NA, levelled

and set to zero]w. (B) Oligonucleotide sequences used. (C) (i) 30

Disulfide modification to capture oligonucleotide. (ii) PEG-passivator.
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