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Nanofabrication tools such as electron beam[1–3] and scanning
probe lithography[4–9] can be used to fabricate nanostructures
with resolutions well beyond the capability of today�s most
advanced photolithography tools. A general drawback of
these direct-write techniques, however, is their slow writing
speed, prohibiting their direct exploitation in commercial
fabrication processes. Novel nanoprinting techniques such as
microcontact printing (mCP),[10, 11] nanoimprinting,[12] and
nanostencil lithography[13] could offer a practical solution to
this limitation, as they make it possible to replicate these
nanostructures in repetitive printing cycles, offering the
opportunity to produce complex nanostructures at low cost,
with otherwise unmatched resolution capabilities. So far, a
number of printing techniques have been developed that
exploit the specific affinity of molecular inks to stamp (i.e.,
print master) and print substrates.[10–15] The self-assembly of
alkanethiol monolayers on patterned poly(dimethylsiloxane)
(PDMS) elastomer stamps through hydrophobic interactions
and the transfer of these monolayers onto gold surfaces in
mCP is a classical example of such an affinity printing
method.[10, 11] When used in conjunction with chemically
patterned and topographically flat stamps, these methods
can afford excellent printing resolutions.[16] The concept of
printing has recently been extended from molecular mono-
layers to nanoparticulate monolayers.[17–22] Nanoparticles,
synthesized through controlled wet-chemical synthesis

routes, bear exciting optical, electronic, and magnetic proper-
ties often superior to those of lithographically defined
nanostructures.[23, 24] Methods that allow the integration of
these nanoparticle building blocks into functional devices are
of pivotal importance for the exploitation of their unique
properties. The ability to accurately place individual nano-
particles onto large surface areas will be a key requirement
towards their advanced applications such as plasmonic
structures for biosensors,[25] photovoltaic applications,[26] and
optoelectronic circuits.[27] Although several concepts have
been introduced to produce nanoparticle patterns by printing
techniques,[17–22] very few of those studies demonstrate the
feasibility of printing single nanoparticle arrays[21,22] and those
that do, provide limited variability of the pattern design or the
reusability of the nanopatterned stamps for multiple printing
cycles was not tested.

Herein, we present a novel affinity-based Gutenberg-style
nanoprinting approach for the production of custom-defined
nanoparticle assemblies through a repetitive printing process.
Electrostatic nanoparticle assembly and DNA-mediated
nanoparticle transfer are used to replicate nanostructures
fabricated by electron-beam lithography (EBL). Further-
more, the potential of printing nanofeatures with single-
nanoparticle resolution were explored and the nanoparticle
assembly and transfer efficiencies in repetitive printing cycles
were quantified.

A variety of print masters, consisting of gold nanopatterns
on silica-coated silicon (100) wafers, were produced to serve
as stamps. These were fabricated by a sequence of EBL, wet-
chemical etching, metal deposition, and lift-off processes.
Self-assembled monolayers were adsorbed onto the surface of
these print masters by exploiting the selective affinity of
silanes and thiols to silica and gold. First, polyethylene glycol
(PEG)-silane (see Scheme 1c) was used to passivate the silica
surface through a condensation reaction to block nonspecific
nanoparticle adsorption. Following the PEG-silane treat-
ment, a monolayer of SH-PEG-NH2·HCl (see Scheme 1c)
was deposited onto the exposed gold surfaces by gold–thiol
functionalization. Gold nanoparticles (40 nm diameter),
capped with a layer of negatively charged DNA strands
(DNA-AuNPs), were used as nanoparticle building blocks.

The principle of DNA-mediated Gutenberg-style nano-
printing is illustrated in Scheme 1a. A freshly prepared print
master (stamp) was exposed to a solution of DNA-AuNPs in a
buffered saline solution to allow for the electrostatic assembly
of the nanoparticles (step�1 ). Following the self-assembly
step, the stamp was removed from the DNA-AuNP solution,
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washed with ultrapure water, and dried in air (step�2 ). To
transfer the self-assembled AuNPs, the stamp was brought
into close contact with a gold-coated silicon (100) wafer (print
substrate), modified with complementary capture DNA, and
a pressure of 10 Ncm�2 was applied in the presence of a buffer
(step�3 ), allowing the particle DNA to hybridize with the
capture DNA on the print substrate (Scheme 1b). Subse-
quently, the pressure was released, yielding the print substrate
carrying a nanoparticle replica of the original EBL surface
nanopattern (step�4 ). The master was prepared for the
subsequent printing step through a sequence of UV–ozone,
PEG-silane, and SH-PEG-NH2·HCl treatments. A detailed
description of all fabrication, nanoparticle assembly, and
printing processes is provided in the Supporting Information.

Two test nanopatterns were used to study the self-
assembly and printing process described in Scheme 1. Pat-
tern A consists of a periodic array of lithographically defined
gold nanowires (Figure 1a). Single rows of DNA-AuNPs
specifically assemble on the top of these elevated gold
nanofeatures (Figure 1b). This is attributed to the electro-

static attraction[28,29] between the negatively charged DNA-
AuNPs[30] and the gold surface nanopatterns, to which the self-
assembled monolayer of SH-PEG-NH2·HCl confers a net
positive surface charge.[31] The atomic force microscope
(AFM) image shows that less than 1% of the immobilized
DNA-AuNPs adsorb to the sides of the nanowires or onto the
surrounding PEGylated silica surface. This can be rational-
ized in terms of a net negative surface charge, confined to the
surrounding silica surfaces at neutral pH,[32] directing the self-
assembly of the DNA-AuNPs onto the center of the elevated
gold nanowires and away from the silica surface.[33] Figure 1c
shows the successfully transferred DNA-AuNP lines, as well
as the typical grainy structure of the underlying evaporated
gold layer. The original line structure of the master substrate
is well replicated. The efficiency of transferring assembled
nanoparticles was calculated to be 89%. Pattern B consists of
a recessed gold nanostructure with negative surface features
in the shape of a linear array of six gold dots (Figure 1d). This
was obtained by introducing a wet-chemical etching step to
the master fabrication process (see the Supporting Informa-

Scheme 1. a) Outline of the printing process:�1 A gold-on-silicon nanopattern (master) is exposed to a solution of DNA-AuNPs to allow for their
electrostatic adsorption.�2 The print master is removed from the DNA-AuNP solution, washed, and dried.�3 To transfer the assembled
nanoparticles, the print master and print substrate are brought into close contact in the presence of a buffer and controlled pressure is applied.
�4 The pressure is released and the two substrates are separated from each other, yielding a DNA-AuNP array on the print substrate which
replicates the nanopattern on the print master. The print master is regenerated for the subsequent printing cycle. b) Cross-section diagram of a
DNA-AuNP located between the print master and print substrate during the printing step. The silica surface of the print master is passivated
through a condensation reaction with PEG-silane. The negatively charged DNA-AuNPs self-assemble onto the gold surface of the print master, to
which a self-assembled monolayer of SH-PEG-NH2·HCl confers a positive surface charge. During the printing process the complementary DNA
strands located on the nanoparticle (particle DNA) and print substrate (capture DNA) hybridize, binding the nanoparticle to the print substrate.
c) Chemical structures of surface-active compounds and DNA sequences.
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tion). The etching depth was chosen to be two to five
nanometers greater than the thickness of the subsequently
evaporated metal layers to produce slightly recessed gold
sites. This test structure was developed with the aim to design
adsorption sites that are tailored towards the adsorption of
individual nanoparticles in close vicinity to each other.[34] The
latter is crucial for a number of potential applications such as
plasmonic circuits that rely on the optical or electronic
interaction of neighboring nanoparticles. Figure 1e shows an
AFM micrograph of DNA-AuNPs assembled onto the
positively charged six-dot-line gold nanopatterns. The nano-
particles produce a good replicate of the underlying template
structure, with an average of 5.0 particles assembled in a
linear fashion onto each pattern. This could indicate that the
pitch of 55 nm chosen for the six-dot-line gold nanopattern
was slightly too small to accommodate the adsorption of six
nanoparticles.[34] Figure 1 f shows the printed pattern of the
AuNPs on the replica substrate, featuring an average of 3.8

nanoparticles per six-dot-line structures, corresponding to a
transfer yield of 76%. A similar transfer efficiency was
observed over the entire 1 � 1 mm2 area of the nanopattern,
consisting of more than thirty million individual adsorption
sites (see Figure S1 in the Supporting Information).

To validate the cyclic repeatability of the printing process,
a stamp that consists of a regular array of lithographically
defined gold nanodisks on a SiO2/Si(100) wafer (Pattern C,
see Figure 2a) was used continuously for a total of three
consecutive printing cycles. Representative AFM images and
a statistical analysis of the assembly and transfer yields are
shown in Figures 2 and 3. An AFM image of the stamp
following the surface functionalization with SH-PEG-
NH2·HCl and the subsequent immobilization of DNA-
AuNPs is shown in Figure 2b. The DNA-AuNPs specifically
adsorbed onto the functionalized gold surface, forming a
densely packed monolayer. Statistical analysis revealed that
an average of 9.9 AuNPs adsorbed onto each gold nanodisk.
Figure 2c shows the nanoparticle pattern after its successful
transfer to a print substrate. An average of 8.9 particles per
pattern were transferred during the printing process. The
stamp was then regenerated for the following printing cycle
by a subsequent dummy print, and UV–ozone, PEG-silane,
and SH-PEG-NH2·HCl treatments. The UV–ozone treatment
was vital for achieving high particle loadings in the subse-
quent self-assembly step (see Figure S2 in the Supporting
Information). The AFM images for the second and third
printing cycle (Figure 2d–i), along with the statistical data

Figure 1. Gutenberg-style printing of metal nanoparticle arrays. AFM
images of stamps before and after nanoparticle loading as well as the
printed nanoparticle arrays: a) Pattern A consisting of lithographically
defined gold nanowires deposited onto the flat surface of a silica-
coated wafer (nanowire height 6–8 nm, width 32 nm, length 20 mm,
spacing 200 nm; patterned area: 100 mm � 100 mm). b) Pattern A after
DNA-AuNP assembly from solution. c) Printed DNA-AuNP array
imaged on the print substrate, replicating the geometry of nano-
pattern A. d) Pattern B consisting of linear groupings of six slightly
recessed gold dots (“six-dot-line”) on a silica-coated silicon wafer (size
of each dot: 36 nm, center-to-center distance of two adjacent dots
(pitch): 55 nm, patterned area: 1 � 1 mm2). Each metal dot is depos-
ited into a small depression, fabricated by a wet-chemical etching step.
This results in a nanopattern that is topographically slightly recessed
(the top of the gold dots is located 2–5 nm below the wafer surface).
e) Pattern B after DNA-AuNP assembly from solution. f) Printed DNA-
AuNP array on the print substrate, replicating pattern B. See the
Supporting Information for more details on the stamp fabrication, self-
assembly, and printing process.

Figure 2. Representative AFM images of stamp and print substrates
over three consecutive print cycles. A stamp consisting of a silicon
wafer with a 110 nm thick silicon oxide layer, coated with a regular
array of gold nanodisks with a thickness and a diameter of 8 and
200 nm, was used to validate the cyclic repeatability of the printing
process shown in Scheme 1. For three consecutive print cycles AFM
images of the stamp prior to (a, d, g) and following (b, e, h) DNA-
AuNP loading are shown. Panel c), f), and i) show the printed
nanopattern on the print substrates resulting from each of the three
printing cycles. The center-to-center distance of adjacent gold disks is
400 nm.
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shown in Figure 3, reveal similar assembly and transfer yields
to the first printing cycle. Closely packed nanoparticle loading
and transfer efficiencies of 90, 86, and 99 %, respectively, were
observed for all three print cycles. Nonspecific adsorption of
the DNA-AuNPs onto the silica surface remained insignif-
icant over the three cycles. An average of less than one
nanoparticle per gold nanodisk remained on the stamp after
each printing cycle (see Figure S3 in the Supporting Informa-
tion). The transfer efficiency was much lower when print
substrates, modified with noncomplementary layers of DNA,
were used with an average of 5.0 DNA-AuNPs remaining on
each gold nanodisk after the printing process (see Figure S4 in
the Supporting Information). This confirmed that the specific
interaction of DNA strands between the assembled DNA-
AuNPs and the print substrate was essential to obtain high
transfer yields.

In conclusion, we have demonstrated the feasibility of a
novel affinity-based Gutenberg-style nanoprinting strategy
that uses chemically modified surfaces for the selective
adsorption and transfer of nanoparticles from a lithograph-
ically patterned master to a print substrate. Printing of 40 nm
gold nanoparticles from recessed and elevated nanostructures
was successfully demonstrated. Single lines of nanoparticles
and regular nanoparticle patterns with close to single-particle
resolution could be printed. These results are unmatched by

conventional mCP techniques which are limited to feature
sizes of around 150 nm as a consequence of the mechanical
properties of the elastomeric stamp and ink diffusion
issues.[13, 35] The use of topographically flat print masters and
the exploitation of inking and ink-transfer processes based on
self-assembly and molecular recognition are mainly respon-
sible for the improvement in printing resolution. High
nanoparticle loading and high transfer yields were observed
over three consecutive printing cycles, proving the potential
to use lithographically fabricated masters in continuous
printing processes. The integrity of the printed gold nano-
particle assemblies was not affected by either storage over
several months or treatment with UV–ozone for 30 min,
which was shown to remove the monolayer of surface-
confined DNA molecules (see Figure S5 in the Supporting
Information). The latter could make these patterns applicable
to a wider range of applications such as plasmonic biosensors
that require pristine metal nanoparticle arrays.[25]

This new pattern replication strategy combines the high-
resolution advantage of direct-write nanolithography tech-
niques with 1) the low-cost and high-throughput advantages
of nanoprinting techniques, 2) the programmability of DNA-
directed pattern transfer, and 3) the extraordinary materials
properties of chemically synthesized nanomaterials, into one
nanofabrication process. A number of challenges still lie
ahead, before nanoparticle printing techniques like that
described here can be exploited for the mass fabrication of
functional devices such as solar cells, plasmonic circuits, and
biosensors. Currently stamp regeneration between each
printing cycle is necessary to maintain high printing fidelity
over repetitive print cycles. We are currently exploring
alternative printing strategies based on flexible print sub-
strates. This should make it possible to achieve conformal
contact of stamp and print substrate at significantly reduced
pressures and reduce the impact of the printing process on the
integrity of the self-assembled monolayers (SAMs) pattern of
the stamp. Further optimization of the geometry of the single-
particle adsorption sites (Figure 1d), the mechanical property
of the stamp, the functionality of the surface, and particle-
confined SAMs are currently in progress, targeting the rapid,
quantitative assembly and transfer of single-nanoparticle
features over a large number of printing cycles. The concept
introduced here can be extended further by exploiting specific
DNA–DNA interactions rather than electrostatic interaction
for the assembly of nanoparticles onto the stamp. While this
would require careful balancing of the hybridization ener-
getics that prevail during nanoparticle loading and transfer, it
would also provide the full benefit of DNA-directed self-
assembly with its associated unlimited programmability of
nanoparticle loading and transfer.
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Figure 3. Nanoparticle loading and transfer yield (h). a) For each of
the three consecutive print cycles, the average number of self-
assembled (blue) and transferred (green) DNA-AuNPs for each gold
nanodisk was analyzed. The number of DNA-AuNPs remaining on the
stamp immediately after the printing process (gray) is also shown
(AFM images, see Figure S3 in the Supporting Information). b) Calcu-
lated transfer yield for DNA-AuNPs from the stamp to the print
substrate for each of the three printing cycles.
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