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Both curiosity and a desire for efficiency have advanced our ability to manipulate materials with
great precision on the micrometer and, more recently, on the nanometer scale. Certainly, the semi-
conductor and integrated circuit industry has put the pressure on scientist and engineers to develop
better and faster nanofabrication techniques. Furthermore, our curiosity as to how life works, and
how it can be improved from a medical perspective, stands to gain a great deal from advances
in nanotechnology. Novel nanofabrication techniques are opening up the possibilities for mimicking
the inherently nano-world of the cell, i.e., the nanotopographies of the extracellular matrix (ECM)
and the nanochemistry presented on both the cell membrane and the ECM. In addition, biosensing
applications that rely on fabrication of high-density, precision arrays, e.g., DNA or gene chips and
protein arrays, will gain significantly in efficiency and, thus, in usefulness once it becomes possible
to fabricate heterogeneous nanoarrays. Clearly, continued advances in nanotechnology are desired
and required for advances in biotechnology. In this review, we describe the leading techniques for
generating nanopatterns with biological function including parallel techniques such as extreme ultra-
violet interference lithography (EUV-IL), soft-lithographic techniques (e.g., replica molding (RM) and
microcontact printing (wCP)), nanoimprint lithography (NIL), nanosphere lithography (NSL) (e.g.,
colloid lithography or colloidal block-copolymer micelle lithography) and the nanostencil technique,
in addition to direct-writing techniques including e-beam lithography (EBL), focused ion-beam lithog-
raphy (FIBL) and dip-pen nanolithography (DPN). Details on how the patterns are generated, how
biological function is imparted to the nanopatterns, and examples of how these surfaces can and
are being used for biological applications will be presented. This review further illustrates the rapid
pace by which advances are being made in the field of nanobiotechnology, owing to an increasing
number of research endeavors, for an ever increasing number of applications.
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microbiochemical assays.!?'* Furthermore, in the fields

of biology and implantology, fundamental studies of cell-
surface and cell-extracellular matrix interactions have also
benefited from micropatterned surfaces by which control
over adhesion ligand presentation (type, density, and spatial
distribution), cell geometry, and local substrate compliance
have been shown to affect cell behavior.”>"'® In addition,
micropatterns have been used to guide cell growth with
application for neuronal implants, in-vitro neural networks
and other tissue engineering applications.'*

1.2. Motivations for Going Nano

However, much as the semiconductor industry is not satis-
fied with the density of devices attainable for integrated
circuits using microfabrication and as they are now seek-
ing out new methods for nanofabrication, biotechnology,
and fundamental biology also stands to gain significantly
by ‘going nano’. The advantages for gene-chips and other
biosensors are much the same, namely an increase in aerial
density of the probe materials, be it DNA or otherwise,
by several orders of magnitude.?>?* In this way, screening
a correspondingly larger number of targets, or the same
number of targets from smaller sample volumes, becomes
possible. In fact, nanoarrays could enable screening the
entire human genome on a single chip measuring 2 x 2 cm?
of 150 nm spot sizes, versus 10000 of today’s state of the
art chips with 20 um spot sizes.”

Nanofabrication also promises to enhance our abil-
ity to understand the fundamentals of cell behavior by
mimicking the inherently nano-world of the cell from
the nanotopographies of the extracellular matrix (ECM)
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to the nanochemistry presented on both the cell mem-
brane and the ECM. As the size of features produced by
nanobiotechnology approaches the length-scale of nature’s
individual building blocks, i.e., the size of proteins, novel
questions can be asked and new tools arise to address
them. At the nanoscale, chemistry and topography are
inherently inseparable since proteins use both to interact
with each other and to form supramolecular complexes via
spatially distributed, multivalent interactions commonly
referred to as lock and key mechanisms. Indeed, both
nanoscale topography?~2% and chemistry?*° have already
been shown to affect cell behavior.

Additionally, nanofabrication of nanoelectrode arrays is
being pursued in the field of neuronal electrophysiology
in order to increase sampling capabilities.>' Nanoelectron-
ics combined with the ability to control single molecules
on the nanoscale will also enable further development in
the field of molecular electronics.’*** Furthermore, stud-
ies of single biomolecules, ranging from DNA to proteins
and enzymes, will be advanced significantly through the
ability to immobilize single molecules onto nanopatterns
with micron spacing, thereby making them amenable to
microscopy based detection, wherein fluorescence is most
commonly used to study conformational studies and single
binding events.

1.3. Concept of Nanobiopatterning

In moving fabrication from the micron to the nanorange,
it has become clear that new techniques are required
since the conventional technique for microfabrication, i.e.,
photolithography is constrained by the diffraction limit of
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light. Correspondingly, a vast number of new technologies
are being explored as candidates for nanoscale patterning
platforms.?* 340 Furthermore, in adopting any technology
from the realm of silicon to the realm of proteins and other
biomolecules, many aspects of the technique need to be
modified, such as working with the aqueous environment
that accompanies biology.>4!-4?

The vast majority of biological interactions are based on
highly selective and specific interactions. In contrast, un-
controlled, non-specific interactions are usually the cause
of device-failure in a biological environment. For exam-
ple, the rejection of an implant due to immune reactions,
the short circulation time of drug-delivery particles, and
the false response of biosensors are often caused by the
non-specific adsorption of proteins. As such, incorporat-
ing chemical contrast onto the surface for applications in
biotechnology requires the ability to define areas of spe-
cific interactions in a non-interacting background. Biology
chose a combination of lipids, sugars, and proteins (i.e.,
the cellular membranes) as the non-interactive, mobile, and
highly hydrated surface at which most bioprocesses take
place. Although several groups have managed to mimic this
strategy using lipid based micro- and nanopatterns,**7 it
remains, at present, that approaches utilizing the excellent
protein resistant properties and stability of poly(ethylene
glycol) (PEG) coatings are generally more compatible with
the processing steps of current nanotechnology methods.
Various techniques exist to attach PEG to surfaces, e.g.,
using end-grafting methods,*®*° block copolymers such as
pluronics,’® self-assembled monolayers,’ interpenetrating
networks,> and the spontaneous adsorption of polyelec-
trolyte grafted PEG.*

After eliminating the non-specific interactions with a
surface, different nanopatterning methods can be used
to introduce selected biofunctionalities onto well defined
spots of the substrate, in an otherwise ‘silent’ background.
Proteins, DNA, sugars, or short peptide sequences are
commonly introduced onto surfaces to elicit specific cel-
lular responses or to capture specific ligands from a com-
plex biological sample. The nanobiopatterning methods,
discussed in the next sections, aim to control the location,
distribution, orientation, and conformation of these bioli-
gands on the nanometer scale. It should be noted that, for
the purpose of this review, we shall refer to nanobiotech-
nology as a field wherein the tools of nanotechnology
are used to create biofunctional nanopatterns for biologi-
cal applications. The inverse field of bionanotechnology in
which biology is used to create nanopatterns, generally for
inorganic applications, although very interesting in its own
right, is beyond the scope of this review. For a discussion
of topics in bionanotechnology, the reader is referred to
the following references.> %

1.4. Content of this Review

Therefore, the aim of this review is to outline the
most promising techniques of nanofabrication that are
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being developed for biological applications. We distinguish
between parallel and serial approaches of nanofabrication,
whereby the former enables the fast production of a large
number of samples and can be used over large surface
areas (parallel nanopatterning techniques, Section 2), while
the latter techniques, though slower, often offer greater
control and smaller feature sizes (serial nanopatterning
techniques, Section 3). Often, so called top-down tech-
niques are combined with bottom-up approaches, such as
the self-assembly of alkanethiols or phosphates to provide
further flexibility in addressing the nanorange.”’ Also to
be addressed in this review, are the means and conditions
by which biological function is incorporated into nanopat-
terns. In addition, several specific examples, illustrating the
usefulness of nanopatterns in addressing biological ques-
tions, will be presented. And finally, the advantages and
limitations of each technique will be compared in the con-
text of relevant applications. In so doing, we hope to illus-
trate the impact that advances in nanobiotechnology can
and are making for applications ranging from biosensors
and implants to tissue engineering, as well as in funda-
mental biology.

2. PARALLEL NANOPATTERNING
TECHNIQUES

Currently, the ability to produce well-defined nanopat-
terns remains a challenging goal in both the semiconduc-
tor industry and the field of biotechnology. On the one
hand, reproducible high quality patterns are required for
various applications, but on the other hand, the time and
price to achieve them has to be taken into consideration.
For industrial scale production, large areas must be pat-
terned at a reasonably low price in a reasonably short
time. Correspondingly, a number of novel parallel nanopat-
terning methods are being developed including the next
generation of photolithography (e.g., extreme ultraviolet
interference lithography (EUV-IL)), soft-lithographic tech-
niques (e.g., replica molding (RM) and microcontact print-
ing (wCP)), nanoimprint lithography (NIL), nanosphere
lithography (NSL) (e.g., colloid lithography or colloidal
block-copolymer micelle lithography), and the nanosten-
cil technique. Apart from nanosphere lithography, all these
techniques require a mask or master generated by serial
writing (focused ion or e-beam lithography) which is gen-
erally the rate limiting step in producing nanopatterns by
parallel techniques.***® Fortunately, these masks and mas-
ters can be reused many times for replication, which is
a particular advantage when many identical samples are
needed as example for cell studies. However, when new
features are needed, a new mask must be produced. In
general, most parallel patterning techniques are limited to
flat substrates. wCP, however, can be applied on rough
or non-flat surfaces, which might turn out to be useful
if patterning of implants is required. Each of the afore-
mentioned techniques has the potential for low-cost, large
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scale production of nanopatterns. The specific advantages
and limitations of each technique will be described in
more detail in what follows, with a particular emphasis
on highlighting their uses and potential uses for various
bioapplications.

2.1. Optical Nanolithography

Optical lithography is probably the most widely used and
best established lithography technique available. This is
primarily due to the semiconductor industry which uses
this method to create highly integrated circuits in the
micrometer range. The need for faster and smaller elec-
tronic devices continues to push the resolution limits of
the features towards smaller scales. The Rayleigh equation
defines the resolution limit of conventional projection opti-
cal lithography as a function of wavelength and numerical
aperture. This fact opens up two possibilities to increase
the resolution; using lens systems with higher numerical
aperture and/or decreasing the wavelengths.%

Conventional projection optical lithography using ultra-
violet (UV) light has already demonstrated that it can
be used to create biologically relevant micropatterns via
an etching or a lift-off process, for example.®®®' Holden
et al. have also demonstrated a way to photo-attach
biotin-4-fluorescein to a surface without the need of UV
light in order to create micropatterns of enzymes in a
microfluidic channel.®? In the submicron range, there are
a few approaches which make use of UV light to pat-
tern biomolecules with the help of interference.®*% In the
nanorange, we have recently developed an approach to
generate biofunctional nanopatterns using optical lithogra-
phy as described below.

2.1.1. Extreme Ultraviolet Interference
Lithography (EUV-IL)

Interference lithography (IL) is, in fact, commonly used
in combination with UV-light for making high density
periodic patterns over large areas but it is limited in pat-
tern resolution by the wavelength. In 1999, Solak et al.,*
showed that combining IL and the extreme ultraviolet
(EUV) light from undulators at synchrotron radiation facil-
ities with an interferometer based on reflective optics
(mirrors) allows for the creation of features in a pho-
toresist material with a period of 38 nm. The available
EUV light sources emit radiation with rather large spectral
width (2-4%) that directly limits the number of periods
produced with the reflective optics based interferometer.
However, by using achromatic interferometers, based on
transmission diffraction gratings, these difficulties have
been overcome. 141 nm period arrays of holes were cre-
ated by applying a multi beam scheme using diffraction
gratings fabricated by e-beam lithography.®® The geometry
for making one-dimensional (lines) and two-dimensional
(dots) grating patterns are shown in Figures 1A and 1B,
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Fig. 1. Set up to create lines (A) and dots (B) by two-beam and four-
beam interference, respectively. Reprinted with permission from [66],
H. H. Solak et al., Microelectronic Engineering 67-8, 56 (2003). © 2003.

The corresponding tapping mode AFM images in air of a nanopatterned
PMMA resist layer are shown (Size: 50 nm lines (C), dot diameter
200 nm in a distance of 200 nm (D)). (E) Molecular Assembly Patterning
by Lift-off (MAPL). A pre-patterned resist coated surface (i), is dipped
into a solution of PLL-g-PEG/PEG-Y (Y = a bio-specific ligand) (ii),
followed by lift-off of the residual resist in an organic solvent (iii), and
finally backfilling of the background with bio-resistant PLL-g-PEG (iv).
Reprinted with permission from [60], D. Falconnet et al., Adv. Funct.
Mater. 14, 749 (2004). © 2004, Wiley-VCH. (F) Shows the transfer of

a PMMA-ND,O; structure into a biologically relevant pattern of spots
of surface immobilized complexes of single stranded DNA (ssDNA) and
neutravidin in a bio-resistant background of PLL-g-PEG via the MAPL
technique.

respectively.’’ Tapping mode AFM images of the PMMA
resist/Nb,Os oxide patterns obtained using these schemes
are shown in Figures 1C and 1D, respectively. Chemical
patterns of nanolines created by EUV-IL have been used
as a template to induce epitaxial self-assembly of domains
of a block copolymer when the period of the nanolines
matched the lamellar period of the block copolymer.%®
Furthermore, biological function can be incorporated
into these nanopatterns using the Molecular Assembly Pat-
terning by Lift-off (MAPL) technique, developed in our
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group.®® The MAPL technique is a method which cre-
ates micropatterns via standard photolithography and the
assembly of bio-functionalized PLL-g-PEG. PLL-g-PEG
consists of a positively charged poly(L-lysine) (PLL) back-
bone to which poly(ethylene glycol) (PEG) chains are
grafted. This polymer is known to resist protein adsorption
almost completely and furthermore offers the possibil-
ity to functionalize the PEG chains with specific biore-
ceptors (e.g., biotin, peptide sequences).®’° In MAPL,
a resist modified oxide surface (e.g., Nb,Os, TiO,, or
Si0,) (Fig. 1E(i)) is dipped into a solution containing
the functionalized PLL-g-PEG/PEG-Y (Y = a bio-specific
ligand) (Fig. 1E(ii)), then the resist is removed in an
organic solvent (Fig. 1E(iii)) and finally, the background is
backfilled with the non-functionalized bio-resistant PLL-
g-PEG (Fig. 1E(iv)). In the micrometer range MAPL has
been successfully applied to cell studies by using RGD-
functionalized PLL-g-PEG in the active patches, whereby
RGD is a tripeptide sequence known to specifically bind
to the integrin receptors found in the cell membrane.
The spots can be further functionalized via the biotin/
avidin linkage (and other strategies’!) if PLL-g-PEG/PEG-
biotin®-7? is immobilized.

Recent experiments performed in our group show the
feasibility of transferring PMMA resist/Nb,Os structures
into biologically relevant patterns. The tapping mode AFM
image in Figure 1F shows spots of surface immobi-
lized complexes of neutravidin and single stranded DNA
(ssDNA) in a bioresistant PLL-g-PEG background.” The
pattern fidelity is high and there is neither remaining
PMMA resist nor nonspecific adsorption of the complexes
in the background. It should be possible to immobilize
any DNA-tagged nano-objects to such activated surfaces as
already successfully demonstrated in the micron range for
phospholipidic vesicles’ and first results in the nanometer
range for DNA-tagged gold colloids.”

2.1.2. Summary of EUV-IL

Although EUV-IL requires the use of synchrotron radia-
tion, the resist patterns generated by this technique are of
high fidelity, highly reproducible, and can cover an area as
large as 3 x 3 mm?. Compared to serial e-beam patterning,
EUV-IL is much faster and can be used on insulating sam-
ples which is extremely useful if fluorescent microscopy is
involved in analyzing the biopatterns, as is often the case.
The combination of this advanced patterning technique and
the self-assembly capability of biomolecules provides a
powerful tool for the creation of biologically relevant pat-
terned surfaces.

2.2. Microcontact Printing

Microcontact printing (wCP) has become a very popu-
lar, alternative technique®* %7 to pattern surfaces in the
micron- and, more recently, the nanorange."7%77 It was

2242

originally developed by Whitesides et al. to pattern self-
assembled monolayers (SAMs) of alkanethiols onto gold.”®
To do so, alkanethiols were printed directly onto a gold
substrate through contact with an elastomeric stamp that
had been ‘inked’ in an alkanethiol solution. Since the
stamp is made of a flexible polymer, this so-called soft-
lithography technique can also be applied to curved
and rougher substrates to produce patterns with high
fidelity.! %77 The simplicity and low-cost of the wCP tech-
nique have made it a very attractive patterning technique
for many applications. In particular, it has been adapted for
printing patterns of proteins and other biomolecules onto
a variety of surfaces which makes wCP interesting for an
even larger scientific community.””-”°

In the next paragraphs, a short introduction to uCP
will be given using wCP of alkanethiols as a model
system."-2 778 PFurther biological applications of wCP,
such as printing proteins,!7678:80:81 peptide sequences,?
DNA,® or even nonfouling molecular layers®?® to cre-
ate patterns on different substrates for various applica-
tions, e.g., vesicle arrays,80 will then be discussed with an
emphasis on recent advances into the nanorange.

2.2.1. Microcontact Printing: Master,
Stamp, and Printing

The production of the master, which is used for the produc-
tion of stamps, is the only step in the wCP process when
cleanroom facilities are needed. The master is usually pro-
duced by photolithography and reactive ion etching into
silicon for micron sized features or by e-beam lithography
for nano sized features.®>*” In many papers the production
of the master and replica molding to produce the stamp
(Figs. 2(i)—(iii)) are separately described and are not often
included in the uwCP process (Fig. 2(iv)—(vi)).!'2>776 The
description of the wCP process, therefore, normally begins
from the structured stamp which is then inked with a solu-
tion of alkanethiols (or certain biomolecules) and printed
onto a substrate. Thus, wCP is generally referred to as
a patterning technique where no cleanroom facilities are
needed."> 7

The process of producing the stamp from the master
is called replica molding (Figs. 2(i)—(iii)).%® The stamp
material is in most cases poly(dimethylsiloxane) (PDMS)
(Sylgard 184, Dow Corning).!"? To form the stamp, the
prepolymer of PDMS is poured over the master which, in
some cases, has been treated with fluorinated silanes as a
release agent, and is then cured at slightly elevated temper-
atures overnight. The cured PDMS stamps are demolded
and, without further treatment, are ready to be inked. With
standard PDMS, well defined patterns down to 500 nm
can be created.® To increase the long range accuracy, the
PDMS precursor can also be cured on a flexible backplane.
Such stamps are called ‘hybrid’ stamps. They combine the
long range stability of the backplane with the short range
flexibility of the patterned PDMS.”
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Fig. 2. Replica molding for stamp production (i)—(iii): liquid PDMS
prepolymer is poured over a hard master, the polymer is cured at ele-
vated temperatures overnight, and then released, leaving the master intact.
Microcontact printing (iv)—(vi): the topographically patterned stamp is
incubated in a solution of molecules (e.g., alkanethiols or proteins), the
‘inked’ stamp is then printed onto the substrate in the dry state, leaving
a protein patterns on the surface.

Inking of the topographic stamp is done by simply incu-
bating the stamp in the e.g., thiol solution.’"*> Depend-
ing on the concentration of the molecules, inking takes
less than an hour. In the case of alkanethiol solutions, the
molecules diffuse into the elastomeric stamp and form a
reservoir for multiple printing steps.”®°! Alkanethiol inked
stamps are dried and printed in the dry state onto gold
substrates. The printing step is fast and takes less than one
minute. Depending on the application the patterned sub-
strate can be used as etching mask,’®°* or can be backfilled
by dipping into another SAM solution with alkanethiols
having different end groups.®® Upon making a hydropho-
bic/hydrophilic contrast of SAMs on a surface, the result-
ing pattern can be used to adsorb proteins (which adsorb
preferentially to the hydrophobic areas) and then cells,
which adsorb preferentially to the protein coated areas. In
so doing, interesting results have been obtained from cell
experiments investigating the effect of cell spreading, for
example, on growth and cell cycle.'®

2.2.2. Microcontact Printing of Proteins in the
Micro and Nanorange

1 CP has also been developed to print protein patterns.** %>

The process (Fig. 2) is fairly similar to that for the
alkanethiols, however, there are a few important dif-
ferences. Most proteins, from aqueous solutions, stick
strongly to hydrophobic surfaces,”® such as the elastomeric
stamp formed as described above. To print very hydrophilic
proteins or peptide sequences such as poly(L-lysine), the
stamp needs to be hydrophilic for better adsorption.®?
PDMS stamp surfaces can be made hydrophilic through
exposure to oxygen plasma for a short time.®> Due to the
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reactive conditions in the plasma, a hydrophilic negatively
charged silica-like surface is generated. Such hydrophilic
stamps should be used right after they have been prepared
because the hydrophobicity of the stamp recovers due to
diffusion of low molecular weight silanes from the bulk to
the surface.

Again the stamp is inked by incubation in a solution of
the proteins.?*% The protein concentration is generally
between 5 and 50 ug/ml and adsorption times required are
approximately 40 minutes. In contrast to the short alka-
nethiols, proteins do not diffuse into the PDMS stamp but
rather form a monolayer on the surface of the stamp.**
Thus, the stamp holds no reservoir of the ‘ink’ and needs
to be inked again after every print. The inked stamp with
the adsorbed proteins is also dried shortly before stamping.
If multiple printing with a single inking step is preferred,
topographically patterned hydrogels need to be used as
stamp material.””-*® In Mayer’s work, repetitive stamping
of 100 times for a single protein type and 20 times for
an array of proteins has been reported.”® The resolution,
however, is then limited to ca. 50 wm.

Transferring the adsorbed proteins to the substrate is
the most delicate step in uCP proteins. It has been
reported that printing immediately after drying effects
the best results concerning activity of the transferred
molecules.?®% Tan et al. showed that a prerequisite for
transferring proteins in the dry state is that the substrate is
more hydrophilic than the stamp.”® The substrate can also
be functionalized with a cross-linker to further increase
the affinity of the proteins to the substrate.'® In any case,
the adhesion of the proteins to the stamp and the substrate
needs to be optimized such that the proteins will remain
intact during transfer, i.e., the adhesion towards the stamp
should not be stronger than the inner forces of the protein
structure. Recently, Mayer et al. have presented results on
printing proteins in an aqueous environment; this will be
important for many of the proteins that are too fragile to
be exposed to air even if only briefly in the standard uCP
process.'®

Printed proteins themselves present a hydrophilic sur-
face such that further proteins can be printed on top of
each other.®® Or, as in the case of Oliva,?’ a stable protein
can first be printed onto a surface by wCP, then a second,
more fragile protein such as the active extracellular com-
ponent of membrane proteins, which are fused to an anti-
body binding fragment, can be introduced to the surface
in an aqueous environment and will bind selectively to the
first printed protein. Other alternative approaches to uwCP
include ‘subtractive offset printing’ and ‘localized inking
and offset printing’.” In ‘subtractive offset printing’ an
unstructured flat stamp is incubated in a protein solution
which homogeneously adsorbs on the PDMS. A structured
master is then placed on top of the PDMS stamp, thereby
removing (‘subtracting’) proteins in contact, such that only
the protein pattern remaining on the PDMS is printed onto
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Fig. 3. Fluorescent micrographs of proteins printed by microcontact
printing in the micron (A) and the nanoscale (B). (A) Image of a pat-
tern showing three different proteins. The proteins were simultaneously
printed onto the substrate. First, the flat stamp was homogeneously inked
with a protein solution. A patterned silica surface was used to remove
lines of proteins from the stamp by subtractive printing. The free areas
could then be inked again with a different protein solution. The third
protein solution was placed on the stamp accordingly. Finally the pro-
tein pattern was transferred from the flat stamp onto glass. (B) Fluores-
cent microscopy images of microcontact printed fluorescently labelled
fibronectin lines. Comparison of a polyolefin stamp (left) with Sylgard
184 PDMS stamp (right). Both stamps show lines from 1000 nm down to
100 nm. The polyolefin stamp has a higher Young’s modulus compared
to the standard PDMS stamp. The increase in pattern fidelity in the image
from the polyolefin stamp is clearly visible. While the lines printed with
the polyolefin stamp show perfect resolution down to the 100 nm, the
thinner lines printed with the standard PDMS stamp do not transfer well.
Regions where the stamp has collapsed (sagging) are indicated with an
arrow. (Fig 3A reprinted with permission from [88], A. Bernard et al.,
Adv. Mater. 12, 1067 (2000). © 2000, Wiley-VCH. Fig. 3B reprinted
with permission from [85], G. Csucs et al., Langmuir 19, 6104 (2003).
© 2003, Elsevier.)

the final substrate. A somewhat advanced form of ‘subtrac-
tive offset printing’ has been used as shown in Figure 3A
to print a pattern of three different proteins at once. This
was achieved by backfilling the removed proteins on the
flat stamp twice with subsequent printing onto glass. For
‘localized inking and offset printing’, micromachined flu-
idic networks are used to ink a flat stamp such that only
the exposed regions will transfer proteins during print-
ing. Such microfluidic network set-ups (uwFN), produced
either by micromachining or replica molding of PDMS,
can be used for the production of heterogeneous patterns
on stamps for printing as well as to direct patterning of
other more fragile systems.”® 1!

The mechanical stability of standard PDMS (Sylgard
184) cannot support feature sizes below 500 nm (Fig. 3B,
right).35-% For high aspect ratios the stability is increased
for stamps having a higher Young’s modulus,!* thus,
stamps made with a higher crosslinked PDMS%:% or with
polyolefin, as shown by Csucs et al.,* are capable of sup-
porting nanofeatures (Fig. 3B, left). A further advantage
of the polyolefin stamps is that in contrast to the low
molecular weight silanes that can be left on the surface
by PDMS stamps,'®*-1% the polyolefin stamps do not leave
any contamination.®® However, when using stamps with an
increased modulus for higher pattern fidelity, the stamp
also becomes more brittle. This can have the effect that the
loss of flexibility prevents good conformal contact. Hence,
high quality nanopatterns produced by wCP need to be
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printed on flat substrates. By using this technique, print-
ing of protein patterns of dense lines and grids down to
100 nm in width has been achieved.®>-%-% Renault et al.
have also shown protein patterns printed with 100 nm posts
and 40 nm grid structures (Fig. 4).” As shown in Figure 4
the pattern fidelity is high down to lines of 100 nm in
width for PDMS stamps with a higher Young’s modu-
lus. However, as the transferred proteins do not diffuse
on the surface,® the pattern fidelity should only depend
on the stamp properties and its distortion'® as well as on
the transfer yield, and may therefore be optimized.
Nanopatterns can also be produced by the novel printing
technique termed supramolecular nanostamping (SuNS)
that was recently introduced by Yu et al.'” This new
method has two main differences to the stamping tech-
niques presented so far. In addition to stamping the spatial
information, chemical information can also be transferred

»
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ko) e *

400 nm
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Fig. 4. AFM images of antibody grids and dots printed on glass by
uCP. The lines and grids presented in the images above were created
with a high-resolution PDMS stamp (higher Young’s modulus). Grids of
100 nm (A +B) and of 40 nm (C+D) line thickness and dots of 100 nm
(E+F) are shown. The pattern fidelity for 100 nm grids is very high.
The 100 nm dots and the 40 nm grids still show the aimed patterns but
with more disruptions. Reprinted with permission from [95], J. P. Renault
et al., J. Phys. Chem. B 107, 703 (2003). © 2003, American Chemical
Society.
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(e.g., DNA sequence). The second advantage is that the
printed substrate can be used as a master. SuUNS requires a
master fabricated by any technique that allows for the cre-
ation of nanopatterns. In the present case, either dip-pen
lithography (see also Section 3.1.1) or achromatic interfer-
ence lithography!'® was used to create a gold master with
immobilized single stranded DNAs via a thiol linkage. The
complementary thiolated DNA sequence was hybridized to
such a master and a second gold substrate was brought into
contact. The two substrates were put into a buffered solu-
tion kept at 80 °C (slightly higher than the dehybridization
temperature of DNA) for separation and a mirror sample
of the master was obtained (Fig. 5A). The authors demon-
strated the technique by creating DNA wires (Fig. 5B) and
indicated that this printing method is universally applicable
to all kinds of reversible molecular recognition reactions
on many different substrates.

2.2.3. Bio-Relevant Applications of wCP

MCP has been used to print patterns of hydrophobic
SAMs, proteins, protein fragments, peptides, and other rel-
evant biomolecules for a number of applications.3? 8386109
For example, reversible hydrophobic barriers created by
uCP on hydrogels has been used for generating pro-
tein microarrays.'” Functional DNA arrays have also
been made by microcontact printing of the DNA directly,
whereby electrostatics play the major role in molecular
transfer to the substrate, to generate multiple arrays from a
single loaded stamp.®* Nano-uCP should therefore enable
production of functional nanoarray chips of both DNA and
proteins in the near future.

MCP is also a simple and inexpensive method for the
investigation of cells on protein patterns. Cell adhesive
protein patterns in the size of single cells but also down to
100 nm have been used to investigate different cell types
and their behavior including motility, adhesion, spreading

A Step 1: Hybridization

4

E

Step 3: De-Hybridization

Fig. 5. Schematic of the SuNS is shown (A). After a master of nanopat-
terns of single stranded DNA is produced, the complementary DNA is
hybridized to the surface immobilized strands (step 1). A second surface
is brought into contact (step 2) and a mirror image patterned surface
of the master is produced upon separation of the substrates with heat
(step 3). (B) Shows AFM images of SuNS printed patterns (overview
(1)), 25 nm (iii) and 45 nm (ii) thick 18 mer and 50 mer DNA wires
could be printed. Reprinted with permission from [107], A. A. Yu et al.,
Nano Lett. 5, 1061 (2005). © 2005, American Chemical Society.
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Fig. 6. Time-laps fluorescent microscopy images of B16 cells on
0.1 wm? fibronectin dots. The fibronectin dots were labelled red by mix-
ing with fluorescent bovine serum albumin. The cells were visualized by
B3-integrin-GFP (green). The images show a highly motile and unspread
cell. The motility of the cell has been determined using the underlying
pattern. The large arrow points out a dot of the pattern which is moved
by the cell (see little arrow) and internalized. The scale bar is 10 wm.
Reprinted with permission from [86], D. Lehnert et al., J. Cell Sci. 117,

41 (2004). © 2004, The Company of Biologists Ltd.

and differentiation (Fig. 6).'%-20-8 Scholl et al. and Oliva
et al. have also used wCP peptide and protein patterns to
guide neuron and axon growth, respectively.'”?° In addi-
tion, protein patterns approaching the nanorange can be
used to manipulate focal adhesion areas to differentiate
cell responses due to spreading (i.e., projected footprint of
cell) versus density or number of ligands (i.e., adhesive
area).!6-86

Furthermore, protein nanopatterns created by high-
resolution microcontact printing can be used as a linker to
selectively direct other nanoobjects like single 100 nm vesi-
cles to well-defined areas on the surface as demonstrated by
Stamou et al.* In their work, they created nanopatterns of
biotinylated bovine serum albumin (BSA) by uCP and pas-
sivated the background with unfunctionalized BSA. Strep-
tavidin was adsorbed to the surface in order to allow for the
immobilization of fluorescently labeled biotinylated single
lipid vesicles via the biotin/avidin linkage (Fig. 7A). The
absence of co-localization of fluorescence in the fluorescent
microscopy images when two populations of vesicles are
used demonstrated that a high density single vesicle array
could be created (Fig. 7B). This technique is a promising
approach for the transportation and well-controlled immo-
bilization of molecules incorporated into a single vesicle
or in its membrane. Such an array could be useful for

2245


http://www.ingentaconnect.com/content/external-references?article=0021-9533(2004)117L.41[aid=7393087]
http://www.ingentaconnect.com/content/external-references?article=0021-9533(2004)117L.41[aid=7393087]
http://www.ingentaconnect.com/content/external-references?article=1530-6984(2005)5L.1061[aid=7393088]

Nanopatterns with Biological Functions

Bldttler et al.

A

pm 1pm

Dol BEA bt

8Pson @ som mnsa

POPC .F‘CIFG

[ ]
HPE -bio ~PEG,,
DHPE -niok DOPE-PEGceq ey

Fig. 7. (A) Single vesicle immobilization strategy. Nanospots of
biotinylated BSA are created via wCP. The background is passivated
with BSA. Streptavidin is then used to immobilize biotinylated vesicles
onto such surfaces. (B) A fluorescent microscopy image of a single vesi-
cle array consisting of one (left) or two (right) vesicle populations is
shown. A complex high-density vesicle array could be created (bottom).
Reprinted with permission from [80], D. Stamou et al., Angew. Chem.-Int.
Ed. 42, 5580 (2003). © 2003, Wiley-VCH.

simultaneous screening (drug candidates) especially if the
approach is extended to native vesicles.

2.2.4. Summary of uCP

MCP has been applied successfully not only to pattern
alkanethiols SAMs, which it has been developed for, but
also to many other ‘ink’ molecules including proteins,
peptides, and DNA. It is a parallel technique which allows
high fidelity patterns to be created from the centimeter to
the low nanometer range. The low cost of microcontact
printed patterns and the ability to pattern biomolecules also
make it a very attractive tool for bioapplications.

2.3. Nanoimprint Lithography (NIL)

In 1995 Cou et al.,*”!''° proposed nanoimprint lithogra-
phy (NIL) based on a fundamentally different principle

Wafer

(Heat, Pressure)

from that for conventional lithography. NIL has the poten-
tial to fulfill the need for a low-cost and high-throughput
nanopatterning technology which could be applicable not
only in microelectronics but also in other fields such as
biology, medicine, or information storage. This alterna-
tive lithography method consists of two steps: compression
molding (imprint) and pattern transfer. During the imprint
step, a nanostructured rigid mold is pressed into a thin
resist layer spin coated onto a substrate (Fig. 8A(i)). The
resist (e.g., PMMA) is deformed by the mold when heated
above its glass transition temperature (Fig. 8A(ii)). Due to
this heating cycle the method is also termed ‘hot emboss-
ing’. The mold is removed when the resist is cooled below
its glass transition temperature (Fig. 8A(iii)). A reactive
ion etching (RIE) step is used to remove the residual resist
in the compressed areas (Fig. 8A(iv)).

For reproducible fabrication of high-resolution nanopat-
terns using NIL, many factors, such as the viscoelastic
properties of the polymer (e.g., for complete filling of the
mold structure) and the demolding behavior (antisticking
layer, fluorinated molds''"), must be considered. In the fol-
lowing, a general overview of the technique will be pre-
sented with a focus on NIL based applications in biology.
For more details about the manufacturing process please
refer to Refs. [112-114].

2.3.1. NIL Process

Since NIL is not based on a chemical modification of a
resist caused by light radiation, the resolution is not limited
by factors known to conventional lithography such as wave
diffraction, scattering, and interference, rather, it is limited
by the template fabrication process. The stamp fabrica-
tion, probably not only the most critical but also the most
time consuming step, can be done by e-beam lithography®’
or by EUV-interference lithography''> (for details about
EUV-IL see also Section 2.1.1). In addition to the fabrica-
tion, the long term stability of the mold is another critical
issue. The heating cycle of the NIL process causes wear

Water
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Remove template

Wafer
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(Interface wetled
with solvent)

Cooling M) e et bt
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Fig. 8. Schematic of the Nanoimprint Lithography (NIL, ‘hot embossing’) (A), Solvent-Assisted Micromolding (SAMIM) (B), and Step and Flash
Imprint Lithography (S-FIL) (C). (A) NIL allows for the creation of nanopatterns via the imprint of a template into a polymer layer by using heat and
pressure (i+1ii). After cooling and demolding (iii), the patterns are transferred via RIE (iv).”” The basic principle (imprint and patterns transfer via
RIE) stays the same for SAMIM and S-FIL but heat and pressure are avoided. (B) SAMIM uses a solvent to wet the interface while imprinting (ii).''®
(C) S-FIL needs an additional layer (i) which is hardened upon exposure to UV-light (ii).!"”
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and stress to the stamp. This aging of the stamp can affect
the pattern fidelity.

Three closely related methods of NIL were developed
to overcome this aging problem of the stamp: Solvent-
Assisted Microcontact Molding''® (Fig. 8B, SAMIM),
Step and Flash Imprint Lithography'!” (Fig. 8C, S-FIL),
and plasticizer-assisted imprinting.'!® Solvent-Assisted
Microcontact Molding (SAMIM) creates patterns in a
polymer by using a soft stamp (in general PDMS) and
an appropriate solvent!!® which wets the interface during
the imprint process. The topography created upon evap-
oration of the solvent is a negative replica of the relief
pattern on the stamp. For more details see e.g., Gates
et al.** and the references therein. In S-FIL a low viscosity
photocurable solution (etch barrier, containing low molec-
ular weight monomer and photoinitiator), in addition to
the spin-coated polymer layer (transfer layer), is used. As
a substitute of pressure and heat, UV light is used in the
imprint step to photopolymerize the etch barrier. The use
of a transparent quartz template makes it possible to align
the template with respect to existing features on the sub-
strate. The absence of a heating step further facilitates the
alignment procedure as potential problems due to thermal
expansion are avoided. This is a basic requirement if sev-
eral lithography steps are needed, e.g., in the creation of
integrated circuits. For more details about S-FIL please
refer to a review by Resnick et al.'?® Plasticizer-assisted
imprinting allows for the creation of nanopatterns at room
temperature with low pressure in nonthermoplastic poly-
mers or biomaterials by the addition of plasticizer.

Using NIL, it is possible to pattern entire 4” wafers
in one step as it is a parallel process.'?! The size of the
imprinted area can further be increased by using step and
stamp imprint lithography which allows for the repeated
imprint of the same mask on the same substrate.'?? Alter-
natively, roller nanoimprinting is a possibility which heats
the resist over its glass temperature locally, while rolling,
to imprint.'?3

2.3.2. Bio-Relevant Application of NIL

The achieved polymer structure by NIL can be used in
different ways. On the one hand, the nanostructure can
serve as device itself assuming that the polymer has func-
tionality (e.g., optical properties'?*). On the other hand, a
variety of bio-applications are also possible by incorporat-
ing the polymer contrast into other devices. For example,
a nanofluidic device for DNA stretching can be created
if the mold is replaced with a channel template and the
demolding is omitted.'” In addition, the nanostructured
polymer can be used to guide molecular motors (guid-
ance of actin filament sliding); such controlled movement
of biomolecules is a basic requirement for ‘lab-on-chip’
applications.'?® Another challenge is to introduce nanopil-
lars in high density inside of microchannels. These arrays
could serve as an artificial gel in integrated capillary
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electrophoresis chips. Imprint lithography is a low-cost
technology which can create such arrays either on a
Si0,/Si substrate including an etching step or by direct hot
embossing into a plastic device.!”” NIL patterned surfaces
are also helpful to address questions towards the impor-
tance of nanostructures (topography or chemistry) to cell-
surface interactions. 2313

There are also different ways to transfer the (polymer)
structure created by NIL into biologically relevant patterns.
It is possible, for example, to combine NIL and anodiza-
tion of aluminum, as demonstrated by Matsumoto et al.,'3!
for the creation of a high density nanopattern of DNA. A
SiC mold is imprinted in aluminum and upon anodization
an ordered pore structure is achieved. The pores can be
filled with gold and thiolated fluorescently labeled single
stranded DNA can be surface immobilized and observed
with the fluorescent microscope.

Additionally, the polymer structure can be used in two
different ways: (a) as dry etching mask'*>'3* or (b) as a
step in a lift-off process as described by Falconnet et al.'**
Hoff et al. were able to use nanoimprinting to generate
high-resolution protein nanopatterns. In a first step, spin
coated PMMA is patterned by NIL (Fig. 9A). RIE was
then used to remove PMMA residues and to passivate
the SiO, with a thin layer of CF, polymer created dur-
ing the process. The remaining PMMA resist was stripped
off and a covalently bound monolayer of aminosilane
was adsorbed onto the SiO, by vapor deposition. Biotin-
succinimidyl ester was then covalently bound to the silane
layer. Such a surface, when exposed to a streptavidin con-
taining solution, can be used to selectively immobilize any
kind of biotinylated target protein. 75 nm line patterns of
biotinylated BSA, visualized in the fluorescent microscope
by the addition of rhodamine labeled streptavidin, could
be achieved with this approach (Fig. 9B).

Another approach to create biologically relevant pat-
terns in the nanometer range is the combination of the
NIL technique with the Molecular Assembly Patterning by
Lift-off (MAPL) process, described in Section 2.1.1.13% If
the oxide surface is pre-patterned by NIL instead of the
standard photolithography technique biologically relevant
PLL-g-PEG/PEG-biotin nanolines in a Nb,O; background
could be created.!**

2.3.3. Summary of NIL

NIL is a promising low-cost approach which was success-
fully applied to different biologically related questions.
The ability to produce a large number of identical nano-
structured samples opens up the possibility to create nano-
arrays for biosensing. Additionally it is a great advantage
since biological studies (cell experiments) require many
experiments for meaningful statistics. Currently there are
still production problems (e.g., alignment, demolding,
fouling of the mold) to be solved in order to further
increase the pattern fidelity especially if a dense structure
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Fig. 9. (A) A patterning method based on NIL for the creation of bio-
logically relevant nanopatterns is shown. First, a resist is patterned by
NIL. Then, reactive ion etching removes PMMA residues and passivates
the exposed SiO, areas. After stripping off the remaining PMMA, an
aminosilane monolayer is deposited in the non-passivated SiO, areas.
Biotin-succinimidyl ester is then linked to the aminosilane layer. Finally,
streptavidin is used to selectively immobilize biotinylated target pro-
tein (biotinylated BSA in the presented case). (B) SEM image of oxide
nanolines on Si (i) and fluorescence micrograph of nanoline patterns
of biotinylated BSA and bound rhodamine labeled streptavidin (ii).
Reprinted with permission from [132], J. D. Hoff et al., Nano Lett. 4,
853 (2004). © 2004, American Chemical Society.

over a large area is needed. However, NIL may eventually
enable the immobilization of single biomolecules onto a
surface in well-defined areas. Nanofluidic devices created
by NIL related methods may further allow for the manipu-
lation of biomolecules, which would be particularly useful
in the creation of ‘lab-on-a-chips’.

2.4. Colloid Lithography

Colloidal particles have attracted large interest in sur-
face engineering due to a number of advantageous
properties. Nanosized particles not only exhibit interest-
ing physical properties originating from their size,'*>'%
they have also become widely commercially available.
Metal, metal oxide or polymer (latex) particles can
be produced in almost all sizes and with narrow size
distributions ([138] and references therein). Furthermore,
scientists are now developing methods to immobilize
nanoparticles on substrates as monolayers,'**'4> photonic
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crystals, patterned particle arrays, or as single
particles,’*157 thereby opening up the possibilities for
applications of particle-modified surfaces in many research
areas.

In this section, methodologies and concepts using nano-
sized colloidal particles with potential applications in the
broad field of nanobiotechnology will be discussed. In
general, the ways in which nanoparticles may impact bio-
logically relevant nanopattern formation fall into one of
three categories. First, nanoparticles can be used to pro-
duce nanopatterns with a biological function on substrate
surfaces, either directly through the adsorption of single
(functionalized) particles, patches of particles, or mono-
layers of particles, or indirectly by acting as a mask as
in colloidal lithography.38 139 140.158-165 Thjg latter use of
nanoparticles presents one of the most promising ways by
which nanoparticles can be used to pattern biologically
useful nanopatterns. Second, colloidal nanoparticles may
be used as a platform for the adsorption of biomolecules
for use in biosensing devices or as markers.!3 163169
The role of the particle, in this case, may be two-fold:
nanoparticles can be used as an integral part of such a
biosensing device, e.g., providing conductivity by using
conducting particles,'® 1797172 or by incorporating parti-
cles into a system that have a target biomolecule (pre-)
adsorbed to its surface.'” Third, colloids functionalized
with biomolecules (e.g.,, DNA) can be used to attach
particles at specific locations on a pattern using biolog-
ical recognition systems, e.g., assembling (gold)colloids
on surfaces using biological molecules. Although this is
a promising bottom-up approach for fabrication of gold
nanowires and devices, this third application falls into the
realm of bionanotechnology, i.e., using biology to create
nanostructures, and as such is beyond the scope of this
review.

2.4.1. Nanostructures Created by Nanoparticles:
Nanosphere Lithography (NSL)

One of the most common ways of producing nanopat-
terns using particles was introduced in the early eight-
ies by Fischer et al.'™® and soon after extended by
Deckman et al.'*® Initially termed ‘natural lithography’,
particle monolayers were first used as masks for contact
imaging!® and later used as masks for etching and mate-
rial deposition.'* The basic idea of this process is straight-
forward. First, a monolayer of particles is formed on a
substrate. In a second step, a material is deposited on top
of the particle layer. The particle layer thereby acts as a
mask such that material is only deposited in the empty
spaces of the hexagonal particle assembly. After lift-off of
the particles, hexagonal nanostructures of deposited mate-
rial then remain on the surface (see Fig. 10A). At a later
stage, Hulteen et al. developed double layer masks over
relatively large areas (10-100 um) (see Fig. 10A(ii)) to
produce nanoparticle arrays, as characterized by AFM. !4
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Fig. 10. (A) Nanosphere lithography of single and double layer masks.
Top left (i): schematic representation of a single layer mask, middle (i):
periodic particle array with a unit cell (dashed line) resulting from
depositing material on the mask and removing the particles and bot-
tom (i): AFM image (1.7 x 1.7 um?) of Ag deposited on mica using
250 nm latex spheres. (ii) same as (i) but for double layer masks.
Reprinted with permission from [140], J. C. Hulteen and R. P. Van
Duyne, J. Vac. Sci. Technol. A: Vacuum, Surfaces, and Films 13, 1553
(1995). © 1995, American Institute of Physics. (B) Nanosphere lithog-
raphy used to directly pattern protein structures by co-adsorbing bovine
serum albumin (BSA) with latex particles. At high BSA/latex colloid
ratios, structures as observed in (i) are obtained, (iii) shows a height
profile from (i), (v) is a schematic representation of the latex particles
co-adsorbing with BSA at high BSA/latex ratios, while reducing the
BSA/latex ratio leads to less densely packed structures as observed in
(ii, iv, vi). Reprinted with permission from [162], J. C. Garno et al.,
Langmuir 18, 8186 (2002). © 2002, American Chemical Society.

In recent years, a variety of systems have been stud-
ied and the technique has attracted increasing interest
due to its advantages: it is an inexpensive, inherently
parallel, high-throughput nanofabrication technique. For
an interesting feature article on advances in particle or
nanosphere lithography, refer to Heynes et al.'*” Despite
these advances, the difficulty to produce defect-free par-
ticle monolayers remains and this in turn restricts the
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large-scale production of nanosphere lithographic patterns
and limits the number of substrate materials that can be
used to, primarily, glass substrates and silicon wafers.

Several ways of producing particle monolayers and the
study of the formation processes that lead to such 2D crys-
tals have been reported, including spin-coating,'* ' drop
drying,!"*176 and evaporation of the solvent using a Peltier
element.'*"1”7 Wang et al. used a slightly more compli-
cated way of producing their monolayers, which yields
monolayers of comparable quality.'*?> Ormonde et al.
have used convective self-assembly of the nanospheres to
increase the pattern fidelity of the particle mask compared
to drop coating of the particles.!”

Howeyver, it remains the case that the number of achiev-
able patterns, by NSL, is limited and is defined by the par-
ticle monolayer and the interparticle holes formed in that
layer. In recent years, progress has been made to decrease
the size of these features not only by using smaller par-
ticles but also by tilting the substrate with the particle
monolayer relative to the deposition direction. This signi-
ficantly decreases the interparticle spacing which can be
patterned.'” Alternatively, Snoeks et al. used an ion-beam
to deform the particle monolayers such that the interparti-
cle spacing was reduced (by ‘squeezing’ the particle layer
together) and consequently smaller nanopatterns could be
produced,'® while Sun et al. used a laser to locally change
the morphology of the resulting nanopatterns effectively.'*®

An alternative approach to ‘classic’ nanosphere lithog-
raphy was presented by Michel et al. to produce biolog-
ically relevant nanostructures.'® They adsorbed colloidal
latex particles (100 nm diameter) on a titanium oxide sur-
face to form a nanopattern of randomly adsorbed colloidal
particles (see Fig. 11). Note that in this case the parti-
cles are interacting electrostatically with the surface, and
as such form arrays of randomly adsorbed, separated parti-
cles. This is in contrast to standard nanosphere lithography,
in which interactions between the colloidal particles and
the substrate are minimized such that capillary forces drag
the particles together during the drying process to form
hexagonal colloidal crystals. In this alternative approach,
the adsorbed particles were used as a mask in a subse-
quent ion-beam etching process,* % such that the tita-
nium oxide surface (only 12 nm thin) was etched away,
except where protected by a particle, revealing the under-
lying SiO, substrate. In such a way, a TiO,/SiO, nano-
structure was created (Fig. 11).

Further functionalization of this metal oxide nano-
structure was achieved using a process called Selective
Molecular Assembly Patterning (SMAP),®! where an alka-
nephosphate SAM was specifically adsorbed onto the TiO,
pillars and the PLL-g-PEG was adsorbed on the SiO,
background. Such a surface will be resistant to protein
adsorption in the silica background, due to the PLL-g-PEG,
and proteins will readily adsorb to hydrophobic SAM on
the titania nanopillars. In Figure 11E(i) such a nanostruc-
tured surface is imaged using AFM and in Figure 11E(ii)
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Fig. 11. Schematic representation of colloid lithography combined with
selective molecular assembly patterning (A)—(D). (A) Random adsorption
of nano particles on a silicon wafer coated with 12 nm TiO,. (B) Side
view. (C) Argon ion-beam etching removes the titanium oxide only where
it is not protected by colloidal particles. (D) After removal of the latex
particles, the TiO, areas where modified using an alkane phosphate SAM
that specifically adsorbs to the TiO, leaving the silica surface uncovered.
In a next step, PLL-g-PEG (see text) is adsorbed on the silica background
rendering the background protein resistant. (E) AFM images of such a
surface (i). On the right side (ii), biotinylated vesicles were adsorbed to
the titania pillars by first adsorbing streptavidin (the background is resis-
tant to streptavidin adsorption). Reprinted with permission from [159],
R. Michel et al., Langmuir 18, 8580 (2002). © 2002, American Chemical
Society.

biotinylated vesicles were immobilized onto the pattern via
a biotin-streptavidin linkage.

2.4.2. Applications of Nanoparticles and
Nanoparticle Nanopatterns

As mentioned earlier, nanosphere lithography is of spe-
cial interest for biosensing applications due to the fact that
the resulting pattern is again a pattern of nanoparticles
(see Fig. 10A). This is of interest since nanoparticles are
often characterized by interesting physical properties, be
they optical, 63165 180,181 maonetic,'3? or electronic,'8 that
change upon adsorption of biomolecules, such that they
can also be used to read-out signals in biosensing devices.

Haes et al. and Frederix et al. used exactly this approach
to explore the potential of using a nanosphere patterned
surface for biosensors.'®719%:18 In this case, polystyrene
beads were used to produce the colloidal monolayers and
subsequent deposition of Ag led to colloid nanostruc-
tures as observed in Figure 12. There, the influence of
a thermal annealing step on the Ag nanopattern can be
observed.'® The effect that they take advantage of for their
biosensor is termed localized surface plasmon resonance
(LSPR), an effect that originates from the extraordinary
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Fig. 12. (A) Tapping-mode AFM images of typical nanosphere lithog-
raphy patterns of Ag on glass after solvent annealing (i) and after thermal
annealing at 650 °C (ii). Reprinted with permission from [165], A. J. Haes
et al., J. Phys. Chem. B 108, 6961 (2004). © 2004, American Chemical
Society. (B) Schematic representation of a Ag nanodot biosensor (i). Ag
nanodots are functionalized with a mixed SAM, then ADDL (a peptide
thought to be playing a key role in Alzheimer disease) is immobilized on
the SAM and finally, an anti-ADDL antibody is attached to the ADDL
on the nanobiosensor. LSPR spectra of all steps mentioned in (i) at small
concentrations of anti-ADDL (ii). The same spectra are shown, except at
much higher concentrations of anti-ADDL and therefore show a larger
increase of the extinction maxima (iii). Reprinted with permission from
[164], A. J. Haes et al., Nano Lett. 4, 1029 (2004). © 2004, American
Chemical Society.

optical properties of nobel metal nanoparticles. The LSPR
refers to the ability of e.g., Ag nanoparticles to oscil-
late their conduction electrons collectively, which induces
strongly enhanced electromagnetic fields surrounding the
nanoparticle and will, in turn, determine the sensing vol-
ume in which sensing can occur.'® This LSPR effect,
not present in bulk Ag or Au,'® will also affect reso-
nant Rayleigh scattering, with an efficiency equivalent to
that of 10° fluorophores, and absorption with extremely
large molar extinction coefficients.!®> Tt is this extinction,
which is extremely sensitive to molecules adsorbed onto
the surface of the particles, that can be measured and
enables the transduction of chemical binding events into
optical signals (for details see Ref. [165]). Thus, Ag nano-
dots prepared by nanosphere lithography act as effective
chemical and biological optical nanosensors. By simply
monitoring changes in the UV/Vis absorption band of the
nanoparticles, adsorption of chemical or biological species
could be detected. A modification of this technology uses
nanometer size holes in a conductive gold film, instead
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of the particles, for the generation of LSPR. This has the
advantage that it can be readily combined with other con-
ventional biosensing techniques such as QCM-D, SPR, or
electrochemical sensing.*’

These very sensitive biosensors usually function by first
adsorbing a mixed SAM monolayer onto the Ag nanodots.
Then, a protein of interest is adsorbed to that molecule
and as a last step an antibody that interacts with the pro-
tein is introduced. Each of these steps is observable by
UV/Vis spectroscopy due to a slight change in the extinc-
tion maxima of the LSPR spectra (see Fig. 12 for an
example system).'®3 As a first practical system, a biosensor
based on this working principle, for the possible detec-
tion of Alzheimer disease, was developed and tested.'**
In Figure 12, a schematic representation of this sensor is
given, thereby presenting a nice example of how colloidal
nanoarrays might be useful in the future as biosensing
devices due to their size-dependent, favorable properties.

In addition, the use of nanoparticles might significantly
enhance the properties of an existing biosensing device by
increasing the surface area available for capturing a target
molecule as demonstrated recently.!>* '%” In our own work,
we have recently presented an approach to increase the
sensitivity of current biosensing devices (based on optical
waveguide techniques) through the use of nanoparticles.
Guided self-assembly of 80 nm silica particles was used to
direct the particles to given areas that later act as sensing
spots. Chemical functionalization of these particles and the
surface leads to an inherently protein resistant system of
patterned nanoparticles in a protein resistant background.
Only adsorption of desired molecules to the linking sites
on the particles (in our case biotin-streptavidin) is pos-
sible. Such particle arrays with only specific interactions
may be used to increase the signal in standard biosensing
devices.'*

Nanoparticles have also contributed to biosensing and
biovisualization as markers. For example, nanoparticles
have enabled detection of single molecule interactions by
visualizing individual gold colloid labels optically'®® or by
means of scanning force microscopy.!® In both cases,
nanoparticles functionalized with antibodies'*® or DNA!®
have been used to later image these particles after they
have been bound to the protein and complementary DNA,
respectively.

Colloidal lithography as presented in the above exam-
ples can be used as an efficient parallel way of producing
various nanostructures. However, in addition to the use of
colloidal layers as a mask for etching and material deposi-
tion, one can also think of completely covering the nanopar-
ticles and thereby creating surfaces of nano ‘bumps’. Such
surfaces were produced and used in cell experiments to
examine the reaction of cells to nanostructured surfaces. !
Garno et al. also used colloidal monolayers in a similar
way to directly pattern protein nanostructures on various
substrates.'® A mixture of BSA (or IgG) and latex par-
ticles was prepared and adsorbed on a substrate. After
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dissolution of the latex particles, hexagonal protein nano-
structures could be observed on the surface covering the
free areas between the particles (see Fig. 10B for details).

2.4.3. Summary of NSL

To conclude, (nano)particles will likely play an impor-
tant role in various areas of nanobiotechnological applica-
tions. Today, they appear to have the biggest impact in the
field of biosensing where their unique properties as dis-
cussed above can shine the most. Tremendous progress has
been made in arranging particles on surfaces (in almost
every imaginable way), but generating large-scale parti-
cle assemblies that are biologically useful while prevent-
ing unspecific adsorption of biological macromolecules
remains a challenge for the production of future appli-
cations. As a general trend, we see ways to very pre-
cisely position particles (single particles, few particles,
particle assemblies) on surfaces but these often lack the
needed surface functionalization properties for the use
in nanobiotechnological applications. On the other hand,
when particle (and substrate) do have the properties needed
for such applications, arranging these particles becomes
less trivial. It will be the combination of these two aspects,
i.e., precise control of particle positioning and tunable, bio-
logically relevant particle and substrate functionalization,
that will open the path to further nanoparticle applications
in nanobiotechnology.

2.5. Block-Copolymer Micelle Lithography

2.5.1. Block-Copolymer Micelle
Lithography Nanopatterns

Block-copolymer micelle lithography is a so called
bottom-up approach to nanopattern surfaces and it takes
advantage of the self assembly behavior of block-
copolymers. These are used as building blocks to form
uniform monomicellar films and finally to produce a
nanometer-sized pattern on a flat substrate.’® 8771 In an
appropriate solvent, amphiphilic diblock copolymers form
micelles where the more soluble block forms a shell
around the less soluble block.!”’ A metal precursor salt
is added into the polymer solution and reduced inside
the core of the micelle forming a nanoparticle. The range
of materials to be used as precursors is vast, it includes
both noble metals and various oxides.!®> Through oxygen
plasma treatment, the polymer is removed and nanometer
sized dots cover the sample surface uniformly in a hexag-
onal pattern. Figure 13A visualizes the principle of block-
copolymer micelle lithography. Figure 13A(i) depicts the
formation of an extended monomicellar film and the fol-
lowing plasma treatment results in a uniform distribution
of nanoparticles. Combining this technique with photo
or e-beam lithography enables the deposition of nano-
dots in two different length scales in periodic or even
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Fig. 13. (A) Different principles of block copolymer micelle lithogra-
phy: Formation of a monomicellar film and ensuing plasma treatment (i),
photolithography (ii), and e-beam lithography (iii) are then used to pro-
duce a prestructured surface and the monomicellar film is used as a nega-
tive e-beam resist (iv). (B) SEM images of 7 nm large Au-nanodots after
e-beam lithography, lift off and plasma treatment: the distance between
the dots is about 73 nm (i), squares of nanodots separated by 2 wm (ii).
Reprinted with permission from [197], R. Glass et al., Nanotechnology
14, 1153 (2003). © 2003, Institute of Physics Publishing.

aperiodic patterns.'®>!** Figures 13A(ii) and (iii) shows a
prestructured surface fabricated by photolithography and,
by e-beam lithography, respectively. The written areas are
removed after developing, which results in a prestructured
resist film. After exposure to the polymer solution, plasma
treatment and lift-off, the nanoparticles are arranged on the
surface according to the original prepattern in the resist.
In Figure 13A(iv) the monomicellar film itself is used as
a negative e-beam resist. This allows for the fabrication
of structures as small as a few nanometers because the
resolution is not limited by the radius of gyration of the
resist material, as it is in standard e-beam lithography.'®
Figure 13B shows the SEM image of different patterns
of Au nanodots after e-beam lithography. The e-beam
exposed area was reduced from 1 x 1 um? (i) down to
500 x 500 nm? (ii).

The self-assembled pattern depends on molecular
parameters which can be controlled and tuned. The dis-
tance between the dots depends on the length of the poly-
mer blocks, while the size of the nanoparticles can be
influenced by the concentration of precursor salt. Spatz
et al.'" produced nanodots with a size between 1 and
15 nm and an interparticle distance between 30 and
140 nm. These nanopatterns show an enormous mechan-
ical stability and there is no indication for cluster move-
ment or coagulation.'”” They need no protective coating
and are freely accessible to chemical and physical interac-
tion. For the conventional block-copolymer micelle lithog-
raphy, the only requirements for the substrate material are
flatness and resistance to plasma. Thus, a large number of
substrates can be used. Using the micellar film as a nega-
tive e-beam resist allows for the patterning of flat and elec-
trically conductive substrates such as Si, GaAs, or TiO,.'%
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An additional coating of the monomicellar film by a car-
bon layer before the e-beam exposure makes this variation
also feasible for non-conductive substrates.'"’

2.5.2. Bio-Relevant Applications of
Block-Copolymer Lithography

Block-copolymer lithography has a wide range of applica-
tions. It has been used, for example, for the fabrication of
gold nanowires,'®® for carbon nanotube growth,'”® and for
patterning nanoparticles.’ The micellar film can also be
applied as a template for etching.?’"?*? In addition, there
are several interesting applications regarding the field of
biology. The small size of the nanodots makes them the
perfect anchors for individual macromolecules, e.g., for
separation, location and screening of DNA and proteins.
Functionalized, cell-adhesive nanodots can also be used to
study the immobilization of single proteins and their inter-
action with living cells. Kumar et al. used this technique
to produce templates for the selective adsorption of pro-
teins. The preferential interaction of the protein with one
of the two polymer segments and the self-organizing of the
model protein allows for spatial control in the nanometer
scale. This approach may further enable facile, nanometer-
spaced protein localization.?”> Another example is the sep-
aration of DNA: DNA electrophoresis on nanopatterned
surfaces allows for the separation of DNA without sepa-
ration media, which can degrade the sample and is dif-
ficult to handle in small doses. The nanopatterns created
by block-copolymer micelle lithography are in the size
range of two to three DNA persistence lengths and can
be optimized for specific DNA geometries. This approach
allows for the separation of a broad band of DNA with-
out a loss in resolution.?** Polymer demixing materials can
also be used to generate topography on the sample sur-
face, such as islands, pits and ribbons, which can be used
to study cell behavior as a function of nanotopography.*!
Dalby et al.?® have shown that nanoislands provoke
specific morphology and cytoskeleton responses of
endothelial cells cultivated on a polymer demixed
topography.

Block copolymer micelle lithography has enabled other
novel studies in biology as shown by Spatz et al.3%20
In their work, the Au nanodot pattern provided a means
to investigate the universal length scale for integrin clus-
tering and activation, as shown in Figure 14(xiii), which
represents the schema of biofunctinalized nanopatterns
to control integrin clustering. The ¢(RGDfK) functional-
ized nanodots are separated by a non-fouling background
that prevents cell adhesion, such that the cell adhesion
is mediated entirely via the functionalized dots. In vary-
ing the inter-dot distance, from 28 nm in (v) and (x) up
to 85 nm in (viii) and (xii), it was first demonstrated
that too large a distance between RGD peptides restricted
integrin clustering and thereby limited the cell attachment
and spreading.
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Fig. 14. Fluorescent micrographs of B16-melanocytes expressing GFP-
integrin B3 (green) and stained for focal adhesion kinase (FAK, red)
after 12 h in culture on block-copolymer nanopatterned substrates with
Au dots at distances of 58 nm (i) and 73 nm (ii), with and without
(insets) ¢(RGDfK)-thiols. The green spots (i) indicate the clustering of
integrin 33, the colocalization with FAK shows the existence of mul-
tiple focal contacts on the 58 nm pattern. On the 73 nm pattern the
cell cannot completely spread (ii). Confocal micrographs of MC3T3-
osteoblasts stained for vinculin (green) and actin (red) after 24 h, homo-
geneously coated glass cover slip with ¢(RGDfK)-thiols (iii), fibronectin
(iv). Nanopattern with Au-nanodots separated by 28 (v)+ (ix), 58 (vi)+
(x), 73 (vii)+(xi), and 73 nm (viii) + (xii). The dots are functionalized
with ¢(RGDfK) (v)—(viii) and without functionalization (ix)—(xii). (xiii)
Represents the scheme of biofunctionalized nanopatterns to investigate
the influence of integrin clustering in cell membranes. Reprinted with
permission from [30], M. Arnold et al., Chemphyschem 5, 383 (2004).
© 2004, Wiley-VCH.

2.6. Nanostencil (Shadow Mask Lithography)
2.6.1. Nanostencil Lithography Process

The nanostencil is a tool for resistless lithography. It is
based on the deposition of material through miniature
shadow masks which consist of silicon nitride. The
mask (stencil) is normally produced by conventional pro-
cesses such as optical or e-beam lithography and ion
etching.?’2%8 By supporting the stencil above the desired
substrate, a material can then be deposited through the
stencil onto the underlying substrate. Figure 15A shows
the principle of this patterning method.

A few groups have successfully produced structures
<100 nm in scale.?%%-2%%-219 Special set-ups involving col-
limated evaporation has enabled dots as small as 15 nm
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Fig. 15. (A) Schematic diagram of a stencil with different aperture sizes
(1); micro- and nano-structures can be deposited in a single-step depo-
sition. After removal of the shadow mask the pattern of the stencil is
copied 1:1 onto the substrate (ii). Reprinted with permission from [207],
G. M. Kim et al., Microelectronic Engineering 67-8, 609 (2003). © 2003,
Elsevier. (B) AFM images of Cu nanowires produced by nanostencil in
the form of a line (i), loop (ii), interdigitated lines (iii), and lines con-
necting two pads (iv). The height of the line is 10-30 nm. Reprinted with
permission from [213], R. Luthi et al., Appl. Phys. Lert. 75, 1314 (1999).
© 1999, American Institute of Physics.

in diameter or 15-20 nm in width to be produced.*® This
method also allows for the combination of nano and micro
structures such that, in a single-step deposition, it is possi-
ble to produce structures of multiple length scales ranging
from sub-100 nm to several 100 wm.?’-2'! This technique
in combination with the scanning probe microscope facili-
tates the controlled movement of the sample relative to the
stencil which allows for the fabrication of various patterns
with a single mask.?'? It is also possible to produce com-
plex patterns such as rings and intersecting lines as seen
in Figure 15B.21
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The target material is not limited to thermal evapora-
tion; material can also be deposited by sputtering, epitaxy,
and pulsed laser deposition.?'*2!5 Because this technique
does not include a photoresist step nor a wet etch step,
it can be applied to various substrates including mechan-
ically fragile, chemically active, or organic surfaces. In
addition, the contact free deposition of the material reduces
the cross-contamination of the sample. The gradual clog-
ging of the apertures that may occur during the deposition
process can be reduced by coating the stencil with self-
assembled monolayers (SAM).2!¢ The small pattern size
requires a thin stencil thickness, so the pattern size is also
influenced by the stability of the mask. Limitations of this
technique are the divergence angle of the deposition beam
and diffusion on the surface of the sample.

2.6.2. Bio-Relevant Applications of the Nanostencil
Technique and Summary

The ability to deposit on virtually any substrate, by con-
tact free nanopattern deposition, makes the nanostencil
technique attractive for many bioapplications. Biological
studies will certainly profit from the ability to pattern
on compliant substrates used, for example, in guided cell
growth and tissue engineering. Bucher et al. have already
used the nanostencil technique to fabricate arrays of sub-
micron electrodes of both Au and TiN for the electrogenic
study of cell cultures and tissue slices by extracellu-
lar recording and stimulation.?!” Although microelectrode
arrays have enabled electrophysiological studies of cul-
tured excitable cells via measurements of extracellular
potentials, nanoelectrode arrays, such as those produced
by nanostencilling, will enable much higher resolution and
sampling capabilities.’!

3. SERIAL NANOPATTERNING TECHNIQUES
3.1. E-beam and Focused Ion-Beam Lithography

For the creation of very small nano-structures (5-50 nm),
direct-writing techniques (such as e-beam lithography
(EBL), focused ion-beam lithography (FIBL), and dip-
pen nanolithography (DPN)) proved to be very efficient
and successful. The inherent advantages and disadvan-
tages of such techniques are rather obvious, i.e., virtu-
ally any nanostructure designed can be fabricated (due to
the ‘writing’ character of these processes), however, these
techniques are serial and therefore slow in nature. Thus,
EBL (and FIBL) find wide-spread applications in areas
where the advantage of creating specific nanostructures
outweighs cost and speed considerations. Typical examples
are the production of masks and masters for photolithog-
raphy or microcontact printing, where a single master
or mask generally has a long lifetime. However, in the
case of e-beam and ion-beam lithography other restrictions
might hinder the efficient use in biotechnological systems:
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cleanroom and vacuum conditions are usually required
and often resist and/or etching processes are involved
in producing the nanopattern. Furthermore, the technical
equipment necessary requires large investments. Dip-pen
nanolithography, while approaching the spatial resolution
of e-beam and ion-beam lithography, circumvents some of
these issues since it is a direct-writing process that works
under ambient conditions and the use of aqueous solutions
(and biomolecules dissolved therein) as an ‘ink’ is pos-
sible. Furthermore, DPN can potentially be performed by
every lab having AFM instrumentation at comparably low
Costs.

As such, even though progress has been made using
EBL or EBL resists to pattern biologically relevant
structures,?'3220 we point the reader to recent reviews on
e-beam lithography®”?*! and ion-beam lithography®** and
focus in this review on advances in and possibilities with
the dip-pen nanolithography techniques for biotechnologi-
cal applications.?® 223

3.2. Dip-Pen Nanolithography (DPN)
3.2.1. Mechanism of Dip-Pen Writing

Dip-pen nanolithography is a direct-writing, scanning-
probe-based lithography technique, where an AFM tip is
dipped in a solution of molecules of interest and the inked
AFM tip then transfers the molecules from the tip to
the surface wherever the tip passes, analogous to writ-
ing the traditional way with a pen and ink on paper (see
Fig. 16).22* The molecules are transferred from the tip
to the substrate via the liquid meniscus that is forming
between the two under ambient conditions. The driving-
force for this process is usually the chemical gradient that
develops between the AFM tip and the substrate and, more
importantly, the chemical reactivity of the ink molecules
with the surface. For this reason early work was conducted
on gold substrates with an alkanethiol ‘ink’,2*2% a system
well-known for its high chemical affinity and its ability
to form well ordered self-assembled monolayers. The fea-
ture size in DPN depends on various experimental parame-
ters such as ink composition, substrate roughness, relative
humidity, temperature, writing speed, tip geometry, and
contact force. While the details of these dependencies are
complicated, it is generally found that ink solubility and
diffusion processes are key parameters in the formation
of DPN patterns. Therefore, increasing temperature (and
therefore solubility of the ink molecules) and a higher writ-
ing speed (and thus a higher chemical gradient between
tip and surface) increases the feature size.??’ Thus far,
feature sizes down to 15 nm have been demonstrated
(see Fig. 16).2% This is comparable to traditional serial
high-resolution techniques (e-beam lithography, ion-beam
lithography, other scanning probe lithography approaches),
however, DPN offers the advantage of a larger variety of
achievable structures and chemistries that can be patterned
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Fig. 16. (A) Schematic representation of DPN. An AFM tip is ‘inked’
with an alkanethiol solution and brought in contact with a Au sur-
face. A water meniscus forms between the AFM tip and the substrate.
Molecules are transported through the meniscus to the surface, thus writ-
ing an alkanethiol SAM wherever the tip passes. Reprinted with permis-
sion from [224], R. D. Piner et al., Science 283, 661 (1999). © 1999,
American Association for the Advancement of Science. (B) AFM image
of a 16-mercaptohexadecanoic acid SAM written on a Au substrate show-
ing 15 nm lateral resolution. Reprinted with permission from [225], S. H.
Hong et al., Science 286, 523 (1999). © 1999, American Association for
the Advancement of Science.

and all this under ambient conditions and with the possi-
bility to parallelize the writing process.??

Recently, it was also indicated that, contrary to earlier
suggestions,??* 225227 3 water meniscus is not necessary to
transfer ink molecules onto the substrate.??*- 23° This opened
up the path to pattern even more chemical systems and
materials. In fact, a water meniscus (and water present on
the surface if relative humidity is not negligible) inhibits
the formation of a DPN pattern in certain cases (e.g.,
if hydrophobic molecules are used). Today, it is thought
that the water meniscus does not play a significant role
and deposition occurs via surface diffusion of molecules
(and is therefore exponentially dependant on temperature)
rather then transport through a water meniscus.??* 2% Sevy-
eral other papers are investigating DPN from a theoretical
background, analyzing and modeling diffusion processes
that lead to the nanopattern formation.?3!-23

The DPN technique also offers some distinct advan-
tages in terms of registration of the nanopatterns and par-
allelization possibilities.??® Since in the DPN process, the
same tool is used for writing and imaging it is possi-
ble to use multiple inks to achieve nanostructures with
chemically pristine patterns of multiple different materials

J. Nanosci. Nanotechnol. 6, 2237-2264, 2006

with near perfect alignment and 5-nm spatial separation
(see Fig. 17).2% In addition, parallelization of the DPN
process is feasible by using multiple tips and a suitable
feedback control, e.g., a tiltable substrate holder.??® Salaita
et al. have further extended the idea of parallel writing
of DPN nanostructures with commercial 26-pen arrays
and custom made 250-pen arrays (see Fig. 17).2* Very
recently, Wang and Liu®* incorporated the dip-pen nano-
lithography technique together with other cantilever based
imaging and patterning methods (scanning probe contact
printing, atomic, and lateral force microscopy) on a mul-
tifunctional probe array, thereby enabling a rich variety of
operations with minimal chemical crosstalk and high reg-
istration accuracy to be executed. Their work illustrates
that DPN has great potential for the large scale, multicom-
ponent fabrication of nanoscale features.

Since its invention in 1999, DPN has been applied
to a multitude of systems other than alkanethiols on
gold: pattering different dyes,?*® dendrimers,”*’ photosen-
sitive conducting polymers,?*® aqueous metals nanocrystal
dispersions,?**- 2% or metallic nanostructures using aqueous
metal salt inks whose metal ions are reduced on the surface
electrochemically to form a metallic nanopattern extend-
ing DPN to electrochemical AFM nanolithography?* 243
or using a DPN alkanethiol SAM as a mask for etching
3D structures into a gold covered silicon substrate,?** just
to name a few. A comprehensive review of investigated
DPN systems was published recently by Ginger, Zhang,
and Mirkin.??

3.2.2. Bioapplications of DPN

In this review, we focus on advances in DPN that are
or might be relevant for nanobiotechnological applica-
tions. DPN is of high interest in this field because of
some inherent advantages discussed above: it is a mask-
less lithography method, parallelization of DPN can be
achieved, and it is performed under ambient conditions.
These features make it attractive for the pattering of bio-
logical species (proteins, DNA, nucleic acid, cells). Fur-
thermore, DPN was also shown to work in tapping mode,
rather than contact mode.?*?* Using tapping mode for
DPN exerts less force on the patterning system and could
therefore be used as an even ‘gentler’ way to deposit
biomolecule nanostructures since surface scratching and
dragging of biomolecules are reduced.?*’

Indeed, a variety of publications have become avail-
able recently that report the fabrication of biologically rel-
evant nanostructures with different approaches regarding
the kind of biomolecules and the immobilization strategies
used to nanopattern the biological function,!67- 245 246, 248-255

Demers et al. used DPN to directly pattern hexanethiol-
modified oligonucleotides to a gold substrate with a fea-
ture size down to 50 nm. The hexanethiol then chemisorbs
to the gold substrate, anchoring the oligonucleotides to
the surface. Backfilling of the bare gold substrate with a
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Fig. 17. (A) Lateral force microscopy images of 16-mercaptohexadecanoic acid SAM dots on Au. Middle image shows the anticipated position of
dots printed in a second run calculated from the first set of points. The last image in the series shows the second set of dots printed within the first set
of dots showing the high registration possibilities offered by DPN. Reprinted with permission from [225], S. H. Hong et al., Science 286, 523 (1999).
© 1999, American Association for the Advancement of Science. (B) Optical and SEM images of a 130 grid and dot array produced simultaneously
by using 130 AFM tips in parallel. Reprinted with permission from [234], K. Salaita et al., Small 1, 940 (2005). © 2005, American Association for
the Advancement of Science. (C) Lateral force microscopy images also produced simultaneously using eight writing and one imaging tip with an
alkanethiol ink on Au. Reprinted with permission from [226], S. Hong and C. A. Mirkin, Science 288, 1808 (2000). © 2000, American Association

for the Advancement of Science.

hydrophobic 1-octadecanethiol SAM passivates the back-
ground towards unspecific DNA adsorption. Subsequently,
13 nm Au colloids coated with the complementary DNA
strand were attached to the DPN pattern, showing high
specificity and little unspecific adsorption. An alterna-
tive approach using different chemistry even allows for
DNA patterning of oxidized silicon wafers, thus avoid-
ing problems arising from the conductive character of
the gold substrate (charge-transfer or near-field optical
phenomena studies are not possible) (see Fig. 18).24 Alter-
natively, DNA molecules were also grafted to a DPN sur-
face pattern via an indirect coupling process. In that case,
alkylamine-terminated DNA residues were bound to 16-
mercaptohexadecanoic acid pattern by the formation of
an amide bond. Again, these surface-bound DNA strands
were used to bind Au colloids containing the complemen-
tary DNA strand to the substrate surface.”*® Nyamjav and
Ivanisevic patterned charged polyelectrolytes using DPN
and showed that these structures can be used to adsorb the
DNA strands in a stretched and aligned matter in order to
develop a methodology to localize bound DNA molecules
in complex architectures.?>

Patterning of proteins at the nanoscale scale without
loosing the activity is an inherently more difficult task.

2256

Wilson et al. used thiolated collagen and collagen-like pep-
tides to directly pattern lines as small as 30-50 nm in
width as well as much larger structures.?*’

Lysozyme and IgG proteins were patterned with dot
sizes down to 45 nm by a direct-write process.”>® In this
case, native protein versions could be used, but the AFM
tip was modified with a thiotic acid coating to facili-
tate inking the tip with proteins. Direct-writing of the
proteins was then performed at relatively high humidity
(low humidity lead to inconsistent transport properties)
and the substrate background was passivated with PEG.
On the same sample, both lysozyme and IgG patterns
could be generated showing the possibility to fabricate
complex multicomponent nanostructures without cross-
contamination. Exposing such a sample to an anti-IgG
solution led to an increase in the height of the IgG spots
but not of the lysozyme dots, showing that (a) the IgG
protein is still active and (b) that no cross-contamination
or unspecific adsorption could be observed.?>

In an indirect way, Lee et al. produced very similar
protein nanoarrays of lysozyme and IgG with very little
unspecific background adsorption and feature sizes down
to 100 nm. Specifically, 16-mercaptohexadecanoic acid
was used in the dip-pen nanolithography process to create

J. Nanosci. Nanotechnol. 6, 2237-2264, 2006
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450 rov

antirabbit IgG (Alexa 594)
antihuman IgG (Alexa 488)

Fig. 18. Examples of direct-patterning of DNA (A) and proteins (B)
using DPN: (A) Direct patterning of multiple DNA inks. Combined
red-green epifluorescence image (i) of two different fluorophore-labeled
DNA sequences simultaneously hybridized to a two-DNA-sequence array
deposited on a SiO, substrate by DPN. Tapping-mode AFM image (ii)
of 5 (dark)- and 13 (light)-nm gold nanoparticles assembled on the
same pattern (as seen in (i) after dehybridization of the fluorophore-
labeled DNAB) Fluorescence images of DPN-generated antirabbit IgG
(labeled withAlexa 594) structures on a SiO, surface. Reprinted with
permission from [249], L. M. Demers et al., Science 296, 1836 (2002).
© 2002, American Association for the Advancement of Science. (B) Pat-
terning of proteins. Bottom left of (B): two-component protein array on
an aldehyde-derivatized SiO, surface. Reprinted with permission from
[256], J. H. Lim et al., Angew. Chem.-Int. Ed. 42, 2309 (2003). © 2003,
Wiley-VCH.

the patterns and 11-mercaptoundecyl-tri(ethylene glycol)
was used to backfill the exposed substrate regions. Proteins
show a relatively high affinity for the carboxylic acid—
terminated monolayers at pH 7, while the ethylene glycol
background is resistant to protein adsorption. By expos-
ing such a patterned surface to either lysozyme or IgG,
the proteins specifically adsorbed to the regions contain-
ing the carboxylic acid and no adsorption was observed on
the ethylene glycol background.”>' They again observed
an increase in the pattern height after exposing an IgG
nanoarray to a solution containing anti-IgG proteins, indi-
cating binding of the anti-IgG to the IgG on the array,
thus illustrating that the proteins retained their activity
after adsorption. Furthermore, after patterning a cellular
adhesion protein (retronectin) on 200 nm spots separated
by 700 nm, it was observed that 3T3 Swiss fibroblast
cells preferentially adsorbed to patterned areas. This shows
that submicrometer features can support cell adhesion.?!
More generally, it shows the importance of having suitable
tools to systematically identify the relationship between
nanofeature size and composition in studies of cell adhe-
sion and other related processes.

J. Nanosci. Nanotechnol. 6, 2237-2264, 2006

Another system of practical importance in biomolecu-
lar recognition processes is the streptavidin-biotin system.
Hyun et al. showed a DPN patterning approach that pro-
duces biotinylated structures in an inert background.?*? To
do so, a COOH-terminated SAM is produced by DPN
and the background is rendered non-interactive for proteins
by backfilling it with an ethylene glycol terminated thiol
SAM. Then, the COOH-groups in the patterned SAM were
converted to reactive N-hydroxysuccinimide ester, fol-
lowed by reaction with NH,-biotin. This covalently links
the biotin molecules to the patterned SAM. After activat-
ing the biotinylated areas with streptavidin, this system
poses the possibility to conjugate any biotin-containing
protein or species to this kind of nano-pattern. Hyun et al.
showed the feasibility of this approach by binding biotiny-
lated BSA to this kind of DPN pattern.?>> This system
has the advantage of promising much better control over
the interactions between the (biotinylated) proteins and the
substrate, since it relies on a specific binding chemistry.
Other approaches that directly pattern proteins or adsorb
proteins on DPN nanostructures are potentially more prone
to denaturing problems that might be of special importance
when it comes to few/single protein arrays, wherein exact
positioning and an intact protein structure will be of great
importance.

Another well-known molecular recognition system was
used by Agarwal et al. to pattern histidine-tagged pro-
teins on nickel surfaces.?*® They used the strong affinity
between nickel ions and histidine in a DPN process in the
presence of an electric field, as introduced earlier.?*!-24?
Applying a potential between the probe and the nickel
coated substrate through the water meniscus results in the
ionization of the nickel surface and histidine-tagged pro-
teins are then bound to the nickel ions on the surface.

A very general and thus potentially powerful approach
to direct-write proteins on modified silicon oxide surfaces
was proposed by Lim et al. (see Fig. 18).2°° In their
case, the AFM tip is modified with a Si-PEG layer. This
layer inhibits protein adsorption to the tip and due to the
hydrophilic character of this coating also inhibits denatur-
ing of the proteins. Since the proteins are not interacting
with the tip, activation energies for the transport from the
tip to the surface are also very favorable. In addition, this
coating is also responsible for much better wetting of the
tip with the ink compared to standard Si;N, tips. In a next
step, the silicon dioxide surface is modified to better inter-
act with the proteins coming from the ink. This is done
either by treating the surface with base (creating negative
charges that interact with positive patches of the proteins)
or by creating an aldehyde-modified surface which inter-
acts via amine groups of the proteins.?>® In this case, cross-
contamination between human and rabbit IgG was low
and selectivity and activity of the patterned IgG proteins
remained intact, proving that direct-writing of proteins on
(modified) silicon dioxide surfaces down to about 55 nm
is feasible today.
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Noy and co-workers pushed the limits of DPN by com-
bining it with scanning optical confocal microscopy to
fabricate and visualize luminescent nanoscale patterns. By
doing so, they were able to control the deposition of single
molecules and they could produce and visualize protein
patterns on surfaces.?’

A variation of DPN and its immediate predecessor is
termed nanografting or nanoshaving, introduced by Xu and
Liu in 1997 (a schematic overview is given in Fig. 19).258
In this technique, a monolayer of a molecule (usually

Nanografting if)

A Nanoshaving i)

height / nm

i)

50 100 150 200
distance / nm

Fig. 19. (A) Schematic representation of the nanoshaving (i) and the
nanografting (ii) approaches. In the first, an AFM tip is run across the
surface at high loads, shaving off the initial SAM. In the latter, the pro-
cess is similar, but the ‘shaved’ regions are backfilled with a different
‘ink’ molecule. Reprinted with permission from [260], G. Y. Liu et al.,
Acc. Chem. Res. 33, 457 (2000). © 2000, American Chemical Society.
(B) Patterning of lysozyme using the nanografting technique: two regions
were nanografted by replacing the initial SAM with a (shorter) carboxyl-
terminated SAM (i). Then, lysozyme was selectively adsorbing only to
the carboxylated areas. The pattern thus extends out of the SAM in the
background (ii). Line scan of (iii) revealing the conformational struc-
ture of the lysozyme molecules adsorbed to the surface. Reprinted with
permission from [259], K. Wadu-Mesthrige et al., Langmuir 15, 8580
(1999). © 1999, American Chemical Society.

2258

a thiol SAM on gold®®?%) is adsorbed on the sub-
strate and an AFM tip is used (at high loads) to locally
‘shave’ the monolayer (using loads higher then the dis-
placement threshold of the SAM molecules), hence the
term nanoshaving.?®® When this shaving is performed in
solution, free molecules of a different species can then
adsorb to the cleaved areas and thereby create chemical
nanopatterns, this process is then commonly referred to as
nanografting.2%2%0 A very similar concept was presented
by Amro et al. who termed their process nanopen reader
and writer (NPRW).2%4265 This process is a combination
of nanoshaving and DPN, where an AFM tip coated with
an ink first removes a SAM on the surface using high
loads (nanoshaving) and then directly writes onto the now
uncovered areas (DPN). Structures of only 32 alkanethiol
molecules could be achieved by this process resulting in a
single dot of 2 x 4 nm? (Ref. [265]).

A very similar concept was introduced by Harnett et al.
who used e-beam lithography to locally remove a patterned
SAM and backfilled these patches with different, reactive
SAMs to introduce (biological) functions in these spots.?

Wadu-Mesthrige used nanografting already in 1999 to
adsorb lysozyme onto a chemical nanopattern.”® They
first formed an hydrophobic alkanethiol SAM, then a
COOH-terminated SAM was nanografted into the initial
SAM. Lysozyme was then adsorbed onto the carboxylic
endgroups of the nanopattern via electrostatic interac-
tions. They also used aldehyde-terminated SAMs for the
nanografting procedure to which lysozyme or IgG pro-
teins could then be adsorbed via imine bonds. Although
they observed some protein adsorption onto the hydropho-
bic background SAM, these proteins could be removed by
washing with a 1% tween-20 solution. Liu et al.2®* used the
same nanografting approach to create DNA nanopattern
on gold in an alkanethiol SAM by shaving the SAM and
replacing the shaved areas with thiolated single-stranded
DNA molecules. The structure of the nanopattern could be
observed in situ with AFM and the activity of the ssDNA
molecules was checked by an enzyme digestion experi-
ment. A good early review on nanografting and nanoshav-
ing (of SAMs) was written by Liu et al.?*

3.2.3. Summary of DPN

In conclusion, dip-pen nanolithography is a very versatile
direct-writing nanopatterning technique with high potential
for answering nanobiotechnological questions. Patterning
of proteins and DNA with good spatial resolution is pos-
sible today (around 100 nm). It can, however, not only be
used to for the patterning of biomolecules but also for the
generation of chemical templates for the study of biorecog-
nition processes. This is also due to one major advantage
of DPN, that is that commonly available surface engi-
neering techniques (thiol-based chemistry on Au surfaces,
pegylation of surfaces to prevent unspecific protein adsorp-
tion, DNA anchoring techniques, etc.) can be used to

J. Nanosci. Nanotechnol. 6, 2237-2264, 2006
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structure biologically relevant patterns in the nanometer
range. Still, progress has to be made in terms of spa-
tial resolution of biological structures to reach values
presented by standard DPN with alkanethiols on gold
(~15 nm). Being able to structure biological molecules in
these dimensions would mean to reach the size of individ-
ual biological macromolecules and offer the potential to
investigate individual molecular recognition processes of
interest to a range of applications from single molecules
to cell-surface interactions. Indeed, first data is published
on experiments with cells on samples structured by DPN
studying the reactions of cells with true nanochemical pat-
tern. One possible way to reach these resolutions might be
in the combination with some of the presented techniques
like nanografting and DPN or the use of sharper tips (e.g.,
carbon nanotubes).

On the other hand, while a serial process in nature,
advances in parallelization and registration of patterns of
biomolecules have been presented that will also permit
the use of DPN in biosensor array technology. In this
case, DPN might offer unique opportunities in the pro-
duction and registration of multicomponent nanoarrays of
biomolecules.

4. CONCLUSIONS AND OUTLOOK

The discovery of light-microscopy during the 17th cen-
tury has changed our attitude towards the ‘micro-world’,
but it was not until the 20th century, when the appear-
ance of microelectronics provided the tools to overcome
the observer status, that we were able to start manipu-
lating objects (some of them living) at the micron scale.
Similarly, the Nobel-prize winning inventions of electron
microscopy in 1931 and scanning tunneling microscopy in
1981 allowed us to look into the ‘nano-world’. The images
provided by these new technologies, particularly in biol-
ogy, made us quickly realize that we needed new tools to
access the individual building blocks of living organisms
(e.g., proteins, DNA, and supramolecular complexes) in
order to hope for a better understanding of the complicated
processes of life.

The techniques described in this review (and summari-
zed in Table I) provide us with new ways to ask novel
questions and address specific properties at the length-
scale of single biomolecules. Their impact is expected to
be greatest, first, in the field of biosensing because these
nanopatterning techniques promise to further increase the
information density of array-based biosensors; provide
the possibility for the development of a new genera-
tion of biosensors that make use of novel nano-physical
principles, e.g., the localized surface plasmon reso-
nance; and allow for the production of well-defined sin-
gle biomolecule arrays. In addition, nanobiopatterns are
expected to revolutionize our understanding of cell-surface
interactions and as such might contribute to the develop-
ment of better biomaterials and to tissue engineering.
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At present, the parallel nanobiopatterning methods
(Section 2) can provide large scale homogenous samples
with usually repetitive patterns. The serial writing methods
(Section 3) are more flexible with the type of pattern but
generally slow when producing large areas. Future chal-
lenges will include the production of inhomogeneous pat-
terns without which no meaningful biosensing nanoarray
can be imagined and only the simplest biological questions
can be asked. All of the current nanobiopatterning tech-
niques have their roots in semiconductor industrial pro-
cesses and as such they are two dimensional in nature. On
the other hand, true three dimensional control would be
required in order to fully mimic the complex environment
of cells and to ask questions such as ‘what is the effect
of certain signals on the differentiation, proliferation, or
apoptosis of cells’. Although, such control is not yet fore-
seen, the existing nanobiopatterning techniques described
in this review already provide us with many possibilities
to learn more about biology in a novel fashion.
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