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1. Introduction

Nanoscience and nanotechnology involves the study of materials in the size

scale of 1×10−9 m. The etymological derivation of the prefix nano can be traced

back to Greek word nanos meaning a dwarf or "little old man". Although the

word nanoscience can be considered to indicate into experimental and theo-

retical aspects, while the nanotechnology word would cover development and

applications sides, the division is somewhat arbitrary and therefore the two

words are quite often used interchangeable.

It is hard to date back when human beings have started to take advantage of

nanoscale materials. It is known that Roman glass makers used nanosized ma-

terial to stain glass. Evidence from this can be found from the British museum

where an artifact called the Lycurgus cup is held, picturing King Lycurgus be-

ing dragged into underworld by Abrosia. The cup appears green when illumi-

nated from outside, but turns into red if illuminated from inside, except for the

king who appears purple. Nowadays it is known that the colour originates from

metal nanoparticles (66.2 % silver, 31.2 % gold and 2.6 % copper) embedded into

a glass matrix. Beautifully coloured glass can also be found from the windows

of medieval churches, colours stemming again from light scattering from metal

nanoparticles.

There appear several new interesting phenomena in the nanoscale that are

not visible in bulk materials. In these size scales quantum mechanical and ther-

modynamic properties such as confinement of the electron movement and the

Brownian motion become important. As an example of applications harnessing

these new features are the carbon nanotubes discovered by S. Iijima in the 1991

in the NEC laboratory or the quantum dots stemming from the first quantum

wells grown by research groups at Bell Laboratories and IBM. Nanotechnology

has also made possible the miniaturization of transistors and the emergence of

the integrated circuit technology. The development of imaging techniques for

nanotechnology, such as the scanning probe and electron microscope technolo-
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Introduction

gies, should also not be forgotten.

This thesis focuses on methods developed for assembling and positioning ma-

terials in a controlled and programmable manner in the nanoscale. The tradi-

tional approach for processing materials and building devices in the nanoscale

is the top-down approach, which can be considered as removing, subtracting or

subdividing bulk material. In Chapters 3. and 4. an opposite approach, taking

advantage of DNA nanotechnology, is used for the structure assembly. In Chap-

ter 3. DNA structures are used for controlled assembly of single-walled carbon

nanotubes and a geometry that could be used for a transistor is demonstrated.

In Chapter 4. DNA structures are used for constructing nanosized bow-tie an-

tennas that could be used as an optical sensor taking advantage of surface plas-

mon resonances provided by spherical silver nanoparticles. In Chapter 2. the

DNA nanotechnology and basics of DNA structure formation are presented.

Chapter 5. presents a method for controlling the DNA structures themselves,

used for assembling the nanomaterials in Chapters 3. and 4., with external

trigger signals

In addition to the DNA structure-based positioning of nanoparticles, another

approach based on electromechanics is introduced named as dielectrophoresis.

The theoretical principles for the method are presented in Chapter 6. There

the method is used for demonstrating a new nanoscale printing technique -

the field-induced nanoimprint lithography. Finally in Chapter 7. the dielec-

trophoresis is harnessed for assembling gold nanoparticles into one-dimensional

geometries suitable for sensor applications.
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2. DNA nanotechnology

Nanotechnology can be considered as manipulation of matter with at least one

dimension on the size scale below 100 nm. DNA nanotechnology, on the other

hand, is a sub-field of nanotechnology where the deoxyribonucleic acid is used

as a construction material rather than as a carrier of genetic information – a

task it has in living organisms in protein production together with the ribonu-

cleic acid molecules. As a specific feature, the DNA nanotechnology rests heav-

ily on the self-assembly of structures, which can be defined as spontaneous and

reversible organization of structural units with non-covalent interactions. The

DNA based assembly can also be characterized as a bottom-up approach the

original system being a subsystem of a more complex emerging construction.

DNA is extremely interesting material for nanotechnology for numerous rea-

sons. Firstly, it is a small molecule with a diameter of 2 nm combined with a

short structural repetition of 3.4-3.6 nm (the helical pitch). Moreover, although

single stranded DNA being flexible, double stranded DNA is a relatively stiff

molecule with persistent length of about 50 nm. Nowadays, arbitrary sequence

strands can readily be synthesized by automated solid supports. The nature

offers also several enzymes for DNA manipulation. However, as perhaps the

most crucial feature, DNA offers programmability and predictability in the self-

assembly process through a simple set of base pairing rules.

In the following sections DNA is briefly introduced as a building material for

applications in nanotechnology. First, important factors related to the DNA

molecule itself, bearing self-assembly in mind, are presented before going into

actual DNA constructions. In Publications I–III of this thesis, the so-called

DNA origami method has been exploited for manipulation of materials in the

nanoscale and therefore the emphasis is in the method in question.

3



DNA nanotechnology

Figure 2.1. Deoxyribonucleic acid consists of two linear polymers running in opposite directions
consisting of structural units called the nucleotides. The polymers are connected
together with weak hydrogen bonds (a). The DNA can exist in many different con-
formations the three main families being A-DNA (b), the B-DNA (c) and the Z-DNA
(d) [1].

2.1 The deoxyribonucleic acid

Deoxyribonucleic acid (DNA) contains the genetic information enabling organ-

isms to develop, function and transfer genetic information to their offspring.

The structure of the DNA is presented in the schematic Figure 2.1 (a). The DNA

is built from two linear polymers, which themselves are made out of structure

units named as nucleotides. These building blocks consist of a phosphate group

(PO−
4 ), a pentose sugar and a heterocyclic organic base. For the bases there

are four possibilities, namely the purines adenine (A) and guanine (G), and the

pyrimidines thymine (T) and cytosine (C). The nucleotides can bind from their

sugar groups with the help of phosphodiester bonds to form the linear poly-

mers called the single stranded DNA or in short ssDNA. The phosphate groups

in the backbone of the DNA strand are negatively charged and therefore the

DNA strand as a whole bears a negative charge. The strands end on the one

side to a free phosphate group (the 5’-end), and on the other to a free hydroxyl

group (the 3’-end). Therefore the strand has a running direction i.e. a polar-

ity. The strands are classified according to the sequence of bases in the strand,

which is listed starting from the 5’ end progressing towards the 3’-end.

Two of the ssDNA strands can associate with the so called Watson-Crick-

type base pairing to form a helical secondary structure – the DNA molecule

(Figure 2.1 (a)). There the bases of adjacent strands bind together with weak
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hydrogen bonds according to the Chargaff rule [2] which states that there are

only two types of base pairs in DNA, namely the A-T and G-C pairs. The A-

T bases bind with two hydrogen bonds with a total energy of hydrogen bonds

EA−T = 7.00 kcal/mol, and the G-C bases with three hydrogen bonds with a

total energy of the hydrogen bonds EG−C = 16.79 kcal/mol [3]. In addition to

the base pairing, stacking interactions (π-stacking) take part in stabilizing the

DNA-molecule structure. The total energies of stacking interactions between

different type of base pairs range from 3.82 kcal/mol between A-T and T-A

pairs to 14.59 kcal/mol between C-G and G-C pairs [4]. The other base pair

options take stacking energy values between the mentioned ones. Thus, the

base-pairing and base stacking interactions are of the same order of magni-

tude in strength. In addition to these two mechanisms, long-range intra- and

inter-backbone forces, stemming from charged phosphate groups, influence in

the stabilization of the DNA-molecule.

The stabilizing interactions are still relative weak compared, for example,

to the covalent bonds (between two carbon atoms EC−C = 83.1 kcal/mol [5])

and therefore the DNA strands can easily be separated from each other with

the help of a strong base or by heating. The process is called denaturation.

On the other hand, removal of the denaturant agent leads into double strand

formation – process named as renaturation. Thus the process is reversible, a

feature typical for the self-assembly.

The DNA-molecule can take several different helical conformations three main

families being A-DNA, B-DNA and Z-DNA. Transition from a conformation to

another can take place upon a change in environmental parameters, such as

the salt concentration. From these families the B-DNA is the most stable con-

formation under physiological conditions. There the DNA-molecule has a right

handed helix structure, where the adjacent bases are separated by 3.4 Å and

rotated 36o with respect to one another. There are in total 10.5 bases in one

complete turn corresponding to a length 34 Å. In addition to the mentioned

DNA families, there are a variety of exotic forms such as the four stranded

G-quadruplex structure [6].

2.2 Self-Assembled DNA nanostructures

The field of DNA nanotechnology can be considered to be founded by N. C. See-

man in the 80’s. The DNA structures were realized in the those early days with

short double stranded DNA material (oligonucleotides) having single stranded

overhang extensions operating as sticky ends for attaching the DNA molecule
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Figure 2.2. A branched structure is needed for assembling two-dimensional arrays from DNA.
For the purpose, a Holliday junction with ssDNA overhangs was prepared (a). This
structure, however, turned out to be too flexible and therefore a demand for a more
rigid structure arose. The DX-tile blocks (b) provided the needed rigidity for assem-
bling two-and three-dimensional structures. Figure (a) reproduced with permission
from Ref. [8] and (b) from Ref. [9] ©Alice Y. Chen, 2004 for Scientific American.

into a complementary sticky end in a second oligonucleotide [7]. These efforts

did not however lead into intended complex two dimensional shapes due to the

fact that dsDNA is a linear structure. It was realised instead that a branched

motif was required. This kind of motif was provided by Holliday junctions –

branched structures consisting of four ssDNA arms (Figure 2.2 (a)) naturally oc-

curring in living systems. In nature these structures form during meiosis from

two dsDNA strands which dissociate first into four ssDNA strands and finally

form the four arm structure illustrated in the figure 2.2 a). These structures

equipped with sticky ends could in principle be used for assembling two di-

mensional arrays. Although Seeman and co-workers were able to prepare such

branched junctions [10], it came e-vident that stiffer structures were needed in

order to achieve two-dimensional constructions. The solution was provided by

a DNA motif called the DX-tile (double cross over tile). The name refers to the

two Holliday junction interconnections between two adjacent dsDNA regions.

Figure 2.2 (a) presents the structure and illustrates the principle for prepara-

tion of two dimensional DX-tile DNA arrays.

Since the early days, several different two- and three-dimensional DNA struc-

tures have been demonstrated including a cube [11], an octahedron [12], a tetra-

hedra [13] as well as larger 2-and 3-D complexes based on DX-tiles [14,15] and

TX-tiles (triple cross over) [16]. A more recent advance in the methods of using

DNA oligonucleotides as building blocks was provided by Ke et al. [17]. There

the authors took advantage of 32-nucleatide long DNA bricks as modular com-

ponents analogous to Lego building blocks (Figure 2.3). With the method the

authors were able to produce a large number of arbitrary shaped complex 3-D

structures.
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Figure 2.3. In Figure, short synthetic DNA molecules were used for assembling complex ar-
bitrary shaped three-dimensional constructs. The method reminds closely of Lego
brick assembly. The approach is based on 32 nt long ssDNA strands named as bricks
consisting of four domains. These domains are grouped into a head and a tail (A).
A tail group of one brick with sequence s can pair with a head group of another
brick having sequence s* in a stereospecific manner as illustrated in (B). Figure
(C) illustrates a 6 helix X 6 helix X 48 bp cubic structure assembled from the basic
building units. Its Lego analogue is illustrated in (D). One can vary the structure
by using only a subset of bricks used for building the complete cubic system (E).
Actually, quite complex shapes can be constructed by leaving certain bricks away
from a cubic structure with the help of computer aided design (F). Reproduced with
permission from Ref. [17].
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Figure 2.4. DNA origamis are arbitrary two-and three-dimensional shapes constructed by fold-
ing a long scaffold ssDNA strand with the help of a large set of short ssDNA strands
named staples. With a certain design of staple strand positions in the structure,
stress and strain can be induced in the structures enabling preparation of curved
shapes. Reproduced with permission from Ref. [19].

2.2.1 DNA origami

DNA origami [18] are arbitrarily shaped two-and three-dimensional self-assemb-

led structures made by folding a long single stranded DNA (ssDNA) scaffold

with the help of a large set of synthetic short ssDNA strands named staples.

Figure 2.4 illustrates the diversity of objects possible to prepare with the method.

The scaffold can be either linear or circular. In the articles of this thesis circular

natively single-stranded M13-phage viral plasmid (7250 bp long, isolated from

M13mp18) was used as the scaffold material.

As was mentioned in Section 2.1, ssDNA strands can be opened and asso-

ciated again with the help of heating. The most common approach for DNA

origami preparation is the thermal annealing of the staples and the scaffolds

in a buffered solution. The DNA material is heated above its melting temper-

ature followed by slow cooling of the substances to room temperature. During

the cooling step, the staples search their positions in the scaffold and fold it into

the desired shape. The planar 2-D structures can be formed in a couple of hours

with nearly 100 % yield [18], while the multi-layered structures might take up

to a week to form with relative low yields (5-20 %) [20]. In addition to the

thermal annealing, formation of the origami structures in a denaturing buffer

(formamide) has been demonstrated. There the DNA origamis formed when the

concentration of formamide was successively decreased by dialysis [21].

The structure and the formation principle of the DNA origami is presented in
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Figure 2.5. Figure is a schematic presentation, and in reality, the scaffolds and

the staple strands are floating in the reaction solution in a random conforma-

tion prior to the origami formation. As the first designing step, the scaffold is

put to run through the whole structure in a raster pattern (Figure 2.5 (c)). This

pattern determines the sequence of the staples strands needed for keeping the

structure together. The staples accomplish their task by forming regions of B-

DNA with the scaffold (Figure 2.5) (a). This DNA conformation means: a com-

plete 360o turn of the DNA helix is 10.5 bases in length [23]. The staples join

neighbouring dsDNA strands by forming immobilized Holliday junctions [24]

– a junction composed of four ssDNA strands. These are formed from antipar-

allel crossovers of staples (or the scaffold) (Figure 2.5) (b), (d). The frequency

of these crossovers has a significant impact in the outcome of the final origami

structure. First, it has influence on the interhelix gap which is the separation

between two adjacent dsDNA regions [18]. In the case of structures used in

this thesis, the crossovers appeared with separation of 16 bases which means

1.5 turns of DNA [18]. This led into interhelix gap of 1 nm. In multilayered

structures a more frequent division is used, and for example the density of one

turn every 7 bp or 8 bp leads into interhelix gap smaller than 0.5 nm [20, 25].

Moreover, with a certain choice of crossovers, stress and strain can be induced

into the origami structure enabling formation of curved structures [26] as il-

lustrated in Figure 2.4. There are dedicated software for designing [27,28] the

DNA origami structures as well as for their analysis [29].

The scaffold does not necessarily need to be completely paired with the sta-

ples, but instead regions of ssDNA can be left behind. As was observed Section

2.1, the stacking interaction taking part in stabilizing the dsDNA structure is

of the same order of magnitude in strength as the hydrogen bonding between

the base pairs. Therefore blunt ends of dsDNA in the edges of DNA origamis

can lead into uncontrolled aggregation of the structures. Due to this, quite often

staples from origami edges are omitted. Sometimes, however, these stacking in-

teractions can be favourable as was demonstrated by Woo et al. by programmed

assembly of DNA origamis into larger entities with the help of the DNA blunt

ends [30].

2.2.2 DNA Origami as a tool for nanoscale positioning of materials

The DNA origami structure has one important feature concerning the set of sta-

ple strands: all of them are unique in sequence. As a consequence, each strand

has a predefined position in the DNA origami structure. Moreover, the staples

can readily be chemically modified for example with biotin, amines, thiols and
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Figure 2.5. The DNA origami is formed from two sets of ssDNA material, namely the staples
and the scaffold. The staples associate with the scaffold to form B-DNA (a). The
positions, where staple strands run from one dsDNA helix to an adjacent one, are
named as cross-overs (b). Through the hybridization of the two ssDNA materials
combined with the formation of the cross-overs, the scaffold is forced to follow a
raster pattern (c,d). For design purposes the structures can be visualized as solid
cylinders (e). The dimensions in the structures are presented in (a) and (b). Repro-
duced with permission from Ref. [22].

Figure 2.6. The DNA origami substrate can be used as a nanosized "breadboard" where the sta-
ple strands can be thought as binding pixels (I, a). In (I) a complicated pattern of
streptavidin protein has been attached on the origamis into biotin-modified staple
strands. In (I, b), there are atomic force microscope images of the assembled struc-
tures. In addition to proteins, a variety of other nanomaterials can be assembled
with the DNA origami method. In (II,a), tracks for a DNA molecular walker have
been attached. Figure (I,b) presents how the DNA molecular walker proceeds along
the tracks with the help of a nicking enzyme. An AFM image of the system is pre-
sented in (c). The starting point of the molecular walker is an empty site in the
DNA origami structure (d), where the walker hybridized with the gray ssDNA part
(e). Figure (I) reproduced with permission from Ref. [31] and (II) from Ref. [32].
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Figure 2.7. Large networks can be built with individual DNA origamis as building blocks. In
Figure, cross-shaped DNA origami tiles have been assembled, with the help of ss-
DNA overhangs sticking from the edges of the origamis, into micron-sized assem-
blies. The images about the individual tiles and networks of tiles have been obtained
with AFM-imaging. Reproduced with permission from Ref. [48].

azides. This opens up a unique possibility to programmable address materials

into arbitrary patterns on the origami substrate with resolution limited only by

the size of the staple strands. In other words, the DNA origami can be used as

a nanosized "breadboard". The concept is illustrated in Figure 2.6 (I). There bi-

otin modified staple strands operate as pixels for generating a complex pattern

of streptavidin protein on the DNA origami substrate. Similar biotin pixels

were used also in Publication I of this thesis to produce single-walled carbon

nanotube assemblies on origami substrates. There are several demonstrations

on assembling different kinds of nanomaterials on the DNA origami substrate,

such as proteins [31], carbon nanotubes [33–35], virus capsids [36] and metal

nanoparticles [37–45]. Even tracks for DNA molecular walkers have been de-

posited on the DNA origami substrate [32] (Figure 2.6 (II)). The DNA mediated

assembly of metal nanoparticles is dealt in more detail in Chapter 4, while the

assembly of single-walled carbon nanotubes on different configurations is pre-

sented in the following chapter.

The size of the planar DNA origamis is roughly 100 nm in diameter i.e. the

structures are relatively small restricting the overall size of the material pat-

terns possible to assemble on the substrate. Therefore efforts have been taken

for assembling larger structures of individual DNA origami structures as basic
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building blocks [30, 46–48]. These structures can be achieved by using ssDNA

overhangs sticking from the edges of the DNA origami structures complemen-

tary to overhangs in another origami structure. In Figure 2.7, a large network

has been build from individual DNA origami tiles with the help of ssDNA sticky

ends. These kinds of large origami networks could for example be used for man-

ufacturing logic circuits from carbon nanotubes [49].
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3. Assembly of single-walled carbon
nanotubes with the DNA origami
method

Single-walled carbon nanotubes (SWCNTs) are tubular structures with extraor-

dinary electrical and optical properties stemming from the confinement of the

electron wave-function in two dimensions. Moreover, SWCNTs have been found

to be a very tough material. Due to their versatile properties, the SWCNTs have

found applications ranging from memory [50,51] elements to material reinforc-

ing fillers (Hyptonite). However, there are still several challenges hindering

the use of the SWCNTs in commercial applications. In addition to being able to

produce high quality material in mass scale, one should have control over the

electrical properties of the SWCNTs meaning ability to sort the SWCNT mate-

rial according to its chirality [52]. Moreover, the alignment of the SWCNTs on

substrates for electrical contacting is still an open issue [53].

In Publication I of this thesis a solution for the SWCNT alignment issue,

based on the DNA origami method, was presented. The method was demon-

strated with three different SWCNT configurations. In the first one, a single

SWCNT was bound and aligned on the origami structure. This configuration,

combined with some other electrically, optically or biologically active nanopar-

ticles, could be used for sensing, as information storage and for energy or in-

formation conversion. In the two other ones, two SWCNTs were bound in the

same origami, aligned to form a cross junction – a geometry suitable for tran-

sistor operation. Although the method was demonstrated for SWCNTs, the

approach can be adapted also for other nanotubes.

In the following sections the self-assembly and alignment of SWCNTs through

the DNA origami method is discussed. The SWCNTs were attached to the DNA

origami substrates with the help of streptavidin-biotin interaction. For this, the

SWCNTs were functionalized with biotinylated ssDNA which was also used for

dispersing the material in a water based solution. Therefore, as a crucial part

of the method, the ssDNA functionalization of SWCNTs is discussed first in de-

tail. For a general introduction to the preparation, properties and applications
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of carbon nanotubes, see a recent review paper [54]. In addition, the book by Jo-

rio et al. provides a comprehensive introduction to the properties of CNTs [52].

3.1 Functionalization of single-walled carbon nanotubes with
deoxyribonucleic acid

Due to the tubular nature of the SWCNTs, they tend to form bundles that are

difficult to separate and dissolve into both organic [55] and inorganic solvents,

and yet there would be a demand for efficient separation and assembly meth-

ods [56]. The task can be carried out with the help of strong oxidizing acids

which generate shorter and partially modified CNTs [57, 58]. Acids have also

an important role in purifying the CNTs from catalyst residues. The down-

side of the approach is its tendency to damage the processed SWCNTs. Also

super acids [59], charged nanoparticles [60], proteins [61] or polymers [62–64]

can be used for dissolving the CNT material. In addition aqueous solutions

of CNTs can be produced with ionic detergents such as sodium dodecyl sul-

fate [65], sodium cholate [66] or sodium dodecylbenzene sulfonate [63]. The

problem with ionic detergents is the need to use them in high concentrations.

Moreover, removal of excess unbound surfactants can cause rebundling of the

CNTs.

Another approach for separating and dispersing SWCNT bundles into aque-

ous solutions is to use single stranded DNA. The advantage of the method lies in

its nondestructive nature. Moreover, there exist well developed chemistries for

DNA strand functionalization with various kinds of functional groups, biotins

and thiols as examples. For this fascinating combination of two extraordinary

materials, several practical applications have been proposed such as chemical

sensors [67], DNA detectors [68, 69], field effect transistors [70] and using the

approach for cancer cell destruction [71].

3.1.1 The functionalization mechanism

According to thermodynamic integration studies on the binding of individual

DNA bases to SWCNTs, the bases stack on the CNT surface with van der Waals

forces [72]. In the case of aromatic molecules, this interaction is also known as

π-stacking. The distance between the base and the CNT surface appears to

be roughly 0.34 nm which is the same as the distance between two sheets of

planes in graphene [73]. The DNA bases bind strongly on the CNT surface and

in the case of all the DNA bases the base-CNT binding free energy is in the
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Figure 3.1. Single stranded DNA is efficient in opening SWCNT bundles and dispering them
into aqueous solutions. The DNA bases stack on the CNT surface, while the sugar
and phosphate groups are exposed to the solvent. As a consequence, the ssDNA
forms barrel around the CNT as illustrated in Figure. Reproduced with permission
from Ref. [76].

order of 10 kcal/mol, which is 17×kBT [72]. Experimental results complement

the observations, and solutions prepared with ssDNA/SWCNTs are stable for

months at room temperature. Although all the bases have been found to bind

into CNT surfaces, the purines (G, A) show increased affinity compared to the

pyrimidines (T, C) [72]. Intuitively this is quite obvious to see – the purines are

made out of two aromatic rings instead on one in the pyrimidines. The variation

of the binding strength between the bases appears to follow a trend G<A<T<C,

however different observations have also been reported [74].

As the bases stack with the van der Waals forces on the SWCNT surface, they

go through a major conformational change. The bases rotate 90 degrees from

the π-stacked conformation [73] encountered in native DNA and the phosphates

and sugars, forming the DNA helix backbone, get more exposed to the solvent.

This exposure of the sugars and phosphates is supposed to have a significant

role in dispersing the SWCNTs [75]. The ssDNA functionalization of SWCNTs

is illustrated in Figure 3.1. There the ssDNA has formed a single barrel like

layer around the CNT. However, ssDNA is a very flexible polymer and therefore

several different configurations, like right-handed helical, left-handed helical

and straight wrapping is possible (Figure 3.2) [73, 77]. The salt concentration

of the aqueous solution has also a major impact on the DNA configuration.

Moreover ssDNA length-dependent binding has been reported and even the

ability to sort CNTs to metallic and semiconducting species according to ssDNA

length has been reported [75].

Interestingly, theoretical and experimental investigations have demonstrated

that basically all sorts of ssDNA sequences should bind and solvate SWC-

NTs [72, 73]. In addition, there should not be any preference in certain base

sequences binding into certain chirality CNTs [72]. Still X. Tu et al. [76] re-

ported on structure-specific recognition of CNTs by different sequences of ss-

DNA. From their test set of 350 different ssDNA sequences, they were able to

find more than 20 sequences that were able to purify certain chirality CNTs
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Figure 3.2. Free energy landscape for (GT)7 ssDNA functionalized SWCNTs. The axes in the
plot present the minimum root-mean-square deviations of the (GT)7 phosphorous
atoms from an ideal left-handed (x-axis) and linear (y-axis) conformations. Accord-
ing to simulation studies, there are several energy minima corresponding to differ-
ent kinds of ssDNA wrapping on the CNT surface the loop configuration being a
global minimum. Reproduced with permission from Ref. [77].
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with the help of ion exchange (IEX) chromatography [76]. However, instead

of chirality dependence in binding, the mechanism for the finding could lie in

the formation of barrel like organized structure (as in Figure 3.1) with certain

CNT chiralities with a given ssDNA sequence which then minimizes its van der

Waals and hydrophobic interactions with the IEX-resin [72,76]. Despite what-

ever the mechanism would be, the finding is extremely valuable and provides a

new approach for SWCNTs separation, which is based on the ssDNA mediated

sorting according to SWCNT chirality. Typically people have settled for sepa-

rating the raw CNT material into metallic and semiconducting species, which

is a significantly weaker conditions compared to the purification of CNTs into

species of different chirality.

3.1.2 Experimental methods

The carbon nanotubes for the assembly of SWCNTs on the DNA origami sub-

strates were prepared in the Aalto Univiresity by prof. Esko Kauppinen’s

group [78]. We tested also commercial semiconducting SWCNTs (Nanocyl Inc.),

but for some reason the assembly process did not succeed with them. We were

able to disperse the material into water, but we could not attach the ssDNA

functionalized CNTs into the DNA origami substrates. We postulate that this

could be a consequence of more residue-free material provided by Kauppinen’s

group combined with low bundling level of their SWCNTs. The SWCNTs were

prepared with an aerosol (catalysis floating) CVD (chemical vapor deposition)

reactor by ferrocene vapor decomposition in a carbon monoxide atmosphere.

The length of the CNTs can be controlled with reaction conditions and in our

experiments the average lenght of the CNTs was about 290 nm.

The properties of the SWCNTs can be probed optically. The optical proper-

ties of the SWCNTs stem from their 1-dimensional nature which leads into

Van Hove singularities in their electronic density of states [79]. Each different

chirality SWCNT has a different set of van Hove singularities and hence a dif-

ferent optical response. A typical approach for optical investigations of CNTs

is the resonance Raman scattering method which involves inelastic scattering

of light from the CNTs. There are Raman spectra, obtained with two different

exciting lasers (633 nm and 488 nm), from a typical SWCNT raw material used

in our experiments in Figure 3.3.

In the spectrum, typical features for the SWCNTs can be found. Firstly, radial

breathing mode (RBM), the collective oscillation of the carbon atoms in the

radial direction, is clearly visible in the spectrum. This is a unique property

of the CNTs and can be used for determining the diameter of the SWCNTs in
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Figure 3.3. Raman spectrum from as-grown SWCNTs excited with 488nm and 633 nm lasers.
Sharp G band peak and low D/G ratio indicate high purity SWCNT consisting
mostly of semiconducting spieces. The radial breathing mode (RBM), the collec-
tive motion of the carbon atoms in the radial direction, is a fingerprint of the carbon
nanotubes. Reproduced with permission from Publication I of this thesis.

the sample. Sharp features, instead of a Bright-Wigner-Fano type of profile,

at roughly 1600 cm-1 prove our SWCNTs to be mostly semiconducting [79].

The intensity ratios of the G-band and defect related D-band is small (ID /IG =
0.09 for the red laser and ID /IG = 0.04 for the blue one) indicating high-quality

SWCNTs.

Despite the reports on the more efficient binding of purines to SWCNT sur-

faces and results obtained with repeats of sequence (GT)n [80], we decided to

use poly T (T40) strands as our ssDNA material. The same sequence was used

also by Maune et al. in their DNA origami mediated SWCNT assembly exper-

iments [33]. In our case the ssDNA strands had biotin modifications in the

3’ end (or at the half way of the ssDNA strand). The SWCNTs (1 mg) were

dispersed into milliQ water (0.8 ml), having 320 nM ssDNA and 0.1 M NaCl,

with tip sonication (7 W, 90 min) in a water bath at about 15 oC. The sonication

was conducted in pulsed mode with 2s pulse/pause length. In order to sepa-

rate the SWCNTs bundles into individual ones, due to the rapid nature (in the

scale of tens of nanoseconds) [77] of the ssDNA binding on the CNT surface,

one needed to get the CNTs separated from each other only for a short period of

time. Therefore minimal sonication power was needed. Moreover, small powers

are desired in order not induce damage in the SWCNTs. The water bath was

used to avoid elevated temperatures.

After sonication, excess SWCNTs that had not been dispersed by the ssDNA

strands, were removed by centrifugation with 16000 g for 90 min at 4 oC. The

centrifugation process pushes the undispersed SWCNT material to the bottom

of the container and therefore the supernant was collected. This purification
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Figure 3.4. A transmission electron microscope image (a) and an atomic force microscope image
(b) about ssDNA wrapped SWCNTs. The height of the CNTs in Figure (b) under the
line is about 1.22 nm. Reproduced with permission from Publication I of this thesis.

step did not yet remove excess ssDNA strands and therefore the collected su-

pernants were spin filtered three times. During the spin filtering, liquid con-

taining excess ssDNA gets squeezed through the filter leaving functionalized

SWCNTs behind. Every time the liquid that had gone through the filter was re-

placed with milliQ water having 0.1 mM NaCl. There is a transmission electron

microscope (TEM) and an atomic force microscope (AFM) image about ssDNA

functionalized SWCNTs in Figure 3.4.

3.2 Assembling single-walled carbon nanotubes with the DNA
origami method

The assembly of the ssDNA functionalized SWCNTs on the DNA origami sub-

strates is illustrated in Figure 3.5. In the figure, some of the staple strands

in the origami structure have been replaced with biotinylated ones (Figure 3.5

(a)). In this particular case, there are in total 10 biotinylated staples forming

two biotin lines on the same side of the origami structure. These biotins can

bind Streptavidin, and by this way form two binding site rows for DNA/biotin

functionalized CNTs (Figure 3.5 (c)). Each of the rows should bind a single

SWCNT in a manner that they would align themselves according to the STV

binding site rows (Figure 3.5 (d)). In this particular case, the SWCNTs should

form a crossed junction on the one side of the origami structure.

The DNA origami substrate used for assembling SWCNTs comprised of 192

staple strands in total. Depending on the binding site configuration either 5, 10

or 21 staples had been replaced with biotinylated versions. Moreover, the sta-

ple strands from the edges were again left away in order to avoid uncontrolled
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Figure 3.5. Schematic diagram on assembling single-walled carbon nanotubes on the DNA
origami substrates. Some of the staple strands in the origami structures have been
replaced with biotinylated ones (a). These operate as binding sites for the strepta-
vidin proteins (b), which then form binding site rows for the SWCNTs. The carbon
nanotubes, functionalized with the biotinylated ssDNA c), align themselves accord-
ing to the STV binding rows (d. Reproduced with permission from Publication I of
this thesis.

stacking of the DNA origami structures. The DNA origamis were formed by

combining the M13mp18 scaffold with the staple strands in 50 μl reaction vol-

ume in 1 x TAE magnesium acetate buffer (40 mM TRIS, 19 mM acetic acid, 1

mM EDTA, 12.5 mM magnesium acetate). There the staples were used in 10

fold excess each compared to the scaffold strands.

The attachment of the SWCNTs into the DNA origami substrates was done

in solutions with low ionic strength. Therefore the origami structures were

strengthened with a ligation procedure [81]. There T4 polynucleotide kinase

was used for incorporating a phosphate group in the 5’ end of the staple strands.

The enzyme operates best at 37 oC and therefore the DNA materials were in-

cubated 37 min at that temperature. The incubation was followed by thermal

anneal from 90 oC to 20 oC with 0.1 oC/min steps. The ligation process was

completed after anneal with T4 DNA ligase, which catalyses the formation of a

phosphodiester bond between juxtaposed 5’ phosphate and 3’ hydroxyl termini

in dublex DNA. The ligation step was done overnight at room temperature. Af-

ter the DNA origami fabrication process one ends up with 50 μl of roughly 1

nM DNA origami solution if assuming 100 % yield during the manufacturing

process.

During the formation of the DNA origami substrates, staple strands were

used in large excess compared to the scaffold strands to ensure proper forma-

tion of the structures. There especially the biotinylated staple strands, if not

removed from the reaction volume, would interfere the SWCNT assembly by

blocking binding sites from the origamis. Therefore excess staples were re-

moved by spin filter columns having 100 kDa cut-off weight. The spin filtering

step was repeated in total three times. Each time, the solution that had gone

through the filter, was replaced with 1 x HEPES NaOH buffer solution (6.5 mM
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Figure 3.6. Atomic force microscope images of DNA origami susbtrates with a) 5, b) 10 and c)
21 STV binding sites for CNTs. The designed configuration is represented in the
insets. Adapted with permission from Publication I of this thesis.

HEPES, 2.0 mM NaOH). After the last filtration step, the solution was brought

to 100 μl volume with 1 x HEPES NaOH resulting in ∼1 nM DNA origami solu-

tion. The binding sites for SWCNTs were formed by adding STV (recombinant

streptavidin from Streptomyses avidinii) in 5-10 times excess compared to the

DNA origamis. The solution was incubated overnight at 4 oC before removing

unbound STV by spin filtering.

The AFM images in Figure 3.6 present the three different binding site config-

urations used in the experiments. In Figure 3.6 (a), there are five streptavidin

pixels forming a single line on the origamis for hosting a single SWCNT. The

single SWCNT binding scheme is already by itself an extremely important case.

As was mentioned in the beginning of this chapter, in order to fabricate SWCNT

transistors efficiently with UV or electron beam lithography, one has to have
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control over the orientation of the SWCNTs on substrate surfaces for electric

contact fabrication. Now that there are methods for positioning and aligning

DNA origamis on semiconductor substrates [40, 82], the DNA origami method

for assebling SWCNTs provides the needed controllability. Therefore the single

SWCNT/origami could readily be used, after fabrication of electrical contacts to

the SWCNT, as a transistor for example in a back gate configuration.

In addition to the crucial SWCNT alignment issue, the DNA origami sub-

strate offers a unique possibility to address other types of electrically, optically,

chemically or biologically active nanoparticles (for example proteins, quantum

dots, metal nanoparticles, enzymes, various small molecules) to the template in

addition to the SWCNT. Therefore the system can be used for example for sens-

ing, as information storage and for energy and signal conversion. The CNTs are

known to be efficient sensors, with, for example electrical [83] or optical [84] re-

sponse. It has also been shown that CNTs can detect charges of few electrons

up to 100 nm distances from the CNT [85]. Therefore the system could be used

for detecting chemical/biological reactions, which include change in the electri-

cal charge of the object. If the nanoparticle is optically active, for example a

metal nanoparticle, one could use it to modulate the electrical conduction of

the SWCNT i.e. the system could operate as an optical modulator. In all of

these applications, the DNA origami substrate offers the possibility to control

the interparticle distances in nanometer accuracy, feature that is important for

example for nanoparticles where coupling of dipoles is desired. It is noteworthy

that obtaining similar control and versatility over the interparticle separations

with conventional top down methods is either extremely difficult or impossible.

In the other two configurations (Figure 3.6 (b), (c)), the DNA origamis have

binding sites for two SWCNTs. The case (Figure 3.6 (b)) was introduced in the

schematic Figure 3.5. The (Figure 3.6 (c)) differs from this by having 21 STV

binding sites instead of 10. Moreover, the two STV lines are located on different

sides of the DNA origami structure. Therefore, in this configuration, the two

bound SWCNTs will be on the different sides of the DNA substrate. As one

can observe from the AFM images, the STV binding site rows form on the DNA

templates with excellent fidelity.

Whether having the SWCNTs on the same or on the opposite sides of the

DNA origami substrate, depend on the desired application. It has been ob-

served that substrates can cause deforming forces on crossed SWCNT junc-

tions by imposing attractive forces on the SWCNTs [86]. According to ab ini-

tio pseudopotential density functional calculations SWCNTs forming a crossed

structure on a substrate can come as close as 0.25 nm from each others as a

22



Assembly of single-walled carbon nanotubes with the DNA origami method

consequence of attractive forces between SWCNTs and the substrate [87]. This

is significantly closer than the van der Waals separation (0.34 nm) and leads to

a sizable intertube conductance. Depending on the SWCNT types forming the

junction, conductance of 2 to 6 % of a quantum unit of conductance G0 = e2/h for

a metallic-metallic SWCNT junction has been reported. For a semiconductor-

metallic SWCNT pair Schottky diode type of operation was reported for the

junction with a Schottky barried of 200-300 meV [87].

In the case of having the SWCNTs on the same side of the DNA origami sub-

strate, there the ssDNA wrapped around the SWCNTs will increase the sepa-

ration between the SWCNTs and hence lower the intertube conductance. The

distance between the SWCNT surface and the DNA bases is about 0.34 nm [73].

On the other hand, if the SWCNTs are on different sides of the DNA origami

substrate, the separation between the SWCNTs gets increased by the thickness

of the DNA origami substrate leading into better electrical isolation. The cal-

culations revealed that with zero deforming force the junction conductance is

practically negligible [87]. Hence, when good isolation is needed the SWCNTs

should be attached on opposite sides of the DNA origami substrate and vice

versa.

The SWCNTs were assembled on the DNA origami substrates by adding 10

μl of SWCNT solution in MilliQ H2O having 0.1 mM NaCl into 15 μl of DNA

origami solution. Incubation time was varied from 1 to 7 days in order to inves-

tigate the effect of time on the yield in structure formation. The incubation was

carried out in 4 oC.

3.2.1 Results

The results from the assembly experiments are presented in Figure 3.7, and

analyses concerning the structure formation yields are presented in the table

3.1. In Figures 3.7 (b) and (c), there are results from assembling single SWC-

NTs with the five STV pixel configuration. According to the table 3.1, the best

results were obtained with 4 days incubation. There as high as 56 % binding

efficiency was achieved and from these 48 % were aligned well according to the

STV pixel line. As the incubation time was increased from 4 to 7 days, no in-

crease in binding efficiency was observed. As can be observed from Figure 3.7

(c), in addition to having one carbon nanotube bound to individual DNA origami

substrate, in some cases a single SWCNT hosted several origamis.

In the case of two SWCNTs per DNA origami best yields were obtained with

a 3 day incubation with the configuration of having the SWCNTs on the same

side of the origami i.e. the 10 pixel case (AFM images, Figure 3.7 (d), (e) and
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Figure 3.7. Atomic force microscope images about SWCNTs assembled on DNA origami struc-
tures in 5-pixel configuration (a), (b), (c), in 10-pixel configuration (d), (e) and in
21-pixel configuration (f), (g). The figure (a) illustrates the yields in structure for-
mation. Adapted with permission from Publication I of this thesis.
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Table 3.1. A table representing the yields in the structure formation. There the incubation
time, the total number of origami/CNT structures analysed (N), number of struc-
tures having a single SWCNTs/origami (N single CNT), number of structures having
two CNTs/origami (N two CNTs), and the number of structures having SWCNTs cor-
rectly aligned according to the binding site rows from those, which had two SWCNTs
attached (N well aligned).

Type Time

[days]

N N (Single

CNT)

N (two

CNTs)

N (well

aligned)

5 pixels

1 283 123 (43.5 %) NA 44 (35.8 %)

4 370 206 (55.7 %) NA 98 (47.6 %)

7 208 69 (33.2 %) NA 22 (31.9 %)

10 pixels

2 344 169 (49.1 %) 15 (4.4 %) 2 (13.3 %)

3 287 225 (78.4 %) 40 (13.9 %) 13 (32.5 %)

23 pixels

1 184 63 (34.4 %) 8 (4.3 %) 1 (12.5 %)

3 152 28 (18.4 %) 4 (2.6 %) 1 (25.0 %)

a wide field AFM image illustrating yields (a)). There as high as 78 % of the

origamis had at least one SWCNT. In this case 14 % had two SWCNTs and

from these 33 % were aligned according to the pixel lines. In the case of 21

pixel configuration (AFM images, Figure 3.7 (f) and (g)), again 34 % yield was

gained in binding at least one SWCNT. The yield in binding two SWCNTs per

origami was, however, a bit lower (4 %). It has been widely acknowledged that

the DNA origami designed by P. W. K. Rothemund have some in-built stress

and therefore the DNA origami structures, instead of being straight and open,

are most likely bend in the solution [47]. Therefore we assume that there is

some sterical hindrance for the second SWCNT to bind on the opposite sides of

the DNA origami substrate.

3.2.2 Conclusions

As a conclusion, we were successful in assembling and aligning SWCNTs with

the help of the DNA origami method. In the case of crossed structures, 33 %

in alignment fidelity of the SWCNTs relative to the binding sites was achieved

with the SWCNTs on the same sides of the origamis. Significantly better results

were obtained in the case where SWCNTs were assembled on the same side

of the origami structure in comparison to the case where the SWCNTs were

aligned on opposite side of the origami (13 % in the same side case versus 5%
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in the opposite side case). The binding yield of attaching at least one SWCNT

on origami substrates reached as high as 78 %. Best fidelity of alignment was

obtained in the single SWCNT per origami case (48 %).

The purpose of this study was to demonstrate a method for attaching SWC-

NTs on the DNA origami structures with the help of STV-biotin interaction.

We did not conduct any major optimization steps during the study. Thus the

introduced approach could be improved with several methods. First, there was

no optimization done for the SWCNT to DNA origami ratio. By adjusting this

ratio, one could get rid of structures having multiple origamis/CNT and aggre-

gates of structures. Moreover, optimization of concentrations could lead into

shorter assembly times.

However, we assume that the binding efficiencies could be increased the most

by improving the purification protocols for both the SWCNT/ssDNA conjugates

and the DNA origami substrates. In this study, all the purification steps were

conducted with spin filtering. In this procedure the solution to be purified is

injected to a container having a filter membrane. During centrifugation, the

material to be removed goes through the filter. On the other hand the desired

structures, being too large to go through the filter, stay in the container. Dur-

ing the process the entire volume of the purified solution does not go through

the filter membrane which means, that there is always some residues left in

the container. Therefore, in our case there is always some free biotinylated

strands taking binding positions from the SWCNTs in the DNA origami sub-

strate. Nowadays a much more efficient approach, namely the agarose gel elec-

trophoresis, has become a standard tool in the DNA origami structure purifica-

tion. In addition in being superior in purification power compared to the spin

filtering approach, recently progress has been made in the recovery levels of

the structures. As an example, G. Bellot et al. reported 71 % recovery yield for

their 6-helix bundle 3-D DNA origami structure [88]. Therefore, purification of

the ssDNA/SWCNT solutions and the DNA origami substrates before assem-

bly would for sure lead into significantly larger yields. One could also separate

the case of having two SWCNTs/origami from the case of a single SWCNT/per

origami by conducting a gel electrophoresis purification step after the assembly.

Moreover, after the introduction of DNA origami design and analysis soft-

ware, people have switched into using their own designs rather than the origi-

nal structures designed by P.W.K. Rothemund. This has allowed the possibility

to design fast and easily stress free structures. We would assume that these

kinds of new designs would ramp the yields up, especially in the case of assem-

bling the SWCNTs on the opposite side of the origami structure.
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4. Assembling noble metal
nanoparticles on DNA origami
substrates

The surface plasmon resonance (SPR) and the localised surface plasmon reso-

nance (LSPR) involve the collective oscillation of the surface charge density. In

the first case the resonance is bound to a planar interface, while in the other

one on nanoparticle surfaces. In both cases light can be confined to dimensions

well below the wavelength of light. This confinement of light leads into strong

electromagnetic fields in the close vicinity of the particle or the interface sur-

face. In the case of the SPR, the field decay length is in the range of couple of

hundreds of nanometers, while in the case of the LSPR the decay length is a

couple of tens of nanometers. The strong electric fields of the SPR and LSPR

can be harnessed for sensing applications. For more information on biosensing

applications taking advantage of plasmonics, there is an excellent recent focus

issue in the Nature Photonics covering this topic [89].

In Publication II of this thesis, silver nanoparticle bow-tie antennas were as-

sembled with the DNA origami method. The system was designed to operate as

an optical DNA sensor taking advantage of the LSPR resonances provided by

spherical silver nanoparticles. There exists already a variety of DNA sensors

such as the TaqMan probes and the molecular beacons. However, these meth-

ods require PCR (polymera chain reaction) multiplication steps, which could

possibly be avoided with the origami/bow-tie antenna system due to the strong

optical response of the silver bow-tie antennas.

Before dwelling into more detail in the bow-tie antenna system, the physics

behind SPR and LSPR are introduced. In addition, the optical response of met-

als in general is presented briefly. The operation of the bow-tie antenna in-

volves the collective behaviour of several single nanoparticle plasmon modes.

Therefore the theory of hybridization of plasmon modes is also introduced.
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4.1 Optical properties of noble metal nanoparticles

4.1.1 Optical response of metals

The dielectric response of an electron gas can be described by the relation [90]

�D = ε0�E+�P = ε0(1+χ)�E = εε0�E. (4.1)

The external electric field �E gives rise to a polarization density �P = ε0χ(ω)�E

and a electric flux density �D. The terms in the equation are the permittivity

of vacuum ε0, the electric susceptibility χ and the electric permittivity ε of the

medium.

One can derive a relation for the material permittivity for metals by consider-

ing the response of non-interacting conduction electrons to an oscillatory elec-

tric field. This treatment is known as the Drude-Lorentz-Sommerfeld model

[91]. If a damping constant Γ= τ−1
coll is incorporated into the equation of motion

for the electrons, arising from collisions of the electrons with lattice impurities

and phonons with τ being the average time between collisions, one gets the

relation [92]

ε(ω)= 1− Ne2

ε0m(ω2 + iΓω)
= 1−

ω2
p

ω2 + iΓω
= 1−

ω2
p

ω2 +Γ2 + i
ω2

pΓ

ω(ω2 +Γ2)
, (4.2)

or

ε(ω)= 1+χDS(ω). (4.3)

The χDS(ω) represents the Drude-Sommerfeld susceptibility. In Equation 4.2, ω

is the angular frequency of the oscillating electric field, N the electron density,

m is the effective electron mass and ωp the plasma frequency described by the

equation

ω2
p = Ne2

ε0m
, (4.4)

where the e is the electron charge and m the effective electron mass.

The simple free-electron scheme is successful in describing the response of

some metals, e.g. alkali metals like lithium and sodium, fairly accurately [92].

However, in many cases, such as in the case of the noble metals gold and sil-

ver, a treatment involving only conduction electrons is not enough and a more

sophisticated model is needed. In addition to the conduction electrons, core elec-

trons give a significant contribution to the optical response and therefore inter-

band transitions have to be taken into account in permittivity Equation [93]
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Figure 4.1. Surface-plasmons are collective oscillations of the surface charge density at an in-
terface between a dielectric and a metal (a). The electromagnetic fields localized
on both sides of the interface are exponentially decaying evanescent fields (b). The
decay lengths of the electric field in the dielectric is in the order of δd = 100 nm
and in metal δm = 10 nm, respectively. The dispersion relations for a surface plas-
mon mode along with free space light ω = ck is presented in (c). Reproduced with
permission from Ref. [94].

ε(ω)= 1+χDS(ω)+χIB(ω). (4.5)

With this equation the polarizability and absorption properties, and hence the

optical response of metals can be described.

4.1.2 Surface plasmon polaritons

Surface-plasmon-polaritons (SPPs) are quanta of oscillation of the surface charge

density coupled with electromagnetic fields i.e. photons . The SPPs can occur

at any interface fulfilling a condition εm <−εd between the permittivities of the

materials forming the interface [94]. This condition holds e.g. for an interface

between a noble metal, such as Au or Ag, having a large negative real part of
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the dielectric constant, and a dielectric like air. The oscillatory nature of the

surface charge density is illustrated in Figure 4.1 scheme (a). The electromag-

netic fields localized on both sides of the interface are evanescent in nature with

exponential decay lengths being in the range of δd = 100 nm in the dielectric

and δm = 10 nm in the metal respectively, Figure 4.1 (b).

One can derive a dispersion relation which relates the SPP wave-vector to its

angular frequency (or energy) for the SPP mode at a dielectric-metal interface

from the Maxwell’s equations [95]

kSPP = ω

c

√
εdεm

εd +εm
. (4.6)

In the equation the frequency dependent permittivities are marked for the di-

electric as εd and for the metal εm, while ω is the angular frequency and c the

speed of light in vacuum.

The dispersion relation (Equation 4.6) is illustrated for a dielectric-metal in-

terface along with a light line (dispersion relation for light ω= vk, where v = c
n

is the phase velocity of light, ω the angular frequency, k the wavenumber, n the

refractive index of the medium and c the speed of light) in Figure 4.1 (c). The

SPP dispersion relation approaches the light-line with small wave-vector val-

ues starting to significantly deviate from it quite rapidly with increasing wave-

number. This imposes a challenge in exciting the SPPs by light and therefore

special arrangements, such as the Kretschmann or the Otto -configurations,

have to be used to compensate the mismatch between the momentum of the

free space light and that of the SPP illustrated in Figure 4.1 (c) [94].

The most interesting properties of the SPPs stem from the strong confinement

of the electric fields in the metal-dielectric interface. This strong confinement

has enabled the possibility to take advantage of the SPPs in applications such

as surface-enhanced Raman-scattering based sensing [96] and in enhancement

of fluorescence [97].

4.1.3 Localised surface plasmon resonance

In the previous section, a collective resonance of the surface charge density at

planar interfaces coupled to photons was introduced. In this section, a brief

introduction will be given on the optical response of small metal particles to an

electromagnetic excitation. The focus will be in nanosized noble metal nanopar-

ticles. The optical response of the nanoparticles can be investigated analytically

for spherical and ellipsoidal particles of arbitrary refraction index with the Mie-

theory, although more complex shapes and particle arrays require numerical
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techniques such as the finite-difference time-domain (FDTD) method, the finite

element method (FEM) or the T-matrix method [98].

One can get an insight into the physics of LSPR with the quasistatic approxi-

mation. There the particles are assumed to be significantly smaller compared to

the wavelength of the electromagnetic field. Although time variation of the elec-

tromagnetic field is taken into account, the spatial dependency and therefore

retardation effects are ignored. The treatment gives good results for particles

with dimensions less than ∼ 1% of the wavelength of the incident light [91].

However, quite often the approximation is used for significantly larger parti-

cles.

The static polarizability of a spherical particle of radius R can be expressed

by the relation [91]

α= 4πε0R3
εp −εm

εp +2εm
, (4.7)

there εp and εm are the complex permittivities of the particle and medium host-

ing the particle, respectively. The internal electric field of the nanoparticle

shows resonance behaviour when

|εp +2εm| =minimum. (4.8)

If a frequency-dependent form of the complex permittivity is used, defined as

ε(ω)= ε′(ω)+ iε′′(ω), and a real constant value for the permittivity of medium is

assumed, the following condition is obtained

εm(ω)=−2εp. (4.9)

This is the resonance condition for a dipole resonance in the quasistatic ap-

proximation. If neglecting the damping effects introduced in material model

Equation 4.2, a simple model for a Drude metal for the metal particle permit-

tivity can be given by ε(ω) ≈ 1− ω2
p

ω2 , where the plasma frequency is defined by

Equation 4.3. Thus combined with Equation 4.9 a relation for the resonance

frequency is obtained [92]

ωSP = ωp√
1+2εp

. (4.10)

The equation holds for dipole resonances induced in small particles. Conditions

for higher order resonances can also be derived with the quasistatic approx-

imation. For these a more general relation for the LRSP resonance position

states [98]
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Figure 4.2. Calculated extinction efficiencies for a spherical gold and silver nanoparticle of 30
nm diameter with the Mie-theory. For the calculation, water was chosen as the
medium with the refractive index of n=1.33. The maximum value for silver, 9.3,
occurs at λ= 403.1 nm and for gold, 2.1, at λ= 521.5 nm, respectively.

ωl
SP =

√
l

l+ (l+1)εm
ωp l = 1,2,3 · · · . (4.11)

In the equation, l is the multipole order, and for a dipole l=1. The LSPR fre-

quency derived with quasistatic approximation is independent of particle size.

However, with increasing particle size, the LSPR shifts to longer wavelengths,

a phenomenon the Mie-theory is able to predict.

In Figure 4.2, there are plots of extinction efficiencies for a silver and a gold

nanoparticle calculated with the Mie-theory. The particle size is the same as

in for assembling silver nanoparticle nanostructures with the DNA origami

method that will be presented later in this chapter. The nanoparticles have

been embedded in water (refractive index n=1.33). The calculation reveals also

the differences between the two noble metal materials. Although the plasmon

energies for the two are relatively close to each others (9.0 eV for silver and

8.55 eV for gold) [99], they have quite different threshold values for the inter-

band transitions (for Ag 3.9 eV and 2.4 eV for Au) [91]. In the case of Au, this

leads to considerable absorptive losses at wavelengths shorter than about 500

nm, which leads to a significant damping of the LSPR [92]. The phenomenon is

evident in the figure.

4.2 Hybridization of localised surface plasmon resonances

In the previous section the response of individual metal nanoparticles to elec-

tromagnetic excitation was discussed. When two of these particles are brought
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to close proximity of each other to form a dimer of particles, in addition to the ex-

ternal electric field, the particles start to feel the near-field of the other particle.

This leads to considerable changes in the optical properties of the system, which

can be explained with a plasmon hybridization model introduced by Prodan et

al. analogous to the hybridization of atomic orbitals in molecules [100, 101].

There individual plasmon modes hybridize to form a lower energy mode (named

as the bonding plasmon mode) and a higher energy mode (named as the anti-

bonding mode) [102]. These are basically the in-phase and out-of phase oscilla-

tions of the individual surface charge densities. The splitting of the individual

particle plasmon mode into new ones is illustrated in Figure 4.3.

The strength of the coupling between the individual particle plasmon modes

is dependent on several parameters, one being the polarization of the exciting

electromagnetic field [103]. The coupling is strongest when the electric field is

polarized along the line connecting the centres of the particles. There the bond-

ing plasmon mode, being lower in energy, leads into red-shift in the far field

spectrum. In the case of a homodimer i.e. particles of the same size and mor-

phology, the out-of-phase oscillation is not visible in the far-field spectrum and

is therefore named as a dark mode. The weakest coupling stems from the E-

field polarized perpendicular to the line connecting the particle centres. There

again the out-of-phase oscillation is a dark mode, while the in-phase oscillation

leads into a slight blue shift of the far-field spectrum. The atomic model ana-

logue can be taken even further by naming the two hybridized resonances as

the σ/σ∗ and the π/π∗ modes referring to bonds in molecules [104].

In addition to the electric field polarization, the strength of the plasmon hy-

bridization is strongly dependent on the interparticle separation [105]. The

effect is so prominent that it could be used as nanosized ruler [105]. The in-

teraction strength grows with diminishing interparticle separation until the

quantum regime where tunneling of electrons from one particle to the other be-

comes possible [106, 107]. When the interparticle separation gets smaller the

individual nanosphere plasmons with a given angular momentum can inter-

act with plasmons of different angular momenta (illustrated in Figure 4.3 with

the dashed green lines) causing extra shifts of modes illustrated in Figure 4.3

with the green arrows [102]. The scattering of electromagnetic radiation from

nanospheres is naturally described in spherical coordinates. The multipolar

modes described in 4.11 are solutions of the Maxwell’s equations in spherical

coordinates giving also angular momentum numbers.

The discussion so far has concentrated on plasmon hybridization in dimers

composed of identical particles. The case of non-identical particles, such as
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Figure 4.3. Coupling of individual spherical nanoparticle plasmon modes leads into new hy-
bridized modes. The coupling strength is dependent on the interparticle separation
and when the distance between the particles gets smaller, plasmon modes with an-
gular momentum l can mix with different angular momentum on the other particle
(indicated with green dashed lines). This interaction causes extra shifts for the
dimer plasmon (solid blue lines and green arrows). Reproduced with permission
from Ref. [102].

particles of different size or material, leads into several new spectral properties

such as Fano-resonances and an optical nanodiode effect [108]. Pena-Rodriques

et al. observed that coupling of the individual particle plasmon modes in a

dimer composed of silver and gold nanoparticles with the size-ratio 3:1 lead to

strong Fano-resonance signals which could be used for optical sensing [109].

In our work, we have considered hybridization of modes in a bow-tie antenna

configuration. This will be discussed in Section 4.3.3.

4.3 Assembling plasmonic structures with DNA

In addition to the DNA construction material, the nanoparticles themselves

play an important part in building plasmonic structures. Nowadays there are

methods available for manufacturing practically all sorts of metal nanoparticle

shapes from spheres [110] to rods [111] and complex branched structures [112].

In addition to the size of the metal nanoparticle, there are other factors in-

fluencing in the particles’ optical properties. In spherical particles, the LSPR

resonance is mainly dipolar in nature. However, the number of resonance peaks

increases as the number of possible ways to polarize the particle increases.

In addition, sharp features like corners effect in the position of the LSPR fre-

quency [113]. These factors eventually influence the outcome of the plasmonic
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construction.

Assembly of these different metal nanoparticle shapes into complex geome-

tries involves several forces such as van der Waals, electrostatic, solvation / de-

pletion, friction/lubrication and capillary forces [114,115]. As an example, elec-

trostatic forces tend to easily aggregate gold and silver nanoparticles in ionic so-

lutions. As a solution, to prevent uncontrolled aggregation of the nanoparticles,

they are coated with some soft organic material, such as the alkanethiolates

[116, 117]. K. Aslan et al. were able to prepare 11-mercaptoundecanoic acid

covered AuNPs in the presense of nonionic Tween 20 surfactant resulting in

nanoparticles stable in broad pH ranges. Moreover, the carboxylic acid groups

readily provided means for 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)

/ N-hydroxysuccinimide (NHS) mediated coupling reactions [118].

Another extremely practical coating ligand option is DNA. Due to its versa-

tility, it can be used to compensate for the Van der Waals forces-driven aggre-

gation of nanoparticle cores by steric hindrance provided by the DNA strands.

Moreover the effect can be easily controlled by adjusting the length of the DNA

strands. The stiffness of the ligand can be also controlled by using dsDNA in-

stead of ssDNA. On the other hand, the electrostatic-driven aggregation can be

controlled through ionic strength of the solution containing the ssDNA func-

tionalized particles. Even more importantly, DNA provides a means for con-

trolled assembly of the nanoparticles through Watson-Crick base recognition.

The first reports on gold nanoparticles assembled with the help of thiolated

ssDNA strands, a method that has become afterwards a standard tool for prepar-

ing high concentration AuNP dispersions in high ionic strength solutions, was

reported by Mirkin et al. [119] and A. P. Alivisatos et al [120]. After the reports

of Mirkin and Alivisatos, research groups have prepared ever more complicated

metal nanoparticle structures ranging from plasmonic molecules [121], linear

polymers [122] to 2 [123] and 3 -D crystals [124] with the help of DNA-driven

assembly. These different kinds of particle geometries are illustrated in Figure

4.4. In the first reports, the nanoparticles had full surface coverage of ssDNA

strands. Later a more complicated homofunctionalization [120] (where a sin-

gle DNA strand/nanoparticle is used) and asymmetric functionalization [126]

(DNA linker strands are not symmetrically distributed on the particle surface)

have provided means for fabricating complex plasmonic structures.

Besides directly connecting nanoparticles together with a DNA linker, the

nanoparticles can be organized on DNA scaffolds such as DX and TX tiles of-

fering possibility for preparing 2-D crystals illustrated in Figure 4.4. The more

recent templating strategy, namely the DNA origami method, can also be used
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Figure 4.4. After the first DNA-driven assembly of nanoparticles into larger constructions, ever
more complicated systems have been reported starting from plasmonic molecules
even to 3D crystals. Reproduced with permission from Ref. [125].

for the purpose. Figure 4.5 highlights some gold nanoparticle assemblies ob-

tained through the DNA origami method. There in Figure 4.5 (A), a chain of

nanoparticles with altering dimensions was assembled on triangular-shaped

DNA origamis [38]. In 4.5 (C), a gold nanoparticle dimer has been formed on a

DNA origami pillar standing on a substrate, enhancing the fluorescence emis-

sion from dye molecules [41]. The DNA origami method has been used even to

prepare chiral plasmonic molecules with tailored optical response (B) [42].

4.3.1 Functionalization of silver nanoparticles with DNA

When it comes to assembling metal nanoparticles on the DNA origami sub-

strates, the work has mainly focused on gold nanoparticles. The reason for

this might be in the strong coordination chemistry between sulphur and gold

offering opportunity to take advantage of thiolated oligonucleatides. Silver un-

dergoes oxidation more readily than gold making the ligands more labile on the

AgNP surface and the particles tend to aggregate irreversibly in solutions of

high ionic strength [39]. To overcome this issue, methods have been developed

where multiple sulphur moieties are used instead of single thiols [127–130].

The same approach was adapted for the functionalization of our AgNPs for

AgNP bow-tie antenna fabrication.

Preparation of the ssDNA functionalized AgNPs was adapted from Pal et

al. [39] with slight modifications. The sodium citrate stabilized silver nanopar-
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Figure 4.5. Some selected AuNP assemblies on DNA origami substrates. In (A) a row of AuNPs
with altering particle diameter has been formed on triangular DNA origamis, in (B)
chiral plasmonic molecules have been assembled with DNA origami sticks and in
(C) an AuNP dimer has been constructed on a DNA pillar attached to a substrate.
Figure (A) reproduced with permission from Ref. [38], (B) from Ref. [42], and (C)
from Ref. [41].
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Figure 4.6. A typical absorbance spectrum recorded from ssDNA functionalized silver nanopar-
ticles of 30 nm in diameter. The peak of absorption A ≈ 2.0 occurs at λ = 409 nm.
The particles were in 1 X TBE, 350 mM NaCl buffer solution.

ticles in water were bought from Ted Pella (Biopure 50X concentrate) with av-

erage diameter of 28.7 nm with first standard deviation of 3.6 nm (68 % of the

nanoparticles will have a size within (28.7±3.6) nm). According to the manufac-

turer the peak of absorbance occurred at λ= 402 nm. The ligand exchange was

performed in 0.5 x TBE (44.5 mM TRIS, 44.5 mM Boric acid, 1 mM ethylenedi-

aminetetraacetic acid) buffer solutions having chimeric phosphorothioated (ps-

po-chimeric) DNA of sequence (5′ TTTTTTTTTTTTTTT∗C∗A∗T∗G∗C∗G∗

G∗G∗C 3′) (bought from Integrated DNA technologies) where the bases marked

with a star have been replaced with phosphorothioated ones. The purpose of

this region is to anchor the ssDNA strand on the AgNP surface with multiple

sulphur chemisorptions. The ssDNA was used in 8000 times excess compared

to the AgNPs to ensure full coverage of the particle surfaces. The AgNP concen-

tration in the starting solution containing ssDNA material was 5 nM. The lig-

and exchange was done on a course of overnight incubation followed by sodium

chloride addition in 1 μl steps over 24 h to obtain 350 mM salt concentration in

the final solution. Excess ssDNA material was removed by spin filter columns

(450 kDA cut-off weight) and the DNA conjugated AgNPs were brought up into

desired concentrations with 1 X TBE, 350 mM NaCl buffer solution. Figure

4.6 presents a typical absorbance spectrum from a ready ssDNA functionalized

AgNP solution.

38



Assembling noble metal nanoparticles on DNA origami substrates

4.3.2 Assembling silver nanoparticle trimers and bow-tie antennas
with the DNA origami method

The DNA origami AgNP bow-tie antenna assembly process is illustrated in

the schematic Figure 4.7. The bow-tie antenna was composed of two differ-

ent origami structures, named as Tile 1 and Tile 2. The nomenclature has been

adapted from research conducted with DNA origami to form larger polymer and

2-D structures through using individual DNA structures as tiles. Both struc-

tures were rectangular (92 nm x 72 nm) planar DNA origamis consisting of

the M13mp18 scaffold plasmid and in total 192 staple strands. In both cases,

staples from the edges of the origamis were mainly omitted in order to prevent

uncontrolled stacking of the origami structures stemming from π-staking of the

blunt DNA-strand ends. However, in the case of both tiles, three staples with

11-base-long ssDNA extensions were included in the structures. In the case

of Tile 1, these strands located in the left edge and in the Tile 2 case in the

right edge, respectively. The 11-base long ssDNA extensions of the individual

tiles were complementary to each other and therefore pairs of origami could be

assembled through thermal annealing of the structures.

In addition to these ssDNA extensions, both of the tiles had three binding

positions for the DNA functionalized AgNPs. Each of the binding position con-

sisted of a group of three modified staple strands having 11-base-long ssDNA

extensions complementary to the ssDNA strands in the AgNPs (the thymine

repeat). Most likely a single ssDNA binder strand would not have been suf-

ficient for holding the silver nanoparticles (especially this large) attached in

the DNA structure and therefore three strands for anchoring was used. When

the individual DNA tiles were combined with the ssDNA functionalized Ag-

NPs, the bow-tie antenna structures could form upon thermal annealing (Fig-

ure 4.7). Usually when referring to bow-tie antenna structures, antennas made

out of two triangles are meant. However, as our three particle systems form

triangle-like shapes, we call our united nanoparticle trimer systems as bow-tie

antennas.

The individual DNA origami tiles were themselves prepared with standard

thermal annealing from 90 oC to 20 oC with the rate of 1 oC/min in 0.1 oC

steps in 1 x TAE Mg2+ (40 mM TRIS, 19 mM acetic acid, 1 mM EDTA, 12.5

mM magnesium acetate). The DNA structures were formed in a large excess

of the staples compared to the scaffold strands. Efficient removal of these ex-

cess oligonucleotides is of extreme importance for the AgNP origami structure

formation. Especially the modified staples, responsible for AgNP binding and
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Figure 4.7. The DNA origami bow-tie antenna consists of two individual DNA origami tiles
having predefined binding positions for the DNA functionalized AgNPs. The two-
origami tiles were annealed together with the AgNPs overnight to form the DNA
origami AgNP bow-tie antennas.

DNA origami pair formation, can considerably interfere the structure formation

process. A traditional and straightforward approach would be the spin filtra-

tion used in Chapter 3 for the SWCNT assembly. However it has been observed

that obtaining a good binding efficiency of nanoparticles into the origami struc-

tures requires more delicate purification methods. As was discussed earlier,

spin filtration leaves a considerable amount of the undesired residues. There-

fore the DNA structures for these experiments were purified with the help of

agarose gel electrophoresis. Ready annealed DNA origami structures were run

in 1 % agarose gel (in 1 X TAE Mg2+) for 45 min with 90 V applied between the

electrodes. Purified structures were extracted with spin filter columns (BioRad

freeze and squeece columns).

The relatively large particle size used (30 nm in diameter) posed another chal-

lenge in AgNP structure formation with the DNA origami method, in addition

to the purification of the DNA origami structures. Namely now that the whole

AgNP surface is covered with ssDNA, complementary to the binding positions

in origamis, there is a risk that a single particle binds to more than a single

binding position. This can take place inside an individual origami, or a single

particle can bind to several different origamis. The latter case leads to aggre-

gates of DNA origami structures. This problem can be circumvented by using a

high particle to origami ratio. As an example, Kuzyk et al. used AuNP particle

concentrations in the range of several hundreds nanomolar [42].

The high gold-nanoparticle concentrations in high ionic strength buffers can

be achieved with the help of the drug 2,6-di-tert-butyl-4-(3-hydroxy-2-spiropentylpropyl)-

phenol (BSPP). Thiolated ssDNA ligands can readily replace the molecule lead-

ing into ssDNA functionalized AuNPs with high concentration. However, BSPP

was found to be incompatible with AgNPs. Incubation of AgNPs in solution

containing BSSP led in our experiments into destruction of the particles. An-

other option would be to functionalize the AgNPs in the presence of a non-ionic

protective surfactant Tween 20 [118]. The surfactant attaches to the AgNP
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surface by physisorption forming a protecting layer against AgNP aggrega-

tion. This layer can be replaced with sulfur modified ssDNA strands binding by

chemisorption. Some experiments were conducted with Tween 20 for bow-tie

antenna formation, but no major improvements were observed. More experi-

ments should be conducted to harness the full potential of the surfactant.

Due to the aggregation issues related to the AgNPs, the structure formation

possessed an optimization problem between the relative concentrations of Ag-

NPs and the origamis. In the assembly process, the DNA origami concentration

was kept intentionally quite low, in order to prevent cross linking of the DNA

origami caused by multiple origami binding into single particle. The best re-

sults were obtained when particles were used in 3:1 concentration excess com-

pared to the DNA origamis with the following mixing protocol

• 10 μl Tile 1 + 10 μl Tile 2 + 10 μl DNA functionalized AgNPs + 20 μl 1 X

TBE (89 mM TRIS, 89 mM boric acid, 2 mM EDTA) 350 mM natrium chloride

(NaCl).

Prior to the assembly of DNA origami bow-tie antennas, DNA AgNP trimers

i.e. DNA structures with three particles, were prepared. These structures were

formed with the same protocols as the antennas. As the only difference: only

single tile type of was used (either Tile 1 or Tile 2) and the other tile was re-

placed with 1 X TBE 350 mM NaCl buffer. The 50 μl reaction volume was

thermally annealed overnight from 45 oC to 4 oC.

The results were investigated with transmission electron microscope (TEM)

on carbon grids. Due to the fact of basically having carbon on carbon, getting

sufficient contrast for DNA structure detection is challenging. Therefore the

samples to be imaged were negatively stained with uranyl acetate. There are

TEM images in Figure 4.8 (a) about well formed DNA origami AgNP trimers

and in (b) DNA origami AgNP bow-tie antennas. The structures appear well

formed and the DNA substrate is clearly visible under the particles. According

to TEM measurements, the separation between the two central particles in the

bow-tie structure was 6.4±0.9 nm and between the AgNP pair at the edge of

the antenna was measured to be 12.2±1.1 nm.

Agarose gel electrophoresis was used after DNA origami AgNP structure for-

mation for verifying the proper assembly of the DNA origami AgNP structures.

The structures were run in 1 x TBE magnesium chloride gel for 2 h with 80

V applied to the electrodes. The applied voltage induces heat in the running

buffer and therefore to prevent DNA strand melting, the gel was placed in an
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Figure 4.8. Transmission electron microscope images about DNA origami AgNP trimers (a) and
bow-tie antennas (b). The scale bars are 100 nm.

ice bath. The gel was stained with SYBR gold (Invitrogen) DNA intercalat-

ing dye for UV-imaging of the results. Figure 4.9 presents the results. Three

different sample sets were run in the gel. In lane three (L3) a sample contain-

ing pairs of DNA origami without AgNPs have been run. There are two bands

visible. The faster running lower faint band contains individual DNA origami

while the upper brighter one has the DNA origami pairs. In the lane two (L2)

DNA origami AgNP trimers and in lane one (L1) DNA origami AgNP bow-tie

antennas have been run. The bands containing bow-tie antennas and trimers

are marked as I) and II), respectively. This was verified by extracting the mate-

rial out from the gel and by imaging the extracted material with TEM. There is

a faint band visible in L2 below the trimer band. This most probably contains

pairs of origami, due to the fact that the Tile 1, used in this set of material

to make the trimers, tended to pair slightly with itself to form origami pairs.

However this was not verified by TEM imaging. The relative intensity of flu-

orescence was measured from the bands, with DNA origami pair band in L3

operating as the reference. The results are listed in the table next to Figure

4.9. According to the numbers, the DNA origami AgNP bow-tie antennas have

formed with good yield.

4.3.3 FDTD-simulations on the optical properties of silver
nanoparticle bow-tie antennas

As was mentioned in the beginning of this chapter, the DNA origami AgNP

trimer/bow-tie antenna system could operate as a sensitive DNA detector. The

ssDNA overhang strands in the DNA origamis should be designed in a fash-

ion that they together form a complementary sequence for the cDNA to be de-

tected. The presence of the cDNA would unite the individual origamis to form
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Figure 4.9. Agarose gel electrophoresis mobility shift essay (EMSA) on AgNP DNA origami bow-
tie antennas (L1) and AgNP DNA origami trimer structures (L2). As a reference,
pairs of DNA origami tiles without AgNPs have been run in the gel (L3). Relative
intensities obtained from the bands are also listed with DNA origami pair band
being as reference.

a bow-tie antenna configuration with qualitatively distinct optical spectrum.

The approach differs from conventional plasmonic nanoparticle based sensing

methods. Instead of functionalizing the particles themselves with DNA com-

plementary to the target DNA auxiliary structures, namely the DNA origamis,

where used. This leaves more freedom to design a complex nanoparticle assem-

bly optimal for sensing. FDTD-simulations were conducted for investigating

the performance of such a scheme. The performance of the system was com-

pared against a simple AgNP dimer setup. A metal nanoparticle dimer sensor,

whose operation is based on the target-substance driven binding of two individ-

ual nanoparticles together, is one of the simplest configurations demonstrated

for sensing purposes [131]. Therefore, it is natural to compare our more com-

plex two-origami scheme, whose sensing operation is based on the binding of

two individual AgNP trimers into a bow-tie antenna configuration, against the

dimer configuration. The simulations were conducted with a commercial soft-

ware package (FDTD-solutions, Lumerical). All the simulations were conducted

in water (refractive index n=1.33) and the material parameters for silver were

obtained by fitting to tabulated values of the permittivity of silver [132]. The

structures were excited with a plane wave. The polarization of the electric field

as well as the propagation direction of the plane wave was varied.

In Figure 4.10, simulation results for all the three different particle configu-

rations are presented with electric field (E-field) polarized along the x-axis (Ex)

and the plane wave have propagated along the z-axis (kz). Figure 4.10 (f) il-

lustrates how the Cartesian coordinates are orientated relative to the particle
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Figure 4.10. Finite-difference time-domain (FDTD) simulations with AgNP dimer, trimer and
bow-tie antenna configurations. In (a) the extinction cross sections are plotted for
an AgNP trimer consisting of three 30 nm AgNPs, together with extinction cross
section from a bow-tie antenna consisting of six AgNPs also of 30nm in diameter.
The absolute values for the electric field amplitudes are plotted for the bow-tie
antenna (b) and for the trimer (c) at the peak locations indicated with the red ar-
rows. In d) the extinction cross sections for an individual 30 nm AgNP together
with the extinction cross section from an AgNP dimer consisting of particles of the
same size has been plotted. When two AgNP trimers are coupled to form a bow-tie
antenna, the extinction cross section profile changes dramatically due to the hy-
bridization of LSPR-modes: a two-peak structure appears (a). The changes in the
far-field spectra are more profound compared to the case when two nanoparticles
are bound to a particle dimer where merely a shoulder is seen (d).The absolute
value for the electric field at the peak location indicated by the red arrow for the
dimer configuration is presented in (e). The coordinate system relative to the par-
ticle geometry is presented in (f). In all of the cases the structures were excited
with a plane wave polarized along the x-axis with propagation direction along the
z-axis.

configurations. There the bow-tie antenna lies in the (x,y)-plane the origin be-

ing in the center of the gap located between the two central particles. For the

dimer configuration one just removes the four outer particles from the bow-tie

system. As was observed in Section 4.2, the hybridization of individual plasmon

resonances of two metal nanoparticles is strongly dependent on the interparti-

cle separation. Therefore, for being able to compare the bow-antenna system

against the dimer configuration, the gap between the two nanoparticles in the

dimer was the same 6 nm as was in the bow-tie antenna between the two cen-

tral particles.

In Figure 4.10 (d) the extinction cross section [m2] for an AgNP sphere of

30 nm in diameter (black dashed line) and for a AgNP dimer with the same
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particles size has been plotted. As a consequence of the hybridization of the

single particle LSPR-modes, the resonance peak (at λ= 443 nm) has red-shifted

about 39 nm from the single particle resonance (at λ = 404 nm). According to

the molecule analogue picture, introduced in Chapter 4.2, the resonance peak

represents the bonding σ mode while the antibonding σ∗ one, being a dark

mode, is not visible in the far-field spectrum.

Figure 4.10 (a) presents the extinction cross section profiles for the trimer

and bow-tie antenna configurations. The peak value for the trimer occurs at

λ = 414 nm representing the collective response of the combined three single

AgNPs. When two AgNP trimers get united into the bow-tie antenna configu-

ration, the extinction cross section spectrum changes dramatically: the trimer

resonance peak splits into two new ones with split in energy ΔE = 443.2 meV

exhibiting strong coupling of the trimer LSPR modes. Hence, this more pro-

found change in the AgNP trimer/bow-tie antenna configuration compared to

the individual/dimers of particles case would suggest increased sensitivity in

sensor action. Note that now both modes appear as bright modes, in contrast

to the dimer where the other mode is (nearly) dark.

The extinction cross section profiles discussed above represent the far-field

properties of the systems. In Figures 4.10 (b), (c) and (e) the absolute values

for complex electric field amplitudes |�E(�r)| for the bow-tie antenna, trimer and

dimer has been plotted at the peak wavelength values indicated by the red

arrows. In the case of the bow-tie antenna, the E-field is largest in the gap

between the two central particles. The enhancement of the electric field in the

gap was 50. The stronger coupling between central two particles compared to

the rest of the particles in the antenna structure was an expected result due to

short interparticle separation and due the fact that the centres of the particles

coincide at the x-axis.

Simulations with E-field polarized along the y (kz) and z (kx) -axis for the

bow-tie antenna configuration are represented in Figure 4.11. The blue line

represents the Ey-case while the black line the Ez, respectively. The case of Ex

has been plotted again as a comparison (the red dashed curve). The inset re-

minds of the coordinate system. It is evident from the figure that for the cases

of Ey and Ez, the coupling between two trimers is significantly lower compared

to the case of Ex. The stronger coupling in the Ex case can be seen as larger

red-shift of the main resonance peak from the individual trimer of particles

case compared to the Ey and Ez polarizations and, in particular, the two-peak

structure appears clearly only in the Ex polarization case. Actually, the Ez case

reminds of the extinction spectrum that one would get from individual nanopar-
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Figure 4.11. Finite-difference time-domain simulation results with AgNP bow-tie antenna con-
figurations. The blue line represents extinction cross section obtained with E-field
polarized along the y-axis propagation direction being along the z-axis. In the case
of the black line, the E-field was polarized along the z-axis with x-axis as the wave
propagation direction. The dashed red line is the x-polarized case operating as
comparison. The red-shift of the main resonance peak in the case of Ex polarized
excitation is significantly larger compared to the other E-field polarizations and,
in particular, the two-peak structure appears clearly only in the Ex polarization
case. This indicates stronger coupling of the trimer plasmon modes in the Ex case
compared to the Ey and Ez cases.

ticles, although the peak is slightly blue shifted. This is a consequence from the

coupling of the modes oscillating orthogonal relative to the interparticle spac-

ing [104].

4.4 Conclusions

In this chapter, the fabrication of silver nanoparticle bow-tie antennas with

the DNA origami method was presented. The system was constructed out of

spherical nanoparticles. Hence, no complicated particle geometries, such as

nanoprisms, were needed. The structures formed with high yields. Moreover,

FDTD-simulations confirmed that one can use the origami trimer/bow-tie an-

tenna system as a DNA sensor. There the presence of a target DNA caused the

formation of the bow-tie antenna from the individual silver particle trimers,

leading to more pronounced and quantitatively different (two-peak structure)

changes in the optical spectrum compared to a simple particle dimer setup.
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5. Controlling the formation of DNA
origami structures with external
trigger signals

5.1 Introduction

Dendrimers, first reported independently by Tomalia et al. [133] and Newkome

et al., [134], are monodisperse repetitevily branched macromolecules with a

compact three-dimensional structure. The structure of a dendrimer is schemat-

ically illustrated in Figure 5.1 (a). The molecule consists of a chemically distinct

core, interior and surface groups. The structures can be synthesized with two

approaches, either divergently or convergently [135]. In the first case one starts

from the functional core by adding monomer units, and by this way build the

structure layer by layer outwards. In the second approach one progress with

the growth from periphery inwards, towards the core. The size of the dendrimer

depends on the number of iterative growth steps, and therefore on the number

of repeats of the monomer units making the branched structure. According to

the amount of steps, the dendrimers are classified into different generations.

Dendrons, on the other hand, are segments of dedrimers (Figure 5.1 (b)) with

a chemically accessible focal point and a similar branched structure as in the

case of the dendrimer. The large number of functional surface groups in these

dendritic structures makes them very appealing offering possibility for multi-

ple interactions – property named as multivalency.

In Publication III of this thesis, Newkome-type (PLLG1, generation 1) and

polylysine dendrons (SSG2, generation 2), both with spermine surface units,

were used in the DNA origami control experiments. The spermine surface units

have been demonstrated to be able to bind strongly in the DNA phosphate sugar

backbone with multivalent electrostatic interactions [136–138]. Moreover, the

surface units in the dendrons were linked into the dendron frame structure

with degradable linkers. The Newkome-type dendron’s o-nitrbenzyl groups

can be degraded with UV-light (λ = 350 nm) [139] while the polylysine den-
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Figure 5.1. Dendrimers are repetitevily branched three-dimensional structures (a) with large
number of surface groups. Denrdrons (b), on the other hand, are sections of den-
drimers.

dron’s dithiol linkers get cleaved with mild reducing agents such as dithiotretoil

(DTT) [137]. After degradation, both dendrons loose their multivalent proper-

ties leaving behind individual amines and negatively charged carboxylic acid

surface groups. The individual amines bind only weakly to the DNA backbone

while the carboxylic acids rebel it. As a consequence, the bound DNA com-

plexes get released. The dendron structures and their degradation pathways

are represented in Figure 5.2 (a) and (b).

The controlling mechanism was demonstrated for three different configura-

tions. First, the dendrons can be used for complexing the ssDNA building blocks

of the DNA origamis, namely the scaffold or the staples, and by this way con-

trol the DNA origami structure formation. In addition several dendrons can

be used at the same time to complex the scaffold or the staple strands. Con-

sequently, in the second case, both dendrons were used to complex the scaffold

requiring multiple trigger signals in order to the DNA origami to form. In the

third approach we took advantage of multivalent electrostatic interactions in

controlling the triggered release of ready annealed DNA structures.

The control over the DNA origami formation with the dendrons is of great

interest for several reasons. To begin with, controlling the self-assembly of

nanomaterials with external stimuli such as pH, light, temperature or electric

field are important in wide range of applications [140,141]. Especially interest-

ing scheme would be the controlled delivery of only certain subsets of the staple

strands into the origami structure. Therefore, in the presence of a trigger sig-

nal, these certain staples (possibly with some functionalization) would anneal

into the DNA origami structures. This property could be taken advantage of for

example in sensing applications.
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Figure 5.2. Structures of a (a) photodegradable Newkome-type dendron with o-nitrobenzyl link-
ers and (b) a polylysine dendron with reduction sensitive linkers used for complex-
ing DNA origamis. The controlling mechanism is represented schematically in (c).
The dendrons form a polyelectrolyte complex with the M13mp18 scaffold which
block DNA origami formation even in the presence of the staple strands. Degrada-
tion of the dendrons with a trigger signal releases the scaffold and enables origami
formation. The operation principle is the same for staple strand complexing. Repro-
duced with permission from Publication III of this thesis.

In the third control scheme the complexing and triggered release of the DNA

origami was presented. Addition of cargo material into DNA origami structures

is straightforward and therefore the origami/dendron -complexes could be used

for non-viral gene therapy. Especially the reducable polylisine dendron DNA

complexes appear very appealing for the purpose due to the possibility to cleave

the disulfide bonds by biological reducing agents, such as glutathione, naturally

present inside cells [142].

5.2 Experimental methods

The controlling experiments were conducted with the same rectangular (72 nm

x 92 nm) DNA origami structures as was used for the SWCNT and for the
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AgNP bow-tie antenna assembly experiments. This time, however, the DNA

origamis did not contain any modified staple strands. The formation of these

DNA origami structures is based on the Watson-Crick base pairing between the

scaffolds and the staple strands – a process that we disturbed with the help of

the dendrons.

The two degradable dendron types (PLLG1 and SSG2) used in the experi-

ments were introduced in the previous section. The control mechanism taking

advantage of these dendrons (Figure 5.2 (a, b)) is illustrated in the schematic

Figure 5.2 (c). There the dendrons bind in the M13mp18 scaffold with multi-

valent electrostatic interactions causing formation of large complexes. In the

absence of trigger signals, the scaffold is blocked from base pairing and the

DNA origamis are not able to form upon thermal annealing even in the pres-

ence of staple strands. However, if a trigger signal (UV-radiation in the case

of PLLG1 or DTT in the case of SSG2, respectively) is applied, base pairing is

enabled and DNA origami can form again.

The DNA origami components were combined with the dendrons in a 1 x TAE

buffered reaction volume (40 mM, Tris 19 mM acetic acid, 1 mM EDTA) contain-

ing 12.5 mM magnesium acetate, pH 8.1. NaCl was used in 0.1 M concentration

to promote the release of the DNA material from the dendrons. Staple strands

were applied in 10 fold excess compared to the scaffold strands to ensure proper

folding of the DNA origami structures. The PLLG1 dendron carries a total

charge of +9 and SSG2 +12, respectively. For the DNA a molecular weight of

330 gmol-1 and one negative charge per nucleotide was assumed. The DNA ma-

terial was combined with the dendrons with a desired dendron to DNA charge

ratio, named as the CE-ratio. Several different ratios were probed to find an op-

timal operation region. The DNA material, for example the M13mp18 scaffold,

to be complexed was added to the reaction volume followed by the dendrons

with the desired CE-ratio. The material was incubated 5 min before adding

the second DNA material which in the case of complexed scaffold was the sta-

ple strands. The reaction volume was divided into portions, where the one was

treated with a trigger signal and the other one was left untreated as a reference

sample. In the case of PLLG1 90 s (P ≈ 9.2 mW/cm2, λ≈ 350 nm) UV-radiation,

and in the case of SSG2 20 mM DTT incubation for 1 h was used as trigger

signals. Both, triggered and untreated samples were thermally annealed from

90 oC to 20 oC at a rate of 1 oC min-1 with 0.1 oC steps.

In the case of controlling the release of ready annealed DNA origami struc-

tures, dendrons were added after the thermal anneal with the desired CE-ratio.

The DNA origami were prepared in the same reaction buffer as was used for
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the scaffold and staple strand complexing with 0.1 M NaCl concentration in

the final solution containing the dendrons. Trigger signals were applied in the

same manner as explained above.

Experiments were conducted in order to verify that the dendrons indeed pre-

vented DNA origami formation and the thermal annealing did not provide ag-

gregates of origamis. PLLG1 dendron was added to scaffold material with

CE=0.4 charge ratio, and in this case UV-treatment was done after thermal

annealing to investigate whether any DNA structures had formed. This was

followed by an additional annealing step to verify that the origami components

had been released by the trigger signal and therefore the structures were able

to form again.

The results from the experiments were investigated with atomic force mi-

croscopy (AFM). The imaging was conducted in 1 x TAE buffered solutions con-

taining 12.5 mM magnesium acetate in tapping mode on freshly cleaved mus-

covite mica substrates. The results obtained with AFM were complemented

with electrophoretic mobility shift assays (EMSA) with 1 % agarose gel stained

with Ethidium Bromide in 1 x TAE buffer without magnesium. The samples

were run for 45 min with 90 V applied between the electrodes.

5.3 Results

As can intuitively be expected, the complexing and releasing efficiency depended

on the CE-ratio i.e. on the dendron to DNA charge ratio. A significant excess

of the dendrons resulted in large aggregates increasingly difficult to degrade

with applied trigger signals. On the other hand, a too small ratio could not effi-

ciently prevent the origami formation in untriggered cases. With the triggering

conditions used in our experiments, CE-ratio range of 0.4 for PLLG1 and 5.6

for SSG2, respectively, were found to work efficiently.

Atomic force microscope results from the triggered release of the M13mp18

scaffold are presented in Figure 5.3. The upper row of images represent the

cases where no trigger signal has been applied ((a) PLLG1, (b) SSG2) and the

lower row the triggered cases respectively. The differences between the trig-

gered and untriggered cases are evident. In the cases where no trigger signal

had been applied, only aggregates could be found. On the other hand, in the

triggered samples, DNA origamis were able to form with high yield. According

to the AFM measurements, the dimensions of formed structures match with the

design of the long rectangular origami structure. The results implied that den-

drons were not only able to bind into the scaffold strands, but also efficiently
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Figure 5.3. Triggered formation of DNA origami structures with the help of degradable PLLG1
and SSG2 dendrons. Combining (a) PLLG1 or (b) SSG2 into a reaction volume with
scaffold strands lead into complex formation. The complexes can be opened with
the help of trigger signals which enable DNA origami formation with high yield
through thermal annealing (c, d). The images (a-c) have been taken with AFM in
liquid mode. Reproduced with permission from Publication III of this thesis.
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Figure 5.4. Agarose gel electrophoresis mobility shift assay (EMSA) experiments on complex
formation between the dendrons and the scaffold plasmids. DNA ladder on lanes
1 and 5 as also the pristine DNA origami structures on lanes 2 and 8 operated as
reference. In the case of a trigger signal, DNA origami have been able to form with
thermal annealing (lanes 3,7). On the other hand, the absence of a trigger signal
has lead into aggregates that have not been able to enter the gel (lanes 4 and 6). The
lanes 1-4 and 5-8 are from two separate gel experiments. On lanes 3-4 the CE-ratio
was 5.6 and on lanes 6-7 CE=0.8. Reproduced with permission from Publication III
of this thesis.

prevent thermal annealing of the structures. Moreover the cleaved spermine

ligands, released from the dendron structure upon applying the trigger signals,

did not disturb base-pairing process and hence origami formation.

The agarose gel electrophoresis mobility shift assay experiments complement

the observations made with AFM experiments (Figure 5.4). There the forma-

tion of the complexes can be seen as large aggregates that have not even been

able to enter the gel in the limits of our running times (lanes 4 and 6). On the

other hand, trigger signals have efficiently released the scaffolds and origamis

have been able to form with excellent yield (lanes 3 and 7). In the gel the DNA

ladder (lanes 1 and 5) and pristine long rectangular DNA origami structures

(lanes 2 and 8) operated as references. One can get some quantitative informa-

tion on the yields by comparing the intensity of the triggered cases to pristine

origami bands. In both dendron cases the relative intensities indicate perfect

yields.

In the results so far only one type of dendron was used at a time. There

are AFM images in Figure 5.5 concerning a case where both PLLG1 and SSG2

dendrons have been applied to the scaffold DNA material at the same time. If

only (Figure 5.5 (b)) UV-radiation or (Figure 5.5 (c)) DTT-reduction was applied,

DNA origamis were not able to form. The formation of the structures requires

both trigger signals (Figure 5.5 (d)). In that case, the structures were able to

form in high yields.
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Figure 5.5. The M13mp18 scaffold has formed comlexes with both PLLG1 and SSG2 dendrons
(a). If only UV (b) or DTT (c) is applied as the trigger signal, DNA origamis are not
able to form even in the presence of staple strands. However if both trigger signals
are applied, DNA origami structures can form with thermal anneal with high yield.
Reproduced with permission from Publication III of this thesis.

5.4 Conclusions

The results presented in the last section show the efficiency of using dendrons

for controlled formation of the DNA origami structures with the help of external

trigger signals. When the dendrons were applied to the scaffold strands, DNA

origamis were able to form with thermal annealing only in the case when a

trigger signal was applied. Absence of control signals led into aggregates of

DNA/dendron material preventing base pairing, and hence the DNA origamis

were not able to form even in the presence of staple strands. The additional

experiments mentioned in the last section proved that thermal annealing of

the scaffold/dendron complexes in the presence of the staple strands did not

produce origami structures. Triggering the annealed complexes followed by

an additional annealing step did, however, produce origamis again with high

yields.

Although the method operated already with high yields, there would still be

room for improvements. One factor that could be optimized is the dendron type

used for complexing the DNA. The dendrons bind to the DNA strands with

multivalent electrostatic interactions. Therefore the size i.e. the dendron gen-

eration has an impact on the strength of dendron to DNA binding. In addition

one can improve the approach by optimizing the reaction conditions. We had

a fixed power UV-source and perhaps higher powers could enhance the release

mechanism for the PLLG1 dendron. With these optimizations one could be able
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to get rid of only partially formed origami structures still visible especially in

the case of PLLG1 dendrons (Figure 5.3 (c)).

The results presented in the last section considered only the case of triggered

release of the M13mp18 scaffolds. However, as was mentioned in the introduc-

tion of this chapter, the dendrons can be used to complex staple strands as well

as ready annealed DNA origami structures. Experiments were conducted on

these matters with both dendron types and the results verified our claims. The

case of dendrons bound to the staple strands operated equally well with high

yields as the case with dendrons in the scaffolds. Moreover, both dendron types

were able to efficiently form complexes with annealed DNA origami structures

which then got released with trigger signals in high yields.
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6. Field-induced nanolithography

In Chapters 3 and 4 methods for positioning nanoparticles with nanometer pre-

cision with the DNA origami method was presented. There single walled car-

bon nanotube and silver nanoparticle patterns were prepared on the origami

substrates, in the first case with streptavidin-biotin interaction, and in the sec-

ond with ssDNA strand hybridization. In the previous chapter, a method for

controlling the formation of the DNA origami substrate was introduced. In

this chapter a general technique, based on electric fields, is presented for pat-

terning arrays of nanoparticles. Although the method was demonstrated with

semiconductor quantum dots (QDs), it can be extended to other nanoparticles

and structures such as the DNA origamis.

6.1 Introduction

Nanoimprint lithography (NIL) is a large scale high-precision method for pat-

tern transfer on target substrates by way of pre-patterned moulds. Typically

the substrate contains a resist layer, which can be cured thermally [143] or

with UV-radiation [144], although methods with no resist have also been re-

ported [145,146]. The operation principle is illustrated in the schematic Figure

6.1. The pattern in the mould is transferred to the substrate by mechanical

contact accompanied by some method driving the class transition of the resist.

Although large throughputs and precision can be achieved, the approach has

one major drawback – the mold itself. Namely, changing the pattern means ne-

cessity for preparing a new mould. Microcontact printing [148], a tool similar to

the NIL-method using polydimethylsiloxane (PDMS) stamps, suffers from the

same issue.

In Publication IV of this thesis, a novel approach to the nanoimprint lithogra-

phy was presented – named as the field-induced nanolithography (FINAL). The

method is illustrated in Figure 6.2. A master stamp, having two rows of finger-
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Figure 6.1. A Schematic figure illustrating nanoimprint lithography process steps. A mould is
used for pattern transfer on target substrates. After pattern transfer (step 1.), the
resist is turned into glass, e.g. with UV-radiation, and the mould is removed (step
2). Excess resist is removed from patterned areas, usually with reactive ion etch-
ing (step. 3). The procedure can be further continued with standard lithographic
steps, such as etching and metal deposition. The method can be used for patterning
features with large scale and high-precision [143,147].

tip electrodes facing each others, was used for preparing a desired pattern of

nanoparticles. Although the operation principle was demonstrated with a sin-

gle row of fingertip electrode pairs, a 2-D matrix of them would be as straight-

forward to fabricate. A sinusoidal voltage between the electrodes causes large

electric field gradients in gaps located between the fingertip pairs (Figure 6.2

(a)), which can be used for trapping polarizable nanoparticles – method known

as dielectrophoresis (DEP) [149]. Figures 6.2 (b) and (c) illustrate this process.

There the initially randomly moving nanoparticles (b) get trapped between the

electrodes that have been connected to a voltage source (c). A transparent tar-

get substrate was brought mechanically into contact with the stamp (Figure 6.1

(d)) and as a result: the trapped nanoparticle pattern was transferred from the

stamp into the target substrate (Figure 6.1 (e)).

There are several advantages in the FINAL-approach over the existing meth-

ods, such as fluidics [150], magnetic fields [150], electrophoresis [151, 152],

light-induced electrophoresis [153], dielectrohporesis [154], light-induced di-

electrophoresis [155], optical tweezers [156], and surface plasmon resonance

[157], for manipulation of nanoparticles. Some of these methods offer high spa-

tial resolution in manipulation [151, 156, 158, 159], but are limited in through-

put. On the other hand, some methods give high throughput but lack in res-

olution [153, 160] or the nanoparticles are bound to the master chip [150, 154,

157, 161]. The field-induced nanolithography method addresses to all of these

issues by offering high resolution limited only by the lithographic fabrication

of the master stamp electrodes. The master stamp with a 2-D matrix pattern
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Figure 6.2. A schematic presentation of the field-induced nanolithography approach. The
method takes advantage of strong electric field gradients generated between fin-
gertip electrodes patterned on a master stamp (a,b). In (a) there is a finite elements
method (FEM) simulation demonstrating the electric fields confined in a gap be-
tween two fingertips. The strong field gradients can be used to trap nanoparticles
(c) – a process known as dielectrophoresis. After preparation of the desired particle
pattern on the stamp, a target substrate was brought into mechanical contact with
it (d) for the pattern transfer (e). Reproduced with permission from Publication IV
of this thesis.

of electrodes is universal meaning that arbitrary patterns of nanoparticles can

be formed on the stamp, which can then subsequentially be transferred on the

target substrate. Moreover the stamp is reusable and therefore, in addition

to high resolution, the method provides high throughput. As a contrast to the

electrophoretic approaches, the particles need not to be charged. The only re-

quirement is that the particles are polarizable. The dielectropheric approach is

also non-destructive, offering possibility to operate with delicate nanoparticles

such as DNA [82] and proteins [162].

The FINAL method is represented in more detail in the following sections.

The method lies heavily on dielectrophoresis and therefore some background

information is given on the subject before going into actual experimental de-

tails. In Publication IV of this thesis, the system was demonstrated for quan-

tum dots. As these are extremely fascinating zero dimensional objects with

unique optical and electrical properties, a brief introduction to quantum dots is

also given.

6.1.1 Quantum dots

The dimensionality of a system can be determined based on some physical be-

haviour of the system. For example, the dimensionality can be related to the

electron mean-free path length Λ. Then the system is said to have reduced

dimensionality if in some orthogonal direction the mean-free path length is

determined by boundary scattering instead of some intrinsic scattering mech-

anism [163]. Another approach for determining the dimensionality is to relate

the structure dimension to the exciton Bohr-radius
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a∗
0 = 4πεε0ħ2

μe2 , (6.1)

where ε is the dielectric constant of the material, ħ is the Planc’s constant, e

the elemental charge and μ = m∗−1
e +m∗−1

h is the reduced mass of the exciton

composed of the electron and hole effective masses. In this case the system is

said to posses reduced dimensionality if in some direction the size of the system

{Li; i = (x,y,z)} is less than the Bohr-radius of the exciton i.e. Li ≤ a∗
0 [163].

Quantum dots are said to be zero-dimensional systems because the electron

wave function is confined in all three dimensions. Two distinct regimes for con-

finement, namely a weak and a strong confinement regimes, can be defined de-

pending on the relation between the system size (here the radius of the particle

R) and the Mott-Wannier exciton Bohr radius [164]. In the strong confinement

regime R/a∗
0 ≤ 2, the motion of the exciton is hindered so much that the situa-

tion reduces into particle-in-a-box problem, with energy levels for a particle of

mass m according to

εn =−ħ2π2n2

2mR2 . (n = 1,2, · · · ) (6.2)

This leads to splitting of the energy bands giving rise to atomic-like energy

levels as illustrated in Figure 6.3 (a). This is the reason why QDs are sometimes

referred as artificial atoms. In the n=1 state the exciton has energy according

to [163]

ε� ħ2

2μ
π2

R2 − 1.8e2

4πεε0R
. (6.3)

Eventually the creation of an electron-hole pair leads to recombination and

emission of a photon. When the excitation energy has been obtained from a

photon, the emission by the QD is called photoluminescence. As an important

consequence from quantum confinement, the band gap of the QDs is dependent

in addition to material composition on the size of the dot. This can be seen also

from Equation 6.3 for the exciton (1s state) binding energy. Therefore the band

gap can be tuned by tuning the particle size. By this way one can tune the

emission wavelength of the QD, and practically the whole visible spectrum can

be covered (Figure 6.3 (b, d)). Moreover, recently a method for post-fabrication

tuning of the QD emission wavelength using surface plasmon resonance was

reported [165].

Due to a large surface-to-volume ratio in the quantum dots, the surface defect

states play a major negative role in the properties of the quantum dots [166].

As an example, roughly 15 % of the atoms in a 5 nm CdS QD lie on the dot’s
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Figure 6.4. As a response to an electric field, a dielectric particle (permittivity εp) in a dielectric
medium (εm) gets polarized. In the case of a uniform electric field (a) the forces
exerted on the particle, although being opposite in direction, are of the same mag-
nitude. Therefore the particle does not feel any net force due to the electric field.
If the electric field is non-uniform (b) the forces on the opposite sides are no longer
same in magnitude, and as a consequence, a net force is exerted to the particle.

surface [167]. Therefore thin surface passivation layers, organic or inorganic,

are used for getting rid of surface states which are efficient traps for electrons,

holes or excitons. The passivation layer forms also a potential barrier for the

excitons leading to more photostable QDs [168].

The quantum dots (bought from Invitrogen) used in our experiments had

CdSe core with ZnS shell, Figure 6.3 (c). The lattice parameter mismatch for

the pair is 10.6 %, which is below 12 % – a value that should not be exceeded in

order to avoid strain and misfit dislocations [169]. Moreover, the ZnS has signif-

icantly larger band gap (3.6 eV) than CdSe (1.73 eV) [170] providing potential

barriers for the excitons. In addition to the passivation layer, ligands can be

added to the QDs for coupling reactions. In our case the QDs had amino-PEG

(polyethylene glycol) coating.

6.1.2 Dielectrophoresis

Dielectrophoresis (DEP) is a phenomenon of translational motion caused by

forces exerted on particles by a non-uniform electric field (E-field) [149]. Distin-

guished from electrophoresis, the particles need not to be charged. The only re-

quirement is that the particles are polarizable. A schematic Figure 6.4 presents

the principle of DEP. A dielectric particle in a host medium gets polarized by an

external electric field. In the case of a uniform field (Figure 6.4 (a)), the forces

on the opposite sides of the particle cancel each other. On the other hand, if the

E-field is not uniform, different sides of the particle experience forces of differ-

ent magnitude. This is caused by differences in the density of the electric field,

and as a consequence the particle experiences a net force (Figure 6.4 (b)).

The dielectrophoretic force exerted on a polarized particle in an external elec-

tric field can be obtained from the analysis of a point dipole. The sum of the

Coulombic forces on the opposite charges is �F = q�E(r+�d)− q�E(�r), where �d is
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the separation between the dipole charges (q and -q). Supposing an infinitesi-

mally small dipole, the first term can be expanded into Taylor’s series and by

this way one obtains a solution for the force

�F = q�d ·�∇�E+·· · . (6.4)

Keeping only the linear term, one gets

�F = (�p ·�∇)�E, (6.5)

where �p = q�d is the dipole moment.

When a dielectric particle is immersed in a dielectric medium, the dipole mo-

ment in Equation 6.5 can be replaced with an effective dipole moment [171],

that is proportional to the electric field

�p =α�E, (6.6)

where α is the effective polarizability

α= 3VεmRe[K]. (6.7)

The approach of replacing the dipole moment with an effective one is named

as the effective moment method [172]. The effective polarizability is dependent,

in addition to the particle volume V and the dielectric constant of the medium,

on the so called Clausius-Mosotti factor defined as [173]

K = 1
3
×

εp −εm

εm + A(εp −εm)
. (6.8)

Here A is a geometrical factor and for example for a sphere A= 1
3 . The complex

permittivity εm,p, with subscripts m for the medium and p for the particle, is

defined as

εm,p = εm,p − i
σm,p

ω
. (6.9)

There σm,p is the conductivity of the medium and the particle, respectively,

and ω is the angular frequency of the electric field. Combining Equations 6.5,

6.6 and 6.7 and taking the time averaged value, one gets the following expres-

sion for the time averaged dielectrophoretic force on an isotropic homogenous

spherical particle in a non-uniform electric field [171]

< �FDEP >= 2πεmV Re[K(ω)]�∇(�E2
RMS), (6.10)
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where RMS means the root-mean-square value of the electric field with the

assumption of a sinusoidal signal.

Couple of important remarks on the derivation of the dielectrophoretic force

should be made. First, in the derivation the particle was approximated as an in-

finitesimally small dipole, which is called the dielectrophoretic approximation.

This assumption is of course not true with objects of finite size. However, if the

scale of the electric field non-uniformity is large compared to the particle size,

the approximation is valid and can usually be used with situations, for example,

where the electrodes are large compared to the particles. Otherwise multiple

terms in the Taylor’s series expansion should be taken into account [172,174].

Secondly, in Equation 6.8 there is an assumption of lossless particles and

medium with complex permittivity given by Equation 6.9. A more general form

of the representation for Equation 6.9 would be [171]

ε(ω)= ε
′
(ω)− i(ε

′′
(ω)+ σ

ω
), (6.11)

where ε
′′
(ω) represents the dielectric loss and σ/ω the low-frequency ohmic loss.

In these situations, in order the effective dipole moment method to be valid, the

form 6.11 should be used and the effective dipole moment (Equations 6.6, 6.7)

should be somewhat modified [171] or one should use a more general Maxwell’s

tensor method [175]. However, quite often the dielectric loss term is signifi-

cantly smaller than the conductivity term and therefore can be neglected.

Despite of its limitations, the effective moment method provides insight into

the physics of the dielectrophoresis. One can readily make following observa-

tions from Equation 6.10.

1. The force is linearly dependent on the particle volume. Therefore the smaller

the particle, the smaller the force.

2. The force does not depend on the electric field orientation. Although the

direction of the electric field vector changes, the direction of the DEP force

is always the same, and therefore time averaged values can be used for AC-

signals. Moreover it does not matter whether the E-field is AC or DC of origin.

The use of AC-fields assumes that the polarization response of the particles

is immediate.

3. The force is dependent on the magnitude and sign of the Clausius-Mosotti

factor.
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Figure 6.5. The real and imaginary parts of the Clausius-Mosotti factor as a function of angular
frequency for a dielectric latex nanoparticle.

From the point three of the list, one can derive two distinct types of dielec-

trophoresis. As the real part of the Clausius-Mosotti factor can get values from

−0.5 ≤ K ≤ 1, then when the constant is positive, the particle gets pushed to-

wards the electric field maxima. On the other hand, when the constant has a

negative value, the particle drifts towards the E-field minima. These two cases

are named as the positive and negative DEP. In Figure 6.5, the real part of the

Clausius-Mosotti factor for a dielectric sphere is plotted. As can be observed,

the sign of the factor can be changed by changing the E-field frequency. The rel-

ative magnitudes of the permittivities of the medium and the particle influence

also the type of DEP through the Clausius-Mosotti factor.

The particles embedded in a dielectric volume experience also other forces

that compete with the DEP-force [176]. One of these is caused by random ther-

mal motion of the particles named as Brownian motion, the maximum value of

which for a spherical particle of radius R can be expressed with Equation [177]

Fthermal ≈
kBT
2R

, (6.12)

where kB is the Boltzmann constant and T the temperature. An important ob-

servation from the equation is the inverse dependence on the particle radius.

Due to this dependency, the force plays a major role with nanosized particles. In

addition to the thermal motion, Joule heating of the medium caused by the elec-

trodes induces the motion of the fluid imposing forces on the particles. More-

over, a tangential electric field component on the electric double-layer formed

on the electrode-electrolyte interface causes steady motion of the solution hin-

dering the DEP-effect [176]. However the competing forces can be won with
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Figure 6.6. Atomic force microscope images of DEP of rectangular DNA origamis on large scale.
The DNA origami have been trapped in the gaps (gap size roughly 50 nm) between
two fingertip electrodes.

nanoelectrodes creating large electric field gradients. As an example: we have

trapped rectangular DNA origami of 92 nm x 72 nm size dielectrophoretically

on large scale between fingertip electrodes in a matrix (Figure 6.6).

6.2 The FINAL-method

The FINAL-method was introduced in Section 6.1 and in Figure 6.2. Now, in

what follows, the experimental details concerning the approach are presented.

A Si/Si3N4 substrate was patterned with standard electron beam lithography

and was used as the master stamp. The structure consisted of two parallel

plates with fingertip electrodes facing each other. The electrodes were 170 nm

wide with a 50 nm gap between the fingertips. The electrodes were made out

of Au (15 nm) with a 2 nm titanium adhesive layer, both prepared with e-beam

evaporation. Before trapping the QDs through dielectrophoresis, the master

stamp was treated with an adhesion block chemical (SuperBlock blockin buffer

in PBS, Pierce) in order to prevent non-specific binding of the nanoparticles

on the stamp. In the case of the transparent target substrate, efficient bind-

ing of QDs was desired and therefore the surface was treated with an adhe-

sion promoter poly(diallyldimethylammonium chloride)(PDACMAC). Some dif-

ferent options for adhesion promoter was tested, such as poly-L-lysine, however

the chemical chosen gave the best results. The imaging of the results was con-

ducted with a confocal microscope.

The pattern transfer was conducted on the course of the following steps. First,

a sinusoidal voltage with 3.5 V amplitude was applied between the two parallel

plates. This voltage was kept on for the rest of the process. Next, a drop of
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Figure 6.7. Quantum dots (QDs) were dielectrophoretically trapped between fingertip elec-
trodes, patterned on a master stamp, through an AC-voltage signal. The trapping
process was monitored in real time with a confocal microscope (a). After the pat-
tern transfer process, the stamp appeared clean from QDs and ready to be used
for further patterning (b). The trapped pattern of quantum dots was transferred
with high fidelity on a target substrate (c). The scale bars in the images are 50 μm.
Reproduced with permission from Publication IV of this thesis.

quantum dots (80 nM in water, emission wavelength λ= 655 nm) was injected

on the substrate followed by a 10 min incubation time to ensure efficient di-

electrophoretic trapping of the quantum dots. The process was however very

rapid, and one could observe build up of fluorescence from the electrode gaps

nearly instantaneously after injecting the QD solution. In the second step, ex-

cess quantum dot solution was removed by rinsing the master stamp surface

several times with water. This procedure increased the signal-to-noise ratio

(the intensity ratio between the trapping location and the background on the

target plate) 50-fold compared to a reference sample without rinsing. In the

third step the target plate was brought into contact with the liquid on top of

the stamp, followed by bringing the substrate into mechanical contact with the

stamp. As a last step the stamp and the target substrates were separated, the

stamp was washed with water and dried with nitrogen, while the target sub-

strate was dried with nitrogen respectively.

Confocal microscope imaging was conducted during the DEP-process through

the substrate. As can be observed from Figure 6.7 (a), the QDs were efficiently

trapped between the electrodes. If the voltage was switched off, the QDs dif-

fused very rapidly from the gaps due to brownian motion. After setting up the

voltage again, the same pattern of quantum dots as in (a) was readily obtained.

Finite elements method -studies conducted on the dielectrophoresis of 10 nm
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QDs, with polarizabilites obtained from [156], complement the experimental

observations: the DEP force FDEP = 1.3x10−10 N was found to be orders of

magnitude larger compared to the brownian motion FB = 4x10−13 N (Equation

6.12). After the pattern transfer process the master stamp with the electrodes

was found to be clean from QDs Figure 6.7 (b) demonstrating the possibility

to reuse the stamp. On the other hand, the pattern transfer process produced

the trapped QD pattern on the target plate with high fidelity as represented in

Figure 6.7 (c).

6.3 Conclusions

The work was conducted to demonstrate the capacity of the FINAL method

to produce nanoparticle patterns with high throughput and precision. As the

results imply, the designed quantum dot pattern was efficiently transported

on the target substrate surface, even without any major process optimization.

Moreover, after the deposition process, the master stamp appeared clean from

quantum dots and ready for further pattern transfers. The approach is ex-

tremely versatile and can be used to variety of nanoparticles, the only require-

ment being: the particle has to be polarizable. As the target substrate was

brought into mechanical contact with the stamp by hand, preparing a more so-

phisticated micromechanical system would already be a major improvement.

In addition, by varying the gap size, QD concentration and trapping time, the

amount of nanoparticles trapped between the electrodes could be controlled.
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7. Assembling gold nanoparticle chains
using AC electric fields

In the previous chapter, dielectrophoresis was used as a tool for developing

a new nanoimprint technique named field-induced nanoimprint lithography.

There the dielectrophoretic-driven process was demonstrated with semicon-

ducting quantum dots. However, as was presented in the introduction part

of that chapter, dielectrophoresis can be used for polarizable objects whether

they are charged or not. Therefore the theories introduced there apply to

charged particles such as gold nanoparticles (AuNPs). In this chapter the di-

electrophoresis is harnessed for assembling AuNP chains between both micro-

and nanoelectrode gaps. The assembly process was demonstrated in Publica-

tion V of this thesis.

Noble metal nanoparticles have been harnessed for sensing over many years

[178]. Films of such particles, with insulating layers of organic molecules (metal-

insulator-metal, MIME), for sensing applications were also introduced a decade

ago [179]. In Publication V of this thesis and in what follows the gold nanopar-

ticle chains are demonstrated being capable of operating as efficient sensors,

miniturizing the noble-metal sensor from 2-D to 1-D. Although the electrical

properties of such chains have been widely studied [180–182], the sensing prospect

has been addressed very rarely [183,184].

7.1 Experimental details and results

The AuNP chain formation experiments were conducted with three different

sets of electrodes, two of them being microsized with 1 μm and with 10 μm gaps.

In addition, an array of nanoelectrodes with gap size varying from 40-100 nm

was tested. The microelectrodes were patterned in the IPHT (Institut für Pho-

tonische Tegnologien), Jena, Germany with standard photolithographic tech-

niques on silicon/silicon oxide substrates. The electrodes were made from 100

nm sputtered Au. The 50 nm tall (with 2 nm Ti adhesion layer) nanolectrodes,
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Figure 7.1. Scanning electron microscope images about three different sets of electrodes used
in the experiments. In the round electrode configuration (top left) the gap in the
structure was 1 μm, and in the square electrode (top right) 10 μm. In addition,
nanoelectrodes with gap size varying from 40-100 nm was tested. Reproduced with
permission from Publication V of this thesis.

both metals thermally evaporated, were fabricated with e-beam lithography in

Aalto University, Espoo, Finland on silicon/silicon oxide substrates. There are

images of the electrodes in Figure 7.1. The gold nanoparticles for the experi-

ments were bought from BBI (British BioCell) with diameters 5 nm (1×1013

P/ml), 15 nm (1.4×1012 P/ml), 30 nm (2×1011 P/ml)and 60 nm (2.6×1010 P/ml).

The particles were used in the experiments with the same concentrations as

they were received.

The trapping and the formation of the AuNPs chains through dielectrophore-

sis was performed with a signal generator with voltage varying from 0.7 V to

2.5 V and frequency from 1 kHz to 1 MHz. The values depended on the elec-

trode structure type as well as on the particle size. Figure 7.2 presents the

chain formation in the case of the square electrodes. The process starts from

the areas of largest field gradients and the chains appear to grow according to

the electric field lines. With this particular electrode type the voltage had to be

slowly ramped down in order to obtain constant field strength. This procedure

led into more well defined particle chains. The step was not necessary for the

1 μm gap electrodes nor for the nanogaps. The frequency used in the case of

Figure 7.2 was 1 kHz with voltage ramped from 2.5 V to 1.0 V during the 8 min

trapping time.

The formation of the AuNP chains was monitored in real time with an oscil-
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Figure 7.2. Formation of the AuNP (30 nm in diameter) chains with an AC-voltage signal (1
kHz). The voltage has been successively ramped down during the process from 2.5
V to 1.0 V. The nanoparticles in water have been applied to the electrodes and the
chain formation begins immediately after applying voltage between the electrodes.
The images have been obtained with an optical microscope. A more detailed scan-
ning electron microscope analysis revealed that the chains of particles were actually
melt into a continuous wire. Reproduced with permission from Publication V of this
thesis.
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loscope by measuring the voltage across a 100 ohm resistor put in series with

the electrode gap. The chain growing could be observed as an increase in the

voltage across the resistor. At the point where the chains growing from opposite

ends of the gap met to form a bridge, the measured voltage increased rapidly

(Figure 7.3). This was a consequence from the formation of a conduction chan-

nel between the electrodes and therefore from the increase of current flowing

through the resistor. There appeared also to be a threshold value for the voltage

and values below this threshold did not lead into chain formation (Figure 7.3).

The monitoring method appeared to work efficiently with all the electrode types

and interestingly, this increase in conduction could be used for automation of

the process.

The sensor operation of the AuNP chains was tested with 10 mM 1-mercapto-

6-hexanol (MCH) target molecule as the substance to be detected. End-point

and real-time measurements were conducted with both the square and round

electrodes. The detected substance bound to the AuNP chains with strong thiol

bonds which caused a change in resistance. In the case of end-point measure-

ments, the resistance between the gaps was measured before and after analyte

exposure in air. According to the measurements, the resistance increased about

10 % in the case of the 10 μm gap and up to 2000 times for the 1 μm gap.

In addition to end-point sensing experiments, real-time measurements of 10

mM MCH target molecule binding were conducted with the round electrodes

having the 1 μm gap. Figure 7.4 presents results from such a measurement.

As can be seen from the figure, the target molecule could be sensed in real time

as an increase in resistance and hence decrease in the conductance. However,

it was observed that the real time monitoring worked only with chains hav-

ing lower resistance than the surrounding media. Otherwise the current flew

through the surrounding media instead of the particle chains and hence instead

a raise of current with high resistance chains was observed.

The possibility of assembly AuNP chains in the nanoscale was demonstrated

with an array of nanoelectrodes arranged parallel to form in total 50 gaps rang-

ing from 40-100 nm. The Figure 7.5 presents results from the chain formation

with 30 nm AuNPs (a) and with 15 nm AuNPs (b). As can be observed the

chains formed with high yields. The resistance was measured to be 3 MΩ for

the 30 nm particles and 30 MΩ for the 15 nm case, respectively. These values

indicate non-fused particle chains as can be observed also from the scanning

electron microscope images.
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Figure 7.3. The particle chain formation between the electrodes could be monitored in real time.
When a chain of particles formed a complete bridge between the electrodes, the volt-
age started to increase rapidly (points b and c). The two measurements have been
done in identical conditions, consequently the time particle chains are assembled
until connection cannot be predicted. The chain formation required magnitudes
above a threshold value in order for the chain formation to start. In the case of
having voltages below the threshold value (point a), no voltage increase could be
observed. Reproduced with permission from Publication V of this thesis.

7.2 Conclusions

The results verified that AuNP chains could be assembled with the help of di-

electrophoresis in both cases, with the microelectrodes as well as with the nano-

electrodes, in high yield. In the case of large 10 μm gap electrodes, the voltage

used for trapping had to be slowly ramped down. In addition, the trapping

process had to be stopped immediately after bridge formation due to the fact

that with these electrodes the particle chains tended to melt into fused wires.

This led into high currents due to short cut electrodes which could immediately

break the formed bridges. This was not an issue with the round electrodes with

the 1 μm gap and there the thickness of the particle chains could be controlled

by trapping time. In the case of nanoelectrodes caution had to be taken by

using lower voltage values than with microelectrodes in order not to damage

nanoelectrodes. In addition, prolonged trapping times could lead to damaged

electrodes.

The experiments revealed also that the AuNP chains could be used for sensing

applications for both end-point and real time measurements. Best performance

for the end-point measurements was obtained when non-fused particle chains
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Figure 7.4. Scanning electrode microscope image reveals efficient trapping of AuNPs in a 1 μm
gap between the round microelectrodes. The resistance between the electrodes, hav-
ing the particle chains as a bridge across the electrode gap, was monitored in real
time upon injection of 1-mercapto-6-hexanol target molecule. The change in conduc-
tion of the chain channel upon binding of the target molecule is evident. Reproduced
with permission from Publication V of this thesis.
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Figure 7.5. Scanning electron microscope images of dielectrophoretically trapped AuNPs ((a) 30
nm and (b) 15 nm in diameter) with nanoelectrodes. Reproduced with permission
from Publication V of this thesis.
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were used. These were obtained mainly with the round electrodes. Then the

resistance grew up roughly 2000 times larger compared to resistance measured

before applying the target molecule. The real-time measurements required a

particle chain lower in resistance compared to the surrounding medium to op-

erate. But in that case the change upon target molecule binding could clearly

be seen.
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8. Conclusions

In this thesis it was demonstrated that the DNA origami method provides a

powerful tool for assembling complicated structures at the nanoscale with na-

nometer range precision. The presented method for assembling and aligning

single-walled carbon nanotubes offered a means for efficient electrical contact

forming as well as a platform that could be turned into a sensor after attach-

ment of other functional nanoparticles. Moreover, a crossed SWCNT-junction

was produced - a geometry that is extremely difficult to realize with conven-

tional approaches. Although the DNA origami structures were used for assem-

bling and aligning SWCNTs, the method is not restricted to carbon nanotubes;

other wires such as silicon nanowires could be assembled as well. In addi-

tion to the SWCNTs, silver nanoparticles were assembled into bow-tie antenna

configuration. Moreover, the configuration was demonstrated, with numerical

simulations, to be suitable for DNA sensing applications. It was also demon-

strated that the DNA origami structure itself could be controlled with dendrons

and external trigger signals.

In the two final chapters of this thesis, dielectrophoresis was used for con-

trolling nanoparticle assembly. Dielectrophoresis is a versatile tool that can

be applied to various micro-and nanoparticles, the only requirement being that

the particles have to be polarizable. The method is extremely valuable also in

the sense that it can be used for combining the two manufacturing strategies

in nanotechnology, namely the top-down and bottom-up approaches. In this

thesis a new nanoimprint lithography technique as well as formation of gold

nanoparticle chains for sensing applications, both based on dielectrophoresis,

were successfully demonstrated.

The DNA origami technique was developed in 2006. Since then the DNA

structures have become ever more complicated and research has moved from

two- to three-dimensional shapes. However, the formation of 3-D DNA origami

structures is a time-consuming process with decreased yields compared to the
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2-D counterpart. Therefore, there is still plenty to explore even in the structure

formation process. One appealing research direction could be addition of a con-

trol mechanism, similar to what was introduced in this thesis with dendrons, in

the DNA origami annealing to speed up the process and to ramp up the yields.

Functionalization of the DNA structures has also been a very popular re-

search topic. This is understandable due to the structure programmability of-

fered by DNA and the ability for assembling various kinds of nano-objects with

roughly 6 nm resolution. In the future, this high-precision assembly could open

up possibilities for using the functionalized DNA origami structure as a cali-

bration standard. The precise positioning also offers many possibilities in the

nano-optics related research as was also demonstrated in this thesis with the

bow-tie antenna structures. Another appealing application for functionalized

DNA origami structures could be cell targeting. There the DNA origami struc-

ture would operate as a vessel for cargo delivery into cells.

As a conclusive remark: there is still plenty to explore with DNA origami

structures. However, DNA nanotechnology is not only about DNA origamis.

Other approaches, such as DNA-tiles [185, 186], are constantly gaining mo-

mentum as well. Furthermore, a completely new competitive method has been

developed, namely the protein origamis [187]. The future will reveal which of

the construction materials, DNA or proteins, will eventually offer the route for

realizing functional applications in the commercial scale.
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