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Abstract

DNA origami is a novel self-assembly technique that can be used to form various
2D and 3D objects, and to position matter with nanometer accuracy. It has been
used to coordinate the placement of nanoscale objects, both organic and inorganic; to
make molecular motor and walkers; and to create optically active nanostructures. In
this dissertation, DNA origami templates are used to assemble plasmonic structures.
Specifically, engineered Surface Enhanced Raman Scattering (SERS) substrates were
fabricated. Gold nanoparticles were selectively placed on the corners of rectangular
origami and subsequently enlarged via solution-based metal deposition. The result-
ing assemblies exhibited hot spots of enhanced electromagnetic field between the
nanoparticles. These hot spots significantly enhanced the Raman signal from Ra-
man molecules covalently attached to the assemblies. Control samples with only
one nanoparticle per DNA template, which therefore lacked inter-particle hot spots,
did not exhibit strong enhancement. Furthermore, Raman molecules were used to
map out the hot spots distribution, as the molecules are photo-damaged when ex-
periencing a threshold electric field. This method opens up the prospect of using
DNA origami to rationally engineer and assemble plasmonic structures for molecular

spectroscopy.
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“I prefer to be a dreamer among the humblest,
with visions to be realized,

than lord among those without dreams and desires.”

- Kahlil Gibran



Contents

Abstract iv
List of Figures ix
List of Abbreviations and Symbols xii
Acknowledgements xiii
1 Introduction 1
2 DNA Self-Assembly 4
2.1 Fundamentals of DNA Self-Assembly . . . .. ... ... ... . ... 4
2.2 DNA as a Building block: Structural DNA Nanotechnology . . . . . . 12
2.3 DNA as a Programmable Template . . . . . ... ... ... ..... 15
24 Conclusions . . . . .. .. 24

3 Functionalization of Nanocomponents 25
3.1 Fundamentals of Functionalization . . . . . ... ... ... .. ... 25
3.2 Gold Nanoparticles Functionalization . . . . . . ... ... ... ... 28
3.3 Nanocomponents Stability and DNA Origami . . . . ... ... ... 31
3.4 Conclusions . . . . . . . . .. 34

4 Plasmonics 35
4.1 Fundamentals of Plasmonics . . . . . .. ... ... ... .. 35
4.2 Single Spherical Scatterers . . . . . . .. ..o 38
4.2.1 Quasistatic Approximation . . . . . . .. ... ... ... 38

vi



4.2.2  Mie Solutions Approach . . . . . . ... ... ... ......
4.3 Multimeric Scatterers . . . . . . . ..o
4.3.1 Plasmon Hybridization Model . . . . . . .. .. .. ... ...
4.4 Computational Methods . . . . . ... ... ... ... ...
4.5 Conclusions . . . . . . . .
Surface Enhanced Raman Spectroscopy (SERS)
5.1 Fundamentals of SERS . . . . . .. .. ... .. oL
5.1.1 Molecule-Photon Interactions . . . . ... ... ... .....
5.2 DNA as SERS Substrates . . . . .. ... ... ... ... ...
5.3 Results and discussion . . . . ... ... Lo Lo
54 Conclusions . . . . . . ..
Conclusions
Mathematical Formulations
A.1 Analytical Approaches for Plasmons . . . . . . . . .. ... ... ...
A.1.1 Quasi-static Approximation . . . . . . ... ... ... ....
A.1.2 Mie Solution Approach . . . . . . ... ... ...
A.1.3 Plasmon Hybridization Model . . . . . .. .. ... ... ...
A.2 Computational Methods . . . . . ... ... .. ... ... ......
A.3 Matter-light interactions . . . . . . . ... ... ... ...

A.3.1 Perturbation Theory of molecular transitions . . . . . . . . ..

Additional Data

C Instrumentation Details

C.1 Lithography . . . . . . . . . . .

C.2 Raman measurements . . . . . . . . . . . . ...

Vil

50
50
52
57
59
66
68
70
70
70
71
73
75
1)
)

79

80



D Methods

D.1 Experimental Protocols

D.1.1 DNA-AuNPs Conjugation Protocols

D.2 DNA Sequences

D.2.1 Binding sites: DNA extensions to staples . . . . . .. ... ..

Bibliography

Biography

viil

81
81
81
82

83

86

99



2.1
2.2

2.3

24

2.5

2.6

2.7

2.8

3.1
3.2
3.3
3.4
3.5
3.6

List of Figures

Cartoons of DNA bases, and DNA strands (ssDNA and dsDNA) . . .

Cartoon of Artificial DNA structures: four-arm Holliday junction and
a double-crossover (DX) . . . . ... ... ...

Progression of DNA Folding Technique: a) single-scaffold DNA Origami,
b) scaffold DNA Origami, c-e) 3D DNA Origami . . ... ... ...

Artificially program dynamic pathways: a) Sequential DNA machine
and b) Triggered self-assembly of a larger structure using hairpins
strand displacement . . . . . . . .. ..

AFM images of different AuNP assemblies on mica . . . . .. .. ..

Controlled growth due to silver reduction of 5 nm AuNPs bound to
the four corners of the rectangle origami . . . . ... ... ... ...

SEM images of different metallic nanostructures: a) and d) H-shapes,
b) and e) pairs of parallel bars, ¢) and f) rings . . . ... ... ...

Schematics of the full assembly process: Attachment of AuNPs, fol-
lowed by their enlargement using silver ion deposition . . . . . . . ..

Conjugation Schemes . . . . . . . . .. ... . oL
Importance of controlled functionalization of components . . . . . . .
Functionalization of Nancomponents . . . . . ... .. .. ... ...
Carboxyl-amine carbodiimide Mechanisms . . . . . .. .. ... ...
Agarose gel of conjugated 5 nm AuNPs . . . . . . .. ... ... ...

Test of conjugated AuNPs stability under highly ionic buffer . . . . .

1X



4.1

4.2

4.3

4.4

4.5

4.6

4.7

5.1

5.2

5.3

5.4

5.5
5.6

Real and imaginary experimental permittivity values for gold (red dots).
Solid line is the free electron model. Above excitation frequency 2 eV the
model fails due to interband electron transitions. Silver permittivity values
are shown in Appendix B.1. Figure adapted from Ref. [71]. . . . . . . .. 36

a) Spatial distribution and b) far field radiation pattern of a single
40 nm AuNP sitting on top of a silicon substrate. Incident radiation
wavelength is 545 nm with y-axes polarization. Simulations using
COMSOL Multiphysies [18]. . . . . . . . . .o oo o o 38

Normalized cross scattering of AuNPs of various sizes . . . . . . . .. 41

a) Electric field spatial distribution of a 40 nm AuNP dimers. b)
Corresponding far-field spectra with gap distances ranging between

Hybridized modes for a) parallel and b) perpedicular polarizations,
in respect to the interparticle axes. . . . . . .. ... ... ... ... 44

Experimental realization of plasmon hybridization coupling of silver
nanoparticles [118] . . . . . . . ..o o 48

Experimental darkfield scattering of metallic nanostructures of differ-
ent geometries along with their correspondent SEM images (insets).

Figure adapted from [81]. . . . . .. ... ... ... L. 49
Jablonski diagram of Luminescence, Rayleigh scattering and Raman
scattering . . . . . . . . o1
Jablonski diagram of Luminescence, Rayleigh scattering and Raman
scattering . . . . . . . L. 54

Raman spectra of 4-ABT raman molecules using DNA-templates a)
SERS substrates with 4 AuNPs b) Control: single AuNP lacking hot
SPOLS . . . e 59

Typical SEM images of lithographically modified samples for a) de-
signed structures (“tetramers”) and b) control samples (“monomers”).
¢) Zoom-out of PMMA windows. The windows where no abnormal
structures are present are selected to perform measurements. . . . . . 61

SEM images showing abnormal (red) and target SERS substrates (green) 62

Raman signal as a function of exposure time. A clear decay and
plateau indicates molecules are been photo-damaged when position
above an electric field threshold . . . . . . . ... ... ... .. ... 63



5.7 Controlled photo-damage of Raman molecules by slow ramping of the
laser intensity . . . . . . . ..o

B.1 Real and imaginary experimental permittivity values for silver . . . .

X1



List of Abbreviations

and Symbols

Abbreviations
T Melting Temperature
A Adenine
AuNPs Gold Nanoparticles
BME Boundary Element Method
bp Basepair
C Cytosine
cDNA Complementary Strands
DDA Discreet Dipole Approximation
dsDNA double strand DNA
EF Enhancement Factor
FDTD Finite Difference Time Domain
G Guanine
LSPs Localized Surface Plasmons
MD Molecular Dynamics
QSA Quasi-Static Approximation
SERS Surface Enhanced Raman Scattering
SPPs Surface Plasmon Polaritons
ssDNA Single Strand DNA
T Thymine

X1l



Acknowledgements

This project was performed under (the superb) guidance of Prof. Gleb Finkelstein
and Prof. Thomas LaBean, from 2009 through 2014. Their intuitive approach toward
any subject is simple admirable. I will always be indebted to Gleb for his continuous
trust and support throughout my graduate studies.

My current and former labmates provided the required environment to remain
sane: Chung-Ting Ke, Anne Watson, Henok Mebrahtu, Ivan Borzenets, Steven De-
mers, Yuriy Bomze, and Ulas Coskun. I thanks Prof. Enrique Samano for his help
during crucial experiments. Special thanks to Sarah Goldberg, who taught me the
value of a detailed lab notebook, and the universal truth of GIGO: “garbage in,
garbage out.” I am grateful to Thom’s students: Alex Marchi, Ronnie Pedersen, and
Briana Vogen for showing me various wet lab techniques. Insightful (and sometimes
endless) discussions were possible thanks to a joint journal club with Prof. Reif’s
students: Sudhanshu Garg, Reem Mokhtar, Hieu Bui, and Tianqui Song.

Thanks to Jack Mock for providing insight towards plasmonics experimentation;
and to Cristian Ciraci, and Christos Argyropoulos for showing me the ropes of nu-
merical calculations. I appreciate valuable discussions with Prof. Henry Everitt.

I thank Prof. Maiken Mikkelsen for serving as my M.Sc. degree adviser at
the department of Electrical and Computer Engineering. I am very grateful to Prof.
Steven Teitsworth, Prof. Joshua Socolar and Prof. Henry Greenside, whom provided

me with the required coaching to be successful on my graduate studies.

xiil



I acknowledge various sources of funding: Duke GPNANO for a one year fel-
lowship. Salary and work support was possible thanks to the Office of Navy Re-
search, award N000140910249, and the National Science Foundation through the
NSF-ECCS-12-32239 award. Travel Funding was granted by FNANO2010, DNA19,
and the Duke Graduate School.

Finally, I thank Carolina, who endured my ups and downs as they mirrored my
day-to-day experiments. To her, I am grateful for her continuous reminding that

despite our best efforts, there is always room for improvement.

X1v



Chapter 1

Introduction

The goal of this project is to explore the capabilities and limitations of DNA as
a fabrication tool for plasmonic nanostructures. The aim is to present my experi-
mental observations while providing the necessary background of two very distinct
fields: Plasmonics and DNA Nanotechnology [96]. Since Seeman’s visionary pro-
posal of assembling DNA-based rigid junctions in the early 80’s [115], DNA Nan-
otechnology has matured to a field of its own. DNA can now be pre-programmed to
acquire well-defined structures that are functional and/or serve as pathways toward
a specific reaction. The advent of DNA-origami [104] further provided functional
nano-breadboards. DNA origami is a product of a one-pot reaction in which DNA
strands of specific sequences self-assemble into a large structure ( ~ 100 nm) of a pre-
determined shape [104], thereby providing an alternative to conventional top-down
fabrication methods. The resulting templates are highly addressable and can serve
as versatile tools for site-specific placement of various nanocomponents.

In a different realm, the field of Plasmonics is more than a century old. Re-
cent advances in plasmonics nanofabrication and phenomenological understanding
have avalanched the study of exciting phenomena such as plasmon hybridization [32,
101], Surface Enhanced Raman Scattering (SERS) [97], and strong coupling between

emitters and absorbers [34, 111]. A wide range of applications are being currently



explored including cancer therapy [9, 41], biosensors [7, 49], and plasmonic waveg-
uides [3, 107].

The construction of nanoscale plasmonic structures requires the controlled place-
ment of metal with nanometer resolution, and the ability to couple to the resulting
structures, either electrically or optically. This can be challenging when using a
top-down approach such as lithography. One alternative is to use DNA as a build-
ing component to self-assemble nanostructures. In fact, DNA Nanotechnology is
currently able to produce complex architectures in 1-, 2-, and 3-dimensions, and vir-
tually any shape. There are several clear advantages to using DNA for assembling

plasmonic structures:

1. Pre-programmability
2. Self-assembly in solution
3. Retention of functionality after assembly

4. Massive parallel assembly

The rational self-assembly of 10® structures upon pipetting a few microliters of solu-
tion is undoubtedly striking. There are nonetheless multiple challenges that still need
to be addressed. First, although DNA Origami’s maximum length is constantly being
expanded by using larger scaffolds or clever attachment schemes between subunits,
it is still currently limited to a few hundreds of nanometers. Moreover, DNA’s lack
of rigidity puts it at a great disadvantage compared to other sturdier nano-assembly
techniques, jeopardizing its key selling point: DNA’s astonishing base-pair precision.

I have decided to explore such limitations toward fabricating precise, functional
and robust plasmonic structures. As is the nature of any interdisciplinary research,
there is a gap between merging fields. I hope this thesis provides a comprehensive
introduction to fill this void. My objective is to provide enough extensive background

of to describe my graduate research. Nonetheless, DNA Nanotechnology and Plas-
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monics are broad fields, preventing an exhaustive and rigorous review within this
thesis. For that I have referred the reader to the appropriate references.

The thesis is divided into two parts. Part I discusses DNA as a tool to create
functional nanostructures: Chapter 2 does a brief survey on DNA self-assembly
stepping-stones and introduces to DNA hybridization models. Chapter 3 discusses
current schemes used to create DNA-functional nanocomponents.

Part II is devoted to the fields of plasmonics and SERS. Chapter 4 introduces
plasmons and provides models describing the interaction between incident light and
spherical metallic nanoparticles. Hybridization of plasmon modes is also described.
Chapter 5 introduces SERS and discusses the effectiveness of using DNA-based tem-

plates as SERS substrates.



Chapter 2

DNA Self-Assembly

In the first section of this chapter I will present an overview of the fundamentals
of DNA. First, I will describe two different treatments towards double strand DNA
(dsDNA) hybridization: a hamiltonian approach [93] and a two-state model [57, 99].
I will then describe a semi-empirical method [108] widely used to predict DNA’s
melting temperature (75,) and structure formation [139]. In the second section I
will provide a brief account on how DNA is used as a building block for structural
DNA Nanotechnology. Lastly, I will focus on the main part of this chapter: our own
contribution towards using DNA origami as a nanobreadboard to fabricate complex

metallic nanostructures [96].

2.1 Fundamentals of DNA Self-Assembly

DNA is a fundamental component of living species, responsible for storing the
information required to build and maintain individual cells, as well as supra-cellular
organisms. Its structural unit is made out of four nitrogenous bases, which are pair
complementary: Adenine (A) with Thymine (T), and Guanine (G) with Cytosine
(C). An individual nucleoside has its base linked to the 1’ carbon of a deoxyribose
(sugar). Nucleosides can form ester bonds with phosphates at the 3’ and 5’ car-

bons 2.1. A single strand DNA (ssDNA) is a chain of individual nucleosides held
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FIGURE 2.1: a) Single strand DNA showing four nucleotides: Adenine, Thymine, Gua-
nine, and Cytosine b) DNA basepair complementarity: Cytosine-Guanine and ThymineAd-
enine c¢) Double strand DNA B-helix conformation. The strands run antiparallel and form
two distinct groves (major and minor). Figures adapted from Ref. [129].

together through a phosphate-deoxyribose “backbone.” The carbon number associ-
ated with the phosphodiester bond is used to indicate the directionality of ssDNA.
A double strand DNA (dsDNA) is made of two fully complementary ssDNA seg-
ments running antiparallel to each other, in a helical conformation. The formation
and stability of a duplex structure is mediated by both energy and entropy consid-
erations, as will be explained on detail below. Let’s note for now that there are
two main electrostatic interactions: i) hydrogen bonding between complementary
bases and ii) base-stacking. The most common dsDNA helical conformation is the
right handed B-helix, which makes a full turn every 10.4 basepair (bps) or 3.4 nm.
Other helical forms are the A-helix and the left handed Z-helix, but these are less
stable and therefore transient in nature [82]. More complex configurations such as
G-quadruplexes [12] and I-motifs [11] are also possible but will not be discussed here.
A very thorough introduction to DNA is provided in Ref. [82]. In this thesis it is
assumed that a DNA duplex adopts a B-helix conformation.

DNA Nanotechnology uses DNA as the primary building block, exploiting its
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complementarity nature to create supramolecular structures of pre-programmed shape,
and functionality. Understanding the underlying mechanisms involved in the bind-
ing and stability of interacting DNA strands is crucial for the design of DNA-based
structures. Light absorption studies show that DNA hybridization (or denaturation)
appears to be a first-order transition as a function of temperature. The transition
temperature is commonly referred to as the melting temperature 7;, and it is deter-
mined by the DNA sequence, length, concentration, and solvent composition. The
latter includes the solvent polar strength and permitivity, as well as the presence of
ions in solution which contribute to charge screening. Base-pairing and base-stacking
both play a crucial role in stabilizing the duplex structure [134]. Base-pairing be-
tween G — C contains three hydrogen bonds, adding additional stability compared
to its counterpart A — T which contains only two hydrogen bonds. Base-stacking
interactions are due to the m — 7 interactions between the aromatic rings of neigh-
boring bases. Backbone repulsion also contributes to the T}, of DNA segments. For
a large number of DNA strands, the T}, is defined as the temperature at which half
the dsDNA are dissociated.

I will now describe two physical treatments towards dsDNA hybridization. The
first approach uses a hamiltonian to describe the interactions between parallel strands
(93], while the second approach is a two-state model which fully uses statistical
thermodynamics [57, 99]. The hamiltonian model was first proposed by Peyrard and

Bishop [93]. There are four terms in the hamiltonian:
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The first term describes the kinetic energy of the system. The second one is a
harmonic coupling term that accounts for base-stacking interactions. The third is
a Morse Potential to represent the attractive interactions due to hydrogen bond-
ing between base pairs, as well as repulsion between negatively charged phosphate
backbones. More complex potentials can be used to account for the DNA helix
stiffness, water presence and ions interactions [94]. The fourth term was introduced
by Dauoxois to better account for the helicity of DNA [19]. By providing such an
inter-base coupling term, the model was able to better describe DNA breathing fluc-
tuations. Equation 2.1 is known as the Poland-Bishop-Dauoxois (PBD) hamiltonian.
The PBD model provides great phenomenological insight towards duplexes forma-
tion, and is able to predict a DNA melting transition. Although the model was
originally introduced as part of a statistical approach, it has been used in Molecu-
lar Dynamics (MD) along with the incorporation of sophisticated potentials. This
pursuit has generated criticism for its attempts to solve time-dependent motion of
DNA [35]. Although great advances are continuously being done on the MD front,
it is highly limited to improvements on computational power: current simulations
are on the order of microseconds [92]. In Peyrard and Dauoxois words [95], although
the equations of motion can be readily written from the PDB hamiltonian, it would
be “hopeless” to expect MD to accurately predict the movement involving several

thousand of base pairs. They suggest that the hamiltonian model is better suited
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to be solved with a statistical approach. In fact, it has recently been shown that
such course can accurately predict melting profiles of large DNA sequences [125]. An
alternative approach to MD is to coarse-grain the force fields. The method permits
us to access longer time-scales (through faster calculations) at the cost of smoothing
the energy landscape (lower resolution) [83]. This type of modeling has already been
used to accurately predict various DNA interactions, such as duplex hybridization
and toehold mediated strand displacement [25, 85].

The second approach is based on purely statistical thermodynamic grounds: the
two-state model (bound or unbound). The formation of a single duplex from two
ssDNA is simultaneously enthalpy favorable and entropy unfavorable. Enthalpy is
driven by hydrogen bonding between base pairs as well as base-stacking interactions.
It is interesting to note that the competition between entropy and enthalpy provides
a modest stability of DNA duplexes, crucial for various biological processes such as
transcription. The combination of the driving landscapes can be expressed in terms

of the Gibbs energy, which is responsible for driving hybridization,
AG = AH —TAS (2.2)

A complete statistical model that describes DNA hybridization would have to in-
clude AG; of all possible configurations. As one expect, the number of configura-
tions sharply increases with the DNA strand length. For example, in the case of
two complementary strands of length N, the conformations are not limited between
the nth bases of opposite strands (A ,in, A2nen), but must account for all possible
configurations, including intra-strand internal loops as well as stem-loops (hairpins).

The partition function could be greatly reduced by restricting DNA’s aperture to
occur from one end only. Despite its simplicity, the DNA zipper model [57] is able to

predict a first order state transition. The energy of the two DNA strands of length



N in a state with n-bps “zipped” is given by,

N
E = Z € = —ne (2.3)
i—1

The entropy of such state is determined by the number of configurations g for each

(N —n) free bases,

N—n
S = kglng
71211 (2.4)

= —kg(N —n)ilng

The partition function is then given by,

N N
7 = Z gn efneﬁ _ Z "
n=1 n=1

(2.5)
xN+1 -1
T s 1
where x = gexp(—nef). The entropy is finally written as,
_ >na™ 0
(S) = = xéxan
(2.6)
Nz x

The degeneracy of an open link g is related to the rotational freedom of each base,
and may be up to 10* [57].

Poland and Sheraga [99] proposed a more realistic statistical partition function
by assigning different weights to the bound and unbound segments. Their main
motivation was that DNA strands exhibit local denaturation (breathing bubbles),
not present on the zipper model. Bubbles typically occur in segments that are rich
in T and A bases. These loops are both, enthalpy favorable, since they release

the strain produce by the double helix from the rest of the bounded segment, and
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entropy favored. The simplification of the partition function comes from assuming
that bound segments are mainly driven by their binding energy while loops are by
the number of configurations S;, entropy. With this simplification the statistical

weights are given by,

S TP unbound(loop)
(2.7)
e"EP bound(dsDN A)
The partition function acquires the form of,
N
Zy = Z eSiTP kR (2.8)
n=1

Poland and Scheraga resorted to polymer physics to simplify the entropy given by

the loops [99]. They provided the entropy S; for a chain of length ¢ to be,
S(i) = kglai — cln(i) + b] (2.9)

Solving such a partition function goes beyond the scope of this thesis. One major
problem that arises with statistical models is that same base pairs on different DNA
sequences do not carry the same equilibrium constants. For example, the coupling
strength between base pairs located at the end strands or adjacent to internal loops
carry different weights, not to mention base-stacking interactions dependent on the
neighboring bases. Moreover, effects such as torsional deformation and bending are
hard to incorporate. For these reasons, semi-empirical models based on statistical
thermodynamics, such as the Nearest Neighbor Model [108], are widely preferred.
They are used to predict both structure formation as well as 7},,. Let us first de-
scribe how can the thermodynamic variables AG, AH, and AS be obtained from
experimental melting curves. The Gibbs energy of a given duplex can be found via

the thermodynamic relation,

AG = AH — TAS = —RTIn(K) (2.10)

10



Here, T}, is an experimental observable, while K is the equilibrium constant. For an
arbitrary pair of complementary ssDNA strands, we can describe the hybridization
process by,

dsDNA = ssDNA; + ssDN A (2.11)

The equilibrium constant K is defined as the products and reactants concentration

fraction when equilibrium is reached,

[ssDN A;][ssDN As]
K = 2.12
[dsDNA] (2.12)
At the T,,,
[dsDNA] = [ssDNA;] = [ssDN Ay]| = [dsDN Alinitiar/2 (2.13)

and the equilibrium constant reduces to K = 4/[dsDN Al;nitia for non-complementary
strands. An additional factor of two must be added for self complementary strands.
It is then possible to extract AG from experimental melting curves, as well as AH
and AS from measuring T, vs [dsDN A] curve via,

1 —RTin(4/[dsDNA]) AS
T, AH AH

(2.14)

Different T}, have been obtained by different groups due to variations in DNA and
salt concentrations. A Unified Nearest Neighbor model was introduced by Santal.u-
cia Jr. [108, 109], where individual AGxy terms describe the Gibbs energy between
contiguous base pairs. The model also incorporates initiation terms (AGinisiation) t0
account for the formation energy, assumed to start only from the terminal bases.
Each empirical Gyy value is assumed to account for multiple effects such as hydro-
gen bonding, base-stacking interactions, and the repulsion between the negatively
charged backbones. Additional correction terms can be added to account for duplex
self-complementary, as well as for salt and DNA concentrations.

11



Numerous software packages [5] such as NUPACK [139] and Mfold [146] use
experimental AGyy values to predict DNA folding. Most of them have the com-
mon theme of calculating the Gibbs free energy for each possible configuration, and
choosing the predicted structure to be the one with the lowest AG. One of the main
schemes that DNA nanotechnology uses is to expand upon DNA duplex formation
to create complex DNA structures of a desired conformation. Provided that the
target structure resides in a global energy minimum, it is possible to fabricate it by
following an energy path minimization. However, one has to be careful to avoid local
minimum traps. In a laboratory setting, this energy path minimization is accom-
plished through thermal annealing. The slow cooling of the samples ensures that
the system does not get “frozen” into non-desired states. Let’s now look at what

structures have been realized using the described scheme.

2.2 DNA as a Building block: Structural DNA
Nanotechnology

Artificial two-dimensional DNA assemblies provide a programmable methodol-
ogy for bottom-up fabrication of complex nanostructures [114]. The first artificial
DNA structure was proposed in 1982 [115] and experimentally realized the following
year [50] by Nadrian Seeman. Inspired by the Holliday Junctions which naturally
occur during cell meiosis, Seeman envisioned it was possible to avoid branch migra-
tion by eliminating their symmetry, and thus obtaining a rigid four-arm formation
(Figure 2.2 A). In 1993, Seeman and Fu introduced a new class of DNA structures
(Figure 2.2 B) which they coined double-crossovers (DX) [36]. These consist of two
helical domains joined through crossover links, and have become one of the funda-
mental schemes to assemble DNA structures. More complex designs can be created

by expanding the number of arm junctions or using crossovers to link multiple heli-
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FIGURE 2.2: Artificial DNA structures: a) a Four-arm Holliday Junction and b) a
Double Crossover (DX). Both structures were proposed and experimentally realized
by Nadrian Seeman [115, 50, 36].

cal domains. By 1998, Winfree, Seeman and coworkers had fabricated extended tile
latices by introducing complementarity between two classes of DX motifs [133]. In
2004, Shih and coworkers were able to controllably fold a 1.7 kilo-base ssDNA into
a 3D octahedron. For that, they amplified 40-mer synthetic DNA strands using a
polymerases chain reaction (Fig. 2.2 A) [119]. Two years later, the flexibility and
addressability of these systems were greatly improved by Paul Rothemund with the
advent of scaffolded “DNA origami,” a method of creating arbitrary shapes and pat-
terns on a 1002100 nm? scale (Fig. 2.3 B) [104]. The original origami is composed of
a natural DNA strand (scaffold) of approximately 7-kilobase and roughly 200 short

7 During a one-pot an-

synthetic complementary DNA strands, known as “staples.
nealing step, these staples fold the scaffold strand back upon itself and determine
the shape of the origami. The typical scaffold used to make DNA origami is a cir-
cular ssDNA obtained from a bacteriophage (M13mp18). Taking advantage of the
DNA B-helical formation, staple crossovers between scaffold segments are located

every 1.5 turns (16 bps). This ensures that the staples attach to both of the ad-

jacent helices (Figure 2.3 B). Shih’s ssDNA origami [119] is considered a precursor
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FIGURE 2.3: Progression of DNA Folding Technique: a) Single stranded origami, Octa-
hedral (2004) [119] b) Scaffolded 2D DNA Origami (2006) [104]. Templates are formed
on a single-pot annealing using a 7 kilo-base bacteriophage folded using 200 synthetic
DNA strands ( 32 bases long). Scaffolded 3D DNA Origamis (2009) ¢) A square box with
a dynamic lid [5] d) A Railed bridge, a slotted cross, and a stacked cross using double
helices [24] e) A closed faced tetrahedral containers [52].

of Rothemund’s staple-based dsDNA origami (Figure 2.3 A). The scaffolded DNA
origami technique was later on expanded to three-dimensional structures almost si-
multaneously by multiple groups [5, 23, 52]. Figures 2.3 C-E show cryogenic TEM
images of various three-dimensional DNA origami. The successful formation of DNA
origami has been attributed to multiple effects [104]. First, the staple sequences are
chosen so that binding between staples is low. Defects are minimized by mixing a
large excess of staples per scaffold (typically 10-fold). As previously mentioned, slow
thermal annealing prevents trapping the structure on a local minimum conforma-
tion; it gives enough time for strand displacement (or invasion) of energy favored

staples (i.e. those having greater length of overlap). The formation process is as-
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sumed to start when staples with higher T, act as “seeds” for domain formations,
facilitating the binding of subsequent staples [8, 104]. It is interesting to note that
since the melting is independent of neighboring staples, it produces a hysteresis on
annealing-melting curves. The size of the original DNA origami is limited by the
length of the scaffold. For this reason, scaffold-less origamis [51, 130] as well as
larger scaffolds [73] have been created. A potential problem with these approaches is
that the uniqueness of individual staples strands becomes more difficult as the size of
the suprastructure increases. Alternatively, a modular approach can be followed, in
which DNA origami serve as tiles [145, 104]. Despite the efforts towards increasing its
size, the original DNA origami is sufficiently large to be precisely positioned and ori-
ented on microfabricated substrates, thereby providing a bridge between lithographic
and self-assembly methods [44, 54]. Besides structural purposes, DNA can also be
used as a dynamic tool. Yurke, Turberfield and coworkers introduced the concept
of toehold-strand displacement [138]. With the help of catalytic “fuel” strands, a
chain of pre-programmed events can cascade upon the insertion of an initiator strand.
Such processes fall under the domain of DNA nanomachines (Fig. 2.4 A). To avoid
adding strands, one could store the building components of a larger structure within
individual floating DNA strands [22]. Its self-assembly can then be triggered upon
introduction of a single initiator strand (Fig. 2.4 B). Hairpins can be used in both in-
stances to store the information required for the pathway of reaction. Reference [141]

contains a thorough review of strand-displacement mediated reactions.

2.3 DNA as a Programmable Template

DNA structures can be used to attach nanocomponents using various crosslink-
ers. One scheme is to use DNA complementarity to attach objects functionalized

with complementary strands (cDNA). With DNA origami, the cDNA can naturally
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FIGURE 2.4: Not only is DNA used as a structural tool, but can be used to artificially pro-
gram dynamic pathways a) Sequential DNA machine. Through toehold mediated strand
displacement one is able to generate a specific output for a given input [138] b) Triggered
self-assembly of a larger structure using hairpins strand displacement [22].

be an extension of its staple strands. The fact that any of the 2004 staples can
be used as a binding site makes DNA origami a versatile programmable breadboard
for placement of nanoscale objects. Another common crosslinker used to attach
nanocompents onto DNA is through biotin-streptavidin complementarity [15]. DNA
origami has already been successfully used as a template for site-specific binding of
metallic nanoparticles [21, 43, 86, 87, 96], quantum dots [15], fluorophores [122], and
carbon nanotubes [77]. A comprehensive review of attachment of metallic nanocom-
ponents is provided in Ref. [67]. In addition, DNA origami have been used as tem-
plates for dynamic processes such as single-molecule chemical reactions [128], DNA
motors [126] and “walkers” [38, 70, 131]. Nanocomponents could be further mod-
ified after being attached to DNA templates, for example to create metallic wires.
Individual DNA strands have been previously metallized by reduction of metal ions
from solution, resulting in the formation of conducting wires [53]. Different metals
have been deposited, including Ag, Cu, Pd, Pt, and Co (see Ref. [39] for a compre-

hensive review). Multistrand DNA assemblies have also been metallized, including
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DNA nanoribbons [135], DNA nanotubes [91], three-helix bundles [89], and DNA
origami [66]. Other methods utilize nanoparticles, assembled using DNA, as tem-
plates for metallization [88, 113, 132]. However, in all of these works the reduced
metal coated the entire structure, and did not fully utilize the addressability of the
underlying DNA template. Our group pursued an alternative approach, in which
seed nanoparticles are first attached to the DNA template at specific locations, and
are then fused together by metal-on-metal deposition. Specifically, we used DNA
origami templates to accurately place gold nanoparticles (AuNPs) that act as nu-
cleation sites for subsequent metal deposition. Furthermore, when AuNPs are po-
sitioned sufficiently close, metal ions can fuse neighboring particles into contiguous
shapes. This method creates predesigned metallic structures such as rings, pairs of
parallel bars, and H-shapes with outer dimensions close to those of the DNA origami.

We used the previously reported “tall rectangle” DNA origami [104] (90270 nm?)
as the DNA template for all of the metallic structures presented here, but the method-
ology can be extended to any DNA structure. The origami was formed as originally
designed by Rothemund [104], but with the following changes: All of the side staples
were left out to prevent aggregation via helix stacking interactions between adjacent
origamis (see Supplementary Note S5.7 in Ref. [104]). Additionally, two consecutive
staples located at each of the AuNP binding sites were extended on the 3’ end by a
short spacer sequence (T5) followed by a specific 24 bases DNA sequence (Xs4). DNA
extensions serve as anchors to attach given nanocomponents; if the anchors are in
close proximity to each other then they are considered to be part of the same binding
site. As previously mentioned, we use an excess of DNA strands when preparing the
DNA template to ensure its proper formation (i.e. minimize vacancies). It is cru-
cial to remove the unused DNA strands during the origami formation, else they will
compete with the nanocomponent for attaching to the template. For this reason,
the prepared DNA origami (5 nM) was filtered by performing five buffer exchanges
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FIGURE 2.5: AFM images of different AuNP assemblies on mica: a) 4-corners, b) a
pair of parallel bars, c) ring, and d) H-shape. The patterns are programmed by
extending different staples with the same complementary sequence, permitting the
use of the same AuNP-DNA conjugates for all assemblies. All scale bars are 250 nm.
The size of the particles appears enlarged, due to convolution with the AFM tip.
Schematic on the right shows the designed structures.

in 1xTAE/12.5 mM Mg*" buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.2) with
a single ultra-filtration centrifuge unit (100 kDa MWCO, Millipore) to remove the
extra staple strands. Various groups report more thorough purification steps such as
running the DNA structure through gel electrophoresis [62, 112]. We found that the
buffer exchange method was sufficient to obtain a good attachment yield. The 5 nm
gold nanoparticles (AuNPs) to be attached to the DNA templates were conjugated
to a specific oligonucleotide chain (Xa4 comp) at a AuNP:DNA ratio of 1:5 and left to
incubate overnight, following the recipe of Refs. [69, 140] and described in detail in
Chp. 3. The DNA strands used for conjugation were synthetic oligos purchased from
IDT (Integrated DNA Technologies, Inc). They had a disulfide modification (lipoic

acid) on the 5" end followed by a 5 base spacer (75) and the complementary sequence
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to that of the binding sites (X4 comp). The AuNP-DNA conjugates were then back-
filled with thiolated T5 sequences (IDT) to prevent aggregation of AuNPs that would
otherwise occur in the presence of 50 mM Mg?* concentration buffers; this incuba-
tion lasted 24 hours at room temperature to ensure maximal coverage. The typical
backfilling ratio was 60:1 (75:AuNP). Unconjugated DNA strands were then removed
from the AuNP-DNA conjugate solution using gel electrophoresis (3% agarose, 10
V/cm, 15 min run, 1xXTAE). The AuNP-DNA conjugates were recovered from the
gel using gel extraction columns (Squeeze and Freeze, Bio-Rad Laboratories, Inc).
The purpose of running the conjugates through the gel was for filtration purposes
only, since 5 nm AuNPs conjugated to a 29-base sequence do not exhibit discrete
bands. We surmise that without this procedure, the unconjugated Xs4 strands sat-
urate the binding sites on the origami. In our experience, we were not able to fully
remove unconjugated DNA strands using an ultrafiltration centrifuge, contrary to
DNA origami buffer exchange purification [43].

We next placed the DNA templates on substrates. Mica (Ted Pella) and Si/SiO2
(Silicon Quest, both native and 1 pm thick oxide) substrates were used in our exper-
iments. Freshly-cleaved mica was used for AFM imaging of both origami formation
and gold binding (Fig. 2.5). For mica, the origami buffer was kept at 1xXTAE/12.5 mM
Mg?* . Silicon was used for samples that were later metallized and for SEM imaging
of the resulting structures (Fig. 2.7). Silicon substrates were cleaned by the standard
RCA T and II steps, followed by oxygen plasma ashing for 5 min at 100 W using an
SPI Plasma Prep II. The origami solution was adjusted to 1xTAE/100 mM Mg?* .
The high Mg?* concentration is used to promote attachment between the negatively
charged DNA template and the negatively charged silicon dioxide substrate [54].
TAE serves as a chelator of divalent cations such as Mg?*. Since many enzymes need
ions as co-factors, TAE helps against contaminant enzymatic degradation. For this

reason our current protocols have been adjusted to keep the 1xTAE:12.5 mM Mg?*
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FIGURE 2.6: Controlled growth due to silver reduction of 5 nm AuNPs bound to the four
corners of the rectangle origami. Metallization times: a) 4, b) 9, ¢) 15, and d) 20 min. All
scale-bars are 100 nm e) Average particle dimensions in horizontal (squares) and vertical
(triangles) directions for different metallization times, as measured from SEM images.

concentration ratio when using high Mg?* ions buffers (i..e 10xTAE/125mM Mg>* ).
The 5 nm AuNPs attachment was performed after deposition of the DNA templates
on the substrate. I will refer to this technique as surface-attachment, contrary to
in-solution attachment. On both types of substrates, the origami (0.5 nM, 5 uL)
was deposited onto the surface and left for 5 min to adsorb. A solution containing
functionalized AuNPs (15-100 nM) was then added and left to incubate at room tem-
perature for an additional 30 minutes. The sample was then washed by immersing
the substrate in deionized water (18 M) for 10 sec. to remove excess unconjugated
AuNPs and dried gently under a stream of nitrogen. Unlike Ref. [43], in our case

it was not necessary to anneal the samples at elevated temperature or to incubate
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them for longer periods of time in order to obtain good binding. This is attributed
to AuNPs of 5 nm having faster diffusion than particles of bigger size, so they are
able to find their binding site in a short time scale (few minutes) and without been
sunk onto the substrate. We programmed different AuNP binding sites by extending
different subsets of staples from the original “tall origami” staple set. The extension
sequence was Xg4, which allowed us to use the same 5 nm AuNPs functionalized
with Xog comp for all assemblies. The resulting assemblies are shown in Figure 2.5.
We found that functionalized particles avoid attachment if the adjacent binding sites
are closer than 20 nm apart (center-to-center), as expected for DNA-functionalized
particles with negative surface charge (see discussion in Ref. [117]). We found that
when functionalized AuNPs are stored for a few weeks in their gel-recovered buffer
(i.e. TAE) they repel each other less (attach in closer proximity). This suggests that
the phosphine coating is partially detached. This could be avoided (or purposely
implemented) by further phosphinating the storing buffer upon gel recovery. Sam-
ple imaging was performed using dry AFM in tapping mode (Nanoscope I1la with
a Multimode head and NT-MDT NSG30 tips from Nanoscience Instruments, Inc).
This lets us reuse AFM tips while still obtaining good image resolution of the DNA
origami and AuNPs. We enlarged the AuNPs bound to origami templates by reduc-
ing silver ions from solution (Fig. 2.6). The AuNP assemblies adsorbed on silicon
substrates were metallized by applying a commercially available microscopic staining
kit (HQ-Silver, Nanoprobes, Inc), which we used previously for fabrication of silver
nanowires [90]. The metallization procedure was performed at room temperature
inside a red-light illuminated dark room. Equal volumes of the three kit components
(initiator, moderator, and activator) were mixed. Conveniently, the reaction pro-
ceeded at a slow rate that allowed us to easily control the amount of deposited metal
by varying the metallization time. The metallization process was halted by a brief
immersion and rinsing of the samples in DI water. The SEM images in Figure 2.6,
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FIGURE 2.7: SEM images of different metallic nanostructures: a) and d) H-shapes, b)
and e) pairs of parallel bars, ¢) and f) rings. All scale bars are 500 nm.

panels A-D show the growth of NPs bound to the four corners of the origami tem-
plate and metallized for different times. The measured size of the NPs as a function
of metallization time is plotted in Figure 2.6 E.

Figure 2.7 shows the successful fabrication of metallic structures based on the
seed particle assemblies of Figures 2.5 B-D, resulting in rings, pairs of parallel bars,
and H-shapes. In these structures, the metallization times are long enough, and
the seed particles are placed close enough, to fuse the particles together. Although
not all of the binding sites were occupied by AuNPs, as shown in Figure 2.5, the
programmed structures such as H-shapes or rings were still formed, as clearly shown
in Figure 2.7. Typically, the center-to-center distance between the seed AuNPs
was 20 nm, and the metallization times were 10 min. The metallic lines formed
from four seed particles along the origami side had to be roughly 50 nm thick in
order to appear contiguous in SEM images (Fig. 2.7 B). The narrowest metallic line
width is ultimately limited by the distance between neighboring AuNP seeds and

the variation in particle size after metallization.The feature sizes might be reduced
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FIGURE 2.8: Schematics of the full assembly process: Attachment of AuNPs, followed by
their enlargement using silver ion deposition. NPs are fused after long enough incubation

periods.

in the future by packing particles closer together, which would require a reduction
in the effective hydrodynamic radius of the AuNP-DNA conjugates. This could
be accomplished by tuning the amount of positive counterions in the buffer, using
smaller AuNP-DNA conjugates, or decharging the particles by partially removing
the excess phosphine as previously discussed. Smaller interparticle distance would
reduce the metallization time required to fuse the particles, which would ultimately
decrease the width of the resulting metallic structures. In addition, proof of structural
continuity is necessary. This could be demonstrated using electrical measurements.

However, placing contacts on these samples is challenging due to their size.
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2.4 Conclusions

Through this chapter, we have shown the great capabilities of DNA to be used as
a structural-formation tool. We demonstrated that complex metallic nanostructures
can be assembled programmatically using DNA templates, DNA functionalization
of seed nanoparticles, and metallization via silver-reduction chemistry. While the
amount of successfully assembled structures (Fig. 2.7) appears encouraging, there
are many parameters one could still optimize to increase the overall yield even fur-
ther, among them the design of the binding sites on the DNA origami; the concen-
trations of the DNA origami and the AuNP-DNA conjugates; the parameters that
control the surface attachment; and the metallization protocol. The presented pro-
grammable templates should enable the fabrication of a wide range of components
for nanoelectronic and plasmonic applications. For example, I will describe on Chp. 5

how the fabricated templates can be used to fabricate SERS substrates.
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Chapter 3

Functionalization of
Nanocomponents

This chapter discusses the various schemes used to functionalize nanocomponents.
The main focus will be on the functionalization of AuNPs with ssDNA strands. Gen-
eral principles about conjugation applicable to other nanocomponents are discussed,

including their stability in the context of DNA nanotechnology.

3.1 Fundamentals of Functionalization

Due to their quantum nature, nanocomponents such as fluorophores, semiconduc-
tor quantum dots, and metallic nanoparticles exhibit unique properties not usually
encountered in bulk materials. A wide range of applications are encountered in vir-
tually any area of science including electronics, optics, biosensors, and medicine. Not
only do nanocomponents have intrinsic individual properties, but these properties
change due to interaction among themselves. It is therefore desirable to control their
placement and functionality. As we have seen in Chapter 2, DNA base complemen-
tarity offers a route to self assemble nanocomponents with well defined inter-particle
arrangements.

It is useful to abstract some basic principles associated with conjugation and

functionalization. Conjugation is the process of attaching two components together.
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FIGURE 3.1: Conjugation schemes for crosslinking: a)Two functional groups ex-
tended by a ligand b) Component has a ligand with a functional group ¢) Two
complementary ligands d) Components with complementary functional groups.

As shown in Figure 3.1, the conjugation process requires two components and a
crosslinker. There is a variety of molecular and supremolecular crosslinkers that can
be used depending on the desired application. Examples of molecular crosslinkers
are thiol, amines, aldehydes and carboxylates, and supramolecular croslinkers in-
clude streptaividin-biotin, protein-protein, and DNA-DNA. Zero-length crosslinkers
are molecules that form linkage without spacing from additional atoms. Extensions
of crosslinkers can be achieved using molecular spacers (e.g. ligands). Functional

components posses crosslinkers yet to be attached to another components. Function-
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FiGURE 3.2: Depending on the assembly scheme, controlled functionalization of
components might be required a) Two complementary species of monofunctionalized
AuNPs form dimers, while b) polyfunctionalized species form aggregates.

alization is the process of conjugating potential crosslinkers to a given component.
Here, we focus on the attachment of DNA strands to gold nanoparticles.

For certain assembly schemes, the number of functionalized groups attached be-
come important. For example, in order to assemble AuNPs dimers in solution, one
requires two complementary monofunctionalized species (blue or red, figure 3.1). If
the particles were instead polyfunctionalized, aggregates would form. By careful
control of DNA strands on AuNPs, Alivisatos et al. have beautifully demonstrated
the rational assembly of polycomponents in solution [75]. Assembly of more complex
structures by the sole use of individual DNA strands is not only a difficult task, but
it also lacks structural rigidity. DNA origami provides a stiffer support to assemble

nanocomponents, as has been vastly demonstrated. Please refer to Ref. [67] for a
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comprehensive review.

3.2 Gold Nanoparticles Functionalization

Gold-DNA functionalization was simultaneously demonstrated by Alivisatos [4]
and Mirkin’s [79] groups. Both approaches used sulfide crosslinkers to covalently
attached DNA strands to AuNPs. DNA’s negatively charged backbone is repelled
by the negatively citrate-capped AuNPs and by other DNA strands, preventing the
formation of a close packing structure. Mirkin’s approach consists of the slow ad-
dition of sodium chloride (NaCl). The key idea is that if much NaCl is added too
quickly, the metallic particles will irreversibly aggregate before DNA has a chance
to attach to them. As the size of the particle increases, they are more susceptible to
aggregation, and thus the NaCl aliquots must be smaller. Alivisatos took a different
approach in which first the AuNPs were stabilized through a phosphination process
(e.g. BSPP), and then DNA and NaCl were added, in a single step. I found that the
phosphination approach works well for particles up to (15 nm), while for larger par-
ticles the slow salt addition is easier to implement (BSPP itself is charged enough to
cause aggregation on bigger particles). AuNPs usually come in concentrations below
what is desired for most applications. The necessary concentration can be achieved
by forming a small pellet of AuNPs through centrifugation, followed by removing
the supernatant. The pellet is then reconstituted in the desired volume to achieve
a given concentration. In the case of particles below 15 nm, centrifugation by itself
is not enough to form a pellet. One can cause a temporary aggregation by adding
a small amount of NaCl to previously stabilized AuNPs (phosphinated, or already
DNA capped). The removal of the first supernatant eliminates most of the NaCl
excess, but leaves enough trace to cause partial aggregates. Unfortunately, this trace

amount is not enough to form a pellet by centrifugation unless methanol is added.
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FIGURE 3.3: Functionalization of nanocomponents. First, the AuNPs are functionalized

with a DNA via a disulfide crosslinker. Then, the particles are gel purified using gel
electrophoresis. The removal of unconjugated DNA excess is an imperative step to prevent
them from later on hindering the binding sites.

An alternative to both methods described (phosphination and salt addition) has
been recently demonstrated. It takes advantage of the fact that the A and C bases
become partially positively charged under low pH conditions ( pH 3), avoiding the
charge repulsion between themselves as well as the negatively charged citrate cap-
ping. This novel method decreases the conjugation time (and efficiency) of the DNA-
AuNPs functionalization to just a few minutes [142, 143, 144]. It must be noted that
for large particles (e.g. 60 nm), the pH itself does not provide close enough packing to
make the AuNPs resistant under highly ionic buffer conditions, and one must resort
to hybrid methods. This is discussed in more detail in the next section.

Lastly, let’s mention an alternative to thiol as a crosslinker: Carboxylate-amine
conjugation. A carboxylic acid group reacts with an amine to produce an amide
bond. Carbodiimide serves as a necessary activation agent which, together with a

carboxylic acid, produces an unstable highly reactive O-acylsourea intermediate. The
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FIGURE 3.4: Mechanism pathways for carboxyl-amine carbodiimide reaction. The car-
boxylic group reacts with EDC to form an unstable Acylisourea intermediate state, which
can react directly with an amine, or hydrolize back. The reaction can be catalyzed by
incorporation of a third pathway via Na sulf-NHS state.

carbodiimide EDC is water soluble and can be used with most buffers. Additionally,
one could add NHS to catalyze the reaction. Figure 3.2 shows the mechanism of the
reaction. A detailed protocol is described in Appendix D.1.1.

As discussed in Chapter 2.1, it is imperative to remove the unconjugated DNA
strands before performing the desired conjugation, else they will compete with the
nanocomponent for the target strand. They can be completely removed by running
the conjugated structures through agarose gel (Figure 3.3). One does not need to
resort to additional labeling (i.e. ethidium bromide) since the AuNP-conjugate band
is visibly red. Figure 3.2 A shows how the gel can be used to separate AuNPs
functionalized with different numbers of conjugated strands. This is possible as long
as the length of the strand is sufficient ( 70 bases) to separate the bands. Figure 3.2 B

shows AulNPs conjugated at different AuNPs:DNA ratios. Structures are recovered
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FIGURE 3.5: a) Gel can be used to separate AuNPs with discrete number of conju-
gated strands (70 bases). b) shows AuNPs conjugated with 24 bases DNA at different
AuNPs:DNA ratios.

from the gel by cutting the band of interest, finely chopping it and centrifuging it
using a filter. The buffer with the resulting particles is the same as the one used to

form the agarose gel.

3.3 Nanocomponents Stability and DNA Origami

As discussed in Chapter 2, one scheme used to attach nanocomponents onto DNA
templates is through DNA self-complementarity. The stability of DNA origami at
room temperature requires the use of highly ionic buffers. The typical buffer used
during DNA origami formation is composed of 40 mM Tris, 20 mM acetic acid,
1 mM EDTA, and 12.5 mM Mg*" (IxXTAE/Mg*" ). The amount of ions present
in the solution is increased if DNA origami is placed on substrates. DNA origami
attachment to silicon dioxide or glass requires Mg?*t concentration on the order of

(~100 mM). Therefore, functionalized nanocomponents must be stable enough to
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stand 10xTAE/Mg . As the size of the metallic particle increases, they become less
stable under ionic environments, and their passivation becomes even more relevant.
Stabilization schemes include the use of surfactants, maximizing DNA loading, or
charging them (i.e. phosphination). Each of the DNA-AuNPs conjugation methods
described previously provide different insights into parameters that can be varied to
stabilize the AuNPs. Hurst et al. [45] elegantly played with the parameters associated
with AuNP-DNA conjugation, and identified what is required to maximize the DNA
loading. Salt aging decreases DNA repulsion, maximizing loading when added up to
0.7 M NaCl. Monothiol crosslinkers pack more DNA than bulkier dithiol crosslinkers.
PEG neutral spacers pack tighter than DNA negatively charged spacers. Shorter
oligos pack tighter than larger oligos providing additional energy increases packing
(i.e. 10 sec sonication or heating). These principles combined with the previously
described methods provided our own hybrid recipe for AuNPs functionalization. The
most stable particles are achieved when a discrete amount of the functional DNA
strand is conjugated (usually 20 bases) followed by a “backfilling” of shorter oligos
(i.e. TTTTT or T5). Further stability (but not substantial) can be obtained by
adding a small PEG molecule(thiolPEG5).! PEGs are molecules with no charge,
small enough to fit into any remaining open surface. We have found that the following
hybrid recipe to provide thus far be the most efficient and fastest way of conjugating

spherical AuNPs of sizes ranging from 5 nm - 60 nm.

1. Addition of SDS surfactant (0.02%)

2. Bringing pH down to 3 (via sodium citrate buffer).

3. Addition of functional thiolated DNA (e.g. Xs4, reduced or not - 5 strands for
5 nm and 20-50 strands for 60 nm)

4. Addition of thiolated DNA backfiller (shorter T3, reduced or not) in 100 times

I polyethylene glycol
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FIGURE 3.6: Test of conjugated 50 nm AuNPs stability under 5xTAE/Mg?* . Red vial
shows the low pH method with the slow addition of NaCl. The low pH method only (no
NaCl addition) was used for the blue vial.

excess the maximum reported loading capacity (Max. load amount obtain
from [45]).

5. Addition of NaCl aliquots while testing their stability under 10xTAE/Mg**
buffer

The ideas behind this recipe can be extended to the functionalization of other
nanocomponents. As an example, Figure 3.3 shows 50 nm AuNPs conjugated using
our hybrid conjugation method under 10x TAE/Mg?* conditions (red vial suspended
particles), while the blue vial (aggregates) was obtained using the low pH conjugation
method only. The thiol was not activated in either case.

One rapid way to test if the conjugated AuNPs are stable enough to be used
with DNA origami is to place them under the same buffer conditions (i.e. 1x - 10x
TAE/Mg?*) and to observe if there is a color change. It is worth noting that al-

though all the mentioned AuNPs recipes suggest the necessity of “activating” the
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thiol crosslinker through TCEP or other agent. Sulfide-modified DNA (mono- and
di-thiol) usually comes in protected forms We have found that it is not necessary to
activate them (i.e. using TCEP) since gold itself is able to cleave S-S bonds. The
rate of attachment is certainly lower for non-activated sulfides, which could be a

drawback if a tight packing is required (i.e. for larger metallic particles)

3.4 Conclusions

Through this chapter, we have described the principles of nanocomponent func-
tionalization. Specifically, we looked at four methods of functionalizing AuNPs with
ssDNA: i) Phosphination (Alivisatos), ii) salt-aging (Mirkin), iii) low pH (Liu), and
iv) a carboxyl-amine via carbodiimide reaction. We discussed ways to increase the
loading on AulNPs, necessary to have a stable nanocomponent under high ionic so-
lutions and described our hybrid conjugation method used to conjugate spherical

AuNPs ranging from 5 nm to 60 nm.
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Chapter 4

Plasmonics

In this chapter I will introduce three classical analytical approaches used to de-
scribe localized surface plasmons: the Quasi-Static Approximation (QSA), the Mie
solutions approach, and the plasmon-hybridization fluid model. T will focus on dis-
cussing the parameters that affect the plasmon resonance frequencies and the elec-
tromagnetic field spatial distribution. The discussion will serve as a preamble to

understanding the origins of the “hot spots” associated with SERS (Chp. 5).

4.1 Fundamentals of Plasmonics

Plasmons are the quantized collective oscillation of electrons, just as phonons
are the collective oscillations of the atomic lattice. They are better supported by
metals where the electrons are free to oscillate. Plasmons can be excited with in-
cident electromagnetic waves [71] , and their resonance frequency is dependent on
several parameters such as the geometry, composition, size, and interparticle arrange-
ment. For structures with size and inter-particle gaps down to the nanometer scale,
plasmons can be described using classical electrodynamics, and their behavior is de-
termined by Maxwell’s equations. Structures that do not follow classical behavior
(sub-nanometer scale) must take into account electron quantum tunneling as well as

permittivity variations close to the metallic interface [74]. This thesis will restrict
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FIGURE 4.1: Real and imaginary experimental permittivity values for gold (red dots).
Solid line is the free electron model. Above excitation frequency 2 eV the model fails due
to interband electron transitions. Silver permittivity values are shown in Appendix B.1.
Figure adapted from Ref. [71].

the discussion to structures with particle radius R and gap distances D large enough
to be described classically.

Plasmons can be classified based on their propagation or confinement. Electron
located at the interface of two materials with different dielectrics can couple to elec-
tromagnetic fields, and are referred to as Surface Plasmon Polaritons (SPPs). They
can be thought of as ripples or waves moving through the surface of a sea of electrons
(surface charge density waves). SPPs can propagate through continuous waveguides
with sizes far below the electromagnetic diffraction limit [124]. Localized Surface
Plasmons (LSPs) on the other hand are spatially confined due to the size of the
structure such as in metallic nanoparticles. Individual and coupled LSPs will be the
focus of our discussion and we refer the reader to Refs. [10, 98] for a complete review
on SPPs. Note that it is possible to propagate plasmons through chains of closely
spaced nanoparticles just as through a chain of coupled harmonic oscillators [72,
120]. Before discussing the plasmon models, let’s look at the frequency dependence
of a given material. For that, consider the Drude-Sommerfeld model (or plasma

model). Electrons are treated as a free gas that moves against a fixed positive ion
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background. We can write the force equation as,
mi + myt = —eE(t) (4.1)

with solution,

e

z(t) = E(t) (4.2)

m(w?) + iyw
where the m is the effective mass, and a dissipation damping factor. By relating the

electric field to the polarization, P = —nex = ¢,(e, — 1)E, we obtain the frequency

dependent permittivity,

2
w
(W) = €p — 5
w* + ryw
(4.3)
2 2
_ “p - Yp
we+y w? + e
where wg = ne?/(e;m*) denotes the bulk plasma frequency. The €., term was incor-

porated to account for the positive nuclei background. The instrinsic response of a
scatterer to an external field is then encoded in the permittivity ¢(w) of the material.
If one neglects the damping term v, the permittivity e(w) reduces to e(w) = 1—¢2/e?.
We can identify two distinct regions: i) when w > w, the index of refraction n is real,
and light is transmitted (i.e. the electrons respond slowly and the material becomes
transparent); and ii) when w < w,, n is imaginary, light is fully reflected (i.e. the
electrons respond quickly, screening the incident light); Figure 4.1 shows the experi-
mental values of gold permittivity along with a plot of the Drude model (Eq. 4.3). It
can be readily seen that the model fails at frequencies above the interband electron
transitions (w > 2 eV, A < 620 nm). To account for these transitions, an additional

Lorentz-oscillator term can be incorporated in the form [71],
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FIGURE 4.2: a) Spatial distribution and b) far field radiation pattern of a single
40 nm AuNP sitting on top of a silicon substrate. Incident radiation wavelength is
545 nm with y-axes polarization. Simulations using COMSOL Multiphysics [18].

4.2 Single Spherical Scatterers

4.2.1 Quasistatic Approximation

Let us first consider nanoparticles with dimensions much smaller than the ex-
citation wavelength, R « . Under this condition, the phase of the field can be
considered to be uniform throughout the metallic structure. One can then solve
for the resonance behavior and field distribution without considering the oscillatory
behavior of the driving field, and incorporate it later to the final solution. This
gives the reason for its name, the quasi-static approximation. The field distribution
of a spherical geometry immersed in a constant electric field is obtained by solv-
ing the Laplace equation V2® = (0 with appropriate boundary conditions to obtain

(Appendix A.1.1),

Ew=—9_pg
e(w) + 2¢4
(4.5)
€(w) — €q

— e(w)——i-ZedEo (2 cos(0)t + sm(Q)é)
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with the dipole moment,

3 €(w) —eq

b= meota @ e(w) + 2¢4

E, = ¢;aF, (4.6)

3 e(w)—ed

o) 1o is the polarizability factor. It is clear that the resonant
d

Here, a = 47e, a
enhancement of the field is a consequence of the resonance from the polarizability
of the scatterer, and of the e(w) frequency dependence. For spherical particles,
resonance is obtained when e(w) = —2¢, (a.k.a. Frohlich condition). Specifically, for
a Drude metallic sphere in vacuum the resonance occurs at w = w,/ v/3. Looking
at the permittivity of Au (Figure 4.1), one can see that as the permittivity e; of
the medium embedding the NP is increased, the € of the metal needed to obtain
resonance also has to increase, producing a resonance red-shift.

It is easy to see that Equation 4.5 resembles a dipole immersed in an constant
electric field. This provides two interesting insights: i) the incident field is spatially
redistributed providing regions of enhanced field; ii) the plasmon excitation is con-
fined in sub-wavelength regions. The former is of special interest for spectroscopy
purposes, as will be further discussed in Chapter 5. To incorporate the time depen-
dence e~ ™! it is then possible to express the scattering fields off a spherical scatterer

as the ones produced by an oscillating dipole. The corresponding scattering 0., and

absorption o, cross sections are given by (Appendix A.8),

ko, . a®
Ogsca = Q0 A
67 A4
(4.7)
P
Oaps = k Im(a) o X

where k = w/c is the wave vector. The extinction coefficient is defined as 0., =
OscatTabs- INOtice that both, scattering and absorption, are also in resonance when the
scatterer is excited at the plasmon resonance frequency. For particles much smaller
than the incident field (R « ), the absorption is much larger than the scattering cross
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section. Figure 4.2 shows the spatial distribution of the normalized field scattered
from a 40 nm AulNP on top of a glass substrate. The dipole behavior is clear from the
farfield radiation pattern. While the quasi-static approximation is able to describe
the spatial distribution of the electric field induced by the dipole mode, no higher
order modes are predicted (i.e. quadrupole). Additionally, it fails to predict the
resonance dependence on the particle’s size. As can be seen from Figure 4.3, the size
dependence becomes significant for particles greater than 50 nm.

Before discussing the full analytical solution through the Mie approach, let’s dis-
cuss the plasmons damping mechanisms. Plasmons decay through radiative (dipole
radiation) and non-radiative channels [27]. Elastic collisions of electrons (ohmic
loss) are the main non-radiative damping mechanism and result in plasmon dephas-
ing. The next major non-radiative decay channel is Landau damping, responsible
for generating electron-hole pairs via inter-band or intra-band transitions. Thermal-
ization continues through electron-phonon coupling. The lifetime 7 of a plasmon is
inversely proportional to the width of the resonance I'. The collision processes are

responsible for broadening the plasmon resonance as the particles increase in size.

4.2.2 Mie Solutions Approach

If we consider scatteres smaller but not much smaller than the driving wavelength
RI (~ 100 nm), the quasi-static approximation is no longer valid and a more rigorous
approach is needed [78]. A plane wave incident to a spherical scatterer must satisfy
the wave equation V2E + k?E = 0, be divergence free (V - E = 0), and comply
with the appropriate boundary conditions. Since the problem involves spherical
symmetry, it gets greatly simplified by expressing the fields in spherical coordinates,
as an infinite series expansion of wave harmonics. This approach is known as the Mie
Solution. As we will see, the Mie approach is an exact analytical solution for spherical

scatterers. It is able to predict the multipolar nature of scattering by a sphere as well
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FiGURE 4.3: Normalized cross scattering of AuNPs of various sizes. As the par-
ticle size increases the resonance is red-shifted and the peak broadens. Numerical
simulations using BEM.

as retardation effects. A scalar wave can be decomposed into orthogonal functions

(a.k.a. partial wave expansion) and is given by [48, 46],

wk(,r,) _ eikrcos@

o (4.8)
Z (21 + 1) j;(kr)Py(cost)
1=0
The incident plane wave can be written as,
E = E, k=D (4.9)

The solutions of a plane wave scattering from a perfectly spherical scatterer are

determined by enforcing the boundary conditions between the inside and the outside

41



fields. It is convenient to break the field into perpendicular and parallel components
with respect to the scattering plane. Detailed procedure on obtaining Mie solutions
is described in Refs. [13, 48, 123] and in Appendix A.1.2. The solution is then given
by,

o = kirEo[Sgcos(@é + Sysin(6)d)] (4.10)

S and S; are the scattering amplitudes and are given by,

20+ 1
(1+1)

ol

Sl (aﬂrl + blTl)

=1

(4.11)
20+ 1

I(l+1)

NS
I
s

(bﬂTl + am)

=1

Pl(cosb)
sin(0)

oP} (cosh)
00

Here, m = and m = , and P! are the known Legendre polynomials.
The Mie coefficients a; and b; determine the amplitudes of each oscillation mode, and
are functions of the frequency in terms of spherical bessel functions. Each term of

the expansion corresponds to a higher order term. The cross sections are given by

2 —
Oert = 73 > (2 + 1)Re(a; + by) (4.12)

=1

As we have seen in the QSA, the resonance dependence is encoded within the polar-

izability. Let’s look at the general form of the dipole term,

4 1 —0(z%) + O(z*)

&= 5Ty €d '423/2V O (12 O (14
3T oL —idme) 5 — 0'(#%) + O'(z4)

(4.13)

Here O(2™) are functions of the size parameter x = T¢. Several Matlab codes [76, 110]
have been written, in which the user can specify the desired number of coefficients
to be retained. Its interesting to note that the quasistatic approximation result

is recovered when retaining only the first term within the dipole term of the Mie
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FIGURE 4.4: a) Electric field spatial distribution of 40 nm AuNP dimers. Incident
field is polarized along the interparticle axes. b) Corresponding far-field spectra with gap

distances ranging between 2-10 nm. The quadrupole mode starts to appear at a 2 nm gap.
Simulations using COMSOL [18]) and MNPBEM [41] for a) and b), respectively.

solution (Eq. 4.5). The second term on the expansion captures the retardation effect,
responsible for red-shifting the resonance as the size of the particle increases. It is
given by [61, 71],

1 2

Ox?) = —(e —eg)x
(%) = 15( ) 414

O'(2*) = (e + 10¢4)2?

From physical grounds, the red shift is intuitive from the fact that as the particle size
increases, the distance between opposite charges also increases, lowering the restoring

force and with it the location of the resonance frequency.

4.3 Multimeric Scatterers

Let’s consider systems composed of more than one scatterer. In addition to the
size and shape, the plasmonic coupling is determined by inter-particle separation, as
well as the strength and polarization of the incident field. In a first approximation,
one can depict the particle system as a set of interacting dipoles. The coupling

between the particles changes the spatial distribution of the electric field and shifts
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FIGURE 4.5: Plasmons hybridization is dependent on the incident polarization. Hy-
bridized modes for a) parallel and b) perpedicular polarizations, in respect to the inter-
particle axes.

the plasmon resonance. Figure 4.4 shows numerical calculations of the electric field
enhancement produced by 40 nm AuNPs dimers. Spatially, when the incident field
is parallel to the interparticle axis and the nanoparticles are closely spaced, the field
can become greatly enhanced in the interparticle gap, creating the so-called “hot
spot.” Notice that the far-field spectra is significantly red-shifted in comparison to
individual NPs (Figure 4.3).

The resonance shift of individual modes is dependent on the polarization of the
incident field. One can intuitively realize this by considering the charge distribution
show on Figure 4.5: Energy is lower when opposite charges are further apart. For the
case when the field is parallel to the interparticle axis, it occurs when the dipoles are
aligned with each other. On the other hand, when the field is perpendicular to the
interparticle axis, this occurs when the dipoles are antiparallel. The farfield spectra
shows the appearance of a second mode for gaps of 2 nm. This is better explained

in the context of a hybridization model.
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4.3.1 Plasmon Hybridization Model

Borrowing concepts from molecular hybridization, coupling between nanoparticle
modes can be predicted using point group theory. Moreover, a Lagrangian formal-
ism can be applied to describe the interactions between individual plasmonic modes.
This approach provides a physical and very intuitive sense of the interaction be-
tween plasmon modes. The coupling is expressed with a set of orthonormal modes
such as the classical harmonic oscillator analog. Bonding and antibonding terms are
used to describe the relative phase of oscillation between coupled plasmons (Fig-
ure 4.5. Nordlander and Prodan [84, 101, 100] introduced a plasmon hybridization
model where they treated plasmons as incompressible, irrotational fluids requires
that couple through electromagnetic interaction. Such fluid can be described using
the continuity equation,

ap
ot

+V.-5=0 (4.15)
Here, p is the electron charge density with current density j = pv, where v is the
electron-plasma velocity. Incompressibility requires p to be constant, while irrota-
tionality that V x j = 0. We can define the function ¢ such that v = V¢ and require
it to satisfy the Laplace equation, V2¢ = 0. The induced surface charge density o

must obey

oo
=n-7i=on- 4.1
En n-j=pn-Vo (4.16)

The incompressible fluid is described by the Lagrangian A.1.3,

L=T-V

N1l 2 2 A2
-9 <2Nl,m_2wl Nim
l,m l,m

(4.17)
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and the dynamical equation,

d* Ny,
dt?

+ WiN =0 (4.18)

For two interacting NPs the Lagrangian is written as,

NoMe . .
L= 92 [Z (N12,lm + N22,lm>

,m

— Y (W NT = WiNG ) (4.19)
lym

2 2
- Z Ullm1712m2N1,llm1NZ,lgmz]

lima,lame

where the last term is responsible for coupling the plasmons A.1.3. Using the Euler-
Lagrange equations, one finds the dynamical solution of a two particle system to
be,

d* Ny,

1
dt2 + wllem + 5 Z Ullm1712m2N22712m2 (420)

lomo

Considering the [ = 1 mode only, the longitudinal couple dipoles predict two eigen-
frequencies,

2 9
w,m = wj £

Um mo
[T s | ;1 | (4.21)

as one would expect from the analog classical coupled harmonic oscillator. For the
lowest frequency mode w_, the two dipoles are in phase, so this is referred to as the
bonding or bright mode. The second mode corresponds to two out-of-phase dipoles,
and is called the antibonding or dark mode. The transverse modes exhibit similar
solutions but the higher frequency mode corresponds to in-phase oscillations, and
the lower frequency mode to out of phase oscillations. The bright-dark notation was
originally introduced to depict the states that are directly excited with the incident

radiation. Hybridization coupling between nanoparticle dimers has been elegantly
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realized by Alivisatos et al. [118], where DNA linkers were used to controllably space
dimeric structures including gold-gold, gold-silver NPs. Additionally, by using NPs
of different sizes, it was possible to observe dark-modes, not directly observable
otherwise. Another realization of plasmons hybridization is Fano resonance, first
realized by Maier’s group, and expanded by Halas and Capasso groups [31, 30, 63,
127]. In a nutshell, a “bright mode” is able to couple directly to the incident radiation
while a secondary “dark mode” couples indirectly through the bright mode. If the
modes partially overlap, an interference between the phases is produced, creating a
an asymetric line shape (with a characteristic dip on the spectra between the two
modes). A comprehensive review about Fano Resonance as a universal interference

phenomena is provided in Ref. [80].

4.4 Computational Methods

To conclude this chapter, let us briefly mention some computational methods
used to predict the plasmonic response of radiation scattered from structures with
arbitrary shapes. The plasmon resonance frequency is dependent on the geometry
of the structure as shown in Figure 4.7 [81], and as one would expect, analytical
solutions become rapidly cumbersome. It is now common to obtain the scattering
spectra of complex geometries by resorting to computational numerical techniques
such as Finite Difference Time Domain (FDTD) [18], discrete Dipole Approximation
(DDA) [20, 26], and Boundary Element Method (BME) [42]. These methods are
available on user-interface and command-based programs. Figure 4.3 shows scat-
tering spectra of single metallic nanoparticles of various sizes obtained using FDTD
through COMSOL (Figure refplasm3 A) and BEM through the MNPBEM Matlab
toolbox [42] (Figure 4.3 B). The simulations are easy to implement and resemble

experimental data well. A discussion on the advantages, drawbacks, and parameters
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FIGURE 4.6: Experimental realization of plasmon hybridization coupling of silver

nanoparticles of a) same sizes and b) different sizes. DNA linkers were used to control
their spacing. Size variation was also used as a parameter to observe hybridized modes.
Figure adapted from Ref. [118].

used in the calculations are given in Appendix ?7?.

4.5 Conclusions

While exact solutions can be obtained by solving Maxwell Equations numerically,
we have provided various analytical solutions for electromagnetic scattering from a
spherical scatterer. Each of them provided its own physical insight. First, using the
quasistatic approximation, we were able to get a sense of how the incident field is spa-
tially redistributed when encountering a dielectric scatterer. Then, we used the Mie

approach to obtain an exact analytical solution. The solution provided terms that
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F1GURE 4.7: The resonance of the plasmon is affected by various parameters includ-
ing geometry, size, composition, and interparticle arrangement. The shown spectra
corresponds to experimental darkfield scattering of metallic nanostructures of differ-
ent geometries along with their correspondent SEM images (insets). Figure adapted
from [81].

accounted for retardation effects as well as higher order modes (i.e. quadrupoles).
Lastly, interaction between plasmon modes were described in the context of plas-
mon hybridization and group theory, providing an intuitive physical sense towards

plasmon mode coupling.
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Chapter 5

Surface Enhanced Raman
Spectroscopy (SERS)

This concluding chapter will first provide a quantum mechanical and classical de-
scription of SERS. It will then describe how emitters are affected by their surrounding
environment. The second part will be devoted to address the main question of this
dissertation: the test of the effectiveness of SERS substrates assembled using DNA

templates.

5.1 Fundamentals of SERS

Raman scattering was first observed by Chandrasekhara Venkata Raman! in
1921 [102]. The Raman process is an inelastic scattering of photons, where en-
ergy of incident photons is transferred to the vibrational /rotational energy levels of
a molecule. The energy difference is usually expressed in inverse centimeters pcm 1q

and is given by,

, 1 1
RamanShift = (/\_f — )\—Z) (5.1)

where ; and ¢ are the wavelength of the incident and scattered photons, respectively.

This Raman shift can be used to infer the energy gap between vibrational /rotational

1 Nobel Prize 1930
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FIGURE 5.1: Jablonski diagram illustrating molecule interaction with incident photons
a) Luminescence transitions involve energy absorption followed by emission (fluorescence
and phosphorescence) b) Scattering processes: Rayleigh (elastic) and Raman (inelastic).
Scattering processes are instantaneous and do not involve photon absorption.

levels. The scattered photons can loose (stokes) or gain (antistokes) energy depending
if the molecule gets excited or relaxed. Raman spectroscopy has several advantages
over other spectroscopic techniques: it is highly specific, it works with any incident
wavelength, and virtually any molecule can exhibit a Raman spectra. Unfortunately,
the Raman scattering cross section is small; SERS greatly increases the signal by uti-
lizing the regions of intense electric field created near granular metallic surfaces. As
described on Chapter 4, these “hot spots” are the result of localized surface plasmon
modes resonantly excited by the incident laser. The analyte molecules that happen
to be positioned in the hot spots provide disproportionately high contribution to
the Raman scattering, resulting in a signal enhancement of several orders of mag-
nitude [58, 105]. The great enhancement of the signal generated by SERS can be
used to probe single-molecules, and to examine the plasmonic properties of metal
assemblies.

Atoms can interact with photons through absorption, emission (spontaneous or
stimulated), and scattering; and can result on interband electron transitions. In
addition, molecules posses vibrations and rotations states which can be indirectly
accessed by incident photons. First, incident photons distort the electronic cloud

of the molecule. The oscillating electrons then couples to the vibrational/rotational
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states. Luminescence is two-step processes which involves the absorption of a photon
followed by its emission. The most common types of luminescence are fluorescence
and phosphorescence. A different type of photon-molecule interaction is the scat-
tering process. Depending on the energy difference between incident and scattered
photon, scattering can be classified as Rayleigh (elastic) or Raman (ineslastic). Fig-
ure 77 shows the Jablonski diagram of various light-matter interactions. While both
luminescence and Raman involve a change in the incident photon’s energy, it is
important to emphasize that scattering is an instantaneous process, and does not
involve the absorption/emission of photons, as fluorescence does. In addition, Ra-
man scattering cross section is several orders of magnitude smaller than luminescence
processes. Let’s first look at the quantum mechanical formalism of photon-molecule

interaction, followed by a classical description of Raman scattering.

5.1.1 Molecule-Photon Interactions

The process of photon absorption and emission can be described using first order
perturbation theory. The transition probability between two states with energy gap
AFE = hwy; and sinusodial perturbation W = W sin(wt) is given by (Appendix A.3.1)
and Refs. [17, 40]),

VVZ‘ 2 1— it(wpitw) 1— it(wpi—w) 2
Pt w) — Wi e 1l-—e

(5.2)

4 h? We +w Wi — W

This result shows that there are two frequencies at which the perturbation (incident
photons) can be in resonance with a two level system. This can induce an absorption
of a photon (E, = F; + hw) or an stimulated emission (E, = E; — hw). A third
process referred to as spontaneous emission occurs when a photon from an excited
state couples in any direction or polarization toward the continuum [17, Chp. DXIII].

Raman scattering can be described with second-order time-dependent perturba-
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tion theory [68]. Through a similar treatment the transition probabilities are given

by (Appendix A.3.1),

2
<blH'|c >< c|H'|a >
Ea - Eb

1_27T
T_h2i

<b|H'|la>+)] (5.3)
c

The first term represents absorption or emission of a photon involving a change in the
state of the molecule, |a > to state |b >. The second term is a two-photon process.
One can think of this transition as mediated by an intermediate virtual state |¢ >
located anywhere within the energy spectra. The key point is that this transition is
instantaneous in nature. If the virtual state is at the same position as an energy level
it is called resonant Raman scattering. Selection rules determine which transitions
are allowed. IR spectra is complementary to Raman spectroscopy, since each spectra
might display different transitions.

Let’s now describe the Raman scattering from a classical point of view. Incident
photons cause induced polarization of the electron cloud which then couples to the
atomic nuclei and exciting the molecule. The rest of the energy is re-radiated as a
photon. The Rayleigh and Raman scattering can be inferred from an expansion of

the induced dipole vector (p;,q) about their normal modes (Qy) (Appendix A.3.1),

p = aFE,cos(wt)

+ Zk] ((%k) QkQEO [cos(wo — wy, + Vi)t (54)

+ cos(wo — wi, — Vi)t])]

This expression tells us that the induced dipole can have three distinct frequencies,
each corresponding to a different scattering event: Rayleigh (w,), Raman stokes
(wo —wg), and Raman anti-stokes (w, + wy). While the classical description provides

a good qualitative understanding of the molecule interaction with radiation, the
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FIGURE 5.2: Competing enhancement versus quenching rates. Radiative and nonradiative
decay pathways are influenced by their environment, such in the presence of a nearby
metallic nanoparticle. a) Excitation rate (red), quantum yield (blue), and b) emission
rate as a function of distance. ¢) Experimental fluorescence rate between an 80 nm AuNP
and an fluorescent emitter. The distance z was varied by attaching the AuNP to an optical

fiber supported to a tuning fork crystal. Calculations, experiment, and figure adapted from
Ref. [6].

quantum treatment not only provides further insight onto the mechanisms involved

on the interactions, but lays down the quantized nature of the energy landscape.

Enhancement and Quenching of Fluorescence

An excited state can decay via radiative and non-radiative pathways. When
an excited molecule is placed nearby a metallic particle, multiple effects compete
simultaneously: i) the excitation rate .. is increased, and the ii) radiative 7, and
iii) non-radiative ~,, (e.g. dipole-dipole) decay rates. It is convenient to define the
measurable parameter quantum yield q, = 7,70, Where v, is the total decay rate.
The excitation rate Ye,.oc|p - F|* is directly proportional to the strength of the field.
The measurable emission rate is proportional to the excitation rate scaled by the
amount of radiative decay, Yem = 7Vexe|Vr/7]- It is more complex in nature since

its two competing mechanisms are also enhanced: when very close to the metallic
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nanoparticle, both the radiative decay and the multipole-multipole coupling between
the excited state and the metalic particle (non-radiative) are enhanced. Figure 5.2
shows calculated values for the quantum yield versus the normalized excitation rate
as a function of distance [6]. The dashed line corresponds to a dipole approximation,
while the solid line corresponds to a multipole approximation. Figure 5.2 ¢ shows
experimental data. The competing nature of both mechanisms is what gives rise to
both, enhancement or quenching dependent on the emitters’ position. It is clear from
the emission rate (Figure 5.2) that there is an ideal separation between the excited
system and the metallic nanoparticle where the the enhancement is a maxima. The
quenching effect is further increased when the frequency of the emitter overlaps with

the frequency of the absorption of the metallic nanoparticle.

Enhancement of SERS

Similar to fluorescence, the environment affects the enhancement of the Raman
signal. Since the enhancement of the Raman signal is mostly attributed to the

localization of the electric field, it is desired to establish their relation,

Enhancement = (EF;,.)(EFraq)

|Elloc|2 |E1rad|2 (55)

|Einc|2 |Einc|2

Here, FE;,., Ej,. and E,.q are the incident, local and radiative fields. The rate at
which the atom absorbs or emits a photon is proportional to the perturbation’s
intensity (| E]?). The fact that both the rate of absorption and emission are affected
by the local field enhancement is intuitive from the quantum mechanical treatment.
Remember that Raman scattering is a two-photon process which involves an instan-
taneous absorption and emission of photons.

A similar argument could be used with fluorescence. An excited state cannot

absorb another photon unless it radiates back to return to the ground state. Increas-
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ing the rate at which the atom spontaneously decay will certainly increase the rate
at which the signal is detected. Nonetheless, for fluorescence nonradiative emission
starts to dominate at close enough distances (quenching), decreasing the |E|* factor.

We have already discussed that a metallic nanoparticles can enhance the Raman
signal of an emitter due to the spatial localization of the incident field (Chp. 4). Cal-
culations show that this sole enhancement does not seem to justify the large values
observed on SERS substrates. For that, an additional chemical-enhancement effect
that adds to the electromagnetic enhancement has been proposed. Two mechanisms
are thought to be responsible for the chemical-enhancement: i) plasmon-excited
electrons could be directly transferred onto the molecule, and/or ii) plasmons could
disturb the electronic states by lowering the HOMO-LUMO gap. It is commonly ac-
cepted that the electromagnetic enhancement is greater than the chemical effect [105]
and it is expected that the Raman signal is enhanced at a maximum when the inci-
dent radiation is at the same frequency as the plasmon resonance.

To compare the enhancement among different SERS substrates, the concept of
Enhancement Factor (EF) is used [105, Chp. 4]. Unfortunately, there is not a
standard methodology to measure the EF, and even Raman signals between different
molecules have been used just for comparison [59]. It is known that Raman scattering
cross sections among molecules can vary up to 7 orders of magnitude [105] and not
surprisingly there have been reports of enhancements up to 10'4. The average EF is

defined as,

I N
AEF sErs/NramaN (5.6)

Irarian/Nramvan

Here, Isgrs is the intensity using the SERS substrate, Irumaen using a solution of
known concentration, and N is the number of molecules within the laser spot for
each case. This methodology nonetheless neglects the substrate contribution into the

Raman signal. For that, a common technique is to compare the EF using molecules

56



sitting on a plain substrate, under the exact same conditions (i.e. laser intensity,
concentration of molecules). However, it is difficult to estimate the concentration of
molecules deposited on SERS substrates. For example, the adsorption properties of
molecules varies across different substrates. Additionally, the layers on direct contact
with the SERS substrate have a different contribution the the subsequent layers, as
the signal of the field decreases. Lastly, the molecular orientation in respect to the
incident polarization is fixed for molecules chemically attached on a substrate but
not in solution. To avoid all these uncertainties, we compared in our experiments
the EF of the same substrates with and without hot spots. Measurement details and

further discussion follows.

5.2 DNA as SERS Substrates

As we have seen in Chapter 2, DNA origami is a novel self-assembly technique al-
lowing one to form various 2D shapes and position matter with nanometer accuracy.
We use DNA origami templates to engineer Surface Enhanced Raman Scattering
(SERS) substrates. Specifically, gold nanoparticles were selectively placed on the
corners of rectangular origami and subsequently enlarged via solution-based metal
deposition. The resulting assemblies exhibit hot spots of enhanced electromagnetic
field between the nanoparticles. We observed a significant enhancement of the Ra-
man signal from molecules covalently attached to the assemblies, as compared to
control nanoparticle samples which lack inter-particle hot spots. Furthermore, Ra-
man molecules were used to map out the hot spots’ distribution, as they were burned
when experiencing a threshold electric field. This method opens up the prospects
of using DNA origami to rationally engineer and assemble plasmonic structures for
molecular spectroscopy.

Building on the massively parallel formation of DNA origami and their capability
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to serve as a nanobreadboard, one can further envision using them as biosensors.
DNA origami templates have recently been used to promote interactions between
attached nanocomponents, such as plasmonic coupling between gold nanorods [87] or
gold nanoparticles [62], as well as enhancement and quenching of fluorophores [1, 2] or
CdSe QDs [60].. One particularly attractive goal is to facilitate Raman spectroscopy,
which provides a highly specific chemical fingerprint.

Pairwise complementary DNA strands can be used to position Raman-active
molecules between functionalized gold nanoparticles (AuNPs), thus fabricating plas-
monic structures with active hot spots [16, 37, 65, 64]. Although these methodologies
have resulted in a reproducible enhanced Raman signal, they are somewhat limited
by the fixed shape of the metallic structures, which in turn determines their plas-
mon modes. It is a common consensus that it is challenging to produce rationale
NPs assemblies solely using DNA linkers due their lack of rigidity. Furthermore,
one requires discretely functionalized NPs (e.g. with one or two strands) to selec-
tively obtain discrete subunits [103]. DNA origami may serve as a nanobreadboard
to controllably attach metallic nanoparticles. It has recently been shown that this
NPs can be further enlarged via an in-solution metallization to create complex arbi-
trary metallic shapes [96, 113]. Here, we report on Raman measurements using these
metallic assemblies and determine their suitability as SERS substrates.

We utilized DNA origami to fabricate more complex multi-particle assemblies,
and determined their performance as SERS substrates. Specifically, we used DNA
origami to organize the metallic structures, and then covalently attached Raman-
active molecules to the metal. We found that the substrates with four nanoparticles
(NPs) per origami produce a strongly enhanced Raman signal compared to the con-
trol samples with only one nanoparticle per origami. Indeed, the small gaps between
closely spaced nanoparticles result in hot spots, which are absent in samples with
individual nanoparticles (Figure 5.3). Furthermore, the Raman signal systematically
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FIGURE 5.3: Typical SERS spectra of 4-aminobenzenethiol (4-ABT) attached to metal
nanoparticles assembled on DNA origami. a) Four-particle assemblies ( “tetramers”) which
have interparticle hot spots; b) control sample with one AuNP per origami (“monomers”)
which lack the interparticle hot spots. Spectra correspond to the first 1 second of the laser
exposure and are normalized to the average density of nanoparticles in the illuminated
region. Insets: SEM images taken from the measurement areas and cartoons representing
the target structure. The origami template is shown in blue, while the red tint in (a)
indicates the regions of enhanced electric field (hot spots).

decayed as a function of the laser exposure time in the samples with four particles per
origami. We attribute this behavior to molecular damage caused by the high electric
field at the hot spots. The one-particle control samples lacking the interparticle hot

spots exhibited no such decay.

5.3 Results and discussion

We use DNA origami to control the composition, shape, geometry and arrange-
ment of metallic structures, which in turn determine the local distribution of elec-
tromagnetic fields. DNA-metallic assemblies were prepared as we previously re-
ported [96]. Briefly, select staple strands of the standard “tall” rectangular DNA
origami ( 90270 nm?) are extended by a specific ss-DNA sequence, referred to as Xoy.

The sequence serves as an anchor for AuNPs; to increase the binding probability the
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anchors were positioned in pairs on adjacent staples. The AuNPs are conjugated with
5 complementary sequence strands (Xay comp) through standard thiol chemistry [69].
Appendix D.2 has a list of sequences used on the modified DNA strands).

Two different types of SERS samples were prepared: in the sample with engi-
neered hot spots, four AuNPs were attached to each of the four corners of the origami
template (tetramer samples); in the control samples, only one AuNP was placed in
one of the corners (monomer samples). Each of the modified DNA template de-
signs was attached to RCA cleaned (SC-1 and SC-2) and oxygen plasma ashed (SPI
Plasma Prep II, 20 min, 100 mA) silicon dioxide substrates (1 m oxide, Silicon Quest)
using a 10x TAE/125 mM/Mg?* solution (the final DNA origami concentration was
0.5 nM). Functionalized AuNPs were then added to the solution (final concentration
of 10 nM) resulting on the attachment to the origami templates. They were then
incubated for 15 min and rinsed in DI water for 15 seconds, followed by gentle drying
with nitrogen. We chose to assemble tetramers as opposed to dimers because they
exhibit interesting plasmonic properties such as Fano resonances [116] which have
been shown to provide much greater SERS enhancement due to near-field intensity
variations [137]. The present work is a proof of concept that DNA origami can be
used to assemble complex metallic structures for optical applications such as SERS
substrates. The structures were then enlarged using a commercial silver metalliza-
tion kit following the manufacturer directions (HQ silver enhancement, Nanoprobes
INC), as performed in our previous works [90, 96] and described on Chapter 2. The
incubation time was 12 min for the tetramer structures. This was the necessary
time to have the nanoparticles closely spaced but typically not touching, permitting
the formation of interparticle hot spots. The control samples were incubated for
10 min to achieve the same average NP size of 50 nm. Although measuring the
gap between nanoparticles with nanometer precision is challenging, we estimate the

average gap size to be below 3 nm (Figure 5.5). This separation distance was clearly
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FIGURE 5.4: Typical SEM images of lithographically modified samples for a) de-
signed structures (“tetramers”) and b) control samples (“monomers”). ¢) Zoom-out
of PMMA windows. The windows where no abnormal structures are present are
selected to perform measurements.

small enough to produce a strong signal enhancement, as demonstrated from the
Raman spectra (Figure 5.3). We lithographically patterned the samples with a set of
markers, which allowed us to identify specific regions where the spectra were taken.
Specifically, we spin-coated PMMA-A4 (MicroChem Corp.), followed by a 5 min UV
exposure and development to open 10 pm windows (Figure 5.4). The samples were
then imaged using a Scanning Electron Microscope (SEM); we selected for further
study the windows which showed no abnormally assembled structures such as the
multi-particle clusters seen in Figure 5.5. We also measured the average nanopar-
ticle density in each window, used for normalization purposes. The Raman spectra
exhibit no discernible difference before or after lithographic patterning. The samples
were then incubated in a 5 mM solution of 4-aminobenzenethiol (4ABT) in ethanol
for two hours (long enough to reach full surface coverage). Placement of multiple
Raman molecules throughout the hot spot is imperative to obtain an estimate of the
enhancement factor, which is not possible with a single molecule. The thiol func-
tional group ensures that the Raman-active molecules are covalently attached only
to the metallic surfaces. The samples were then thoroughly rinsed in pure ethanol
to remove any physisorbed molecules. Similarly treated SiO2 substrates without

NPs showed no detectable 4-ABT Raman signal, indicating the effectiveness of the

61



oo

Acc.V  Spot Magn Det WD e
JOBKV 30 65000x TL68s

FIGURE 5.5: a) SEM images showing abnormal structures (red) and target struc-
tures (green). Lithographically modified windows allow us to select areas where
no abnormal structures are present. b) Grid of zoomed-in SEM images of various
tetramer structures.

rinsing procedure (Incidentally, we did not observe Raman signatures of any other
molecules, such as DNA).

The Raman spectra were obtained using a Jobin Yvon LabRam ARAMIS (Horiba,
Ltd) spectrometer using a 632.8 nm, 5 mW HeNe laser excitation, focused by a 100x
objective to a 1 m spot. Figure 5.3 compares the Raman signal measured from
tetramer and monomer samples during the first second exposure at maximal laser
intensity (Io). The spectra were normalized to the average NP number in the corre-
sponding lithographic window. We verified that the magnitude of Raman signal per
particle was reproducible in other regions. The average relative Raman enhancement
per NP is 100 in tetramer vs. monomer samples. Note that using the monomer sam-
ples as a control ensures that the surface concentration of the covalently attached
4-ABT layer is the same as in the tetramer samples. This eliminates the uncertainty
in determining the SERS enhancement factor, common for the measurements which
use molecular solutions as a control [105].

The observed SERS enhancement is naturally explained by the hot spots created

in the tetramer sample. Numerical simulations indicate that the hot spots are located
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FIGURE 5.6: a) Raman spectra taken by repeatedly exposing the tetramer sample to 1
second HeNe laser pulses. b) Intensity of the 1075 cm ! and 1141 em ! Raman peaks
(background subtracted) and the fluorescence background as a function of the laser expo-
sure time. The rapid decay is attributed to the photo-damage of the molecules caused by
the intense field at the hot spots.

between pairs of NPs (see cartoon in Figure 5.7 ¢) similar to the hot spots created
in nanoparticle dimers. Unlike dimers, where the enhancement disappears for an
electric field perpendicular to the dimer axis, the hot spots in the tetramers should
be activated by any laser polarization. Our control monomer samples lack the inter-
particle hot spots; although the electric field is also enhanced at the particle poles,
the enhancement factor should be much smaller, and we disregard it in the following
discussion. Notice also that the 1141 cm™' Raman mode (blue shadow on Figure 5.3)
is no longer observed from the monomer samples. This can be attributed to a strong
chemical dependence of the Raman mode, which requires a minimum excitation
energy in order to promote a charge transfer [56, 55].

The importance of the hot spots is further evidenced by the time evolution of the
Raman signal. Figure 5.6 a shows the sequence of spectra taken during successive
1 second exposures. The signal intensity initially drops rapidly and then saturates.

Similar intensity decay has been attributed to photo-damaging of Raman molecules
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by the enhanced field at the hot spots [29, 33, 136]. Alternatively, the decay has been
assigned to morphological changes of the metallic structures due to heating [121].
Photo-damage is attributed to two potential causes: i) the molecule is more likely
to transit to a Triplet state, which is highly reactive with oxygen, and ii) the field
is strong enough to destroy the molecule. Although it is difficult to identify the
mechanism responsible for the decay we observe [105], we tentatively attribute it
to molecular photo-damage. SEM images of the structures before and after the
Raman measurement do not show noticeable differences, within a resolution of a
few nanometers. It is also important to emphasize that the molecules are covalently
attached to the silver particles through the thiol crosslinker, preventing them from
leaving the hot spots (photo-desorption).

Figure 5.6 b shows the integrated Raman signal for the 1075 cm™* (CS stretch,
7al) and the 1141 cm™" (CH bend, b2) peaks, as well as the fluorescence background
as a function of the laser exposure time. All the signals are normalized to the values
measured at the first 1-second exposure. The signal decays rapidly at first, and then
saturates at a constant value. The inset of Figure 5.6 b shows the integrated intensity
of the 1075 cm ! peak measured from the control monomer sample; no signal decay
is observed in this case due to the lack of interparticle hot spots.

The saturation of the Raman signal after about 100 seconds allows us to further
characterize the electric field enhancement in the hot spots [33, 28]. We assume that
only the molecules experiencing an electric field exceeding a certain critical value are
destroyed [105] No signal decay is observed at 1% of the maximal laser intensity I,,
indicating that the critical field is not yet reached even in the hot spots. To study the
successive photo-damage of the hot spots by the laser, we increased the illumination
intensity to 10%, 25%, 50% and 100% of I,. Each successive increase of the intensity
is followed by the gradual decay of the Raman signal, similar to the decay shown in
Figure5.6. This behavior indicates the step-wise expansion of the regions where the
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field exceeds the critical value and the molecules are photo-damaged (see schematics
in Figure 5.7 ¢. As a result, the ratio of the time-saturated Raman signal to the laser
intensity decreases with increasing intensity.

Figure 5.7 a illustrates this behavior by showing the time-saturated spectra for
each subsequent intensity increment, all measured from the same spot. Notice the
decay of the relative intensity of the 4-ABT Raman signal at 1075 cm ™! as compared
to the substrate Raman band centered at 950 cm~t. The latter signal was verified to
scale proportionally to the laser intensity, while the 4-ABT signal is clearly sublinear:
for example, at the full intensity of I, the 4-ABT Raman peak is barely visible relative
to the 950 cm™! band, while at 1% of I, the 4-ABT Raman peak dominates (this
figure is not normalized to the number of particles. Also, it is measured from a
more dilute sample compared to Figures 5.3 and 5.6, which increases the relative
prominence of the 950 cm™! substrate band and allows us to visualize the effect). In
Figure 5.7 b, we plot the ratio of the 4-ABT Raman signal to the laser intensity, I,.
The horizontal axis is \/m , proportional to the inverse incident electric field [33,
136]. Data taken at three different spots are represented by different colors, all
normalized to 1 at [ = I,. In each of the curves, the relative Raman signal at I =
0.011, is 20-40 times stronger than the signal at I,. In other words, at the maximal
laser intensity the high fields of the hot spots damage the molecules responsible for
most of the Raman enhancement that was achieved at 1% of the intensity. Still, we
recall that at I, the signal measured from the tetramer sample is 100 times stronger
compared to the monomers. Since the threshold photo-damage field is not yet reached
in the monomer samples, even at I,, their Raman signal should scale proportionally
to the laser intensity. Therefore, at 1% of I, the enhancement factor of the tetramer
could potentially reach 2000-4000. Unfortunately, the direct comparison was not
feasible, because the Raman signal of the monomer sample was too weak at 0.011/,,

while at I, the Raman signal from the tetramer samples experiences a very significant
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FIGURE 5.7: a) Raman spectra in the vicinity of the 950 ~! substrate band and the
1075 ~' 4-ABT peak. Each spectrum is taken after increasing the laser intensity to 1%,
10%, 25%, 50% and 100% of I, and waiting for the signal to saturate at the new intensity
level. Two or three spectra are consecutively taken at each intensity level, demonstrating
the saturation of the signal. b) Ratio of the timesaturated 4-ABT Raman peak (back-
ground subtracted) to the laser intensity I as a function of 4/1,/Ioc1/E. The colored data
sets correspond to different locations on the sample and are scaled to 1 at I 10. (c) Car-
toon showing the electric field enhancement regions within the hot spot. Optical filters are
interchanged in order to increase the incident field in steps, burning the molecules located
in progressively larger regions of the hot spots.

degradation prior to the completion of the first 1-second exposure.

5.4 Conclusions

We have shown that DNA origami can be successfully used to engineer substrates
for Surface Enhanced Raman Spectroscopy. The Raman signal of 4-ABT molecules
deposited on the tetramer NP assemblies is enhanced at least a hundred times (and
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potentially several thousand) per nanoparticle as compared to control samples with
individual nanoparticles. The enhancement is due to hot spots, whose existence was

verified by time and intensity-dependent measurements.
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Chapter 6

Conclusions

Throughout this work, I have shown that it is possible to use DNA to controllably
place metallic nanoparticles with nanometer resolution. Specifically, DNA Origami’s
effectiveness to be used as programmable templates was tested. The resulting struc-
tures demonstrate the design capabilities that origami-based metallic structures can
offer for spectroscopic and plasmonic applications. The pre-programmability and
self-assembly nature of DNA presents an unmatched methodology to massively form
structures that are able to couple optically.

In the future, it is desired to use the addressability of the DNA origami to custom
tune the plasmon resonance frequency of the DNA metallic structures by exploring
different shapes and materials. This would allow to tailor the plasmonic resonances to
match the laser frequency and/or the optimal excitation band of a given molecule.
The methodology presented here opens up new possibilities to rationally engineer
substrates using DNA origami for optical and plasmonic applications.

As the field moves forward, there are several challenges DNA Nanotechnology

needs to address (and that many groups currently are):

1. Improvement of DNA-based structures rigidity
2. Reduce of assembly errors (e.g. missing staples)

3. Controllable placement and positioning of DNA structures on substrates [44]
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4. Expansion of DNA-origami’s maximal length [73]

Since the visionary proposal of Seeman in the 80’s [115], the great advances
made during the past decade shows that structural DNA is reaching a new stage of
maturity. As interdisciplinary as it is, DNA Nanotechnology posses the necessary
qualities to be integrated with other experimental techniques, making it a exciting

area of current research.
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Appendix A

Mathematical Formulations

A.1 Analytical Approaches for Plasmons

A.1.1 Quasi-static Approximation

For a spherical geometry or radius r immersed in a constant electric field E, the

solution must satisfy the Laplace equation V2® = 0 and the boundary conditions

(following the approach from Jackson, Ref. [46])

b, = Z At Py(cosh)
b = Z | Bir' + Cir'*t| Pi(cosb)

Applying the boundary condition at infinity, the field must become,
b - E,z = E,rcosf

so C; =0 and B; = Fo. The boundary conditions at » = a require that,

®;, = & — out
5q)zn aq)out
€ =€,
or or
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All A; and C) terms are zero for [ # 0. The only surviving terms provide,

®,, = 3¢a E, rcos
€+ 2¢q
€ — €4 CL3
O, = E,rcost + E,—cosb (A.5)
€—2¢q 12

3

a
= B, rcosd + « cos 6

Tr?

where a = 4ra® 54 F,. The electric field is found by,

€+2¢q
E=-Vo

3€d

Bu= ' F,

€(w) + 2¢4 (A.6)

e(w) — €q A R

E, =FE,——F, (200391‘ + szn@@) Z
e(w) + 2¢

The time dependence is incorporated by realizing that the results are similar to a
dipole immersed on a constant electric field. One can then treat the system as an
oscillatory dipole with time dependence e*!. The electric field is then given by,

3n(n-p) —p| 1

Eyi = E, +
out ? ATey€q r3

(A7)

The cross sections can be found via the poynting vector or by relating the scattered

and absorbed power with the incident power (Ciyeo = Isea/line and Cips = I/Lipne),
K, aS

Ogeaq = 6_71'& oC ¥
(A8)
3

Oaps = k Im(a) oc %

A.1.2 Mie Solution Approach

For a spherical geometry, it is convenient to expand kprq as an infinite sum of

spherical harmonics,

Ue(r) = D Ypm(r) (A.9)
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where

Bim(r) = Ru(r)¥(0,6) = TPy g g) (A.10)

r

The radial equation can then be written as,

jﬂ (kz l(l;;l))(rul(r,k))zo A11)

which have as solutions the Ricatti-Bessel functions,
hi(kr)b? = gi(kr) + iy (k) (A.12)
The general solution is expressed as,

Yi(r) = > [Amhi (kr) + Buhi (kr)] Y™ (09) (A.13)

Im

which for spherical scatterers (i.e. m = 0) reduces to

Ur(r) = > [Amhy (kr) + Bunhi (kr)] Py(cost) (A.14)

lm
The incident wave is described by, An incident plane wave can be written as,
E = Eyeitkbr—et (A.15)

where we can perform the partial-wave expansion,
wk(,'ﬂ) — 6zkrc059

w (A.16)
Z (21 + 1) j;(kr)Py(cost)

=0

It is convenient to decompose the incident field onto perpendicular and parallel vec-
tors E1 and E2 with respect to the scattering plane. For spherical scatterers, a

scattering amplitude matrix can be written as,

Eg . eikzr SQ 0 E2
()= % (0 9) (5), D
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With the appropriate boundary conditions, the Mie scattering coefficients for a spher-
ical scatterer are given by [48, Chp. 3, p. 83|, [13, Chp. 4] or [123, Chp. 9],

By = kL;ﬂEO[Sgcos(gb)é + Sy5in(¢) o] (A.18)

S1 and Sy are the scattering amplitudes and are given by,

e}
20+1
Sy = b
1 ZZ; [+ 1) (am + bimy)
(A.19)
> 2041 )
S =
2 ; [+ (bim + army)
Here, m = Pl: 1(:(05)0 ) and m = 6]3}1;;059)7 and P} are the known Legendre polynomials.

The Mie coefficients a; and b; can be expressed in terms of the Bessel functions, as
a function of the frequency. They are responsible for determining the amplitudes of

each oscillation mode.

A.1.3 Plasmon Hybridization Model

Here we follow the treatment from [14, Chp. 4] and first described on [84, 100]. Such

fluid can be described using the continuity equation,

op .
a—i-v-]—o (AQO)

The electron charge density p has a current density j = pv, where v is the electron-
plasma velocity. Incompressibility requires p to be constant, while irrotationality
that V x j = 0. We can define the function ¢ such that v = V¢ and require it to
satisfy the Laplace equation, V2¢ = 0. The induced surface charge density o must

obey

—=n-j=pn-Vo (A.21)



The incompressible fluid is described by the Lagrangian. The kinetic energy of the
plasmon fluid can be expressed in terms of the surface integral using the divergence

theorem,

T = —J Nemev>dV
2 )y

(A.22)

1
= — J NeMedV o - dS
2 J)s

Here, m, is the electron mass, v is the velocity of the charge density, and n, = p/q is

the electron number density. The potential energy of the plasmon fluid is given by,

U= JJ d51d52 (A.23)
S1 4S8, |7”1—7"2|

Using an orthonormal set one can express the scalar potential using the orthonormal
set of spherical harmonics,

r

¢ = Z(alm]\.]lm)2m Im <A24)

Im >

where r and r are chosen for inside and outside the sphere, respectively. N, are
the spherical harmonic amplitudes. Lets now replace the expanded scalar onto both
the kinetic and potential energies of the plasmon fluid. Choosing Im alpla2l 1q and

replacing it on A.22, we obtain for the kinetic energy,

_ NoMMe T \2720+1
T = 5 Z(allem) ZCL

lm
(A.25)
. NoeMe ‘T2
- 2 ;n: Nlm
For the potential energy we get,
l
U =27(neq)* ). Nl2m2l—_|_1
Ilym
(A.26)
= nome Z W?Nlm

Iym
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A.2 Computational Methods

Numerical calculations were performed using both FDTD (COMSOL) and Bound-
ary Element Method (BEM, MNPBEM). COMSOL is a stand alone program with
a user-friendly interface. It requires to input all the parameters associated with the
calculation. This provides great flexibility and forces one to carefully set the val-
ues for the particular environment. This comes at the cost of a steeper learning
curve. MNPBEM is a free toolbox that runs on MATLAB environemnt. It is easy
to implement since many parameters are already predefined. 1 found that calcula-
tions performed using MNPBEM were significantly faster than using COMSOL. All
the calculated results agreed with literature values obtained from similar or other
numerical methods. When performing numerical computations it is customary to
use permittivity experimental values. These are usually obtained from bulk ma-
terials and that there is some discrepancy of values within literature. Commonly
used values are the ones provided by Johnson and Christy [47]. The resort to nu-
merical solutions is imperative for the design and prediction of complex plasmonic

nanostructures.

A.3 Matter-light interactions

A.3.1 Perturbation Theory of molecular transitions

Quantum treatment of Absorption and Emission The time dependent Schrodinger
equation is given by,

uhth = (H, + AW )y (A.27)

where H, is the unperturbed hamiltonian and W is the perturbation with a dimen-

sionless parameter \. We want to calculate the probability,

P =< ¢slu(t) > (A.28)
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which starts at an initial state ¥ (¢t = 0) = ¢;. The time dependent wavefunction can

be expanded on the phi basis,
0
o= ea®)on (A.29)
n=1

where ¢, (%) is the projection of the wavefunction onto the |¢ > basis. It is convenient

to express them as matrix elements,

A

Woi(t) =< ¢ W (1) 01, > (A.30)

Substituting A.29 into A.27 and upon integration results in the time dependent

probability amplitudes,

ihén(t) = Enca(t) + ) cxAW o (H)er(t) (A.31)
k

Assuming A « 1, we can treat ¢(t) to be closed to the unperturbed solution (adiabatic

change) c(t) = b,e #»T/" and express A.32 after some manipulation as,

ihby (1) = A Y e W ()b (t) (A.32)

where w,, = (E,, — Ex)/h is the frequency that relates the initial and final states.
Now, b, can be expanded in powers of A and set equal powers on each side of eq.
A.33,
ihby, (t) = A" e W (£)b), 1 (£) (A.33)
k
It can be shown that the first order provides,
t . A
ihb (1) — f W (1)t (A.34)
0
The probability of a transition is therefore given by,
2

L caplivos ) Wi (£) dt (A.35)

1

Pis(t) = 72
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The perturbation matrix element W is dependent of the type of perturbation. A good
approximation of incoming radiation is given by a sinusoidal perturbation W (t) =
Wsin(wt). We get a probability,

. , )
Wi s 2|1 — eitlwritw) 1 _ git(wri—w)

ilt,w) = —— - A.36

Pralte) = S s o (A.36)

Quantum treatment of Scattering

The wavefunction of an atom or molecule in state |a > is given by,
b(t) = e Hi/h)g > (A.37)
with transition probability to state |b >,
- 2
p= ‘< ble /A >‘ (A.38)

The transition rate to any state is given by,

1 d —iHt/h 2
= E; ‘< ble~ /M| >‘ (A.39)

Using standard perturbation theory one obtains,

2
1 2 , < blH'|c >< c|H'|a >
). < b;|H |a>+zcl 5%, (A.40)
Classical Raman Effect
A photon with frequency FEcos(wt) induces a dipole,
p = aEycos(w,t) (A.41)

Here, is the molecule’s polarizability tensor and is dependent on the shape of the
molecule. The polarizability tensor can then be expanded in respect to the normal
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modes of the molecule,

oo 1 Foate)
a=q, + Zk: (@)O Qr + 5 ; kaQl (A'42)

Here o is the polarizability of the molecule at equilibrium, and Qi represents the
normal coordinates of vibration. Keeping only up to the first linear term of the

expansion and adding time dependence,
o=, + Z 6_04 Qrcos(wit + Ig) (A.43)
.\ 20, ),

the polarization of the molecules is expressed as,

p = aF,cos(wt)

0 QuE t+6 t A
+ Zkl 20, QrE,cos(wit + 0y )cos(wt)
which can be expressed as,
p = aFE,cos(wt)
oa QkEo
+ ; (@) 5 [cos(w, — wy + 0kt (A.45)

+ cos(wo — wi, — 0x)t])]

Each of these terms correspond to the Raleigh (w,), stokes (w, —wy), and anti-stokes

(w, + wy) scattering.
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FIGURE B.1: Real and imaginary experimental permittivity values for silver (red dots).

Solid line is the free electron model. Figure from Ref. [71].
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Appendix C

Instrumentation Details

C.1 Lithography

Samples were spin coated with PMMA-A4 (MicroChem Corp) and baked on a hot
plate (120 C surface temperature) for 2 min. A copper grid of 2000 mesh (Structure

Probe, Inc) was placed on top and the sample was exposed to UV (500 W) for 5 min.

C.2 Raman measurements

DNA-metallic structures were incubated on a 5 mM 4-aminobenzenethiol ethanolic
solution for 4 hrs followed by a thorough rinse on pure ethanol. Raman spectra were
obtained using a Jobin Yvon LabRam ARAMIS (Horiba, Ltd) Raman instrumenta-
tion. Measurements were taking using a 5 mW HeNe 632.8 nm laser using 1 second
intervals. A 100x objective, resolution grating of 1800 grooves, and a slit of 100 pum

were used on all measurements. The spectra ranged from 1000 to 1600 cm ™!,

80



Appendix D

Methods

D.1 Experimental Protocols

D.1.1 DNA-AuNPs Conjugation Protocols

Functionalization - Phosphination Method

Following the recipe of Refs. [69, 140], 3 mg of bis(p-sulfonatophenyl)phenylphosphine
(BSPP, Sigma-Aldrich) were added to 10 ml of purchased AuNP solution (British
Biocell International). After overnight incubation, the AuNPs were concentrated by
adding 260 mg of NaCl and centrifuging for 30 min at 800 g. The supernatant was
removed without disturbing the visible Au pellet. 200 pl of methanol and 200 ul of
BSPP (3 mg in 10 mL DI water) were added, after which the solution was centrifuged
a second time for 30 min. The supernatant was again removed and the AuNPs were
resuspended in the same BSPP solution to a total volume of 200 mL. Typical AuNP
concentrations were 2-3 uM. The disulfide-modified DNA sequence was added at a ra-
tio of 1:5 Aw:DNA, at which time the buffer was adjusted to 0.5xTBE/50 mM NaCl.
After 48 hours of incubation, thiolated T5 strands were added at a Au:T5 ratio of
1:60 to fully backfill the AuNP-DNA conjugates. Excess DNA strands were removed
from the AuNP-DNA conjugates by running the conjugate solution on a 3% agarose

gel (0.5xTBE) for 20 min, at 10 V/cm. The AuNP-conjugate band was extracted by
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cutting out the band of interest, finely chopping it and centrifuging it using a Freeze
and Squeeze kit (Bio-Rad Laboratories). Typical conjugate concentrations were 100-
300 nM. The final buffer of the AuNP-conjugates is presumed to be 0.5xTBE, with
some residual BSPP and NaCl. There may also be some residue from the Freeze
and Squeeze product and from the agarose gel. Functionalization - Carboxyl-Amino

Method Procedure:

1. Bring the AuNPs to a 1XTAE buffer.
2. Add EDC at 10:1 EDC:DNA.
3. Add the amino-modified DNA strands.

4. Incubate for two hours.

DNA-Metallic structures and individual nanoparticles formation

The modified DNA templates were attached to previously RCA cleaned and oxygen
plasma ashed (SPI Plasma Prep II, 20 min, 100 mA) silicon dioxide substrates (1 gm
oxide, Silicon Quest) using 10x TAE/125 mM Mg?* solution. The final DNA origami
concentration was 250 pM. Functionalized gold nanoparticles (AuNPs) were attached
onto the templates by adding 1 uLL of a concentrated solution, to a final concentration
of 3 nM and incubated for 15 min and rinsed in water for 5 seconds, followed by
nitrogen blow. The structures were then enlarged in size using in-solution silver
metallization as indicated by the manufacturer (HQ silver enhancement, Nanoprobes
INC) for 12 min for the DNA-metallic structures and 10 min for the individual

nanoparticles.

D.2 DNA Sequences

All DNA origami staple sequences and modified sequences were purchased from Inte-

grated DNA Technologies, Inc. Except for the modified staples at the AuNP binding
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sites, all staples sequences were the same as the original “tall rectangle” staples [104].

All side staples (columns +/-7) were left out.

DNA sequences used to functionalize AulNPs

The sequence conjugated to the AuNPs (ending in Xoy comp):
5 /bDTPA/ TTTTT GCGTTGGTGACTGCATTAGAGTCT 3’ T5
sequence used for backfilling:

5 TTTTT /3ThioMC3-D/ 3’

D.2.1 Binding sites: DNA extensions to staples

A single AuNP-DNA conjugate binding site consists of two neighboring staples (or
combinations of staples), each extended to have a 3-base spacer, followed by Xy, a

24-base sticky end complementary to the sequence of the conjugates.

Parallel Bars

Right side:

combining parts of t7r0f and t7r2f:

5’ TGAAAGTATTAAGAGGCTATTATTCTGAAACA AGACTCTAATGCAGTCACCAACGC 3’
combining parts of t7r2f and t7r4f:
5’GTCAGACGATTGGCCTCAGGAGGTTGAGGCAG AGACTCTAATGCAGTCACCAACGC 3’
combining parts of t7r6f and t7r8f:

5’ AGACAAAAGGGCGACAGGTTTACCAGCGCCAA AGACTCTAATGCAGTCACCAACGC 3’
combining parts of t7r8f and t7ri10f:
5’GCAGATAGCCGAACAATTTTTAAGAAAAGTAA AGACTCTAATGCAGTCACCAACGC 3’
combining parts of t7r12f and t7ri4:
5’GCTTATCCGGTATTCTAAATCAGATATAGAAG AGACTCTAATGCAGTCACCAACGC 3’

combining parts of t7r14f and t7ri6f:
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57 ACGCGCCTGTTTATCAGTTCAGCTAATGCAGA AGACTCTAATGCAGTCACCAACGC 3’
combining parts of t7ri18f and t7r20f:
5’CATAGGTCTGAGAGACGTGAATTTATCAAAAT AGACTCTAATGCAGTCACCAACGC 3’
combining parts of t7r20f and t7r22f:
5’GAAGATGATGAAACAAAATTACCTGAGCAAAA AGACTCTAATGCAGTCACCAACGC 3’
combining parts of t7r24f and t7r26f:
5’GCCGTCAATAGATAATCAACTAATAGATTAGA AGACTCTAATGCAGTCACCAACGC 3’
combining parts of t7r26f and t7r28f:
5’CCAGCAGAAGATAAAAAATACCGAACGAACCA AGACTCTAATGCAGTCACCAACGC 3’

The staple sequences on the left side were chosen similarly:

5’ ATAGGAACCCATGTACAGGGATAGCAAGCCCA AGACTCTAATGCAGTCACCAACGC 3’
5’ TTTTTTCACGTTGAAAGAATTGCGAATAATAA AGACTCTAATGCAGTCACCAACGC 3’
57 AAATTGTGTCGAAATCTGTATCATCGCCTGAT AGACTCTAATGCAGTCACCAACGC 3’
5’ CTTGCCCTGACGAGAACATTCAGTGAATAAGG AGACTCTAATGCAGTCACCAACGC 3’
5’ CAGAAAACGAGAATGAAATGCTTTAAACAGTT AGACTCTAATGCAGTCACCAACGC 3’
5’ GATGGCTTAGAGCTTAAGAGGTCATTTTTGCG AGACTCTAATGCAGTCACCAACGC 3’
5’ ATTCAAAAGGGTGAGATAATGTGTAGGTAAAG AGACTCTAATGCAGTCACCAACGC 3’
57 CCCAAAAACAGGAAGATGATAATCAGAAAAGC AGACTCTAATGCAGTCACCAACGC 3’
5’ GAAAGGGGGATGTGCTTATTACGCCAGCTGGC AGACTCTAATGCAGTCACCAACGC 3’
57 TGTAAAGCCTGGGGTGAGCCGGAAGCATAAAG AGACTCTAATGCAGTCACCAACGC 3’
Ring

Left and right sequences were the same as those listed for the “parallel lines” assem-
bly. The modified top staples were:
t-3r0g: 5’ CCCTCAGAACCGCCACCCT AGACTCTAATGCAGTCACCAACGC 3?

t-3r2e: 5’ TGCTAAACTCCACAGACAGCCCTCTACCG AGACTCTAATGCAGTCACCAACGC 3’
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t3r0g: 5’ TGCTCAGTACCAGGCGGAT AGACTCTAATGCAGTCACCAACGC 3?

t3r2e: 5’ GGAAAGCGGTAACAGTGCCCGTATCGGGG AGACTCTAATGCAGTCACCAACGC 3?
The modified bottom staples were:

t-3r30f: 5’CCGAAATCAACGTCAAAGGGCGAAAAGGG AGACTCTAATGCAGTCACCAACGC 3’
t-3r32h: 5’CCCCGATTTAGAGCTTGAC AGACTCTAATGCAGTCACCAACGC 3?

t3r30f: 5’CGGCCTTGGTCTGTCCATCACGCATTGAC AGACTCTAATGCAGTCACCAACGC 3?

t3r32h: 5’CACGTATAACGTGCTTTCC AGACTCTAATGCAGTCACCAACGC 3’

H-shape

Left and right binding sites were the same as those listed for the “parallel lines”

assembly. The central bar of the H had the following modified staples:

tir12f: 5’TCTTACCAACCCAGCTACAATTTTAAAGAAGT AGACTCTAATGCAGTCACCAACGC 3’
t-1r12f: 5’CCAAAATAAGGGGGTAATAGTAAAAAAAGATT AGACTCTAATGCAGTCACCAACGC 3’
t-3rl4e: 5’GAAGCAAAAAAGCGGATTGCATCAATGTTTAG AGACTCTAATGCAGTCACCAACGC 3’
t-3r12f: 5’CATAACCCGCGTCCAATACTGCGGTATTATAG AGACTCTAATGCAGTCACCAACGC 3’
t-br14e: 5’TACCTTTAAGGTCTTTACCCTGACAATCGTCA AGACTCTAATGCAGTCACCAACGC 3’
t-5r12f: 5’GGAATTACCATTGAATCCCCCTCACCATAAAT AGACTCTAATGCAGTCACCAACGC 3’
t-1ri4e: 5’TTTTAATTGCCCGAAAGACTTCAACAAGAACG AGACTCTAATGCAGTCACCAACGC 3’
tirl4e: 5’ATCGGCTGACCAAGTACCGCACTCTTAGTTGC AGACTCTAATGCAGTCACCAACGC 3’
t3r12f: 5’CCTAATTTAAGCCTTAAATCAAGAATCGAGAA AGACTCTAATGCAGTCACCAACGC 3°
t3rlde: 5’CTAATTTACCGTTTTTATTTTCATCTTGCGGG AGACTCTAATGCAGTCACCAACGC 3’
tbri12f: b5’ATTATTTATTAGCGAACCTCCCGACGTAGGAA AGACTCTAATGCAGTCACCAACGC 3’
tbril4e: 5’TAAGTCCTGCGCCCAATAGCAAGCAAGAACGC AGACTCTAATGCAGTCACCAACGC 3’
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