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ABSTRACT

Metal nanoparticles are an important tool in energy transfer assays. The aim of
this dissertation is to look deeply into the properties of small gold nanoparticles (Au
NP) and how they can affect the experimental observables in energy transfer assays.
Absorption, photoluminescence and time-resolved experiments were performed on
Au NP-dye pairs separated by dsDNA spacers to deduce the distance dependent
quenching behavior for 2 nm Au NP (Chapter 2). A range of dyes were studied with
different emission frequencies to set the energetic limits to the quenching behavior of
Au NP. The effect of intraband and interband electrons on the quenching behavior
of Au NP is different as the intraband quenching follows a 1/R* behavior while the
interband quenching is largely unaffected with distance (Chapter 3, 4). The role of
NP size is important as the intraband term is highly size dependent and also because
of the enhancement effects caused by larger sizes of metal nanoparticles (Chapter 5).
The NSET tool is applied for accurately measuring the intercalation of an organic dye
into a dsDNA helix as a function of the linker length and salt concentration (Chapter
6).
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CHAPTER 1

INTRODUCTION

Energy transfer is a powerful photophysical tool which is based on the phenomenon
of radiationless transfer of energy from an excited donor (D) to a proximal acceptor
(A)[1, 2, 3, 4]. The nature and the efficiency of this transfer is dependent on the
optical properties of the donor, acceptor and the surrounding medium. Energy trans-
fer was first described as a dipole-dipole interaction between a fluorescent donor and
an acceptor by T. Forster in 1948[5]. Numerous techniques such as FRET (Flu-
orescence Resonance Energy Transfer)[5, 6], LRET (Luminescence Resonance En-
ergy Transfer)[7, 8, 9], CRET (Chemiluminescence Resonance Energy Transfer)[10],
BRET (Bioluminescence Resonance Energy Transfer)[11, 12], sp-FRET (single parti-
cle FRET)[13, 14], NSET (Nanometal Surface Energy Transfer)[15, 16, 17] etc. have
been developed in the last few decades which apply the basic principles of energy
transfer. Energy transfer techniques rely on the measurement of the intensity quench-
ing and/or the lifetime quenching of the donor. It is very extensively used as a photo-
physical tool in biology to monitor various in vitro and in vivo processes such as DNA
hybridization and sequencing, protein conformation, diffusion dynamics, intracellular
receptor ligand binding and cellular membrane dynamics[1, 2, 11, 18, 19, 20, 21]. The
highly sensitive nature of these techniques to changes in distance has led to the use
of the term spectroscopic/optical ruler|[3]. Initial energy transfer studies were carried
out using simple dyes as donors and acceptors. The donor dye exhibited emission at a
wavelength shorter than the extinction of the donor and the energy transfer was effi-
cient only when the donor emission had a significant overlap with the acceptor extinc-
tion. This overlap conditon limited the applicability of the technique as it hindered
the choice of donors and acceptors, however this limitation was overcome by the devel-
opment of the new fluorophores including quantum dots (QDs)[21, 22, 23, 24, 25, 26]
and metal nanoparticles (MNPs) as quenchers[15, 16, 20, 27, 28, 29, 30, 31, 32, 33,
34, 35, 36, 37, 38, 39, 40, 41].

The development of quantum dots revolutionized the application of fluorescence
based techniques due to their extremely tunable and size dependent optical properties
spanning from UV to near IR region with high quantum yields[25, 26]. QDs not only
show a higher degree of photostability, resistance to degradation and photobleaching
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than organic dyes but also offer a large surface area which can be easily modified
as desired to serve the needs of any experiment. They can very easily be termed as
the second generation of fluorophores with highly desirable properties and tunabilty.
The first report about QDs participating in efficient energy transfer was reported in
late 90’s and their applications have been on a constant rise[42, 43, 44] since then.
Their use in energy transfer assays has been limited mainly as donors due to their
absorption profiles extending into the UV[45]. There have been a few reports where
they have been used as acceptors however the number is very limted[46, 47]. Energy
transfer assays using QDs are mostly FRET based[2] and have found applications in
a number of bio-inspired assays, such as but not limited to conformational structure
of proteins, in dye based photochromic switch, peptide and nucleic acid based bio-
sensors, in molecular beacons, for FRET based photodynamic therapy to cure tumors,
single molecule FRET and monitoring protein interactions and dynamics near cellular
membranes. Apart from their applications in energy transfer assays they have also
been used as visualization agents for in vitro and in vivo studies to track the fate of
small molecules inside a cell, typically as gene delivery agents, for drug delivery and
target sepcific tumors[25, 26].

Metal nanoparticles, on the other hand, have been known to human civilization
for centuries with earliest applications in staining glass. Their role as efficient optical
quenchers was observed as early as 1970s[48]. Noble metal nanoparticles, especially
gold NPs, have been extremely popular in biological applications due to their highly
reproducible and controlled synthetic methodologies, ease of functionalization, sta-
bility at room temperature as well as physiological temperatures and also high levels
of biocompatibility[49]. They are employed in biotechnology and biodiagnostics typ-
ically as visualization agents in cryo-electron micrography, as drug delivery agents ,
in gene therapy , in biosensors and in photodynamic therapy[49, 51, 52, 53, 54, 55].
They have also attracted a lot of attention in energy transfer assays due to their
ability to quench a wide variety of fluorophores including organic dyes as well as
semiconductor quantum dots[17, 27, 28]. Metal nanoparticles are a very interest-
ing candidate in energy transfer assays because they can either quench or enhance
the fluorescence of a fluorophore depending on their size and shape and the sepa-
ration distance between the fluorophore and MNP[17, 56, 57, 58]. Large spherical
nanoparticles (r > 40nm) and non-spherical particles are known to enhance the yield
of a fluorophore[56, 59] when placed very close to the particle while smaller parti-
cles quench the fluorophore[l5, 16, 17, 28, 37, 60, 61]. Prior to this, the quench-
ing behavior of metal films had already been experimentally observed and theoret-
ically explained. The energy transfer from a fluorophore to a metal nanoparticle
or a thin film is more complicated than a simple dipole-dipole approximation due
to the drastic changes in the properties of the metal at such small sizes and/or
thickness[62, 63, 64]. The quenching behavior has been explained by a variety to
groups|[48, 59, 65, 66, 67] and the explanations date back to early 1980s where the
metal could be either treated as an infinte plane[48, 65, 67] or a shaped structure
depending on its morphology([59]. The earliest reports dealt with the quenching be-
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havior of a metal film and the observation was explained by Chance, Prock and
Silbey[65] and later modified by Persson and Lang[67]. The quenching behavior by
a metal surface under approxiamtions of a perfect mirror behavior were explained by
Kuhn[48, 66] and later modified by Chance, Prock and Silbey. Significant effort has
been made to treat the MNP quenching under FRET approximations however many
groups have repeatedly reported the behavior of a small Au NP as that of an infinite
plane[15, 17, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41].

In this chapter, the properties of metal clusters are discussed in detail in Sec. 1.1.
The effect of reducing size from bulk to very small clusters on the optical properties
is explained. Sec. 1.2 briefly explains the important energy transfer mechanisms
viz. FRET, G-N (Gersten-Nitzan), CPS-Kuhn and NSET that have been applied to
explain the quenching behavior of a metal nanoparticle for a fluorophore. GN theory
has also been applied to explain the enhancement which is briefly discussed. In Sec
1.3 the structure of DNA helix is discussed as it is a very widely used biomolecule
in energy transfer assays for structure and distance determination. Sec 1.4 gives an
overview of the chapters in this dissertation.

1.1 Properties of Metal Nanoparticles

Metals are classically defined as good conductors of heat and electricity. In their
bulk form all metals are shiny and do not show any specific colors except for gold and
copper. The properties of any material change drastically as the size is decreased, for
example the semiconductor particles in the nanometer range show distinct absorption
and emission properties analogous to molecular dyes, while metal nanoparticles show
vibrant colors in aqueous solutions, highly improved catalytic activity among other
things. The change in the properties of materials with size is a result of the change in
the band structure of the bulk material. In the bulk form, metals either have partially
filled conduction band (CB) or a very small energy band gap between the valence
(VB) and conduction band as shown in Figure 1.1. As a result of this the electrons in
bulk metal are free, requiring very little energy to move and thus imparting the good
conducting properties. In semiconductors and insulators the band gap between the
VB and CB is larger than that in metals and hence they show little or no conductivity
at room temperature depending on the energy gap.

Properties of metal clusters are different from the parent bulk material (Figure
1.1). The change in their properties can be classifed as: (i) intrinsic effects which
concern the changes in the volume and surface properties and (ii) extrinsic effects
which are size dependent responses to an external field irrespective of the intrinsic
effects[62, 64]. Intrinsic effects will cause changes in the properties such as the ioniza-
tion potential, chemical reactivity, crystallographic structure; whereas the extrinsic
size effects will affect the collective electronic and lattice excitations. One of the
striking properties of the clusters is that they have an increased number of atoms on
the surface than the core such that the ratio of number of surface atoms (Ny) to the
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Figure 1.1: Schematic showing the formation of a continuous band structure
in metals as the nomber of atoms is increased. Metals have a partially filled
conduction band which allows the electron to move freely thus giving metals
their properties of conduction.

number of atoms in the core (IV,) increases as the size of the clusters decreases. A
cluster exhibits bulk like properties when the N,/N,. << 1. As the ratio becomes
bigger with decreasing size of the cluster, the differentiation between core and surface
vanishes and all the electrons in the cluster start to behave uniformly[62, 68]. These
size effects cause drastic changes in the optical properties of the metal. The bulk
metal which exhibits a very unassuming constantly rising extinction with increasing
energies develops a structured spectrum when reduced to a cluster of few nanometers
in size. For example, the colloids of gold (Au) clusters are a vibrant red color and
show a sharp peak at 525 nm, which is absent in the case of bulk metal. Similarly sil-
ver (Ag) clusters show an extinction maximum at 400 nm whereas bulk Ag absorption
has no such feature.

The optical response of a metal cluster can be explained by taking into account
the dielectric property of the cluster, e(w) = €;(w) + €2 (w) and the dielectric constant
of the surrounding medium ¢,,. When the value of ¢;(w) = —2¢,,, the collective
oscillation of the electrons is at resonance with the external field of the incident
light[62, 64, 63, 69]. As this resonance condition is fulfilled the extinction of the
cluster rises sharply and a peak is observed at that wavelength. For different metals,
the resonance condition is fulfilled at different wavelengths (for Au at 525nm, Ag at
400nm) and is called the localized surface plasmon resonance (LSPR). The position
of the LSPR is dependent on the size of the particle such that an increasing size of
the particle shifts the SPR by a few nanometers[51, 63, 69]. It is the presence of the
surface plasmon behavior that gives gold colloids their vibrant red color and the silver
colloids their yellow color. Complete theoretical treatment to explain the interaction
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homogenous polarization = dipolar modes inhomogenous polarization = multipolar modes

Figure 1.2: A comparison between a the polarization in a small metal
nanoaprticle (A >> 2r) and when the particle diameter is comparable or
larger than the wavelength of light. In a small particle, the electromagnetic
field causes a homogenous polarization and only the dipolar modes are ex-
cited. At large sizes the interacting field causes a lag in the particle leading
to inhomogenous polarization. As a result, the smaller particles only show
the dipolar modes while higher order modes along with dipolar modes are
seen in larger particles.

of light with metal clusters was first provided by Mie in 1908 by solving Maxwell’s
equations for the incident light[62, 63]. For a spherical particle, the solution of the
Mie theory gives the extinction cross section, o.,; for a particle of radius r as

_ o 372 e2(w)
Oeat = e T T 2en] + (@) (1.1)

where, Vy = (47/3)r3 is the volume of the particle, €;(w) and €;(w) are the real and
imaginary components of the dielectric function of the metal and ¢,, is the real di-
electric of the medium. This extinction cross section is due to dipolar modes only
and hence applicable to very small particles whose diameter is much smaller than
the wavelength of the interacting light (A)[62]. In the case of small particles the in-
cident field is able to uniformly polarize the charges on the surface and hence only
dipolar modes are observed (Figure 1.2). As the size of the particle is increased, the
time dependent incident field causes a phase lag in the particles leading to inhomoge-
nous polarization in the particle (Figure 1.2). This leads to higher order multipolar
excitations[62]. The multipolar modes are higher in energy than the dipolar mode
and observable in spherical particles when the diameter is comparable or larger than
the wavelength of incident field and also in shaped particles such as rods (with high
aspect ratios)[70]. For Au nanorods, along with the LSPR peak at 525 nm, another
peak at lower energies (800-900 nm) is seen which corresponds to the resonant oscil-
lation of electrons along the long axis of the particles. This is called the longitudinal
mode and its intensity is dependent on the aspect ratio of the nanorod. The resonant
oscillation along the short axis is called the transverse mode and is dependent upon
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the radius (Figure 1.3).
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Figure 1.3: Spherical particles which have a center of symmetry show only
one mode of dipolar oscillation of electrons while nanorods with two axes
show transverse and longitudinal dipolear modes corresponding to the reso-
nant oscillation of electrons along the short and log axes respectively.

The extinction spectrum of a nanoparticle can be broken down to absorption
(0aps) and scattering (os.,) contributions[56, 62, 71]. The real part of the refractive
index makes up the scattering spectrum while the imaginary part contributres to the
absorption. The total Mie extinction cross-section can now be written as,

Oegt = Osca + Taps (12)

Both, o4 and o, play an important role in explaining the behavior of a flurophore
when placed close to a metal nanoparticle[56]. Metal nanoparticles have been known
to either quench or enhance the fluorescence of a fluorophore. There have been
several theories which have been employed to describe the experimental observations,
some of which are described in the next section. It has also been suggested that
both quenching and enhancement may be two simultaneously competing processes,
each being a function of nanoparticle size, its polarizability and properties of the
fluorophore. The absorption cross section (o4s) causes quenching while the scattering
cross section (0ge,) is responsible for enhancement. The scattering cross section is
highly size dependent as shown in Figure 1.4 and more intense in the low energy
region while absorption is intense in the blue region. For Au nanoparticles, the
scattering is negligible for particles with radius <40 nm[56] (Figure 1.4).

As mentioned, the optical properties are a function of the dielectric function and
as evident from the Equation 1.1 that the extinction cross section will be a fucntion
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Figure 1.4: The extinction properties (o) of spherical nanoparticles are
a combination from the scattering (os.,) and the absorption (o). The
scattering component becomes more prominent as the size of the particle is
increased. A gold particle with 7 = 100 nm has o,., much bigger than that
of a particle with » = 13 nm.

of €(w). When the size of a nanoparticle is reduced such that it is a cluster of just
a few atoms, the optical constants which otherwise only have a energy dependence
develop a size dependence as well, such that €(w) — €(w,r). One of the classical
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models to treat the size dependence is by taking into account the change in the mean
free path of the electron with decreasing size[63]. For a bulk material (r — o0), the
relaxation/damping constant I'y, for the electrons is related to the bulk mean free
path (l») such that,

Foo :'UF/loo (13)

where vp is the Fermi velocity of the metal. The size dependent relaxation, I'(r) is
related to the bulk relaxation by the following relation

D(r) =T + AUTF (1.4)

where the value of A depends on the nature of scattering processes and can vary from
0.1-4.0[62, 63]. For spherical particles assumed to behave under the Maxwell theory
and exhibiting isotropic scattering, A = 1 whereas A < 4 for particles exhibiting grain
boundary scattering. In some cases it has been reported that it can be a function of
chemical composition especially for adsorbed or matrix-embedded clusters|[62].

Normalized Extinction

400 500 600 700 800
Wavelength (nm)

Figure 1.5: The size dependence of the extrinction spectra of cluster is very
prominent as the size is reduced to a few nanometers. The figure shows the
experimentally measured extinction of spherical Au NPs of diameter 2 nm,
4 nm, 11 nm, 32 nm and 48 nm.

Traditionally metals were treated under the Drude approximation where all the
properties are due to the transitions of the conduction electrons only while all inner
lying electrons are ignored[62, 64, 72]. The Drude approxiamtion may still hold true
for some of the alkali metals, however this approximation breaks down for noble
metals whose inner lying d electrons contribute to their optical properties. In this
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case, the total dielectric function can be written as,
e(w)=eP + P (1.5)

where, € is the Drude contribution due to the conduction electrons and €’? is the
interband contribution due to the inner lying electrons.

The interband transitions are largely assumed to be size independent[62, 63] un-
less the cluster is composed of only a few atoms at which point the band structure
diminishes and the cluster behaves as a molecule. The Drude transitions are size
dependent and related to the modified relaxation constant I'(r). The total size de-
pendent dielectric function can be written as,

e(w,r) = (ef) + E{B) + z'(e? + eéB) (1.6)

The size dependent real (e (w,r)) and the imaginary (¢2(w,r)) Drude contributions
are a function of the plasma frequency, wy:

2

w

Plw,r)=1- ﬁpuﬂ (1.7)
Do, r) = — 2 1.8
€9 (w,r) - w(uﬂ _'_wg) ( : )

where, w, = A" is the size dependent relaxation correction term[63]. The effect of
changes in the dielectric properties with decreasing size is so drastic that the LSPR
peak for Au clusters » <2 nm is completely damped and the extinction coefficient is
reduced as shown in Figure 1.5.

1.2 Theory of Energy Transfer

Energy transfer is defined as a radiationless transfer of energy from a donor to an
acceptor [1, 2, 3, 4]. The donor is a fluorophore and the acceptor could be another
flurophore of lower energy, a dark quencher, a metal film or a metal nanoparticle. It is
an important tool and has found applications in medical diagnostics, DNA analysis,
optical imaging, structure determination, gene therapy, drug delivery and optical
imaging[1, 2, 3, 11, 20, 28]. The rate of energy transfer (kr) between a donor and
acceptor is dependent on their optical properties, the distance of separation[3] (R),

b= —— (B’ (1.9)

Tdye R

where 74, is the native lifetime of the donor in the absence of acceptor, Ry is the
distance at which efficiency of energy transfer is 50%, also called the critical distance
and n is a fitting parameter. Both Ry and n are highly dependent on the nature
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of the donor and acceptor with n being a function of the dimensions of the donor
and acceptor wheres Ry directly relates to the photophysical constants for the donor
and acceptor. It is evident from the Equation 1.9, kp is distance dependent and
hence has found widespread application in structural biology to measure distances in
biomolecules, monitor structural/conformational changes. There have been several
theories which have attempted to explain the nature of energy transfer under different
conditions for the D-A pair such as FRET[5], G-N theory[59], CPS-Kuhn[66] model
and NSET[16] being some of the important ones. These energy transfer mechanisms
have been summarized in Figure 1.6 and a brief discription of these theories, their
assumptions and limiting conditions are provided in the following paragraphs.

1.2.1 Forster Resonance Energy Transfer (FRET)

The theory of energy transfer was first developed by T. Forster in 1948 where the
transfer of energy from a higher energy organic dye (D) to a lower energy dye (A) was
explained and termed Fluorescence/Forster Resonance Energy Transfer (FRET) even
though no photon energy is transferred in the process. It has been suggested that
Resonance Energy Transfer (RET) is a more appropriate term. There are several other
energy transfer processes such as LRET, BRET, CRET, sp-FRET, etc[11]. which
have been explained under the FRET formalism. In FRET, the interaction between
D and A is explained by treating them as zero-dimensional single point dipoles under
the weak coupling limit. Distances ranging from 20-90A are conveniently measured
in FRET experiments which are comparable to the size of most of the biomolecules.
The fitting parameter n = 6 in FRET and the 50% energy transfer distance (R} F7)
for FRET is given by[3],

RFRET _ 9000(In10)K>P gye
! —

BN J(\) (1.10)

where & is the orientation factor, ®4,. is the quantum yield of the donor, Ny is Avo-
gadro’s number, n is the refractive index of the medium, and J(\) is the overlap
integral. The overlap integral J(\) is a measure of the extent of overlap between the
donor emission spectrum and the extinction spectrum of the acceptor. A high value
for J(\) ensures a high RI™FT and hence longer measurable distances. The orien-
tation term x describes the relative orientation of the donor and the acceptor with
respect to the each other such that x = costr — 3cosl,cos0, where 01 is the angle
between the emission transition dipole of the donor and the absorption transition
dipole of the acceptor, #; and 6, are the angles between these dipoles and the vector
joining the donor and the acceptor. The value of k can vary from 0 (dipoles perpen-
dicular to each other) to 4 (dipoles oriented parallel to each other) depending on the
relative orientation of the donor and the acceptor. Most of the FRET experiments
are conducted in solution where the dipoles are randomly oriented, therefore x = 2/3
is the generally agreed upon and commonly used value in FRET experiments[3]. Flu-
orescence anisotropy experiments can help eliminate the uncertainties in the value of
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k and give a more accurate estimate of the measured distances. The value of RE#ET

for the most commonly available donor-acceptor pairs varies from 10-60A [3]. The
FRET formalism has also been applied to the quenching of flourophores and semi-
conductor quantum dots by small metal nanoparticles. However, the assumption of
a small metal nanoparticle to behave as a single point dipole is debatable due to the
presence of conduction electrons and different molecular orbital diagram|[17, 62].

(i) FRET
Donor (d) Acceptor (a)

T !
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(ii) Gersten-Nitzan

(i) CPS-Kuhn

(iii) NSET
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Figure 1.6: A comparison of the (i)FRET, (ii)G-N, (iii)CPS-Kuhn and
(iv)NSET models.
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1.2.2 Gersten-Nitzan (G-N) model

Metal nanoparticles, due to their large extinction coefficient can very well act as
energy collector (quencher) and also as a field amplifier (enhancer) for a fluorescing
molecule. This is the basis of the Gersten-Nitzan theory which was proposed in 1981,
to explain the phenomenon of surface enhanced fluorescence (SERS) observed when a
fluorescing molecule was placed close to a metal nanoparticle, on rough metal surfaces
or on metal island films[59]. The phenomenon of SERS is assumed to be a result of
the modified local electromagnetic field around the fluorophore due to the image,
shape and plasmon resonance effects of the metal. The fluorophore is assumed to
behave as a classical point dipole which is placed at a distance R from the center
of a particle of radius r such that r <<< A. The assumption of the particle being
much smaller than the wavelength of light (\) allows for the problem to be treated
within the electrostatic theory. The assembly of the particle with the fluorophore
placed in vicinity is treated as one complete system with a dipole moment which
has contributions from both the metal and the fluorophore. This is considered to be
more appropriate because of the generation of the induced dipole due to the electric
field of the metal. The induced dipole causes an image enhancement effect which is
prominent at distances closer to the surface. The field of the particle affects both
the radiative decay, k, and also causes the metal to act as an acceptor of energy. If
the changes in the radiative rate (k,.) are ignored and only energy transfer, kgp is
the dominant process, then the 50% energy transfer distance (R§™) can be written

as[17, 59],

3 2 2 271/6
R(?NI 225_03 'q)dye',r3' (€1+ )2+€2 (111>
Wiye |€2|

where, wgy. is the frequency of the donor dye, ®gy . is the quantum yield of the
donor, r is the radius of the metal nanoparticle, €; and €, are the real and imaginary
components of the dielectric constant of the metal and c is the speed of light. This
equation is derived under the assumption that there is no change in the radiative rate
of the dye molecule in the presence of the metal NP and therefore no enhancement
effects.

The enhancement effect under G-N theory can be expalined by first looking at the
native quantum yield (®g4y) of a fluorophore. @4, is the ratio of the light emitted
by a molecule to the amount of light absorbed. It can also be written in terms of the
radiative (k,) and non-radiative (k,,) decay rates for the molecule such that[73],

ky
e = 17 (1.12)
and the native lifetime (74,.) is give as,
1
Taye = 7 s (1.13)



thus,
(I)dye =k, - Tdye (114)

The presence of an acceptor adds another pathway for loss of energy such that the
modified quantum yield (®,,) and lifetime (7,,,) are,

k
P ! 1.15
W e+ ko + kpr (1.15)
Tive = 1 (1.16)
dye = kr _I' knr _I' kET ‘
Dy =k Tyye (1.17)

When there is no change in the radiative rate (k,), a decrease in the quantum yield
and lifetime is observed. An enhancement is seen when the field of the particle affects
the radiative rate. The non-radiative paths are a collection of the vibrational and ro-
tational pathways which are independent of the presence of any acceptor and are hard
to get rid of at ambient experimental temperature conditions. Under the assumptions
of G-N theory, the enhancement can be calculated in terms of an enhancement factor
(n) such that[58],

n:A(A)-% —1 (1.18)

dye

where A () is the field enhancement factor related to the dielectric of the metal €(\)
at the absorption wavelength of the metal, radius of the metal nanoparticle (r) and
the distance (R) of the fluorophore from the center of the particle,

7\ 6
= 1.19

() (119)
The enhancement thus follows a 1/R® behavior and is highly dependent on the size
of the particle[56, 58].

2

e(A) —1

A(A):1+2~m

1.2.3 CPS-Kuhn model

Much before the MNPs drew attention, thin metal films had already been studied
and their effects on a proximal fluorophore had been postulated. One of the prominent
theories is by Kuhn which was proposed in the year 1970[48]. The theory deals with
the quenching of an emitting fluorophore when placed close to a thin metal film and is
applicable when the thickness (d) of the film is less than the distance of the flurophore
from its surface (R). The emitter is again treated as a simple harmonic oscillator and
the metal film is assumed to be a perfect mirror with a reflectivity of unity. The
emitting field from the donor induces oscillations in the acceptor and this induced
field in the acceptor travels back to the donor and slows down the aceptor oscillator.
Thus it can said that the quenching in Kuhn theory is a retardation effect on the
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emitter due to the acceptor. The theory also explains the quenching of a qudrupole
emitter by a metal thin film acceptor. However, it was later found that the Kuhn’s
theory greatly over-estimated the extent of energy transfer and it was modified by
Chance, Prock and Silbey such that the modified critical distance (RS¥55"") is
given as[17, 48, 66, 74],

al n € e
preonan = D[ 1 (1, )] a0

n 21, | €2 |2

where, A is the absorptivity of the mirror A = % and a = (;1)(9)"/* for a dipole

oriented perpendicularly to the metal surface while it takes a value of (1=)(5)'/* when
the dipole is aligned parallel to the metal surface, A is the emission wavelength of the
donor dipole; €1, €2, and n,., k are the real and imaginary components of the dielectric
constant and the refractive index of the metal respectively, n,, is the refractive index
of the medium; and d is the thickness of the mirror. In CPS-Kuhn, it is assumed that
the dielectric constants are not size-dependent. However, as shown by Kreibig[62],
a modification to the CPS-Kuhn theory incorporating the size dependence of the
dielectric constants can be accounted for by substituting a size dependent term for

the dielectric constants[62, 64, 99].

1.2.4 Nanometal Surface Energy Transfer (NSET)

The Nanometal Surface Energy Transfer model is an extension of the theory pro-
posed by Persson and Lang in the year 1981 where quenching behavior of a metal
surface on an oscillating dipole was studied[67]. The metal is treated within the jel-
lium approximation. The frequency of oscillation of the dipole (wgy) is smaller than
the plasma frequency (w,) of the metal as only in this region the conduction electrons
of the metal can respond adiabatically to the slowly varying external field and adjust
to the instantaneous static configuration. The theory explains the effects of the metal
surface on the emitter in the long distance range such that d >> wr/wgy,kr where
wr is the Fermi frequency and kp is the Fermi wave-vector for the metal. The theory
also assumes that the surface of the metal is going to affect the emitter differently
than the volume, therefore the effects of surface and core electrons are considered
separately. This makes the theory extremely applicable to the metal nanoparticle
quenching as the surface and core electrons behave differently. The rate of surface
quenching is a function of the electron gas density parameter (ry) while the volume
damping is a function of the bulk dielectric function arising from the scattering of
the electrons against the phonons, impurities etc. The generalized damping can be

written as,
2

wren

where, p is the dipole moment of the emitter, R is the distance of the emitter from
the metal surface and F' is the surface or volume dependent quenching term such

kpr = (1.21)
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that,

Wdye 1
Fsur ace — 1.2 e 1.22
! or TR (1.22)
and,
Wdye 1
Footume = 3 - — 1.23
l Wr ]fpl ( )

The volume quenching is thus a function of 1/R? and the mean free path (I) for
the metal while the surface quenching is a 1/R* dependent phenomena. For very
small particles where the surface and the volume are indistinguishable, only surface
quenching is observed while for large particles which have a well formed surface and
a distinguishable volume, surface quenching is observed at shorter distances while
volume quenching plays a dominant role at longer distances. Also, for metals with
extremely long mean free paths such as the noble metals, surface quenching is the
dominant player at distances as long as 300 A. With these approximations and results
the critical distance R)“FT is calculated as[16, 65, 66, 67]

5 .
wdye CUFkF

NSET (I)dye 1 3 v
R} = (0.225- : c (1.24)

where, kr = 1.2 x 108cm ™" and wp = 8.4 x 10'®rad/s are the constants for the metal
acceptor derived from bulk gold; wgye and ®gy represent the angular frequency of
donor emission and the quantum yield of the donor respectively and ¢ = 3.0 x 103m/s
is the speed of light.

1.3 DNA structre

The double helical structure of DNA was first discovered by Watson and Crick by
solving the X-ray diffraction pattern of DNA crystals[76]. In its biological form DNA
is a very big molecule with a highly coiled structure, however for synthetic DNA it
has been reported that DNA molecules with up to 100 base pairs (bp) have a linear
geometry with only very low frequency oscillations|77, 78]. A linear DNA molecule is
best described as a cylinder with the complementary strands coiled around it[76, 79].
The helical nature of the DNA leads to the formation of major and minor grooves
within the DNA structure as shown in Figure 1.7b. The major groove is slightly
deeper than the minor groove at 8.5 A versus 7.5 A [76]. Each of the grooves is lined
by potential hydrogen bond donor and acceptor atoms allowing proteins to interact
with and recognize specific DNA sequences and smaller molecules to inertcalate into
the DNA helix in which case the distances must be reported with care. Binding
into the major groove is more common for proteins whereas the small molecules tend
to either bind into the minor groove or can intercalate into the DNA helix. Most
of the DNA staining/visualizing dyes work by either intercalating into the DNA or
by binding the minor groove of the DNA[80]. Intercalation is observed for cationic

15



molecules having planar aromatic rings and creates strain into the helix as it requires
adjacent base pairs to separate from one another to create the binding pocket for the
ligand. Minor groove binding does not strain the DNA helix as much because the
binding molecule usually has some degree of flexibility allowing its structure to twist
accordingly to follow the groove. Members of the acridine family and commonly used
DNA stain ethidium bromide are known DNA intercalators whereas netropsin and
many of the cyanine dyes are minor groove binders.

Figure 1.7: (a)A comparison between the A-, B- and Z-DNA structures.
B-DNA is the most commonly found structure of DNA which can take the
A- form under anhydous conditions. The Z-DNA structure is seen at very
high salt concentration. (b)Structure of B-DNA highlighting the location
od major and minor grooves in the double helix structure[76].

Most of the techniques available for measuring distances in DNA such as NMR,
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EPR etc., are restricted to very short distancs. Energy transfer techniques offer
advantages for measuring longer distances and allow for observing the helical geometry
in small DNA molecules. This was shown by Clegg et. al.[79] in 1993 where FRET
was used to monitor the helical geometry of dsDNA. This study also helped propose
a model to accurately predict the distances in a B-DNA double helix. Each base
in DNA contributes 3.4 A to the total length however the distance between the two
ends is not a simple 3.4AN due to the helical geometry, where AN is the base pair
separation between the two points of interest. The distance approximation becomes
more critical for structure determination studies. Presence of linkers binding the
labels/moieties and their felixibility complicates the distance approximation. For
energy transfer studies when a donor (D) and an acceptor (A) are linked to a double
strand DNA with linkers of length r; and r, respectively separated by AN bases;
the distance R between the D and the acceptor can then be accurately calculated by
assuming the cylindrical model for the double strand DNA such that

R=[(3.4AN + L) + £]/* (1.25)

where, L is the increased separation distance between D and A due the helical nature
of the DNA and ¢, the cylinder base vector is a function of the linker lengths (74, r4)
and the angle subtended by the linkers for a zero base pair separattion () such that
& =r2+712—2r,r4lcos(d + 36AN)]. The values for the linker length (ry4, 7,) vary
according to the choice of the linker and their flexibility. For a six carbon linker Cg
values from 0 A up to 15 A have been reported for the completely folded back and
totally extended conformations respectively[79]. This, however, is a simplistic model
which does not account for interactions that can occur between the labels and the
DNA molecule.

The Clegg model is applicable to B-DNA which is the most commonly found
sturcture for DNA. Other forms of DNA such as A-DNA and Z-DNA are also known
(Figure 1.7a). The A helical structure is seen for DNA crystals when the relative
humidity goes below 75% however its not restricted to only dehydrated DNA. Some
double stranded RNA such as hairpins and RNA-DNA hybrids have also shown to
adopt the A helix. The minor groove nearly vanishes in the A form with fewer water
molecules binding the phosphate backbone. The Z-DNA is a left handed helix unlike
A and B which are both right handed.

1.4 Summary of Chapters

This dissertation is directed towards understanding the quenching behavior of gold
nanoparticles towards the excited state of organic dyes. The quenching mechanism
of NSET is probed and limiting conditons are postulated. In Chapter 2 the initial
observation of quenching by a 2 nm Au nanoparticle and the applicability of NSET
is described. The spectroscopic range for NSET is established in Chapter 3 where
the importance of the LSPR (localized surface plasmon resonance) of Au NP is also
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investigated. Chapter 4 looks at the quenching behavior of organic dyes which have
their emission frequencies blue (higher energy) to the LSPR peak of the nanoparticle.
The wavelength region blue to LSPR is important as the interband transitons become
more important. Chapter 5 investigates the role of size of Au nanoaprticle on the
nature of the interaction between the Au NP and organic dyes. Chapter 6 applies
the NSET model to monitor the intercalation of a cyanine dye into ds-DNA. The
interaction of the dye with the DNA is experimentally investigated as a function
of the position of the DNA along the DNA backbone, length of the linker and salt
concentration.
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CHAPTER 2

NSET VS DISTANCE TO D=1.5
NANOPARTICLES

2.1 Introduction

Application of optical molecular rulers to questions in biochemistry, bio-diagnostics,
and bimolecular imaging allows routine measurement of dynamic distance changes in
molecules. We recently demonstrated the applicability of a long range molecular
ruler consisting of an organic dye donating energy to a small (1.4 - 1.5 nm diameter)
gold nanoparticle, termed nanosurface energy transfer (NSET)[15, 16]. This tech-
nique allowed changes in conformational distances between 1 - 20 nm to be probed
for protein-nucleic acid interactions on double strand DNA (dsDNA) using optical
methods. NSET is similar to Forster resonance energy transfer (FRET), however
the measurable distances are extended nearly 2-times for optical molecular rulers by
following a 1/R* distance dependence. The intensity quenching mechanism via cou-
pling of the oscillating electronic dipole of a dye to a metal surface with loss of energy
via heat is analogous to the theoretical treatment developed by Chance, Prock and
Silbey[65] and Persson and Lang[67] for bulk metals. This theoretical treatment can
explain the oscillator coupling to a metallic nanoparticle (NP) with surprisingly good
agreement to experimental data[l5, 16, 17], which is unexpected because a 1.5 nm
Au NP has neither a significant core, nor displays strong surface plasmon resonance
(SPR) character. The observation of quenching behavior that follows the theoretical
treatment of Persson and Lang for a bulk metal is surprising due to the poorly devel-
oped surface in materials below 2 nm. While these systems are above the limit where
the crystal field levels split, they are not large enough to express a coherent surface
plasmon resonance. This may not be critical if the logic of Ruppin is applied, where
he has theorized that the primary difference between the rates of energy transfer to a
plane and to a sphere is manifest in the loss of lifetime oscillations at large distance
in the spherical case, due to reduced reflectivity[81]. This implies that an energy
transfer mechanism may not be drastically affected by moving from a plane to the
spherical acceptor case. Although the experimental results are consistent with NSET
behavior, seemingly contradictory findings for the optical response of molecular dyes
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interacting with metal NPs have been reported in the literature with both radiative
rate enhancement and energy transfer quenching at moderate distances[56, 60, 82].
A common theme for most theories relies upon the existence of a surface plasmon
resonance (SPR) band in the metal particle. The lower quantum efficiency of flu-
orophores near or on metal surfaces has been interpreted in terms of lossy surface
waves(83, 84], or by suppression of the radiative rate[60]. Under certain conditions,
photoluminescence enhancement has been reported and is described as resulting from
wavevector matching and coupling to a plasmon for far-field emission via a classical
description of light[56]. An interesting question presents itself, therefore, when in-
quiring about the behavior of a dipole-emitter when the metal does not exhibit an
SPR band, such as occurs when the metal particle is very small, <2 nm[63]. Because
1.5 nm diameter gold NPs do not display surface plasmon character, the only means
by which dye quenching will be observed is limited to either a change in the radiative
rate (k) of the dye or the introduction of an energy transfer rate kgr to the metal NP.
The details of the mechanism can be probed by correlating the photoluminescence
(PL) and lifetime (7) behavior for a set of dyes, spaced at controlled distances The
relationship between photoluminescence (PL) intensity and lifetimes is easily shown
by considering that:

1 1
obs B kr + knr + kE'T

(2.1)

Tobs = L

B kr + knr + kE'T

(I)em = krTobs (22)

where Eqns. 2.1 and Eqn. 2.2 state that the observed lifetime, 7, is the inverse of all
rates of decay, kqs; where k., is the sum of the radiative rate, k,, the non-radiative
rate, k,,, and the rate of energy transfer, kgr. The radiative and non-radiative rates
are normally considered constants for a dye under defined conditions, leaving kg as
the major contributor to the shortening of an observed lifetime. The quantum yield
(Eqn. 2.2) is a convenient measurement relating PL intensity to &, and the observed
lifetime, 7.,5. For a high quantum efficiency dye, k,, is very small and one predicts
that a change in k, will lead to a corresponding change in the observed lifetime of
a dye, affecting the measured ®.,,. Conversely, energy transfer should lead to a
correlated loss in lifetime and intensity for the NP-dye combination. A dilemma is
presented by these statements because both a changing k, and the introduction of
an energy transfer pathway (kgr) could lead to the observation of quenched PL and
a decreased lifetime. How can one distinguish the true origin of the decreased PL
intensity? The purpose of this study is to demonstrate that the mechanism of PL
quenching for an organic dye near a small 1.5 nm NP is almost entirely via energy
transfer to the metal surface and that the quenching efficiency is defined by a 1/R*
distance dependence, consistent with the predictions of Persson and Lang in an NSET
model.
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NP-45mer-dye 168+5 A

_ NP-15mer-dye ~ 69+5 A

Figure 2.1: Scheme of Au-dsDNA-Dye assembly. Using different lengths of
ds-DNA allows to control the separation distance between the Dye and 2
nm Au NP.

2.2 Experimental

2.2.1 Nanoparticle Synthesis

Gold nanoparticles were synthesized as described by literature techniques[85], us-
ing the rapid reduction of hydrogen tetrachloroaurate (AuCly-3H50) in the presence
of tetraoctylammonium bromide by sodium borohydride in an argon-sparged wa-
ter/toluene mixture. TEM measurements displayed particles with an average diame-
ter of 1.5 £ 0.5 nm. The particles were washed thoroughly with a variety of solvents
including hexanes, sodium nitrite solution, and MeOH-H50O. Ligand exchange was ac-
complished using 400 mg Bis-(p-sulfonatophenyl)phenylphosphine dihydrate (SPP)
in 30 mL nanopure HyO to 32 mg purified nanocrystal in 32 mL methylene chloride.
The two phases were stirred overnight resulting in extraction of the organically-soluble
NP to the aqueous phase through ligand exchange. Aqueous NP was lyophilized into
small aliquots of ~20 nmol/vial and stored at 4°C.

2.2.2 ds-DNA Nanoparticle Coupling

Complementary DNA strands were purchased with either 5'-Cg-dye or 5-C—6-SH
already HPLC-purified from IDT DNA Technologies. All strands were engineered
to minimize secondary structures using mFold. Purity for Cy5-labeled DNA was
verified via HPLC analysis (C-4, 300A, 10-80% acetonitrile in 45 minutes). Purity
for FAM and thiol-labeled DNA was verified on FPLC, (30-90% 1M NaCl in 0.1M
NaOH over 30 minutes (>30mer) or 60 minutes (>30mer)). A standard assembly of
double-stranded DNA (dsDNA) with the NP was accomplished by first deprotecting
1 nmol of the single-stranded 5-SH DNA with 50 mM Tris(2-carboxyethyl)phosphine
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hydrochloride (TCEP) in 20 mM PBS buffer pH 7.5 at RT for geq 45 minutes. The
freshly deprotected DNA-thiol was desalted with a NAP-5 column, collecting the
first 500 pul. elute which contained 75% (750 pmol) of the total DNA loaded onto
the column. The dye-containing complementary strand (590 pmol) was immediately
added and the strands were annealed at 95°C for 2 minutes, cooled to RT for 2
minutes and then added to 20 nmol of dry HyO-soluble NP. The mixture was vortexed
and placed at 4°C in the dark for conjugation >24 hours. Successive (>2) ethanol
precipitations were performed to purify unbound NP from the dsDNA-NP conjugate.
The purified dsDNA-NP conjugate was reconstituted in 20 mM PBS pH 7.5 buffer
and stored at 4°C in the dark.

2.2.3 Absorption and Photoluminescence

Absorption measurements were acquired on a Varian Cary 50 UV-vis spectropho-
tometer and photoluminescence measurements were acquired on a Varian Cary Eclipse
Fluorescence spectrophotometer using Z-matched 50 puL quartz cuvettes. A typi-
cal quantum yield was calculated by measuring the absorption over the 200-800 nm
range for both the sample described above and a control (dsDNA-dye without NP),
keeping the peak of the dye absorption <0.1 A.U. Concentrations were kept very
dilute ( 300 nM) to minimize effects due to self-absorption or Stern-Vollmer quench-
ing. Continuous-wave photoluminescence (cw- PL) was first measured on the control
strand, adjusting the sensitivity to maximize the PL signal. Under identical settings
the PL intensity of the dsSDNA-NP sample was then measured. Quantum efficiencies
of quenching were determined via the following calculation:

Isam e ACOH T O
E(I) =1 — Zsample | —control (2.3)

Icontrol Asample

where E(I) is the quantum efficiency of energy transfer, Is,mpie contro 1S the integrated
intensity under the curve for the PL peak in energy, A.oniro is the absorption of the
sample at its absorption peak, and Agqypre is the corrected absorption of the dye after
subtracting out the contribution absorbed by the NP.

2.2.4 Lifetime Measurements

Lifetimes are acquired on dilute (~300 nM) samples using the output of a Nd:VOy-
pumped (Spectra-Physics Vanguard, 2 W, 532 nm, 76 MHz, 10 ps) R6G dye laser
(Coherent 702-1). Cavity dumping of the dye laser to 1.9 MHz drops the pulse train
to 1 pulse every 2 s. In the case of FAM the laser is frequency doubled for A, = 300
nm, and used as is at A, = 600 nm for Cy5. Samples were excited with <1 mW at
a right angle geometry relative to a Chromex 500is 0.5 m imaging monochromator
with 50 g/mm grating, 0.5 nm resolution. Output of the monochromator is focused
into a Hamamatsu C5680 streak camera operating at 20 ns window (FAM) or 10
ns window (Cyb). Lifetimes are measured by binning intensity vs time for a 20 nm
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spectral range about the \.,, maximum for the dye. Lifetime quenching calculated

E(r)=1-

(2.4)

Tdye

was determined by comparing the measured decay rate for a NP-dsDNA-dye system
(17") vs the observed decay rate for the identical dsDNA-dye in the absence of NP

(Taye)-

2.3 Results

Figure 2.1 demonstrates the scheme of separating a donor fluorophore from the
surface of a NP using three different lengths of dsDNA as a spacer, hereafter referred to
as NP-dsDNAdye. The distance from the center of the molecule to the metal surface
is estimated by taking into account the C linkers and the size of the fluorescent dye.
The Cg linkers on either 5 end contribute flexibility to the system, but due to the
persistence length of dsDNA[77, 78], and the fact that a d=1.5 nm NP is smaller than
the 2 nm footprint of dsDNA it is very unlikely that the lengths of dsSDNA used here
would have the ability wrap around or interact with the gold NP. The Cg chain on
the dye will produce a cone of probability for the separation distance due to chain
flexibility and tend to randomize the dipole vector relative to the nanometal surface
so that the primary effect of the Cy linker is insuring an isotropic distribution of
electronic dipoles.

2.3.1 Lifetimes of Dyes Near 1.5 nm NPs

Figure 2.2 compares the lifetimes for both fluorescein FAM (2.2a) and Cy5 (2.2b)
at all three dsDNA spacer distances from the NP surface. The intensities have all
been normalized at the peak and are displayed on a logarithmic graph vertically offset
for comparison. The lifetime for each dye clearly decreases with decreasing distance
to the surface of the metal sphere, displaying single-exponential decay kinetics fit
using a Levenberg-Marquardt algorithm to minimize the residuals about the form
I(t) = yo + Ipe~*. This is the first order rate law where v, is a linear offset, I is
the intensity at t=0, and k is the rate of decay where 1/k = 7,,s. These observations
suggest that not only is the sample purified from free-dye but also that any variation
in length caused by the Cg-spacer is not measurable for this system. All samples are
compared to the appropriate dsDNA-dye strand in the absence of the NP (ie. FAM-
15mer-NP is compared to FAM-15mer) however only a single dsDNA-dye strand is
shown (top - blue) for comparison in Figure 2.2a, b. Using Eqn. 2.4 the quenching
efficiencies as measured by lifetime are listed in Table 2.1.
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Figure 2.2: Lifetime quenching of (a)FAM and (b)Cy5 near a 2 nm Au NP
as a function of distance from the surface .

2.3.2 Photoluminescence Characterization

In Figure 2.3, the cw-PL quenching of FAM (Figure 2.3a) and Cy5 (Figure 2.3b)
as a function of dsDNA spacer length are compared. The quantum efficiency of
quenching for each sample was measured by comparison against a control dsDNA-
dye in the absence of NP, using Eqn. 2.3. Quenching efficiencies based on PL studies
are tabulated in Table 2.1 vs. different spacer lengths.

2.3.3 Absorption Characterization

Figure 2.4a shows absorption spectra for NP-15mer dsDNA-dye, 15mer dsDNA-
dye without NP, and the NP-15mer dsDNA-dye after subtracting the absorption
arising from the NP. The absorption for the difference spectra is not well resolved at
the higher wavelengths, probably a result of unsatisfactorily corrected scattering.
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Figure 2.3: Photoluminescence quenching for (a)FAM and (b)Cyb near a 2
nm Au NP as a function of distance from the surface of Au NP. The dashed
line shows the comparative normalized intensity for the control strand for
(a) FAM and (b) Cyb.

2.4 Discussion

2.4.1 Development of the model

A great deal of theoretical modeling[48, 65, 66, 67, 86, 87| (this list is far from
complete) has probed the behavior of a dye in which the molecular dipole is damped
by the response of a nearby metal surface. The quenching of the fluorophore intensity
must be related to a through-space mechanism involving only the dipole of the donor
and some electronic property of the gold NP, likely interactions with free electrons.
The lack of an SPR band at the nanometal size used in this study suggests that the
coherent behavior of electrons is diminished, negating the resonantly enhanced energy
transfer suggested over the plasmon bandwidth[59, 81|, but not the ability of a metal
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Figure 2.4: (a)Absorption and corrected spectra for the FAM-dsDNA-NP
system and (b)Absorption spectra and corrections for Cy5-dsDNA-NP.

to accept energy. This is an important point because, although a larger sized NP
may accept energy more efficiently, the smallest NP possible is the least intrusive for
use of NSET as a molecular ruler or beacon in biological assays. Another important
feature is the high curvature of a 1.5 nm gold NP suggests that all scattering events
should be normal to the surface, which relaxes the dependence upon the overlap of
projected dipoles. The Gersten-Nitzan models[59] which have been used for modeling
dipole-dipole interactions with the plasmon of gold NPs seem to have fallen short in
describing both the distance dependence and efficiency of dye-quenching[60, 82]. The
model of Persson and Lang, however, concerns itself primarily with momentum and
energy conservation in the dipole induced formation of electron-hole pairs and is useful
for modeling this system. According to this model, the rate of energy transfer is cal-
culated by performing a Fermi Golden Rule calculation for an excited state molecule
depopulating with the simultaneous scattering of an electron in the nearby metal to
above the Fermi level. However, in considering the conservation of momentum, the
excitation of an electron-hole pair must coincide with an electron-electron, electron-
phonon, or electron-surface potential scattering event. The Persson model[67] states
that the damping rate to a surface of a noble metal may be calculated by:

Wdye

,u2
kpr = 0.35-—2_
BT 03 kapR4

; (2.5)
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Table 2.1: Measured values for the quenching efficiency for the 3 strands of
dsDNA based on cw-PL spectra, E(I), based on lifetime quenching, F(1)
and both the calculated and theoretical rates of energy transfer to the metal
surface, (kgr ).

FAM
dsDNA 15bp 30bp 45bp
Distance(A) 69 120 167
E(I) 0.6940.07 0.27+0.06 0.22+0.04
E(T) 0.47+0.04 0.13+0.03 0.04+0.02
ker(Expt.) 2.55x10% 4.9%x107 1.3x107
kg1 (Theory) 4.3x108 4.7x107 1.2x107
Cy5
dsDNA 15bp 30bp 45bp
Distance(A) 69 120 167
E(I) 0.54+0.06 0.19+0.04 0.0740.03
E(1) 0.41+0.05 0.10+0.04 0.02+0.04
ker(Expt.) 4.87x10% 8.5x 107 9.72x10°
kg1 (Theory) 3.3x108 3.6x107 8.6x106

which can be expressed in more measurable parameters through the use of the Einstein
Ay coefficient[88]:

w3 )
Ay = — ¥ 2.6
21 3eghmed ] (2:6)
to give the following rate of energy transfer, in accordance with Coulombs law ( 47360):
3 o
kpr = 0.225————— . e (2.7)

WiyeWF kr  Taye

where ¢ is the speed of light, ®4, is the quantum yield of the donor (FAM=0.8,
Cy5=0.4), Waye is the angular frequency for the donor (FAM=3.8x10" s~  Cy5=2.91x10"
s71), wr is the angular frequency for bulk gold (8.4x10'® s71), and kp is the Fermi
wavevector for bulk gold (1.2x10® ecm™'). The R, value is a convenient value to cal-
culate for a dye-metal system, yielding the distance at which a dye will display equal
probabilities for energy transfer and spontaneous emission. For the Persson model,
the Ry value may be calculated by:

1/4
_Clape ) (2.8)

wdyewpkp

Ry = (0 225

We calculate Ry values of 76.3 A and 73.0 A for FAM and Cy5 dyes, respectively.
The theoretical plot overlay of the data in Figure 2.5 is shown for comparison.
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It is important to note that this model does not concern itself with the reflected
field from the surface, which makes it convenient for the case of a metal NP where, in
accordance with Ruppins model[81], it is assumed that the reflected field is negligible
and does not interfere with the dipole field. For the validity of this model, we assume
that the dipole is a point dipole separated from a metal sphere by a rigid distance
and that every fluorophore has an acceptor NP associated with it. This assumption
is made practical in the material conjugation by saturating the dsDNA with acceptor
NP and using less than a stoichiometric amount of donor-labeled strand. Monoexpo-
nential lifetimes support the assumption that every donor is located at a rigid distance
from the acceptor. Alivisatos was successful in adapting the Persson model to describe
energy transfer from biacetyl donors to a Ag(111) surface with good agreement to ex-
perimental data[89]. For their system, it was concluded that the dipole damping as a
result of both bulk and surface electron scattering were important. However, a metal
particle on the scale of 1.5 nm, being well below the electron mean-free path (~430A
for gold[90]), will not show bulk electron scattering effects. Instead it is expected
that the overwhelming majority of electron scattering events are associated with the
surface potential. Figure 2.5 compares the experimentally observed quenching effi-
ciencies of a 1.5 nm NP as measured by PL and calculated using Eqn. 2.3 and also
as measured by luminescence lifetime using Eqn. 2.4. A theoretical curve calculated
using Eqn. 2.8 is overlaid for comparison to theory. Although Eqns. 2.7 and 2.8 use
bulk gold parameters, the model fits surprisingly well with the experimentally mea-
sured values, and particularly with the rates of energy transfer reported in Table 2.1.
The photoluminescence characterization seems to overestimate slightly the theoretical
quenching values, whereas the lifetimes are in excellent agreement with the model.
Because the measurement of relative quantum efficiencies via PL spectra is prone to
error in the form of fluctuations in lamp intensity or the ability to accurately measure
absorption, the PL quenching efficiencies are considered less reliable than lifetime
measurements. Fluorescence lifetimes avoid the accumulated error associated with
the use of multiple instruments, which increases our confidence in their measurement.
Lifetimes are very sensitive to the presence of quenching processes and give insight
into the number of quenching processes taking place. The lifetimes measured here not
only suggest that quenching is occurring due to a single energy transfer event, (de-
creased single-exponential lifetime), but also suggest that the slope of the theoretical
curve may be correct. The absorption characteristics of gold NPs have been studied
extensively and attempts to fit theory with experimental data have furnished a rich
description of the electronic and optical properties of metal NPs. Attempts to model
the absorption for gold NPs below 20 nm diameter, in particular the bandwidth and
position of the SPR band, requires the incorporation of an enhanced surface potential
scattering term in the Drude dipole approximation[75, 91]. Whetten was successful
in adapting this model to calculate the absorption spectra of gold NPs from d = 1.4
- 3.2 nm where they advance the theory that thiol ligands donate electron density
into the NP[63]. In this regard, the use of NPs as energy acceptors may actually
enhance the quenching efficiency of a metal surface and explain the somewhat unex-
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pected efficiency of quenching by a 1.5 nm NP. The increased electron density and
surface scattering enhances the probability of energy transfer via the Persson model,
accounting for the good agreement between the data shown here and the theoretical
model.

1.0 a) FAM Quenching 1.0 b) Cy5 Quenching
A PL Quenching A PL Quenching
0 8_ B T Quenching 08 | B T Quenching
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Figure 2.5: Quenching data for (a)FAM and (b)Cy5 based upon photolumi-
nescence and lifetimes overlaid on top of a theoretical curve.

2.4.2 monitoring k,

The observed quenching behavior of a molecular dye at a specified distance above a
metal surface has been explained previously by a perturbed radiative rate[60]. Neither
lifetime nor PL data alone will give evidence toward the true origin of the observed
quenching because both can be explained by either the radiative rate or energy trans-
fer models. An absorption experiment, however, will give insight toward the origins
of this quenching phenomenon. Exclusion of the possibility of radiative rate (k)
changes is garnered by considering the changes in the absorption intensity or oscilla-
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tor strength (f) for the dye molecule upon binding the gold NP, since k, o< f[88]. The
transition probability between states by the Einstein Ay and By coefficients relates
the experimental absorption of an electronic transition to the oscillator strength and
radiative rate for that molecule[73, 88]. Oscillator strength, f is directly related to
the radiative rate, k, through the relation[73, 88]:

kO = 3 % 10972 /adv ~ 72 f (2.9)

where 77 is the energy in wavenumbers corresponding to the maximum absorption,
and € is the experimental extinction coefficient. A controlled absorption experiment,
therefore, gives the oscillator strength (f) for the dye upon appending the gold NP
and is an independent measure of a changing radiative rate. Figure 2.4 shows the
absorption for the 15 bp system where the sample absorption has been corrected for
scattering at higher wavelengths and the absorptions of dsDNA-dye normalized at
Asgg. Normalization of the difference spectra at 260 nm, which arises predominately
from the DNA absorption, allows direct comparison of the oscillator strengths for
the FAM and Cy5 dyes at 490 nm and 650 nm, respectively in the absence and
the presence of a NP. If the quenching efficiency shown in Figure 2.5 were related
to changes in the radiative rate, then the experimental oscillator strength would be
directly affected. However, changes in the oscillator strength were calculated to be 5-
10% which does not account for the observed 50-70% drop in PL intensity, suggesting
that the reduced quantum efficiency must be related to an energy transfer mechanism
from the dye to the gold NP and not due to a changing radiative rate for this system.

2.5 Conclusion

In conclusion, three different lengths of dsDNA-dye, using two dyes of different
energies were appended to 1.5 nm gold NPs as a means of measuring quenching effi-
ciency of the fluorophore at discrete distances. Absorption data on the fluorophore is
forthcoming in proving a mechanism which does not rely upon a changing radiative
rate for this system. The quenching was measured by cw-PL and by picosecond life-
time spectroscopy to determine that the process of quenching is an energy transfer
event and that it follows a 1/R* distance dependence. The significance of a 1/R*
dependence upon energy transfer is realized when using NSET as a molecular ruler,
because this means the measureable distance, (=~ 20 nm) via this technique has been
extended over 2x further than traditional FRET, (= 10 nm.) The discrepancy be-
tween quenching efficiencies as measured by PL and lifetimes is most likely error due
to instrumental inaccuracy in absorption/photoluminescence measurements.
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CHAPTER 3

INVOLVEMENT OF THE LSPR
SPECTRAL OVERLAP FOR ENERGY
TRANSFER BETWEEN A DYE AND

AU NANOPARTICLE

3.1 Introduction

During the past decade the development of new donors, acceptors, dark
quenchers, and the use of 3-color energy transfer processes has expanded the ap-
plicability of optical probe methodologies to a wider range of biological problems
[1, 15, 16, 18, 19, 20, 21]. The development of novel acceptors and donors in re-
cent years has focused on the use of metal nanoparticles (NPs) as universal acceptors
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41] and quantum dots (QDs) as tun-
able donors [21, 22, 23, 24] due to the unique properties of these materials. QDs can
be envisioned as effectively improved dye molecules that can be modeled as classical
point dipoles (FRET-like) in an energy transfer assay and offer a tunable donor spec-
tral range[21, 22, 23, 24]. Metal nanoparticles can act either as a radiative quencher
or radiative enhancer depending on the particle size, shape, composition, and the dis-
tance between the donor and metal nanoparticle[16, 28, 56, 92, 93]. The competition
between enhancement and quenching relates to the magnitude of the electric field at
the particle surface and the dielectric dispersion for the materials[59, 66], which gives
rise to quenching at small sizes and radiative enhancement at larger sizes[56, 93].

The unique properties of metal nanoparticles can be attributed to the absorption
and scattering characteristics of the metal nanoparticle, typically referred to as the
extinction cross-section[94]. The individual scattering and absorption terms relate
to the real and imaginary components of the dielectric curve, resulting in the well
known surface plasmon resonance (SPR) at 525 nm in gold nanoparticles. The SPR
describes an induced oscillation of electrons at the surface of the metal nanoparticle.
For ultra small metal nanoparticles the SPR will localize at the surface of the gold
nanoparticle[95], resulting in the formation of a localized surface plasmon (LSPR)
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best described by a skin-depth oscillation of the electric field[62, 63].

Depending on the nature of coupling between the SPR oscillation and a dye in close
proximity to the metal surface, the observation of radiative quenching or enhancement
has been described by several groups[56, 59, 66, 67]. While substantial effort has been
made to look at the enhancement effects, the nature and mathematical understanding
of energy transfer quenching of a photo-luminescent dye by small gold nanoparticles
has received less attention[60, 61]. Energy transfer leading to quenching of a dye
at or near a small gold nanoparticle surface clearly occurs. However, whether the
quenching relates to contributions from the interband transitions or the coupling to
the LSPR is unclear[56]. Energy transfer processes must follow the Fermi Golden Rule
and therefore have constraints with respect to the separation distance, orientation,
and energy overlap between the donor and acceptor wavefunctions[59, 66, 67] . The
spatial orientation terms depend on the description of the donor and acceptor dipole
moment and optical properties, while the energy overlap is dependent on the donor
photoluminescence (PL) and metal acceptor extinction spectra. When small Au NPs
are used as acceptors, the spectral overlap function of interest is between the donor
excited state and the frequency of localized surface plasmon resonance (LSPR) for the
metal, which can be very broad[63, 95]. Chance, Prock and Silbey solved the Fermi
Golden Rule problem for the interaction of an energy donor to a metal acceptor.

Recent results have shown that very efficient quenching of an excited state dipole
near a 2 nm Au NP occurs with a R~* distance dependence via the empirical nanometal
surface energy transfer (NSET) mechanism[15, 16]. The empirical observation of a
R~ distance dependence between a dye and a gold nanoparticle (Au NP) is sur-
prising. In fact, although the results have been experimentally reproduced by a
large number of groups[29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41|, quan-
tum mechanical descriptions [96] within the postulates of electrodynamics theory
for explaining the quenching mechanism have not reproduced the observed R=* dis-
tance dependence. Although the theoretical prediction of Persson and Lang for en-
ergy transfer at a thin layer in a bulk material has been extrapolated to explain
the observation of quenching of the photoluminescence of QDs[28] and molecular
dyes[15, 16, 97] by 1.5 and 2.0 nm Au NPs, a full theoretical understanding of the
process is still required; as the metal NP energy transfer is finding a broad applica-
bility in biophysics[29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41] , and thus a more
detailed analysis of quenching across the spectral overlap region for the Au LSPR
and compilation of the NSET constants (R, range) is needed.

In this chapter, we demonstrate a direct correlation between the donor PL energy
and the LSPR frequency for a 2 nm Au NP. The 2 nm Au NP is chosen to minimize
molecular level contributions for the particle interacting with the DNA spacer, to
ensure the LSPR description is appropriate, and to eliminate potential contributions
from enhancement[15, 16, 97]. Analysis of the energy transfer efficiency curves for a
wide range of molecular dyes with PL overlapping the LSPR frequency for a 2 nm
Au NP (520 nm - 720 nm) allows a direct comparison of the experimental results to
the theoretical predictions from classical FRET[5], Gersten-Nitzan (GN)[59], CPS-
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Kuhn[48], and NSET|15, 16] models for energy transfer between a donor and Au NP.
Comparison of the models indicates that the NSET model best describes the observed
quenching behavior for a 2 nm Au NP, whereas CPS-Kuhn over-predicts the distance
dependence, and FRET and GN under-predict the distance. The agreement of the
NSET model may be rationalized if the LSPR oscillation can be approximated by
a plane model. The results provide a much needed study to analyze the NSET
mechanism for donor-Au NP energy transfer and provide constants for application of
NSET as a tool in the biophysics molecular ruler toolbox.

3.2 Experimental

3.2.1 DNA Sequence and Au NP-Dye Conjugates

DNA of four different lengths (15bp (base pair), 22bp, 30bp and 45bp) were
purchased from Midland with a 5" Cg amine modification for coupling Dye and the
complementary strand with a 5 Cg disulfide (RSS) for coupling to Au NP surface.
The Dye coupled ss-DNA used in the study have the following sequence (5-3'),
15mer - Dye-Cs-CGTGTGAATTCGTGC
22mer - Dye-Cs-CGCCTACTACCCAGTCATCAGC
30mer - Dye-Cs-CGCCTACTACCGAATTCGATAGTCATCAGC
45mer - Dye-Cs-CGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTCG
where, Dye at the 5" end can be AF488, AF555, AF594, AF647 or AF700, depending
on the experiment. The respective complementary strands are (5-3'),
15S - RSS-C4-GCACGAATTCACACG
22S - RSS-Cs-GCTGACTGGGTAGTAGGCG
30S - RSS-Cs-GCTGATGACTATCGAATTCGGTAGTAGGCG
45S - RSS-Cs-CGAGGTTGGCAAGAGTAACACGGAATTCAGTATGCACACGGAACG
The disulfide at the 5" of the complementary strand is deprotected using DTT to
attach a BSPP stabilized 2 nm Au NP. The Au-Dye separation distance is 68.7A,
92.5A, 119.7A and 170.7A respectively, based on the Clegg model [79] from the Au
NP surface to the center of the donor. Duplex DNA lengths less than 100 nm are
assumed to be a rigid rod with only high frequency oscillations[77, 78|.

Stoichiometric exchange is carried out on 2 nm BSPP passivated Au NP[16, 97]
to promote a 1:1 DNA-dye to Au NP ratio via ligand place exchange reactions of the
BSPP passivant on the Au NP at a 1:20 mole ratio of Au NP to DNA-dye. The final
assemblies were purified by ethanol precipitation and analyzed by polyacrylamide gel
electrophoresis (PAGE) to ensure single site modification and unbound dye removal.

3.2.2 Optical Measurements

Absorption and photoluminescence (PL) experiments were conducted on a
Varian Cary 50 UV-Vis spectrophotometer and a Varian Cary Eclipse Fluorescence
spectrophotometer respectively at 2934+2 K in 50 pli cuvettes using 200 pmoles of
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double strand DNA (ds-DNA) in 20 mM PBS buffer, 0.1 M NaCl, pH7.5. Excited
state PL lifetime measurements were carried out at A, = 290 nm (<1 mW power)
by frequency doubling the output of a R6G dye laser (Coherent 702-1), A = 590 nm
pumped by NdVO, laser (Spectra-Physics Vanguard, 2 W, 532 nm, 76 MHz, 10 ps) for
AF488. The direct output of the R6G dye laser of A\., = 560 nm (<1 mW) was used
for AF555, Ao = 590 nm for AF594 and A., = 620 nm (<1mW) for AF647, AF700
and AF750. The output of the dye laser was cavity dumped at 1.9 MHz to optimize
collection. The PL of the dye under excitation was directed to a Chromex 500is
0.5 m imaging monochromator at right angles which is focused into a Hamamatsu
C5680 streak camera operating at a 10 ns window or 20 ns window depending on
the native lifetime of the dye under observation. The experimental data represents
800,000 collection events. The lifetimes were fit to a single exponential function
(I(t) = Aexp=* + ¢) using a linear least squares fitting routine.

The quenching efficiency (F) at a particular donor-acceptor (D-A) separation
distance is calculated by measuring the emission intensity (/') and/or the lifetime
(7') of the dye with the Au NP appended to the ds-DNA (referred to as the sample)
relative to the intensity (Ip) and/or lifetime (1) of the dye coupled to duplex DNA
when the Au NP is not appended at the complementary 5 end (referred to as the
control). Comparisons to the lifetime of the dye on a single-strand DNA to the double
strand DNA sequence allows correction for any dye-DNA interactions affecting the
observed ®.,, or 7[73]. It is to be noted that DNA sequences are identical for each
defined dye-Au NP separation distance regardless of the dye used.

3.3 Results

3.3.1 Experimental results for the dye to metal NP energy
transfer

The distance dependence for energy transfer from a donor to a 2 nm Au NP was
measured for a range of molecular dyes with PL between 520 nm and 780 nm. As
shown schematically in Figure 3.1a, the separation distance is controlled by using a
duplex DNA spacer (3.4 A per base pair) in which the Au NP and dye are appended
at complimentary 5 ends through a Cy spacer attached to the phosphate backbone.
Using the Clegg model[79], the distance of separation was defined from the center of
the dye to the surface of the Au NP for all energy transfer models. Contributions
from the spacer is included for the Cg spacer[16, 97].

The dye PL spectra and the extinction spectrum for 2 nm BSPP passivated Au
are shown in Figure 3.1b. The Au extinction spectra include contributions from the
LSPR, the interband transitions, and ligand absorption at energies >350 nm. The
dashed line in Figure 3.1b represents the LSPR contribution calculated by fitting the
extinction spectra for a 2 nm Au NP using Mie theory and subtracting the ligand
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Figure 3.1: (a)Energy transfer schematic showing the assembly of DNA
with a 2 nm Au NP appended at one end and a photo-luminescent dye
at the complementary end, (b)Normalized PL spectra of the donors and
the extinction of BSPP coated, water soluble 2 nm Au nanoparticles. The
dashed line represents the calculated LSPR for a 2 nm Au NP.

absorption and higher order inter-band contributions to the extinction spectra.

The extinction spectra for bare Au NPs can be easily calculated applying the
Mie’s extinction cross section formula as discussed in Chapter 1. The calculated
spectra for Au NPs of three different sizes is shown in Figure 3.2 by taking into
account the change in the dielectric function of metal NPs at sizes smaller than r =
10 nm. For a spherical Au NP, the extinction spectra can be interpreted by classical
electrodynamics if we treat the Au nanoparticle as a Fermi gas or within the Drude
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Figure 3.2: Theoretically calculated extinction for Au NPs of radius 1 nm,
3 nm and 20 nm applyng the Mie theory. The plots for 1 nm and 3 nm NPs
were calculated by incorporating the size dependent changes in the dielectric
function of the metal as described by Kreibig.

approximation by inclusion of the overlapping inter-band transitions (d — sp)[62].
The inter-band transitions are assumed to be invariant with size, while the Drude
contribution is size dependent [62, 63] as described in Chapter 1. For a spherical
Au NP, the electron scattering term A is assumed to be isotropic and is fixed to
a value of 1.0[62, 63]. Although changes in the value of A can lead to damping
and frequency shifts in the LSPR, the spectra in Figure 3.1b and Figure 3.2 can be
adequately interpreted using A = 1[63]. The change in the extinction spectra for a r
= 1 nm Au NP by changing the value of A is shown in Figure 3.3. It is very evident
from Figure 3.3 that changes in the nature of scattering processes expecially for small
nanoparticles can drastically change theie extinction spectra.

The steady state photoluminescence (PL) and lifetime (7) quenching data for the
donors as a function of the distance of separation from the 2 nm Au NP are shown
in Figure 3.2 and summarized in Table 3.1. Inspection of the data shows a clear
distance dependence for excited state quenching for all measured dyes when the PL
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Figure 3.3: Theoretically calculated extinction for Au NP of radius 1 nm and
varying the value of A, the scattering term which determines the changes in
the total damping of electrons in the metal.

overlaps with the Au NP LSPR band. No quenching is observed for AF750, which lies
outside the spectral region for the 2 nm Au NP LSPR. In the experiment, quenching
data on AF594 and AF647 are shown at a single distance. The correlation between
the observed fluorophore quenching and the energy of the discrete LSPR extinction
features suggests that energy transfer from a point dipole to a Au NP surface occurs
only within the limit of the LSPR frequency.

3.3.2 Theoretical considerations and comparison to
experimental data

In a Au NP, the effect of the change in dielectric dispersion with size has
several effects on the properties of the Au NP. In a 2 nm spherical nanoparticle the
transverse and longitudinal plasmons lie at identical energies and more importantly,
the absorptive cross section dominates the extinction spectra. In addition, due to the
size-dependent change in dielectric constants, at 2 nm the scattering contribution is
negligible and therefore enhancement should not play a significant role in the excited
decay process for a dye near a metal nanoparticle. This implies that radiative quench-
ing due to the absorptive component of the extinction cross-section will dominate the
energy relaxation pathway for an excited state dye close to a metal nanoparticle
surface[56, 71, 60]. Several energy transfer theories can be used to account for the ob-
served quenching of the photo-luminescent donor by the metal nanoparticle, including
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Table 3.1: Experimentally observed distance dependent quenching in nor-
malized PL (I'/Iy) and lifetime 7’ for AF488, AF555, AF594, AF647, AF700
and AF750. The PL wavelength ().,,,) and the natural lifetime (1) for each

dye is listed.

Dye Base Pairs Distance (A) '/l 7’ (ns)
AF488 15 68.75 0.41 1.12+0.2
T0=2.6%£0.03 ns 22 93.08 0.57 1.56£0.03
Aem = 519 nm 30 118.1 0.73 2.00£0.02
45 170.0 0.95 2.39+0.01
AF555 15 68.75 0.46 0.53£0.02
70=0.94+£0.01 ns 30 118.1 0.90 0.80+0.01
Aem = 565 nm 45 170.0 0.99 0.89+0.2
AF594
T0=4.45+0.02 ns 30 118.1 0.75 3.07+0.02
Aem = 612 nm
AF647
70=1.36+0.01 ns 30 118.1 0.88 1.19£0.02
Aem = 668 nm
AF700 15 68.75 0.70 0.7040.02
T0=1.1£0.02 ns 22 93.08 0.90 0.97+0.01
Aem = 719 nm 30 118.1 0.99 1.1£0.01
45 170.0 0.99 1.140.02
AF750 24 77.3 0.95 0.56£0.02
70=0.61£0.01 ns 35 94.3 0.93 0.58+0.01
Aem = 780 nm
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FRET(1, 5, 6], NSET[15, 16, 20, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41],
GN[59, 60], DMPET (Dipole to metal particle energy transfer)[28] and CPS-Kuhn
[48, 66, 74] models. Each model has a set of limitations imposed upon it to account
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Figure 3.4: Distance dependent quenching of donor dyes by (%)PL intensity
and (%¢)lifetime analysis for (a)AF488, (b)AF555, (c)AF594, (d)AF647,
(e)AF700, and (f)AF750.
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for changes in the dielectric properties as the metal is reduced in dimension.

To fully interrogate the energy transfer quenching mechanism between a dye and
a 2 nm Au nanoparticle, the properties of Au in the 2 nm size regime must be
considered. For sizes approaching molecular clusters[62, 68], the metal is expected
to lose its metallic properties, lose its ideal mirror behavior, localize the electron
density at the surface of the NP and may be expected to behave as a single point
dipole[68, 98]. Ideal mirror behavior depends on the metal’s optical properties viz
its complex refractive index, m = n, + ik and the dielectric function, € = €; + ie,.
For a bulk metal, the perfect mirror behavior breaks down at frequencies close to
the plasma frequency w, where the real part of the dielectric constant, €; becomes
positive and large and the imaginary component of the refractive index, k£ approaches
zero. For very small clusters the ideal mirror behavior breaks down due to the size
dependent nature of the dielectric function[62]. This is seen by solving the Kreibig
expression for a 2 nm Au NP where a very large value of €; and a near zero value of k
results in the loss of the metal reflectivity[62, 64] and the breakdown of an ideal mirror
assumption. It should be noted that the breakdown of the ideal mirror assumption
does not imply loss of metallic behavior (i.e. Ohmic loss, polariton formation and
strong dipole coupling within the metal)[68, 98]. Therefore, at small Au NP sizes the
change in dielectric function will impact the nature of energy transfer between a Au
NP and a dye.

The simplest mechanism to describe resonant energy transfer is Forster resonance
energy transfer (FRET). FRET is a molecular level approximation treating the donor
and acceptor as zero-dimensional resonantly coupled oscillators operating within the
limit of weak coupling over distances in excess of the length of the dipole[5]. For Au
NPs, the FRET approximation assumes the Au NP is molecular and no perturbation
of the donor occurs by the Au NP. In the theory proposed by Gersten-Nitzan (GN),
the Au NP has a strong electric field and the response of a single point dipole (donor)
placed close to a metal nanoparticle is reflected in changes in the radiative and non-
radiative rates of decay due to coupling of the donor to the metal’s local electric
field[59]. NSET assumes coupling between a point dipole and applies a thin film
approximation to describe the 2-dimensional LSPR at the surface of the metal NP.
In NSET, the metal oscillators are considered to be strongly coupled[67] as predicted
by the Drude model, rather than a collection of independent oscillating dipoles or
a single dipole in analogy to the FRET model. In CPS-Kuhn the dye molecule is
treated as a classical linear harmonic oscillator which casts an image dipole onto the
metal surface. The CPS-Kuhn model assumes the metal to be a perfect mirror in
order to account for the behavior of a point dipole near the metal surface[48, 66]. The
coupling of the donor dipole to the metal, which is described by treating the metal
NP as an ideal mirror, leads to the potential for both enhancement and quenching
depending on the projection of the electric field from the NP surface, which will
be size dependent[56, 62, 99]. DMPET is a combination of FRET and NSET, and
experimental results on a 2 nm Au NP indicates the NSET component dominates
the experimental observation[28] and therefore is not discussed further as a separate
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theory. Although all these mechanisms can be used to approximate the energy transfer
efficiency, each mechanism exhibits a limitation with respect to the accuracy of the
fit.

For comparison of theory to experiment three terms will be important to extract
the 50% quenching distance Ry, the power law (n) for quenching efficiency (F) and
the total quenching range (10 - 90% quenching efficiency) for each theory. FRET,
NSET, GN, and CPS-Kuhn mechanisms will have distinct distances over which they
operate, size regimes for the metal that would be applicable, and constraints with
respect to the nature of the dipoles involved.

The R, values for a specific dye-metal pair can be calculated for each theory. The
RIEET ig[5]

9000(In10)K>Pgye
12875 N anit,
where, & is the orientation factor, ®4,. is the quantum yield of the donor, N, is the
Avogadro’s number, n,, is the refractive index of the medium, and J(\) is the overlap
integral between the donor emission and the acceptor absorption.
The value R§Y for a small metal nanoparticle can be expressed in terms of[59)

RERET — l J(A)] v (3.1)

3 2, 271/6
RgN = [2.25 . C? Dy rs. w] (3.2)
wdye |€2|2

where, wgye is the frequency of the donor dye, ®4. is the quantum yield of the
donor, r is the radius of the metal nanoparticle, €; and e, are the real and imaginary
components of the dielectric constant of the metal and c is the speed of light. This
equation is derived under the assumptions that there is no change in the radiative rate
of the dye molecule in the presence of the metal NP and therefore no enhancement
effects.

The R§T5~K“" for the CPS-Kuhn model is described as[48, 66, 74],

a\ — n € v
Rocps—Kuhn _ —(Aq)1/4 [_T’ (1 R )] (3.3)

N 2, | €2 |2

where, A is the absorptivity of the mirror A = 22 and o = (1£)(9)"/* for a dipole
oriented perpendicularly to the metal surface while it takes a value of (:=)(5)'/* when
the dipole is aligned parallel to the metal surface, A is the emission wavelength of the
donor dipole; €1, €2, and n,., k are the real and imaginary components of the dielectric
constant and the refractive index of the metal respectively, n,, is the refractive index of
the medium; and d is the thickness of the mirror which in this case will be the diameter
of the metal nanoparticle. In CPS-Kuhn, it is assumed that the dielectric constants
are not size-dependent. However, as shown by Kreibig[62], a modification to the
CPS-Kuhn theory incorporating the size dependence of the dielectric constants can

be accounted for by substituting a size dependent term for the dielectric constants[62,
64, 99].
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The theoretical value for the NSET RYSET value is calculated using the NSET
expression[16, 65, 66, 67|

5 .
wdye CUF]{ZF

o 1 A
RYSET — (0.225~ de c3> (3.4)
where kr = 1.2 x 108¢m ™! and wp = 8.4 x 10'®rad/s are the constants for the metal
acceptor derived from bulk gold; wgye and ®gy represent the angular frequency of
donor emission and the quantum yield of the donor respectively and ¢ = 3.0 x 103m/s
is the speed of light.
The efficiency of quenching (FE) for steady state PL quenching can be related to
the intensity efficiency, E(I)

E(I)=1- (%) (3.5)

or the efficiency for quenching of the excited state donor lifetime E(7) the relationship
can be written as,
.

B(r)=1- (_) (36)

To

A generic form of the efficiency of quenching allows the distance of separation between
the donor and acceptor (R) and the Ry value to be solved, leading to a power law

distance dependence where,
1

" 1+ (R/Ro)"

and the exponent n is dependent on the nature of energy transfer. The FRET and
GN models predict a n = 6 distance dependent quenching efficiency, while NSET and
CPS-Kuhn are expected to follow a n = 4 distance dependence. Solving the efficiency
and Ry values with respect to the distance predicts the range of quenching will be
greatest for CPS-Kuhn and smallest for FRET.

An emprical fit to Equation 3.7 of the experimental intensity and lifetime quench-
ing data (ELgpr, ENspr) vs. distance is presented in Figure 3.5i for each dye-Au NP
pair. The plotted E curve in Figure 3.5¢ represents the the lifetime quenching data,
which is believed to be more accurate as compared to intensity quenching data due
to the ability to discriminate subtle changes in lifetime and eliminate unbound dye
contributions. The average value observed for all donors that exhibit quenching yields
an approximate value of n = 4, with experimental values of 3.6, 4.00, and 4.00 for
AF488, AF555, and AF700, respectively. The value of n ~ 4 was observed previously
for FAM (n = 4.0), Cy3 (n = 3.9 ), and Cy5 (n = 3.8). In Table 2, the values for
each of the dyes, their quantum yield (®g4y.), lifetimes (7p), angular frequencies (wqye ),
and the theoretical Ry from the NSET theory are tabulated. Only single point dis-
tance measurements were carried out for AF647, and AF594 by lifetime analysis and
therefore the Ry values are calculated in the table by assuming a n = 4 for efficiency
curve. Results for the fluorophores (FAM, Cy3, Cy5, QD520)[16, 20, 28, 97] are not

E (3.7)
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shown in Figure 3.4 or Figure 3.5¢ but are included in Table 2 based on previously
reported results.
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Figure 3.5: (3)Efficiency curve fit of experimental PL and 7 data for
(a)AF488, (b)AF555, (c)AF594, (d)AF647 and (e)AF700, (4i)Comparing
the theoretical plots for three energy transfer mechanisms FRET, GN, NSET
and CPS-Kuhn models for a)AF488, (b)AF555, (c)AF594, (d)AF647 and
(e)AF700.

The results of the distance-dependent lifetime quenching assay can be compared to
the theoretical plots (Figure 3.5ii, Figure 3.6) generated from the established FRET,
GN, NSET, and CPS-Kuhn models by solving Equations 3.1-3.4. Comparison of
the slope, Ry values, and distance over which quenching occurs to the theoretically
predicted efficiency (F) curves for FRET, GN, NSET and CPS-Kuhn show that the
best experimental fit for the data is to the NSET model for all dyes that exhibit
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Figure 3.6: A zoom in of the efficiency curves for FRET, GN and NSET for
(a)AF488, (b)AF555, (c)AF594, (d)AF647 and (e)AF700.

quenching. The FRET and GN models generally fail to predict slope, Ry and range
for the reported dyes. The CPS-Kuhn over predicts Ry and range but accurately
predicts the slope. Only NSET is able to fit slope and predict accurate Ry values as
well as the quenching efficiency range.

While the theoretical agreement is strongly supportive of the NSET model, an
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Table 3.2: NSET and dye constants for donors to 2 nm Au NP energy transfer.

Dye Aem Wdye D@ gye 70 Ry
nm st ns (n = 4)A
FAM][16, 97] 520 3.63x101° 0.9 3.1 80.2
AF488 519 3.63x101° 0.8 2.6 77.9
AF555 565 3.33x101° 0.4 0.9 68.2
Cy3[20] 570 3.31x10™ 0.2 1.9 57.6
AF594 612 3.08x10% 0.8 4.5 84.5
Cy5[16, 97] 670 2.81x10% 0.25 1.4 66.1
AF647(20] 668 2.82x10% 0.2 1.5 62.4
AFT700 719 2.61x10% 0.1 1.1 54.6
AFT750 775 2.43%x 10" 0.1 0.4 -
QD520[28] 520 3.63x101° 0.2 - 55.1

alternate explanation for the failure of the models to describe the experimental ob-
servation that must be discounted is the propensity for DNA to interact with the
Au NP surface, which would modulate the actual experimental distance. DNA with
length scales below 100 nm is generally considered to follow a rigid rod approximation
for energy transfer studies[77, 78]; however, DNA interaction with large gold parti-
cles have been reported[100, 101]. Such molecular level interactions with the large
surface area on a Au NP may give rise to an identifiable shift in the LSPR band
extinction spectra that correlates with the number and type of molecular interactions
present[95]. In addition, changes in the damping constant (A) could also arise if elec-
tron scattering is influenced by the DNA binding event. No shift in the experimental
spectra is observed upon binding of the DNA to the 2 nm Au nanoparticle as seen in
Figure 3.7i. The lack of a LSPR shift for the 2 nm Au nanoparticles is not conclusive
evidence however, as it has been reported that the magnitude of shift is small for Au
nanoparticles below 4 nm[95].

The 2nm Au NP in this study was designed to minimize non-specific interactions
throug hthe passivation of the surface with the negatively charged (2—) liagnd BSPP
in order to increase electrostatic repulsion between the DNA phosphate backbone
and the Au NP surface. Earlier studies have shown the use of BSPP is an effective
approach to position the 2 nm Au NP distally on the DNA[102]. Although interac-
tions can still arise via van der Waals forces or interactions between the phosphate
groups on the DNA and the Au NP surface, it is believed the non-specific interac-
tions are not contributing to the experimental observations. If an interaction with
the Au NP surface was strong, then the predicted perturbation to the efficiency curve
would be an offset to the distance and not necessarily a change in the slope of the
efficiency curve. Alternatively, if we consider the surface curvature for the 2 nm Au
NP and include a 1 nm spacer for the BSPP ligand then the length of DNA to wrap
around a hemisphere is readily calculated as [ = 7r , for a BSPP passivated 2 nm
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Au nanometal [ = 6.28 nm. A strong interaction of DNA with the Au nanometal
would therefore result in approximately 15bp interacting with the Au surface and a
reduction in the distances calculated from the Clegg model of ~ 12 nm. The distance
is far too extreme for the longest DNA lengths to be accommodated. The presump-
tion of weak Au NP-DNA interactions being the culprit for failure of the models
is further supported by our observation that the NSET model is valid whether the
dye modification is terminal[16] or internal independent of salt concentration[97], and
the experimental agreement observed between optically measured RNA hammerhead
structures and crystallographically determined distances when using a sub 2 nm Au
NP NSET assay[20]. While it is still possible that a variable degree of interaction
with the double strand may reduce this distance offset and produce an apparent slope
change, we believe that Au-DNA interactions are minimal due to the size of the Au
and negative charge of the passivated Au NP, thus the model failures are unlikely to
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A — Au2nm in PBS ® — Au2nmin PBS
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Figure 3.7: Binding of a ds-DNA does not cause any shift in the LSPR, of
a 2 nm diameter Au nanoparticle for (i)ds-30merAF488, (ii)ds-30merCy3,
(iii)ds-30merAF594, and (iv)ds-30merAF647.
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arise from non-specific interactions. Thus, the failure of the models to predict both,
the observed slope and R, values across the whole spectral range must reflect the
limits imposed on the mechanism to solve the Fermi Golden rule for these models,
which do not adequately describe the coupling between a point dipole and a small
metal NP.

3.4 Conclusion

Physically, it is not appropriate to define the 2 nm Au NP within the limits
of the Persson-Lang SET (surface energy transfer) model, which requires the inter-
face to be represented as an infinite plane of which a spherical metal particle is not.
The strong correlation between the experimental measurements and the theoretical
fits however suggest the Persson-Lang model adequately predicts the NSET obser-
vation. The correlation of theory and experiment may suggest that in general, a
metal nanoparticle of a few nanometers in size can be described as a collection of
strongly coupled surface localized dipoles that approach a hemi-spherical approxima-
tion of a plane, which would be consistent with the description for the LSPR in gold
where, the surface of a Au NP consists of a localization of the electron density at skin
depth of the nanoparticle[95]. In order to fully integrate the theory and experiment,
further understanding of the changes in the quenching properties with Au NP size,
and the importance of the admixture of the d — sp inter-band transitions needs to
be interrogated. Regardless, it is clear a correlation exists between the magnitude
of quenching and the spectral overlap for the Au nanoparticle LSPR and the dye
photoluminescence energy.

The FRET and CPS-Kuhn models clearly fail to fit the experimental data, while
the GN model only adequately fits AF488 but fails as the dye PL wavelength is
shifted towards the lower energy of the LSPR. The correlation between the NSET
model predictions and the experimental results strongly supports the Persson-Lang
model as a basis for describing the energy transfer from the donor to the metal surface
of the 2 nm Au NP. The correlation may only be applicable to metal nanoparticles
where the absorption cross section dominates the extinction spectra and is expected
to fail as the Au nanoparticle size is increased due to increasing contributions from
the scattering cross section. Comparison of the experimental and theoretical results
delineates the different mechanisms applicability to the experimental system under
study and the limitations imposed. FRET assumes a point dipole for both donor and
acceptor, which does not adequately describe the strongly coupled limit for dipoles
in a Au NP. The limit imposed on the Gersten-Nitzan theory considers enhancement
effects that can take place at the surface of a larger metal nanoparticle, where the
electric field extends off the surface, thus the failure of the GN model can be attributed
to the rapid damping experienced for the electric field at the surface of a 2 nm Au
NP. The failure of CPS-Kuhn model can be attributed to the primary assumption
that the Au NP can be treated as a perfect mirror.
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Figure 3.8: Scheme showing the system used to study the effect of LSPR
overlap with the dye emission frequency and the respective critical distances
and measurable distances(10%-90%E) in NSET for different fluorophores.

The results of this study provide a detailed compilation of experimentally deter-
mined Ry values for dyes that overlap with the 2 nm LSPR band, providing a powerful
collection of constants for application of NSET in biophysical studies (Figure 3.8).
Although a theoretical basis from the first principles has not been solved, it is clear
that the CPS-Persson model coupled to the LSPR frequency restriction inherent in
NSET, predicts the R~* distance dependence observed for all dyes within the LSPR
frequency. Further studies are underway to mathematically correlate the empirical
observation of NSET with the theoretical predictions for energy transfer at small Au

NP surfaces.
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CHAPTER 4

FLUORESCENCE QUECHING BY
D — SP INTERBAND LEVELS IN 2NM
GOLD NANOMETALS

4.1 Introduction

Au nanometals (Au NM) are a very important tool in the biophysical toolbox
with applications ranging from resonant energy transfer (RET) spectroscopy to SERS
(surface enhanced Raman spectroscopy), optical sensors, bio-diagnostics, DNA hy-
bridization, SNP detection, and use in drug delivery platforms[51, 52, 53, 54, 55, 103].
The popularity of Au NM for applications in biotechnology stems from their ease of
synthesis, surface functionalization, stability over a wide range of conditions, and the
presence of a vibrant red color due to the surface plasmon resonance (SPR). The
SPR or intraband transition in a Au NM is due to the oscillation of the sp electrons
producing a strong electric field at the AuNM surface, which is extremely sensitive
to chemical binding events, particle aggregation, and coherent wavefunction coupling
leading to the observation of a competition between radiative enhancement and ra-
diative quenching depending on the type, size, and shape of the nanometal[56, 95,
104, 105, 106, 107, 108, 109, 110]. Quenching of an excited state fluorophore is at-
tributed to destructive interference between the excited state wavefunction and the
size dependent intraband localized surface plasmon (LSPR) and the higher energy,
size-independent interband (d — sp) transition in Au[56, 62, 63, 105, 111]. The
importance of the LSPR for quenching has already been studied in detail for a 2
nm Au NP and the quenching behavior has been found to follow the energy of the
LSPR transition in this size regime[15, 16, 17, 20, 28, 105, 106]. Fluorophores whose
emission does not overlap with the LSPR peak did not show any quenching while
the one whose emission overlaps with the LSPR show a quenching behavior with a
1/R* distance dependence as predicted by the NSET model[15, 16, 20]. The interband
transitions (d — sp) which lie above the SPR band are strongly absorptive in nature
and likely a major contributor to quenching of molecular PL for dyes in the far field.
The quenching behavior of molecular dyes with PL at energies that overlap the in-
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terband transition is important since coherent coupling with the interband transition
should be destructive leading to strong quenching of the excited state intensity, but
has received only limited attention[105, 112].

In this chapter, the distance dependent quenching behavior for Alexafluor 350
(AF350) and Cascade blue (CCB) is probed by the d — sp interband transition in
BSPP passivated 2 nm Au Figure (4.1). The photoluminescence (PL) of AF350 (A,
= 440 nm) and CCB (A, = 420 nm) overlaps strongly with the interband transition
and is higher in energy than the intraband transition in 2 nm Au (A gpgr = 525 nm).
The use of 2 nm Au allows the interband effect to be probed without interference
from the large scattering enhancement contribution from the intraband (SPR) that
may be present in larger Au NMs, since 2 nm Au NM exhibits a weak, intraband
contribution with no significant radiative enhancement observed[17].

4.2 Experimental

The AF350 coupled ss-DNA used in the study have the following sequence (5'-3'),
15mer - Dye-Cs-CGTGTGAATTCGTGC
22mer - Dye-Cs-CGCCTACTACCCAGTCATCAGC
30mer - Dye-Cs-CGCCTACTACCGAATTCGATAGTCATCAGC
45mer - Dye-Cg-CGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTCG
where, Dye = AF350 at the 5" end. The respective complementary strands are (5-3'),
15S - RSS-Cs-GCACGAATTCACACG
22S - RSS-Cs-GCTGACTGGGTAGTAGGCG
30S - RSS-Cs-GCTGATGACTATCGAATTCGGTAGTAGGCG
458 - RSS-Cs-CGAGGTTGGCAAGAGTAACACGGAATTCAGTATGCACACGGAACG

The Dye-dsDNA-Au assembly was prepared and purified as mentioned earlier.
The complementary strands were annealed together by heating them in 20 mM PBS
100 mM NaCl pH7.5 buffer to >95 C for 2 min and then cooling to room temperature.
The annealed ds-DNA was treated with DTT to deprotect the thiol bond ans passed
thorugh a NAP-V column to reomove the excess DTT. The deprotected ds-DNA is
instantly mixed with a solution of BSPP coated 2 nm Au nanoparticles such that the
DNA:Au ratio was 1:20. The unreacted Au was removed by ethanol precipitation.

The steady state experiments were conducted on a Varian Cary Eclipse Fluores-
cence spectrophotometer respectively at 293K+2 K in 20 mM PBS buffer, 0.1 M
NaCl, pH7.5 with A\., = 350 nm for both AF350 and Cascade blue. The lifetime for
the dyes was measured by using A, = 290 nm (<1 mW power) by frequency doubling
the output of a R6G dye laser (Coherent 702-1), A = 590 nm pumped by NdVO, laser
(Spectra-Physics Vanguard, 2 W, 532 nm, 76 MHz, 10 ps.
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4.3 Results and Discussion

The coherent coupling of the wavefunction for a dye excited state with the dis-
persion curve for the scattering and absorption cross sections of a metal can be un-
derstood by considering the phase and energy of the electronic transitions of a metal
(Figure 4.1). The optical properties of the dye-AuNM complexes are shown in Figure
4.2. AF350 has an absorption maxima A, = 350 nm, an emission maxima A, = 440
nm and CCB has A,s = 400 nm and A.,, = 420 nm. The extinction spectra in Au is
comprised of a size dependent SPR band (intraband transitions) and a size indepen-
dent d — sp (interband) transitions. The interband and intraband contributions to
the extinction spectra for a 2nm AuNM is shown in Figure 4.2. Using a Mie scatter-
ing approximation for a spherical AuNM, the extinction spectra can be divided into
scattering and absorption terms reflecting the real and imaginary dielectric dispersion
curves for the transitions. The observation of enhancement vs. quenching depends
on the coherent coupling (destructive vs. constructive) of the excited state of the
dye molecule to the nanometal interband and intraband transitions[16, 20, 56, 105].
The interaction will be coherent for coupling with the scattering (real) component of
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Figure 4.1: Schematic showing the contruction of the material and the en-
ergy levels in the donor dye and acceptor metal. The interaction between
the donor dye oscillation and the intraband SPR is of contructive nature.
The interbad term shows a destructive interaction with the dye oscillation
and hence a complete quenching is observed.
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the extinction spectra and destructive for the absorption (imaginary) component in
the extinction spectra[105]. Ignoring the ligand contributions (Agspp = 250 nm) to
the observed extinction spectra for a AuNM, the intraband (Agpr = 525 nm) and
higher lying interband contribution to the total dielectric function of the metal, can
be written in terms of the real and imaginary contribution, such that, [62, 63]

€ = Eintra 4 €inter — [(Ezintra 4 Z»Eéntra) 4 (Ezinte'r 4 iEénter)] (41)

The real component, € is scattering while the imaginary component, €, is absorptive.
The value of €™ is calculated for a spherical particle using the Mie approxima-
tion assuming the Drude model where the free conduction electron cloud vibrates
resonantly with the incident field against a positive background allowing € to be
written as[105, 111],

intra wp,eff

€ 1 oo+ i) (4.2)

where w,, .fr is the effective plasma frequency and ~.¢; is the damping rate for the
collective oscillations (plasmon). The €™ equation can be expressed in terms of a
size dependent function following the approach of Kreibig, as described previously[17,
62]. Kreibig showed ~.sf is size dependent resulting in broadening of the SPR band
and not loss of the SPR feature for a 2 nm Au (Figure 4.2)[17, 62, 63]. The intraband
is highlighted in Figure 4.2 fit as a Lorentzian function (dotted red line).

The dielectric function for the interband transitions can be expressed such that[105,
111]

. 00 ,/hx —F 2 _ —~2 24
Eznter — K/ dl‘ig [1 _ F(l’, @)] ((U 12 Tee ere) (43)
0

z (W? = 2% = 72,)% + 4wyl

where 7., is the interband damping rate, F(z,©) is a measure of the electron oc-
cupation number of the d band, and K is the oscillator strength of the interband
transitions. The interband contributions shown in Figure 4.2 in dotted blue line
strongly overlap the emission profile for the dyes in the study. Projection of the d
and sp atomic levels in k-space indicate the d levels are dispersionless, while the sp
orbitals form a parabolic conduction band with E, being defined as the energy gap
between the d and sp dispersion curves Figure 4.1. The dispersionless inner-shell
d-atomic levels leads to a size independent behavior in AuNMs for systems >1 nm.
In Figure 4.3, the time resolved lifetime and steady-state intensity quenching for
the AF350 Au-DNA conjugate for 15bp (68.75A), 22bp (93.08A), 30bp (118.1A),
and 45bp (170.0A)) is shown. In addition, the lifetime and intensity quenching is
also shown for 30bp (118.1A) for the CCB Au-DNA conjugate. The choice of only
one length for CCB reflects the observation of no substantial distance dependence
over the DNA lengths measured for the AF350 sequences. The measured lifetimes
and intensity quenching data are compiled in Table 4.1. Control over the dye to
AuNM separation distance is achieved by appending the dye to the distal end of
double stranded DNA through a 5-phosphate modification. For the studies, DNA is
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assumed to conform to a rigid rod approximation over the experimental length scale,
allowing the separation distance to be calculated from the 2 nm Au NM surface to
the center of the dye using the Clegg model (assuming no tilt of the DNA relative to
the Au NM surface)[79].

The experimental results on AF350 and CCB in Figure 4.3 show >90% quench-
ing in both the time-resolved and steady state results irrespective of the dye-AuNM
separation distance. The experimental quenching analysis is compiled in Table 4.1
and generated by comparison of the steady state emission intensity and time-resolved
lifetime of the complete assembly, sample (Au-dsDNA-Dye) with dsDNA-Dye, control
to calculate the efficiency of energy transfer by emission (F(I)) and lifetime (E(7)).
The steady state and time resolved experiments were conducted in dilute solutions to
eliminate the effects of self-quenching. The measured lifetimes from the time-resolved
data are single exponential and have no contribution from free dye based on the life-
time analysis. The observed quenching is not due to free gold in the solution since
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Cascade Blue absorption
AF350 emission
Cascade Blue emission
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Figure 4.2: Absorption and emission spectra of AF350 and Cascade Blue
(CCB) with a overlapping extinction of a 2 nm Au nanometal. The intra-
band SPR and the interband d — sp fits are also shown. Both the dyes
exhibit have their A\,s and A.,, higher than the LSPR frequency for Au NP
which is at 525 nm.
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Figure 4.3: Distance dependent quenching of AF350 and Cascade Blue by
a 2nm Au NP. A >90% quenching is observed at all distances for both the
dyes in the steady state as well as the lifetime experiments.

addition of 2 nm Au to a solution containing the ds-DNA with the dye molecule
appended produces no observable effect on the measured lifetime when the DNA is
not coupled to the AuNM surface. The strong quenching observed in both the time-
resolved and steady state plots indicates radiative enhancement does not contribute
to the experimental measurements for AF350 and CCB for the 2 nm AuNM. Com-
parison of the results to our earlier study on LSPR intraband effects on quenching
indicate the >90% quenching at all experimentally measured distances is surprising
and likely imply coupling of the excited state wavefunction of the dye and interband
transitions are different than coupling to the intraband transition.

A plot of the quenching data for AF350 and CCB versus distance is shown in
Figure4.4 along with the theoretical NSET and the Kuhn model predictions confirm
the failure of the NSET model to predict quenching behavior for dyes that overlap the
interband transition in the Au NM. The experimental observation of >90% quenching
is inconsistent with the NSET model, but lie within the expected quenching behavior
for the Kuhn-model. The lack of agreement with the NSET model for AF350 and CCB
is not surprising as the NSET theory is based upon Persson and Lang’s model[67],
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Table 4.1: Experimentally observed distance dependent quenching in nor-
malized PL (I'/1y) and lifetime 7’ for AF350 and Cascade Blue (CCB). The
PL wavelength (\.,,) and the natural lifetime (1) for each dye is listed.

Dye Base Pairs Distance (A) E(I) E(7)
AF350 15 68.75 0.95+0.01 -
70=4.24+0.2 ns 22 93.08 0.96£0.02 -
Aem = 440 nm 30 118.1 0.94+0.01 -
45 170.0 0.94+0.03 -
CCB
T0=3.5£0.3 ns 30 118.1 0.95£0.01 -
Aem = 420 nm

which assumes a Drude behavior for the electrons in the Au NM and therefore is not
applicable to the interband coupling problem. The previous observation of NSET
behavior for dyes coupled to the LSPR transition is consistent with the NSET model,
as the intraband transitions arise from the Drude-like behavior of the conduction
electrons[17]. The results are comparable with the Kuhn model[48], which is not
Drude limited incorporating both the in-phase and out-of-phase component of the
metal extinction spectra. Although the agreement over the limited distance range
is good, the distance range measured does not allow absolute confirmation of the fit
and further studies are necessary. Due to the limited distance range for maintaining a
rigid rod approximation for DNA (<100bp, 360 A including the Cg spacers) coupled
to the ability to prepare synthetic DNA above 60bp, the lengths required to map
the full Kuhn-like behavior exceed the experimental range for DNA based distance
control in this study.

4.4 Conclusion

The results of the study elucidate the contribution of the interband d — sp
transitions on the experimental observation of excited state quenching of dyes near
the surface of a nanometal. The significant increase in quenching range for dyes
overlapping the interband transitions corroborates the suggestion that quenching be-
havior at metal surfaces may be attributed to destructive interference between the
dye oscillator and the metal interband transition and not contributions from the
intraband[56, 105, 113]. For molecular dyes coupled to a 2 nm AuNM that overlap
the interband transition, it is clear the quenching behavior is predicted by the Kuhn
model and exhibits different quenching characteristics than the intraband which fol-
lows the NSET model. Alternative explanations for the observation may include
photo-induced electron transfer from the dye to the Au NM[114], although the dis-
tances over which these experiments were conducted do not support such a mecha-
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Figure 4.4: Comparison of the Kuhn and NSET theories with the experi-
mental data E([]).

nism, or bending of the DNA to shorten the experimental separation distance for the
dye to the Au NM, although this has not been observed in our previous studies[17].

The study expands the understanding of phase-dependent coherent coupling of
excited state wave packet to predict the quenching behavior for a molecular dye
wavefunction in the far-field of a nanometal and will impact applications of Au NMs
to radiative engineering in nanometal systems. The results provide a much needed
analysis of the contributions of the interband coupling to a dye over controlled sepa-
ration distances. The experimental observation of > 90% quenching of dye PL up to
170A suggests that molecular beacons can be constructed from dyes overlapping the
interband transition of the metal and potentially W (tryptophan)[37, 40] for struc-
tural analysis in large proteins or bio-complexes. Extrapolating the study to larger
metal sizes and longer separation distances using PEG spacers are underway. As a
function of nanometal size, it is expected the interband transition will dominate the
quenching although enhancement effects for dyes lying close to the onset of the SPR
may arise.
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CHAPTER 5

SIZE DEPENDENCE OF ENERGY
TRANSFER FROM FLUORESCENT
DYE TO AU NANOPARTICLE

5.1 Introduction

Forster resonance energy transfer (FRET) describes a 0-d point dipole / point
dipole problem. The debate over whether or not it is accurate to refer to a NP
at 2 nm diameter as a “metal” is ongoing[63, 75, 92, 115], however the effect of
bringing such a particle into the proximity of an excited dye molecule is clear: the
NP affects the quantum efficiency of emission by introducing a competetive rate of
energy transfer into the NP. Because the quenching process is most likely a direct
result of free electron interactions with the dipole field of the emitter, we realize
immediately that by changing various parameters of either the dye or the NP we
should be able to “fine tune” the efficiency of NSET. As shown from the NSET rate
equation:

03 (bdye

kpr = 0.225 (5.1)

wdyewpkpd4 Tdye
the rate of energy transfer is dependent upon properties of the metal (wg, kr) and
upon the frequency, quantum yield, and lifetime of the donor dye. We may anticipate
that, aside from varying properties associated with the dye, changes to the NP ac-
ceptor in terms of metal type, NP shape, or especially size should also have a drastic
effect upon the behavior of the system. Figure 5.1 demonstrates the size scale of
differently sized gold nanoparticles as compared to DNA.

The smallest particle at 2 nm, is minimally invasive when considering integration
with biological systems, containing ~250 atoms and a Molar Mass of 20,500 g/mol.
A 6 nm gold particle, however, is four times larger with ~6700 atoms and a Molar
Mass of 1.3x10° g/mol. At a diameter of 6 nm, a particle has become the size and
mass of a medium sized protein which means that it is no longer a passive observer,
but is better considered as a very dense beach ball dominating the movements of
any appended bio-molecules. In terms of NSET efficiency, however, the move to 6
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nm diameter means significant increase in the density of free electrons and thus its
interactions with light. As has been discussed earlier[62, 17], nanometal size plays an
important role in terms of enhanced density of free electrons, scattering atinterfaces
and coherent plasmon formation over a diameter of 2 nm. As such, the increased
density of states and polarizability of such a nanoparticle suggests that it should
behave as a much more efficient energy sink for a nearby oscillating electric field.

Considering the same issue from a geometric point of view, the increased cone
angle swept out by a 6 nm sphere relative to a point dipole at a fixed distance
has also changed drastically, which can be viewed using Forster terminology as an
increased dipole projection operator, k2. For example, a point in space at a separation
distance of 7 nm (15 bp dsDNA) from a 2 nm diameter particle carves out an angle of
approximately 24°; (see Figure 5.2 ). If the height of the NP changes to 6 nm at the
same distance, the angle § now becomes ~81°, or an increase of almost four times. At
13 nm diameter, the angle becomes ~124°, or an increase of 5 times, which is starting
to give a good approximation to a planar surface, (x90°). Figure 5.2 demonstrates
the effect that different NP sizes will have in terms of geometry for a dipole at a fixed
separation distance.In this study, we will examine the effects that a changing NP size
will have upon the efficiency of energy transfer from organic dyes.

Aus: 250 atoms
MM=48,698 g/mol

Aug: 6700 atoms
MM=1.3x108 g/mol

Augp: 250,000 atoms
MM=4.9x107 g/mol

20 nm

Figure 5.1: Graphic illustration of 45 bp dsDNA (~17 nm) appended to
gold NPs of various sizes. The 2 nm NP is the smallest and least invasive.
The 6.0 nm NP is a force to be reckoned with and the 20 nm NP begins to
approximate a surface.
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Figure 5.2: NPs of different diameters will sweep out a varying cone angle
relative to a fixed point dipole. The effect of NP size on dipole projection
can be estimated in this manner. The above calculations were performed
for fixed separation distances of 7, 12 and 17 nm, which corresponds to 15,
30, and 45 bp dsDNA spacer lengths, respectively. The cone angles swept
out by 2, 6, and 20 nm nanoparticles are shown.

5.2 Experimental

5.2.1 Au Nanoparticle Synthesis

Citrate capped gold nanoparticles (Au NPs) with an average diameter of 4 nm
and 6nm were synthesized by standard literature techinques|50] following a reduction
of HAuCly using tri-sodium citrate and tannic acid. Citrate capped Au nanopar-
ticles with an average diameter of 20 nm were purchased from Sigma-Aldrich. All
the citrate capped colloidal Au NPs were ligand exchanged with Bis(p-sulfonato-
phenyl)phenylphosphine dihydrate (BSPP) by stirring them overnight with BSPP.
Purification of the 4 nm and 6 nm colloidal NPs is accomplished by adding dropwise
an aqueous solution of 6 M NaCl until the solution begins to turn a dark purple. The
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salt concentration screens repulsive charge between NPs inducing a Van der Waal’s
attraction between neighboring particles and causing an aggregation of NPs accom-
panied by a massive red-shift of the SPR band to lower energy. Once the mixture has
begun to precipitate, centrifugation for 1-2 minutes allows easy decanting of the su-
pernatant. Successive precipitations (>3 times) effectively purifies the solution from
BSPP ligand, which can be qualified based on a strong absorption peak near 290
nm. Purification of 20 nm dots did not require addition of NaCl. Centrifuging the
colloidal solution at 13000 rpm for ~10 minutes settles the dots at the bottom and
the excess ligand can thus be reomoved. The 20 nm dots easily go back in solution.

TEM measurements (Figure 5.3) displays particles with an average diameter of
4.36+0.66 nm (4 nm), 5.99+0.41 nm (6 nm) and 19.7+1.09 nm (20 nm). A UV-Vis
of all the different sized Au NPs is presented in Figure 5.3d.

Once the NP diameter is known, it is possible to calculate an extinction coefficient

by the following equation, which is based upon the emperically obtained relationship
published by El-Sayed et al.[92]:

€(d) _ 101.0643-Log10[3/27rd3}+4.0935 (5.2>

In this equation, d is the diameter of the gold NP in nanometers and the extinction
is given in M~! cm™! at the peak of the plasmon resonance, (typically 525 nm). The
molar mass for a particle can also be obtained by incorporating the molar volume of
gold (V,,=10.215 cm?® mol™!) into the geometrical equation:

o 0.57TNA'd3

MMpyp(d) = TR MM (5.3)

where N4 is Avogadro’s number, M M is the molar mass of the pure metal element,
(Au=197 g/mol), and d is the diameter of the diameter of the NP in cm. It should be
noted that this equation has been expressed in generalized terms and can therefore
apply to any pure metal NP. Note also that by using the root form of the equation,
one can calculate the number of atoms contained in the particle volume as a function
of NP diameter:

0.5m Ny - d®
At d) = —— 5.4
oms(d) = 274" (54)
Using Eqns. 5.2,5.3, and 5.4 the molar extinction coefficient, molar mass and the

number of atoms in each of the nanoparticles can be calculated (Table 5.1).

5.2.2 dsDNA - Nanoparticle Coupling:

Complementary DNA strands were purchased with either 5'-Cg-Dye (Dye = FAM)or
5'-Cg-SSR already HPLC-purified from Midland, Certified Reagent Co. The Dye
strands have the sequence (5'-3):
15mer - Dye-Cs-CGTGTGAATTCGTGC
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30mer - Dye-Cs3-CGCCTACTACCGAATTCGATAGTCATCAGC

45mer - Dye-C4-CGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTCG
60mer - Dye-C4-CGTTCCGTGCACATACTATCCACTCTTAGCGAATTCATCCACATAAT
CTCTAGTATCTGC

The resepctive complementary thiol strands have the folowing sequences (5'-3'):

el S ARG -

» Is. - i I. o8 ..... o
- .

Direct Mag: G00000x

- --2nmAu

= 4nmAu

== 6nm Au

= 20nm Au

—— FAM Emission

)
¢

:
S

20nmBSPP 500ke good.tif

i 70 nm
Mo+ 240000x 0 51 mm Hv-200kY 400 500 600 700 800
14:12 06,1710 Direct Mag: 500000x Wave|ength (nm)

TEM Modo: Tmaging

Figure 5.3: TEM image of BSPP capped (a) 4 nm, (b) 6 nm and (c) 20 nm
gold NPs; (d) Comparative extinction spectra for the 2nm, 4nm, 6nm and
20nm Au NPs.
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Table 5.1: Theoretically calculated extinction coefficient (¢), molar mass
(MMyp) and number of atoms (Atomsyp) for Au NP of different sizes.

Diameter (nm) e (M~tem™1) MMyp (g/mol) Atomsyp
2 5.5%x10° 4.87x10% 250
4 5.54x 106 3.90x10° 2000
6 1.97x107 1.31x 106 6700
20 9.20x 108 4.87x107 250000

15S - RSS-Cs-GCACGAATTCACACG

30S - RSS-Cs-GCTGATGACTATCGAATTCGGTAGTAGGCG

45S - RSS-Cs-CGAGGTTGGCAAGAGTAACACGGAATTCAGTATGCACACGGAACG
60S - RSS-Cs-GCAGATACTAGAGATTATGTGGATGAATTCGCTAAGAGTGGATAGTAT
GTGCACGGAACG

All strands were engineered to minimize secondary structures using mFold.

DNA was assembled onto 4, 6 and 20 nm Au NPs using a 1:1 dsDNA:NP ratio. A
standard assembly of double-stranded DNA (dsDNA) with the NP was accomplished
by first deprotecting 1 nmol of the single-stranded 5-SSR DNA in 125 pL buffer with
20 pL of 50 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) in 20 mM PBS
buffer pH 7.5 at RT for >45 minutes. The freshly deprotected DNA-thiol was desalted
with a NAP-V column and the dye-containing complementary strand (900 pmol) was
immediately added. The strands were annealed at 95°C for 2 minutes, cooled to RT
for 2 minutes and then added to 1 nmol purified SPP-capped NP. The mixture was
vortexed and placed at 4°C in the dark for conjugation >24 hours. Purification for the
4 nm and 6nm conjugates was accomplished by successive (>3) salt precipitations by
adding 6 M NaCl dropwise to solution to induce aggregation, centrifuging at 13,200
rpm for 2 minutes, decanting the supernatant, and re-suspending in buffer. The 20
nm Au-DNA conjugates were purified by centrifuging the assembly at 13,200 rpm for
~ 20 minutes, decanting the supernantant and redissolving the pellet in the buffer.
All the purified dsDNA-NP conjugates were stored in 20 mM PBS pH 7.5 buffer at
4°C in the dark.

5.2.3 Absorption/Photoluminescence:

Absorption measurements were acquired on a Varian Cary 50 UV-vis spectro-
photometer and photoluminescence measurements were acquired on a Varian Cary
Eclipse Fluorescence spectrophotometer using Z-matched 50 pl. quartz cuvettes. A
typical quantum yield was calculated by measuring the absorption over the 200-800
nm range for both the sample described above and a control (dsDNA-dye without
NP), keeping the peak of the dye absorption <0.1 A.U. Continuous-wave photolumi-
nescence (cw-PL) was first measured on the control strand, adjusting the sensitivity to
maximize the PL signal. Under identical settings the PL intensity of the dsDNA-NP
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sample was then measured. Quenching efficiency by intensity measurements, E([)
were determined wvia the following calculation:

]sam e ACO?’L T O
ple Zcontrol _ 9 _ g (5.5)

]control Asample

BE(I)=1—

where E(I) is the efficiency of energy transfer, Isumpie control 18 the integrated inten-
sity under the curve for the PL peak, A.oniror 18 the absorption of the sample at its
absorption peak, Agqmpie is the corrected absorption of the dye after subtracting out
the contribution absorbed by the NP and ¢’ = Lampte . Acontral i the quantum yield

Icontrol sample

of the dye in the presence of the bound Au NP.

5.2.4 Lifetime Measurements:

Lifetimes are acquired using the output of a Nd:VO,-pumped (Spectra-Physics
Vanguard, 2 W, 532 nm, 76 MHz, 10 ps) R6G dye laser (Coherent 702-1). Cavity
dumping of the dye laser to 1.9 MHz drops the pulse train to 1 pulse every ~2 us.
In the case of FAM the laser is frequency doubled for \.,=290 nm. Samples were
excited with <1 pW at a right angle geometry relative to a Chromex 500is 0.5 m
imaging monochromator with 50 g/mm grating, 0.5 nm resolution. Output of the
monochromator is focused into a Hamamatsu C5680 streak camera operating at 20
ns window for FAM. Lifetimes are measured by binning intensity vs. time for a 20 nm
spectral range about the A.,, maximum for the dye. Lifetime quenching calculated
by:

E(r)=1-

(5.6)

Tdye
was determined by comparing the measured decay rate for a NP-dsDNA-dye system
(7') vs. the observed decay rate for the identical dsDNA-dye in the absence of NP

(Tdye)-

5.3 Results and Discussion

Binding of DNA to large gold NPs has been accomplished easily in the literature[116,
117] and various methods of medical[118] or bio-molecular[119] optical techniques
have been suggested based upon these structures. The research presented here also
takes advantage of DNA-NP architectures in examining the optical properties of or-
ganic dyes in the proximity of size-controlled metal surfaces.

5.3.1 Comparison to SERS

A brief discussion at this point is helpful in understanding how the subject of
fluorophores proximal to metallic colloids may be approached. The photophysical be-
havior of organic dyes near metal surfaces has been viewed and modeled not only as a
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function of distance, but has also been compared to its cousin effect, surface-enhanced
Raman scattering (SERS). SERS is a phenomenon first noticed by Fleischmann et
al. in 1974 [120] for pyridine adsorbed onto roughened metal electrodes in which
the Raman signal had been amplified by 10°-10° over predicted calculations. The
SERS phenomenon is commonly used for the vibrational characterization of small
molecules and has been well-documented when the “rough” metal surface is modified
to be a colloidal nanoparticle[121, 122, 123, 124, 125]. Moskovits describes the SERS
effect for the electromagnetic mechanism as the resonant coupling of plasmons to
electromagnetic plane waves which must follow the dispersion relation[126]:

k‘ﬁ = (w/c)*Relepe(eg + €)1 (5.7)

where €(w) is the dielectric function of the metal, € is the dielectric constant of
the surrounding medium, and w is the frequency of the oscillating wave. In the
creation of a plasmon by an incident plane wave, both frequency and momentum
must be conserved, which is not normally the case for the general range of indices
of refraction. However, by making the conductive surface rough, the conditions for
the far-field radiation may be relaxed. In this case, Eqn. 5.7 is modified where
wavevector matching between the incident wave and the surface plasmon follows k;
plus integral multiples of 27/X, where A is the periodicity of roughness. A rough
surface, therefore, allows a portion of the plasmon’s energy to be radiated instead
of being dissipated as heat. Simply put, an emitting dipole very near to a metal
surface can excite any order plasmon and “store” the photon energy as a surface
plasmon. The N = 1 (first order) plasmon has the symmetry of a time-varying dipole
and can therefore radiate to the far-field. In this sense, SERS is observed due to
the non-linear effects induced upon molecules dependent upon local enhancement of
the electromagnetic field near rough conducting surfaces. The fluorescence from dyes
adsorbed onto metal surfaces is sometimes enhanced by 1-2 orders of magnitude due to
the dye’s ability to directly excite plasmons without breaking momentum conservation
laws at these distances. The ability to enhance photoluminescence quantum yields
from dyes near metallic nanosurfaces is another field and the primary research of
Lakowicz,[56, 127, 128, 129, 130] but will not be elaborated upon here.

Although the true mechanism behind the SERS phenomenon is still under debate
and further experimentation is required to gain a deeper understanding, some very
interesting research into molecule-colloid interactions has been acquired. Franzen has
studied the absorption properties of dye molecules adsorbed onto gold and silver col-
loidal NPs near 10 nm diameter in an attempt to explain the relationship between
the absorption line-shape and the SERS efficiency[131]. He points out that the ad-
ditive nature of Beer’s Law in absorption spectroscopy assumes optical homogeneity.
However, due to the strength with which colloidal metallic NPs interact with light,
the absorption spectrum of dye-adsorbed NPs may violate Beer’s Law where the dye
may be considered to exist, optically speaking, inside the NP. In this model, the
additive nature of dye-NP absorption breaks down as a function of incident light
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frequency. The plasmon frequency, which typically represents the frequency above
which the metal stops to conduct may be considered the energy at which the NP be-
comes transparent for dye absorption. Therefore at frequencies higher than wg,sich,
(WErstich = wp/ v/3), the molecule would be free to absorb incident light. At frequen-
cies lower than the plasmon absorption transition, wg,gicn, the absorption strength of
an adsorbed molecule, especially in the perpendicular orientation, may be diminished
by the much higher response of conduction electrons to the electromagnetic field.
This tool developed by Franzen, along with the relationship between absorption line
strength and the radiative rate as mentioned in Chapter 2 will give valuable insight
into the effect of the metal surface on the photosensitivity and photophysics of the
donor dye. Note that the electromagnetic mechanism explaining SERS relies upon
the enhanced electric field affecting the dye molecule, whereas NSET relies upon the
dye molecule first being excited and then affected by the NP.

A contrast should be made at this point in reference to the work discussed in
our earlier publications[16, 17] in which fluorophore properties were investigated in
the vicinity of 2 nm NPs. Because these particles are below the size where surface
plasmons exist, they would not be expected to participate in a SERS event which relies
upon the plasmon band and are therefore ruled out of this discussion. The larger 6
nm and 20 nm particles, however, are large enough that they could contribute to
either SERS or NSET, depending upon the conditions.

5.3.2 Photoluminescence and Lifetimes of Dyes Near Au
NP

The quantitative optical characterization of a dye molecule luminescence can be
expressed in the concept of a quantum yield. A quantum yield, often paraphrased as
“photons in divided by photons out,” is a relation between the ability of a molecule
to absorb light and its ability to release that stored energy as another photon of light,
(always at slightly lower energy). This statement implies that not only the measured
photoluminescence intensity for a dye, but also the dye’s ability to absorb light must
be measured to accurately determine a quantum yield.

A true quantum yield measure using an integrating sphere will do just this; it will
deliver a calibrated amount of electromagnetic energy to an absorbing sample and
monitor the amount of energy returned as light. A similar measurement may also be
performed, in the absence of an integrating sphere, using a relative sample of known
quantum yield. The first method of characterizing the efficiency of dye molecules near
6 nm gold spheres is measuring the efficiency of the dye relative to a standard. In
these experiments we have a fortunate choice for the standard quantum yield, which
is the identical sample, only in the absence of a quenching NP.

Because, as was shown earlier[16], neither the oscillator strength of the dye nor the
absorption cross-section are altered by the enhanced electric field of the NP, we can be
sure that there are no non-linear effects taking place and the relative quantum yield
determination is as simple as taking the absorption-PL measurements to compare
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both sample and control according to Eqn. 5.5.
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Figure 5.4: Photoluminescence quenching of FAM by (a) 4 nm Au NP, (b)
6nm Au NP and (c) 20nm Au NP.

Figure 5.4 shows the photoluminescence intensities for FAM quenched by 4 nm, 6
nm and 20nm Au NP, where the intensity of the sample has already been adjusted to
account for absorption from the NP. This is accomplished by taking the absorption
spectra after subtracting the NP absorption and comparing an average of 5 data points
at the peak (490 nm - FAM) and multiplying this ratio by the entire PL signal. By
exciting at wavelengths higher in energy than the onset of photoluminescence we are
able to capture the entire spectrum without contributions from the excitation source.

When inspecting Figure 5.4 the photoluminescence intensity is strongly quenched
at short distances and follows an expected trend that longer separation distances
quench the fluorophore less. Comparison of the photoluminescence quenching found in
these systems to those shown earlier[16, 17] demonstrates a greatly increased efficiency
of energy transfer in the case involving a a larger particle. A 4nm particle has a higher
quenching efficiency compared to a 2 nm particle. The quenching efficiency increases
with the increasing particle size. A 20 nm particle has the highest quenching efficiency.
As is already known[17], LSPR plays an important role in the quenching phenomena.
LSPR is a result of the free conduction electrons whose density will increase as the
size of the particle increases at least up to r=10nm|62].

The lifetimes for FAM are displayed in Figure 5.5. Lifetime of control FAM
strand is 3.54£0.2 ns. Once again, the trend is clear that as a function of separation
distance to the surface of the NP, the decay rate changes in a predictable manner. At
short distances a very fast rate of decay is observed, which lengthens considerably at
the longest distance measured. The reasons for the quenched lifetime can be easily
explained through the equation k., = k, + k.. + ke;. The lifetime data is fit to a
bi-exponential function of the form:

I(t) = yo + Lie ™" 4 Te ™! (5.8)
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Table 5.2: Experimentally observed distance dependent quenching in nor-
malized PL (®') and lifetime 7 (shorter quenched component) for FAM
(Paye=0.9, Taye=3.54£0.02 ns) at 4 nm, 6nm, and 20 nm Au NP. Also listed
are the contributions from the shorter quenched component (1) for each of
the NPs at each length.

AuNP 15bp 30bp 45bp 60bp
size(nm) 68A 120A 170A 220A
4 Y 0.04+0.02 0.1840.04 0.3240.04 0.4240.03
T 0.2340.01 0.7240.02 1.2740.04 1.33+0.04
I 98% 85% 79% 45%
6 P’ 0.02+0.02 0.1440.03 0.2040.02 0.30-£0.04
T 3.5440.01 0.4340.03 0.5240.03 0.86+0.06
I - 98% 98% 81%
20 @’ 0.01£0.02 0.1040.04 0.1340.03 0.1340.04
T 3.5440.03 0.2940.04 0.4840.03 0.4240.06
I - 99% 97% 97%

where the intensity as a function of time is related to a linear offset, yo plus a two
exponential terms including the decay rate constants, k; and ky weighted by pre-
exponential factors, I; and I,. The fitting allows the deconvolution of both decay
rates and yields values that we may use to interpret a physical meaning. Almost all
the strands have a bi-exponential decay with a long component corresponding to free
FAM (7=3.54ns) and the shorter quenched component. The lifetimes for ds-15FAM
at 6 nm and 20 nm fit better to a mono-exponential decay corresponding to the free
FAM. The dye in this case is heavily quenched (>95%) and hence the signal from the
free FAM only was detectable. The photoluminescence and lifetime data is presented
in Table 5.2. The lifetime corresponding to free FAM in solution is not reported in
Table 5.2 to avoid confusion.

For example, fitting of the FAM-15mer-NP for a 4nm Au sample shown in Figure
5.5 to a bi-exponential function gives two lifetimes, 7¢,=230 ps and 7Tg,= 3.54
ns. Comparison with an unperturbed FAM dye on the 5" end of a strand of dsDNA
which also has a lifetime of 3.54 ns at pH 7.5, suggests that the slow component of
the sample lifetime is the result of some concentration of unperturbed dye molecules
in solution. The best explanation for the observation of the 3.54 ns decay rate is
that some concentration of unbound FAM-dsDNA is found in solution, either as a
result of incomplete purification or some equilibrium of dsDNA ligand exchange with
the solvent. Further proof for the presence of free DNA-FAM was confirmed by
running a 2% agarose gel on ds-30FAM conjugated to 4 nm , 6 nm and 20 nm Au
NP. The gel was ethidium bromide stained to visualize the free DNA-FAM. Luckily,
further information beyond the rates of decay may also be extracted from a lifetime
measurement.
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Figure 5.5: Lifetime quenching of FAM by Au NP of diameter 4 nm, 6 nm,
and 20 nm separated by 15bp, 30bp, 45bp and 60bp dsDNA.

Equation 5.8 also fits the pre-exponential terms for each decay process which is
essentially the relative contribution of each rate to the total signal observed. There-
fore, by normalizing and taking the fraction of each pre-exponential term, one can
calculate the relative population of bound to unbound dsDNA in solution using the
following: Contribution; = I /(I; + I5). By doing this calculation, we also realize
that the contribution to the total intensity under the lifetime is largely (~90%) re-
lated to the bound state (Table 5.1). Ounly in the case of ds60FAM it can be seen
that on a 4nm Au NP only ~50% of DNA is bound. The ds-15FAM on 6 nm and
20 nm Au shows a single exponential lifetime corresponding to free FAM however
the photoluminescence experiment suggests that >95% intensity is quenched. This
suggests that only the lifetime of the free FAM is detected by the camera. The reason
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Table 5.3: Experimentally calculated quenching efficiencies from photolumi-
nescence quenching, F(I) and lifetime quenching , E(7) for FAM at 4 nm,
6nm, and 20 nm Au NP.

AuNP 15bp 30bp 45bp 60bp
size(nm) 68A 120A 170A 220A

4 E(I) 0.9640.02 0.8240.04 0.68+0.04 0.58+0.03

E(7) 0.9440.01 0.80+0.02 0.640.04 0.6240.04

6 E(I) 0.9840.02 0.86-£0.03 0.80+0.02 0.70+0.04

E(7) 0.99+0.01 0.88+0.03 0.85+0.03 0.76+0.06

20 E(I) 0.9940.02 0.90+0.04 0.87+0.03 0.87+0.04

E(7) 0.99+0.03 0.92-40.04 0.86+0.03 0.88+0.06

that the unbound dye-dsDNA signal exists visibly in the 15mer and is essentially
non-existent in the signal for the 45mer is best explained by the relative intensities
of these two systems. The intensity of the dye-15mer, being ~90% quenched, means
that a good lifetime measurement will require a long period of photon counting for
this sample. The intensity of an unquenched population of dye molecules, therefore,
will contribute a significant amount to the total signal and become visible. When
the photoluminescence efficiency of the bound dye is increased by displacement to
further separation distances from the surface, however, the contribution of counts
from unbound dye-dsDNA will be “swamped out” by the much higher signal.

Table 5.3 lists the quenching efficiencies based upon photoluminescence and based
upon lifetimes for FAM at the three (4, 6 and 20 nm) Au NP sizes for the four (15,
30, 45 and 60bp) DNA separation distances mentioned.

The theories of Persson and Lang[67], Chance, Prock and Silbey[65], and Kuhn[66]
all agree that energy transfer from a point dipole to a planar surface will follow a
1/R* dependence, and that energy transfer to a volume will follow a 1/R? distance
dependence. The enhanced energy transfer to a larger NP over the 2 nm NP suggests
one of two possibilities: either the Ry value has been extended, or the mechanism
of energy transfer has changed. At a NP diameter of only 6 nm, the particle size is
still much smaller than the mean-free electron path for gold, suggesting that these
materials are still too small to exhibit bulk-like electron-scattering events. This would
rule out the R~2 dependence under the Persson model in which the transition from
R~ to R~3 depends upon the introduction of bulk scattering processes. Therefore,
we predict that the enhanced efficiency of energy transfer is primarily the product of
an increased Ry value.

Hans Kuhn advanced a theory regarding energy transfer to planes of dipoles,
(either a metal surface or a film of dipole acceptors), where energy transfer is treated
in a very simple manner[48]. The basis of Kuhn’s model assumes the acceptor to
be an absorbing body in the field of the emittor dipole where the power absorbed is
proportional to the square of the amplitude of the oscillating electric field. Chance,

69



Prock, and Silbey[65] realized the power of such a simple model and extended the
theory to account for optical constants of the absorbing media, ie. n,, k, €1, and €.
The final form for calculating the 50% quenching value is:

Ry = A Ayt [ (14 D " (5.9)
0~ T dye 21, lea]? ’
and A is the absorbance of the layer, given by:
Arkd
A= WT (5.10)

In Eqn. 5.9, A is the wavelength of emission for the donor, ®4. is the quantum
yield of the emitter (this meaning is somewhat under dispute), a = (1/4m)(9)Y/* for
a perpendicular dipole and (1/47)(9/2)1/* for a parallel dipole. The term d in the
absorption equation is the thickness of the absorbing layer. Conceptually this is very
simple and could be useful in calculating energy transfer from a dye molecule when
we are concerned about NP size because the absorbing film thickness, which could
be construed as NP diameter, is inherent to the model calculations. To adjust these
equations and relate them to a metallic nanoparticle, certain terms need to changed.

The distance in Eqn. 5.10 uses d as the thickness of the layer, which can be
considered as the thickness of a nanoparticle. Also,we know that geometrically the
total quenching rate will be proportional to 1/3 k; and 2/3 kj, which should be
reflected in the final equation. Finally, as demonstrated in Chapters 1 and 2, metals
below the mean-free electron path begin to alter their response to light, reflected by
the adjusted dielectric constants. The final form for calculating a Ry value to a NP
under Kuhn and the CPS model looks like:

/4
L1 s A 1/4 | M2 et 1
N Z (A /A2 (] 4 SINP 11
Ry 3 47T(9) nl( NPq) o, + anp]? (5.11)
2 [1 79\ A n & i
S (Z) (A p®) VA2 (14 NP 5.12
* 3 [4% <2) nm( we?) l2n1 - leanpl? (5.12)

where A is calculated in nm, and the diameter of the NP is also calculated in nm.
The final result will therefore be given in nm. For a 6 nm NP quenching the emission
of FAM, using the values: A = 518 nm, ® = 0.9, n,,, = 1.5, ny = 0.62, ¢, = -5.12, and
€, = 6.85 calculates a Rq of 20.6 nm.

The quenching data listed in Table 5.3 are plotted in Figure 5.6 for FAM and Cy5
as a function of distance vs. the theoretical lines calculated using the Persson model
and the CPS-Kuhn model. The most marked contrast between the results shown here
vs. the results of Chapters 2 and 3 is the greatly increased efficiency of quenching by
the larger 6 nm particle. In the case of both dyes, the experimentally measured 50%
quenching value is somewhere near the 45 bp distance (~17 nm).
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Attempts to model the cone-angle dependence, as diagrammed in Figure 5.2 as a
function of distance, using a modified quenching efficiency of the form:

- 2 - arctan (5) 1
Qryr(d) = lim, o0 2 - arctan (5) | 1+ (%)4

(5.13)

where r is the particle radius would account for the cone-angle sweep, but predicts
a quenching efficiency that goes to 50% near 6 nm separation distance. This means
that geometry corrections as applied to the CPS-Kuhn model cannot account for the
slightly lower observed efficiency when considering distances and cone angles. The
last geometry argument to invoke may originate in the flexibility of the Cg-linkers
used to attach the DNA to the NP.

For a nanoparticle of diameter 2 nm, the flexibility of the organic linkers connecting
the DNA to the NP were considered insignificant. This is a good assumption because
a shift in the Cg-chain would result in very slight changes in distance to the organic
dye. However, as Figure 5.7 illustrates, when the NP has grown to 6 nm in size, a
shift in the conformation of the Cg-chain could bring one surface of the much larger
NP closer in distance to the emitting molecule. In fact, even though the ligand, SPP,
is negatively charged and should repel the negative phosphate backbone of the DNA,
the surface of the gold particle is likely to be positively charged due to the oxidation
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Figure 5.6: Comparison of the experimental data E(7) and E(I) with the
theoretical NSET and CPS-Kuhn plots.
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20nm Au NP

( 2nm Au NP

WP

Figure 5.7: Illustration of a 20 nm NP associating with the negatively
charged DNA backbone (7Top) and a 2 nm NP associating with the back-
bone. Because of the NP size, the distance from the dye to the surface of
a 20 nm NP would be vastly different than in the case of the 2 nm NP
(Bottom) if the particle associates with the backbone.

state of gold(I). This is a driving force for the association of DNA to the gold surface,
or at least a pre-disposition to move in that direction, which would indeed bring the
dye into closer proximity of the NP surface. The effect is more pronounced for the
case of ds-60FAM whihc will also have a higher degree of flexibility as compared to
shorter DNA duplex. A much higher degree of quenching for ds-60FAM at all Au
sizes is indicative of the flexibility of the Cg linker as well as the DNA duplex. Such
a model could help to explain the increased dye-quenching observed at a predicted
distance by changing the actual separation distance by an estimated ~3-6 nm.

5.4 Conclusion

We have shown that the binding of dsDNA-dye ligands to large gold NPs is an
efficient reaction with a binding yield of nearly 100% regardless of dsDNA length or
dye type. Photoluminescence and lifetime measurements are both supportive and
in excellent agreement with each other for a dye with a quenched electronic excited
state. The rates of energy transfer are much greater when using a 6 nm NP than
when using a 2 nm NP, suggesting an enhanced energy transfer mechanism. The
modeling proposed by Kuhn, which takes into account the uptake of energy by an
absorbing body within the field of the emitter, gives more realistic values for d
but over-estimates the degree of quenching. Massaging the E equation to consider
distance-dependent geometry also does not predict the correct quenching behavior.
The best fit of experimentally calculated quenching efficiencies to a theoretical model
is supplied by considering the flexibility of the Cg-linkers and the induced change upon
separation distance for such a large NP. The larger the NP, the less predictable is the
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distance to the surface when using DNA as a spacer. For confidence in spacer distance
from the larger NP sizes, the best technique to measure the optical properties of dyes
may be an inert, non-conducting shell of variable thickness to which dye molecules
may electrostatically adsorb or be chemically bound through short organic spacers.
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CHAPTER 6

TRACKING SPATIAL DISORDER IN
AN OPTICAL RULER BY
TIME-RESOLVED NSET

6.1 Introduction

RET techniques are an essential tool in biological and bio-physical laboratories,
allowing a convenient method to analyze structural conformations of macromolecules
or biomolecular interactions in real-timel[1, 8, 9, 79, 132, 133, 134, 135, 136]. Unfortu-
nately, as a method that relies upon optically-active probe molecules, the assumption
that each probe is a non-interacting bystander is not always correct[137, 138, 139,
140, 141, 142, 143, 144] . If a probe molecule does in fact interact with the sys-
tem under study, then the optical readout and interpretation of the results will not
reflect reality on the molecular scale. With the advent of newer and brighter flu-
orophores (dyes and quantum dots) for applications in optical rulers and imaging,
their interactions with the biomolecules need to be understood prior to application.
Especially when using quantum dots which can have a wide variety of surface lig-
ands and can allow for a variety of interactions with their environment and biological
molecules[137, 138, 139, 140]. Therefore, techniques capable of detecting and quan-
tifying the degree of molecular-level interactions must be developed to make optical
ruler systems truly quantitative.

In this chapter, Nanometal Surface Energy Transfer[15, 16] (NSET) optical ruler
is applied to analyze the ratio of the intercalated to the solvent exposed conformation
for the common cyanine dye Cy5 and FAM. The cyanine class of dyes are positively
charged and have been observed to intercalate along DNA[141, 142, 143, 144], not
allowing a randomized x approximation and thus can lead to errors in the measured
D-A separation distance. The intercalation can be influenced by linker length and
attachment site (terminal or internal) for the dye on DNA. In this family, Cyb5 is a
common near IR dye used as an optical probe. Since the Au nanoparticle in NSET
acts as a dark quencher and is capable of measuring longer contact distances, it can
provide a convenient probe for positional (static or dynamic) conformation of the
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donor (dye) arising from molecular level interactions within the biological construct.
The analysis of dye intercalation is compared between Cy5 and FAM, since FAM is
reported to exist exclusively as a solvent exposed donor[145], unlike Cy5. DNA-Cy5
conjugates appended to Au nanometal provide a perfect system to investigate the
impact that molecular-level interactions will have upon the results of an optical ruler
and the usefulness of a NSET probe to analyze the degree of intercalation for this
dye family.

The experimental results support the assumption that the donor dye interaction
is directly dependent on the nature and site of appendage of the dye along the DNA
duplex but only minimally impacted by spacer length. Through the use of MEM-
NLLS (maximum entropy method non-linear least squares)[146, 147, 148, 149, 150]
analysis, the equilibrium percentage of occupation and a lower limit of the dynamics
of site exchange of the intercalated wvs. solvent exposed dyes is assessed. The signifi-
cance of molecular level interactions by fluorescent probes as related to optical ruler
technology is demonstrated and emphasize the importance of sensitive techniques like
time-resolved photoluminescence is emphasized in optical methods if they are to be
widely applied as an optical ruler in the biological tool box.

To accurately use molecular dyes for optical rulers, the equilibration between in-
tercalated and solvent exposed donors must be definitively established. Intercalation
of a dye along DNA has two important implications for energy transfer based tech-
niques: (i)the x value in FRET can no longer be assumed to be 2/3, and, (ii)if the
binding affinity for intercalation is not 100%, the measured distance will represent
an average of the actual distances convoluted by x influences, which in FRET goes
as k2. For Cyb, the degree of error in the FRET based measurement will depend
directly on the equilibrium of intercalated versus solvent exposed conformations and
the kinetics of exchange between the two conformational sites. While the effects of
intercalation have been examined by theoretical modeling[151], NMR[141], and en-
semble and single molecule optical experiments[133, 151, 152], the complication of
changes in k coupled to the distribution of intercalated versus solvent exposed Cy5
donors make analysis of FRET distances complex if the percentage of the sites and
the dynamics of the site exchange is not discernible.

6.2 Experimental

6.2.1 Optical Measurements

The ratio of intercalated to solvent exposed donor populations was analyzed
using NSET to assess the separation distance between the molecular donor (FAM,
Cy5) and a 2 nm Au NP (nanoparticle) appended through a terminal 5" Cg spacer.
The experimental distance of separation (R) between the donor and nanometal can
be extracted from fits of the excited state lifetime decay for the experimental DNA
sequences. The distance is extracted from the theoretical NSET curves by calculating
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the efficiency of quenching, E(7),

E(r)=1- (6.1)

Tdye
where, E(7) is the efficiency of energy transfer using lifetime analysis, 74, is the
lifetime of the donor dye with no Au bound to the ds-DNA while 7’ is the lifetime
of the dye when the Au is bound to the ds-DNA assembly. The experimentally
measured distance of separation (R) between the donor and the metal nanoparticle
can be solved for by expressing E in terms of R and Ry,

E=1/1+ (R/Ry)" (6.2)

where, Ry is the distance at which 50% energy transfer is observed and is given by
the empirical NSET expression,

1/4
Ry = <0.225 : q)jye L c3> (6.3)
wdye w Fk’ F

As can be seen the contributions to the value of R, are from the metal acceptor
(kr =1.2%x10%cm™", wp = 8.4 x 10"rad/s) and the donor (wgye (Cy5=2.91x 10%s71,
FAM=3.8x10"s71), ¢gye (Cy5 = 0.25, FAM = 0.9), where wg,. and @, represent the
angular frequency of donor emission, and the quantum yield of the donor respectively
and ¢ (3.0 x 108m/s) is the speed of light. This yields value of RSY" = 65.0 A and
REAM — 85,0 A. It can be seen that no s term appears in this expression.

The steady state and time-resolved optical measurements were conducted at 293
K+2 K in 50 puL cuvettes using 200 pM DNA samples in 20 mM PBS buffer, 0.1 M
NaCl, pH7.5. For the optical energy transfer measurements the dye-only conjugated
ds-DNA lacking the appended Au is referred to as the control strand, while the sam-
ple strand signifies the dye and Au conjugated ds-DNA assembly. Absorption data
was collected on a Varian Cary 50 UV-Vis spectrophotometer and the steady-state
photoluminescence was measured on a Varian Cary Eclipse Fluorescence spectropho-
tometer (Ae; = 580 nm(Cyb) and ., = 410 nm(FAM)).

The photoluminescence lifetimes were measured by exciting the samples with the
output of a Nd:VO, (Spectra-Physics Vanguard, 2 W, 532 nm, 76 MHz, 10 ps)
pumped R6G dye laser (Coherent 702-1). The output of the dye laser (600 nm,
Rhodamine 6G) was cavity dumped at 1.9 MHz. Samples were excited with <1 mW
power and the emission was collected at right angles onto a Chromex 500is 0.5 m
imaging monochromator with a 50 g/mm grating and 0.5 nm resolution. Output of
the monochromator is focused into a Hamamatsu C5680 streak camera operating at
a 10 ns window for Cyb and at a 20 ns window for FAM. The steady state intensity
data is generated by integrating the spectral profile in time from the streak camera.

Lifetime analysis was carried out over 6-7 lifetimes of the dye for the internal dyes,
and 3-4 lifetimes for the terminal dyes. The lifetime data was fit using the maximum
entropy method (MEM) coupled to non-linear least squares (NLLS), developed by
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P.J.Steinbach (MemExp v2.0) where the non-linear least squares fitting was performed
via coupling of MemExp v2.0 to code in Mathematica 4.2[146]. Statistical analysis of
the of the raw lifetime data indicates a bi-exponential fit is correct for the Cy5 when
internally labeled and is not required to fit the terminal Cy5. For MEM-NLLS, high
signal to noise is critical to eliminate artifacts in the MEM-NLLS linewidths since
low S/N leads to artificial broadening of MEM-NLLS data. In these studies the S/N
was 100:1. The MEM-NLLS analysis was constrained by eliminating contributions
from negative exponentials, lifetimes greater than two times the natural lifetime of
the dye and processes that occur at times comparable to the excitation pulse (10 ps)
or longer than the experimental time window (200 ns). The experimental fits do not
show the pulse and noise contributions for clarity. Signal to Noise was improved for
the data by binning the photoluminescence intensity collected on the streak camera
over a 20nm spectral window at the centroid value of the A, (dye).

6.2.2 Terminal Dye Appended DNA

Au nanoparticle conjugation and preparation of the Au-DNA-dye construct
was carried out as described previously[16, 17]. The terminal sequences (5'-3') utilized
in the study are , (Dye = FAM or Cyb5).
15mer - (Dye-Cs-) CGTGTGAATTCGTGC
30mer - (Dye-Cg-)CGCCTACTACCGAATTCGATAGTCATCAGC
45mer - (Dye-Cg-) CGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTCG
The complementary strands (5'-3'), where Au NP is appended at the 5 end by re-
ducing the dithiol, are
15S - (RSS-C4-)GCACGAATTCACACG
30S - (RSS-C4-)GCTGATGACTATCGAATTCGGTAGTAGGCG
45S - (RSS-C4-) CGAGGTTGGCAAGAGTAACACGGAATTCAGTATGCACACGGAACG
The complimentary ss-DNA sequences (15, 30 and 45 bases long) were purchased from
IDT and are identical to the sequences used in a previous publication[16, 17]. The
ss-DNA was modified with either a 5" dye (Cy5 or FAM) attached through a Cg linker,
or a 5 disulfide protected thiol modification for coupling to a Au.

6.2.3 Internal Dye Appended base modified DNA

For the internal base pair modification studies, a 60 mer ds-DNA sequence
(Figure 6.1) was used for all studies. The ss-DNA strands consisted of a 5’ terminal
Cg thiol (DNA-O-P-O-(Cg-S-SR), and for the compliment ss-DNA, a sequence with
an internally dye modified T-base FAM or Cy5 was used (Figure 6.1). This allows
local distance to be probed while minimizing DNA conformational changes. For Cy5
(Cyanine 5) labeling was at site T19, T27, T34, T38, and T44 from the 5 end.
For FAM (fluorescien) the labeling was at site T14, T27, T38, T44, T54 and T58. In
order to distinguish the sequence used in the optical experiments, the experimental ds-
DNA is named with respect to the dye labeling position on the ss-DNA, for instance
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the 60mer labeled at T38 with Cyb5 is termed the 60int38Cy5, while the one with
FAM is 60int38FAM. In order to probe the effect of the linker length on the ratio of
intercalation for the Cy5 donor, the 60int44Cy5 strand was prepared with both a Cg
and a Cs linker appended off the T-base. This sequence is identified as Cg-60int44Cy5b
or C3-60int44Cy5, respectively.

60int27
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Figure 6.1: (a) Scheme showing the sequence of the 60mer ds-DNA and the
positions at which Cy5 (o) or FAM (e) is incorporated into the system and
also the 45mer ds-DNA with the dye(Cy5) attached to the terminal end.
(b)The dye when bound to the DNA depending on its nature can be free
to rotate or intercalate along the backbone, (c)The double strand DNA can
also be visualized as a cylinder with the Au NP at one end. The donor
is shown as a solvent exposed dye, although the possibility of intercalation
exists for Cyb, which will occur in the direction of the nanometal. The
quencher (Au) being negatively charged is believed to be repelled by the
phosphate backbone and hence is not believed to interact with the ds-DNA.
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6.2.4 Measuring average contact distances

Duplex DNA lengths less than 100bp (base pairs) are typically assumed to be
adequately modeled by a rigid rod approximation with only high frequency oscillations
along the backbone[77]. This allows the separation distance between the appended Au
NP at the 5 end and the molecular donor appended along the backbone to be readily
evaluated using the model introduced by Clegg et al.[79] to account for geometric
distance corrections arising from the orientation of the donor and acceptor along the
nucleic acid backbone. If we assume the Au NP is positioned at the full extent of
the Cg terminal linker at the 5" end of the DNA (Figure 6.1) and that the distance of
D-A separation is defined from the surface of the Au NP (at the site of attachment)
to the center of the donor (Dye), then using the Clegg model the separation distance
(R) between the dye (donor) and the 2 nm Au (acceptor) is defined as ,

1/2

R=[(34AN + L)* +¢] (6.4)

where, AN is the number of base pairs separating the D-A pair, L is the increased
separation distance for a fixed spacer length (Cs, L = 1.3 nm) arising between the
donor (dye) and acceptor (2 nm Au) due to the DNA helicity for a projection of the
donor onto the same plane as the acceptor at zero base pairs, and & = r,2 + 4% —
2r,rqlcos(0+36AN)] corrects for the projection of the D-A as the length of separation
varies. The values r; and 7, represent the distances of separation of the donor and
acceptor from the DNA helical axes arising due to the C,, (n = 6 or 3) spacer. The
values of r; and 7, are assumed to be 0 A for Au and dye when an interaction exists
between the DNA and the moiety resulting in a folding back of the linkers, while a
value for r; and 7, of 15 A for Cg4 (or 7.5 A for Cy spacer) is used implying a fully
elongated linker for both dye and Au. @ is the angle between the D-A at the zero-base
projection of the donor onto the plane of the acceptor. Intercalation of the donor dye
is accounted for by assuming the interaction occurs in the minor groove along the axis
of the DNA. For the intercalated donor a distance R’ is defined where R’ = R+ cosa.
« is the angle subtended by the C,, linker due to the intercalation of the dye.

6.2.5 Conformational Analysis by Maximum Entropy
Method - Non Linear Least Squares (MEM-NLLS)

The maximum entropy method (MEM) coupled to a non-linear least squares anal-
ysis (NLLS) is a powerful algorithm capable of separating individual decay states from
a random population. The MEM-NLLS method allows the lifetime distributions to
be accurately analyzed in the absence of a model providing a statistically meaningful
approach to assigning the difference between a single exponential, a bi-exponential,
or a stretched exponential decay function[146].

The method is particularly useful for energy transfer analysis, where the donor or
acceptor may occupy multiple sites along the backbone of a biological molecule. For
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this case the difference between a single-exponential, a bi-exponential, and a stretched
exponential will reflect the dynamic equilibrium of the dye positions. Rapid exchange
between two sites will yield a single exponential if the exchange is fast (for a 1 ns
lifetime, exchange faster than 1 ps). If the exchange is slow for a 1 ns lifetime (>100
ns exchange rate) then a bi-exponential lifetime is observed. Intermediate exchange
rates will give rise to a stretched exponential function. In MEM-NLLS, the single
exponential and stretched exponential are observed as a single Gaussian function
plotted as intensity (event occurrence) vs. log(7). The bi-exponential will give rise to
either two distinct Gaussians, or if the lifetimes are close in value an overlapping set
of Gaussians is observed (Gaussian with a shoulder). The big difference between the
stretched and single exponential is the width of the Gaussian function, a stretched
exponential is broad, while a single exponential is sharp. While it would seem that
one could extract the distribution function from the width, unfortunately the width
is convoluted with the noise.

MEM-NLLS has been utilized to analyze distributions in biophysics in a wide
range of experimental probes by allowing the characterization of lifetime distribu-
tions as a set of p-values (average lifetime), and the associated width of the lifetime
distribution, I'(p) (95.4% confidence limit).The value of p and I'(p) can be extracted
from the experimental data set by applying the maximum entropy method (MEM)
to the time dependent intensity decay data. In MEM-NLLS | the logarithmic dis-
tribution of lifetimes, f(logr), can be determined by fitting the decay trace, to the
convolution function

D(t) = /_O:O f(logr)e™7d logr (6.5)

Since MEM-NLLS is sensitive to the S/N ratio, the data is binned over the full
spectral emission manifold collected in the streak camera, which collects spectrally
and temporally resolved intensity data simultaneously.

6.3 Results and Discussion

Dye intercalation into the DNA groove impacts the usefulness of optical rulers and
has garnered significant interest in the past few years, particularly when the dye is
linked to an internal base. The internal modification positions the dye to intercalate
into the DNA helix[151]. Likewise, terminal modification at the 5’ end of the DNA wvia
an alkane spacer attached to the terminal phosphate group has also been postulated to
allow molecular level interactions[145]. Optical rulers rely on the ability to accurately
relate the loss of photoluminescence energy from an excited state molecular donor (D)
to the acceptance of that energy by an appended molecular acceptor (A).

While several energy transfer techniques that are ideal for optical ruler techniques
exist Nanometal Surface Energy Transfer (NSET)[15, 16] allows long distance optical
ruler measurements by probing the energy transfer between a fluorescent donor (D)
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Figure 6.2: Comparative normalized PL intensity for (al)FAM and (a2)Cy5
as a function of distance from the Au 2 p;nm quencher. The data is nor-
malized by correcting for the difference in absorption for DNA and donor
for the control (no Au) and the various DNA donor positions. (b1)Lifetime
decay for FAM (A, = 410nm, \.,, = 520nm) and (b2)Cy5(A., = 580nm,
Aem = 680nm) as a function of different donor-Au separation distances. The
exponential fits are calculated as the distributed bi-exponentials from the
MEM-NLS treatment for Cy5 and a single exponential fits for FAM.

and a non-emissive metal nanoparticle acceptor (A). The most significant difference
between FRET(1, 5] and NSET is that FRET follows a 1/RS distance dependence so
that the distance resolution is high but limited to <10 nm, while NSET empirically
exhibits a 1/R* distance dependence with lower resolution but a measurement range
up to ~18 nm. While the exact theoretical rationale for the 1/R* distance dependence
is still under debate, the empirical observation of a 1/R* dependence has been shown
by several groups[20, 28, 153, 154, 155, 156]. In addition NSET has no contribution
arising from x (orientation factor) or J(\) (overlap integral) due to the band structure
for a >1.4 nm Au nanoparticle, meaning that the same gold nanoparticle can act
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Figure 6.3: A comparison of the mono-exponential fits for various FAM
strands when the dye is placed (a)terminal and (b)internal for both control
and sample strands. The residuals are shown for each fit.

as an acceptor for various energetic donor states. By removing the dependence on
acceptor orientation and overlap integral dependence of FRET, NSET is best suited
for analyzing the importance of donor interactions along biomolecules resulting in
errors for positional and orientational factors. This is particularly important as new
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dyes are developed and implemented for energy transfer studies.
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Figure 6.4: A comparison of the mono-exponential and bi-exponential fits for
various Cyb strands. The residuals are shown for each fit and the deviation
of data from mono-exponentiality is clearly seen for (b) and (c) when the
dye Cyb is internally labeled on the ds-DNA.

The impact on the donor (Cyb or FAM) steady state photoluminescence intensity
and the time-resolved spectral properties as a function of the position along the
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DNA backbone is plotted in Figure 6.2. The lifetime data for FAM and Cy5 sample
strands is shown in Figure 6.3 and Figure 6.4, respectively with a single-exponential
and bi-exponential fit shown. The residuals are also shown with the data. It is clear
from the residuals that the internal Cyb is more appropriately fit to a bi-exponential
function, while the terminal Cyb5 is adequately fit to a single exponential (Figure 6.4).
Likewise, based on residual the FAM data is single exponential for all control and
sample strands (Figure 6.3). Comparison of the lifetimes obtained from MEM-NLLS
and non-linear least squares fitting to an exponential function reveal the MEM-NLLS
analysis is correct.

6.3.1 Lifetime Analysis by MEM-NLS

MEM-NLLS analysis allows a model to be developed that fits the observed time
decays for the NSET results. Fits by MEM-NLLS for the set of FAM and Cy5
sequences are shown in Figure 6.5 and compiled with the calculated and theoretical
distances in Table 5.2. Contributions from the pulse are removed but not shown
in the fit data in Figure Figure 6.5 or in the compiled data in Table 5.2. If there
are no interactions between Au and the dye or Au and the DNA, the Cy5 data is
expected to exhibit bi-exponential decay behavior for Cy5 and a single exponential
for FAM. For Cyb data, the control strand yields a single Gaussian function. For all
the Cyb sample strands a two-component fit is observed when the dye is internal,
while for the terminal strands a single exponential fits the data. As the distance
between the dye and the Au NP approaches closer to the 50% energy transfer mark
(Ry) the bi-exponentiality of the internal Cyb label becomes more pronounced due
to the highest sensitivity of the efficiency curve slope (greatest change in lifetime
with distance) around the Ry region. It is worth noting in the Cy5 internal sample
strands the area under the curve is analogous to the population statistics between
the two lifetime components. This is easily correlated to the population statistics
for two positions of the Cyb along the DNA helix. In the FAM data, the control
and sample strands exhibit single Gaussian functions for both internal and terminal
labels. Close inspection of Figure 6.5 shows that the line width of the Gaussian
function is broadened between the control strands and the sample strands in both
dye experiments. The broadening reflects the conformational disorder about the dye
position, but since it is impacted by noise and potentially the Au NP position, the
dynamic disorder is not analyzed herein.

The lifetime data is fit using MEM-NLLS analysis coupled to statistical treatment
of the data, yielding a single exponential for FAM and a bi-exponential lifetime for
internally labeled Cy5 DNA sequences. For terminal appended dyes (FAM and Cy5)
only single exponential lifetimes are observed implying a single site occupation on the
DNA for both FAM and Cy5. Both Cy5 and FAM exhibit single exponential lifetime
for the terminal or internal when the Au NP is absent. Comparison of the single and
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(a) MEM-NLLS fit for internal FAM strands
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(b) MEM-NLLS fit for Cy5 strands
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Figure 6.5: MEM-NLLS fit to (a)internal FAM strands and (b)Cy5 strands
with (b2)terminal Cy5, (b3)internal Cs Cy5 and (b4)internal C5 Cyb5.

bi-exponential fits by F-test indicates that a bi-exponential fit is statistically valid for
the internal Cy5 sample strands with a very high value of the F ratio. The observation
of a single-exponential lifetime for FAM is consistent with the literature observation
that FAM is solvent exposed, exhibiting no intercalation along the DNA[145]. This
also implies that the Au NP is not interacting with the DNA backbone or else a bi-
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Table 6.1: A comparison of observed quantum yield (®72™), average lifetime

(Tavg), lifetime extracted from MEM-NLLS (7,,), and I'(FWHM), the width
of MEM-NLLS peak for all the FAM and Cy5 labeled strands. The &7

obs
is normalized to the control strand, where ®p s = 0.9 and ®cy5 = 0.25

FAM
Strand Control 60int14FAM 60int27FAM 60int38FAM 60int44FAM 60int54FAM 60int58FAM
q>:ff m 1.00 1.00 0.78 0.42 0.28 0.16 0.14
Tavg (nS) 3.384+0.06 3.33£0.12 2.7840.09 1.65+0.14 1.09+0.03 - -
7oz (0S) 3.8£0.05 3.55+0.03 3.23£0.02 B 1.01£0.03 B B
Iy 0.164+0.06 0.261+0.01 0.2740.04 - 0.454+0.04 - -
Cy5
Strand Control 60int19Cy5 60int27Cy5 60int34Cy5 60int38Cy5 C360int44Cy5 C360int44Cy5
c}Z;: m 1.00 0.99 0.95 0.84 0.89 0.60 0.56
Ty (ns) 1.66+0.02 1.66+0.05 1.47+0.03 1.30+0.07 1.45+0.05 0.86+0.04 0.971+0.05
0.9440.05 0.87+0.07 0.114+0.05 0.514+0.05 0.47+0.04
r 0.1440.03 0.1440.05 0.2240.03 0.1940.07 0.231+0.05 0.23+0.04 0.20+0.03
0.1240.05 0.174+0.07 0.1640.05 0.1440.05 0.194+0.04

Table 6.2: A comparison of the theoretically calculated distance (dineory)
(d = a = 15A) with the experimentally measured distance by steady state
measurement (E(I)) (d;), average lifetime measurement (E(74.y)) (dr,,,) and
the MEM-NLLS extracted distances (d,,,). The distances shown assume a
fully extended Cg spacer with FAM not intercalated but Cyb in an average
position or for the discrete solvent exposed and intercalated distances based
on literature precedence.

FAM
Strand Control 60int14FAM 60int27FAM 60int38FAM 60int44FAM 60int54FAM 60int58 FAM
dihoory (B) B 170.6 125.4 89.1 70.3 26.8 16.5
d; (A) B - 122.1 81.6 64.0 43.5 41.9
drapg (A) - - 124.1 83.9 70.6 - -
dry (B) - 172.7 126.6 B 71.9 - B
Cy5
Strand Control 60int19Cy5 60int27Cy5 60int34Cy5 60int38Cy5 C60int44Cy5 C360int44Cy5
diheory (B) - 156.1 129.4 117.3 109.1 70.4 66.7
152.4 80.1 74.6 70.1 52.9 49.1
dy (A) - 158.0 133.3 98.4 109.1 72.9 69.8
dng (A) - 155.2 130.1 120.4 112.1 68.9 71.1
76.7 68.4 66.0 54.1 52.2

exponential lifetime for internal FAM and a four component lifetime would have been
observed for internal Cyb strand. The bi-exponential lifetime over all experimental
distances for internally appended Cy5 suggests two discrete sites of occupation for
Cyb along the DNA backbone, particularly since in the absence of a Au NP acceptor
a single exponential is observed.

If we assume the two component lifetimes observed in the internal Cyb data re-
flect two discrete occupation sites associated with intercalated and free rotor positions
with respect to the DNA, then the ratio of intercalated to free rotor can be directly
extracted. From the pre-exponential factors, which represent the intensity (or frac-
tional composition of the bi-exponential) at t=0, the ratio of short lifetime to the long
lifetime component (analogous to intercalated and free rotor) yield a value of 37% of
the Cy5 donors are intercalated (short lifetime) for all DNA D-A separation distances
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on the internal Cg sequence. The complete steady state intensity and lifetime (7) data
are compiled in Table 1.

(a)1.04 — Theoretical E (FAM)
A osl E(t) (FAM)

0.6+
0.4+
0.2+
0.04,

(b) 0 100 200 300
1.0+ — Theoretical E (Cy5)

E(t) - solvent exposed Cy5
0.8+

0.6+

Efficiency (E)

6 1}00 2}00 3100
1.0+ — Theoretical E (Cy5)
E(t) - intercalated Cy5
0.8+
0.6+

044

0.2+

0.0+, ‘ ‘ :
0 100 200 300
Distance (A) ——>

Figure 6.6: Comparison of the theoretical efficiency with the steady-state
and 7,,, efficiency values for internally labeled (a)FAM, (b)Cy5 when it is
solvent exposed and (¢)Cy5 when it is intercalated in the DNA duplex.

To extract the discrete distances (R and R’) that correlate with the two occupation
sites for the D-A along the DNA, and gain insight into the dynamics of the two
conformational states in the internally Cy5 labeled DNA, a plot of the theoretical
NSET efficiency curve calculted from the empirically fit NSET theory (equation 5.3)
with the experimental data points for the individual lifetime components for FAM and
Cyb5 from Table 5.1 are shown in Figure 6.6. The theoretical and the experimentally
measured distances from the steady state intensity and lifetime analyzed data is shown
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Figure 6.7: Effect of [NaCl| on the lifetime of internally labeled (a)FAM,
(b)Cyb appended through a Cg linker and (¢)Cy5 appended through a Cj

in Table 5.2. Inspection of Table 5.2, indicates the intensity data and lifetime for FAM
are in good agreement with the theoretically predicted distances calculated using the
Clegg model for a solvent exposed dye thus confirming a single exponential fit. The
internal Cy5 steady state intensity data on the other hand is in poor agreement
for a single site occupation based upon the theoretical prediction for either solvent
exposed or intercalated positions of the Cy5, thus implying a 2-site occupation model
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is more accurate. The MEMS-NLLS extracted experimental lifetime data produce
two independent lifetimes that are in good agreement with the theoretical prediction
for these two independent occupation sites. The better agreement for lifetime data
is not surprising, as lifetime based energy transfer experiments are more precise than
steady state measurements|16].

In order to test whether the ratio of intercalated to solvent exposed for internal
Cyb is impacted by electrostatic contributions, we analyzed the change in the life-
time distribution for Cg-60int38FAM and Cs-60int44Cy5 as a function of [NaCl] over
a range 0-500 mM in 20 mM PBS buffer, pH 7.5 (Figure 6.7). The sequences were
intentionally chosen to be close to the Ry value in order to have the highest sensitivity
to changes in the population of the unique conformations as the NaCl concentration
is varied. In the experimental lifetime for FAM, no dependence on salt concentra-
tion is observed consistent with its solvent exposed state. For the Cy5 system, a
slight dependence of the lifetime values for both the exposed and intercalated dye
is observed. However, no change in the population (pre-exponential values) between
the two states is observed, suggesting the ratio of intercalated to solvent exposed is
constant and has not been significantly impacted. No salt dependence is observed for
the shorter linker, most likely arising from the tighter association of the Cy5 to the
poly-anionic backbone of the DNA duplex. The larger slope change in the solvent
exposed data implies that at the higher salt concentrations increased electrostatics
may play a role in the interaction of Cy5 with the DNA, as might be expected for
the positively charged dye; however, the increased association appears only to impact
the magnitude of the free rotor approximation (cone of probability, Figure 6.1b) and
not the population statistics for the individual conformations. The results support a
dependence on linker length at the site of attachment for Cy5 intercalated with DNA.
The longer spacer length (Cg) appears to reduce the contribution of intercalated wvs.
solvent exposed (37% for Cs vs. 42% for C3). The reduction in intercalation most
likely reflects the reduced electrostatic interactions and greater degree of freedom in
the Cg spacer. Perturbation of the population statistics can also be observed if the
linker length is decreased. By decreasing the linker length on the Cy5, the impact on
the population statistics can be assessed. In Figures 6.4 and 6.5, the experimental
lifetime data nad a MEM-NLLS fit for C5-60int44cy5 is shown. Analysis of the life-
time indicates the population of intercalated to solvent exposed increases to a value
of 42% (intercalated).

6.4 Conclusions

The strong agreement between the theoretical and experimental data in Cy5
over all length scales, linker lengths, and salt concentrations allows the Cyb ratio of
intercalated to solvent exposed positions on ds-DNA to be conclusively defined using
NSET optical methods. Terminal appendage of Cyb allows the free rotor approx-
imation to be used while an internal appendage results in a percentage of the dye
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interacting with the ds-DNA. The results support the earlier findings on FRET pairs
with Cyb suggesting an equilibrium exists between defined intercalated and solvent
exposed sites. The agreement between the theoretical distances and experimentally
determined ones strongly suggests the equilibrium is static on the experimental time
scale, as if a dynamic exchange is occurring it must be occurring on a substantially
faster timescale than the shortest measured lifetime in the experiment. NSET pro-
duces a toolbox for testing the potential interactions of the biomolecules of interest.
These results allow FRET experiments to be more accurately interpreted since the
equilibrium can be precisely described.
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