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ABSTRACT

The purpose of this dissertation is to utilize the changing optical and electronic properties of
metallic and semiconductor nanomaterials for applications to biotechnology. The dynamic
optical properties of metals and semiconductors with size is discussed in regard to the ability
of these materials to accept electronic excitation energy from classical molecular fluorescent
dyes (Chap. 2). Absorption, photoluminescence, and time-resolved photoluminescence
experiments are performed on metal nanoparticle-dye pairs at separation distances controlled
via synthetic DNA spacers where the distance, dye, and nanoparticle size are varied (Chaps.
3 and 4). It is found that the efficiency of energy transfer to small metal nanoparticles is
greater than expected for a 1/R® Forster mechanism of energy transfer and the measurable
separation distance is increased, following a 1/R* dependence. The 1/R* distance dependence
is the theoretically established relationship of an excited molecule to a metallic surface. This
tool, termed “Nanometal Surface Energy Transfer” (NSET) is then used in Chapters 5 and 6
to measure the kinetics and conformational changes associated with a hammerhead ribozyme
as a model test subject for NSET methodology. Finally, ZnS-overcoated CdSe semiconductor
quantum dots, (Chap. 7) are synthesized controllably and characterized in terms of their

potential for biological incorporation for detection or in wvitro studies.
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CHAPTER 1

GENERAL INTRODUCTION

The past couple of decades of materials research have seen an amplified interest in the
nanoscience fields, rising to levels so loud that the outside world and even popular culture
have begun to embrace these new initiatives in science. “Nano” is arguably a household
word by this point in time, made popular by books such as “Prey” by Michael Crichton
or “NANQO” by John Robert Marlow or even the sleek new “Ipod Nano” mp3 music player
recently released by Apple Computers. The word “nano” can be found on the lips of young
and old, although it is doubtful that all who use it understand its meaning. “Nano”, of
course, means 107%. It is an order of magnitude that apparently has the world and many
fields of scientific research abuzz with excitement. What is the significance? Why would an
order of magnitude, a number, cause the heart of a scientist to palpitate or the eyes of a
businessman to turn green? The number has always been there, it is not a new number -
but it must have attained some new meaning. The answer to this question is described in
the word, “potential”.

Potential is defined as the inherent capacity for coming into being, which means
the materialization of assets to the more business-inclined, or conserved energy in the
mind of a scientist. In 1926, Erwin Schrédinger developed the famous “time-independent
Schrodinger equation” and published his ideas on quantum mechanics via5 differential
equations. Pictographically, placing a quantum mechanical particle in a confined box with
infinite potential at the walls allows one to solve Schrodinger’s time-independent equation for
the energy levels of the system. This “Particle-in-a-Box” model can be applied to certain well-
behaved conjugated dye molecules like the cyanine dye series and is the best model to describe
the observations of semiconductor nanomaterials (“quantum dots” - QD’s). Quantum dots

are semiconductor materials on the scale of 107 m in diameter. They are the incarnation of



the particle-in-a-box model where, if the host-lattice boundaries are smaller than the Bohr
radius of the bulk material bound-exciton, the wavefunction may be restricted physically
inside a volume by the high-energy potential walls.

Louis Brus has solved the Schrodinger equation for the lowest excited state of a particle
in a sphere, using the Wannier Hamiltonian for direct gap semiconductors to give the energy

as a function of particle radius, R:(1)

ezl 1 1 1.8¢2 2
~ 2]7;2 [ ] _ 62; + % + higher order terms (1.1)

me My
where m, is the mass of the electron, m,, is the mass of the hole, €5 is the dielectric coefficient
for the semiconductor material. Equation 1.1 calculates the band gap energy required to
create an exciton in a direct-gap semiconductor quantum dot as a function of QD radius.
The band gap, by definition, is the energy required to create an electron and a hole at rest
with respect to the host lattice, and so the energy calculated here should show an inverse
relation to the lowest energy absorption state as the QD increases with size. Figure 1.1
shows absorption spectra and luminescence phenomena for a variety of sizes of CdSe QD’s
where the lowest energy absorbing state shifts to lower energy as the crystallite size increases.
This is in direct support of Eqn. 1.1 and the Particle-in-a-Box model where the energy of
the system increases as the length of the box decreases and vice versa.

These nanomaterials are not limited to the semiconductor variety, however, but indeed
any material which can be synthesized on the nanometer scale may exhibit dynamic
properties that depend on size such as magnetic materials,(2; 3) metal nanoparticles, and
SiO4.(4; 5) The surfaces of nanoparticles may be functionalized to render them soluble in
almost any reasonable solvent as well as confer upon them affinity for a specific biological
interaction. For this very reason, many researchers have become greatly interested in
applying the unique properties inherent with nanomaterials to medical diagnostics, cancer
targeting,(6; 7) or “magnetofection” (delivery of genetic vectors to cells by association with
magnetic nanoparticles.)(8) But these last statements beg the question: “Why does anyone
care to integrate nanomaterials with biology or medicine? What possible good can come of

such a twisting of nature?!” A recent article in Science suggests that:(9)

“Nanotechnology’s ability to shape matter on the scale of molecules is opening

the door to a new generation of diagnostics, imaging agents, and drugs for
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Figure 1.1: a) Luminescence of three different sizes of CdSe QD’s under UV excitation
showing the affect of quantum dot size upon optical emission. b) Absorption spectra for
a variety of CdSe semiconductor quantum dots where the lowest energy absorptive state
depends upon the size of the crystallite. The smallest sizes (3.0 nm shown above) absorb

the highest in energy, and the larger sizes decrease the energy of the first excitonic state.
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detecting and treating cancer at its earliest stages. But perhaps more important,
it 1is enabling researchers to combine advances, creating nanosized particles that
contain drugs designed to kill tumors, targeting compounds designed to home in
on malignancies, and imaging agents designed to light up even the earliest stage

cancers.”

These sentiments imply the optomistic view held by many that nanomaterials could hold
enormous potential for the detection and treatment of different diseases. However, just as
abundant as this hope, is a great fear of the unknown. Because nanoparticles are novel, and
new varieties with different heavy metals are being synthesized every day, there is a well-
founded concern that many nanoparticles may be too toxic to ever be injected into a human
body. Indeed, the toxicity of certain nanoparticles is of deep concern to the advancement of
most semiconductor nanoparticles into live organisms for in vivo diagnostics and has become
a very real obstacle(9; 10; 11) for advancement in the medicinal fields. This is a “golden”
opportunity for metallic nanoparticles to step up and demonstrate their advantages.

Elemental gold is non-toxic due to its low reactivity but is also (mostly) non-luminescent,
which means that fluorescence marker applications are out of the question. However, gold
particles may be embedded with magnetic ions such as Co, Ni, or Fe to give them magnetic
properties and the potential for such uses as “magnetofection” or contrast agents for MRI
scanning. This said, by functionalizing the nanoparticle surface with molecules meant for
specific binding interactions, single-stranded nucleotides searching for a complement or an
antibody searching for an antigen for example, the nanoparticle may be site-specifically
directed within the system under study. The nanoparticle could then act as a probe or
beacon to the outside world, confessing the position of some offending organ or cancerous
tumor within the body. This is the ultimate goal of much nano-biomedical science as it
stands today, however basic science must come first as we build toward the more complex
issues.

The most basic question we can ask when appending a nanoparticle to a bio-molecule
bound for a specific destination is, will that molecule still look and behave like the native
molecule? Will it take my nanoparticle along with it and perform its duty, all the while
ignoring the fact that it is carrying extra baggage? Also, what property of the nanoparticle

can I use to detect a binding event to the appended bio-molecule? As described for
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Figure 1.2: TOP: TEM images of various sized gold nanoparticles grown by citrate / tannic
acid reduction of auric acid. The particles are spherical with good monodispersity. The
number of atoms within the volume of a sphere increases with the particle radius r* and
has a pronounced effect on the electronic and optical properties of the ensemble in solution.
The absorption spectra (BOTTOM) shows that there is relatively little difference in the
absorption properties (besides extinction coefficient) between the 6 nm and 13 nm particles,
but that a drop from 6 to 1.5 nm yields a drastic change in the optical properties. This
change is a result of dynamic dielectric constants of gold as a function of size.



semiconductor materials earlier, the optical and electronic properties of metal nanoparticles
also demonstrate a size dependence, this time due to a decreasing density of free electrons
at smaller sizes.(12; 13) Figure 1.2 shows three separate transmission electron microscope
(TEM) images of 6 nm, 13 nm, and 35 nm gold particles. All of these particles have similar
absorption behavior throughout the visible, where the absorption spectra of the 6 and 13 nm
particles are shown below. The absorption of spectrum of a solution containing dispersed 1.5
nm diameter particles, however, suggests a drastically changed relationship for these small
sizes. The disappearance of the absorption band centered at ~525 nm is indicative of one
size effect for metal nanoparticles, where the changing absorption may be explained by a
reduced density of free electrons as the particles begin to approach the cluster regime.
Depending upon the property of the nanomaterial being utilized in a certain method
(magnetic, optical, conductive), a well-controlled nanoparticle size may be conducive to the
success of such a study. To this end, it is the purpose of this dissertation, and of the research
I've conducted, to focus on the integration of nanoparticles with biological molecules in the
hopes of standardizing a method for optical characterization of simple molecule-molecule
interactions and conformational changes. 1 attempt to take advantage of the controlled
synthesis of 1.5 nm diameter gold nanoparticles for their minimally-invasive integration
into different nucleic acid systems and their electronic properties when interacting with a
nearby excited-state electronic dipole. In a Forster resonance energy transfer (FRET) - style
manner, the pairing of a fluorescent molecule with a metal nanoparticle can be used as either
a molecular beacon or as a ruler to calculate separation distances. However, this technique
may have many advantages over the FRET predecessor. The chapters of this dissertation
are organized to move logically from the basic properties of non-interacting molecules and
metals to their controlled assembly using biology as a template. The questions I ask and
attempt to answer are those of distance, energy, and nanoparticle size dependence of the
energy transfer efficiency of dye molecules to nanometal surfaces. Also, we query the effect
that a 1.5 nm diameter nanoparticle will have on the activity of small ribozyme systems.
This dissertation is organized into the following chapters: Chapter 2 attempts to describe
the fundamental photophysics of organic dyes necessary to understanding energy transfer to
metal surfaces. Chapter 3 applies the theory discussed in Chap. 2 as organic dyes of different
energies are separated from 1.5 nm gold particles at discrete distances using DNA as a spacer.

Chapter 4 asks questions regarding the efficiency of energy transfer to a metal nanoparticle



as the nanoparticle increases in size. Chapters 5 and 6 apply the information learned with
respect to the distance dependence of energy transfer to understand cleavage and folding
kinetics of hammerhead RNA ribozymes as well as conformational changes in the ribozyme
structure. Finally, Chap. 7 changes gears and probes the potential use of ZnS-overcoated
CdSe QD’s for applications to biology by combined synthetic, structural, and photophysical

characterization of a series of controlled crystallite structures.



CHAPTER 2

THEORY OF ENERGY TRANSFER TO METALS

2.1 Introduction

This chapter will examine the optical and electronic properties of metals in an attempt to
understand how the existence of a metal in the close proximity of an electronic dipole, such as
exists in an organic dye molecule, will perturb the photophysical properties of the electronic
state. In particular, we are interested in studying the physical meaning of energy transfer
from an electronic molecular dipole to a metal acceptor of that energy. The understanding
of such a process will be facilitated by a deep understanding of the interactions possible
between an excited dye molecule and a nearby metal surface, ie. the basic optical and
electronic properties of the individual components involved in this process.

This chapter will be organized by first examining in section 2.2 the optical properties
of organic dyes in terms of absorption and spontaneous emission of light, and the different
means of perturbing these processes. The next section (2.3) will examine the electronic
properties of metals, and how the electronic structure of a metal will dictate its interaction
with an electromagnetic field. Section 2.4 is a review of the literature and the underlying

theories of energy transfer to metals.

2.2 Photophysical Nature of Organic Dyes

Organic dyes are an integral part of biological research, especially for their usefulness in
cellular imaging or distance measurements via FRET based studies. Understanding the
mechanisms by which intensity or fluorescent lifetimes of a dye may be correlated to distance
requires an understanding of the basic photophysics which govern the behavior of that dye.

The interactions with light of most dyes can be related through the basic properties of



oscillator strength (f), dipole moment (i), extinction coefficient (¢), radiative rate (k,),
observed lifetime (7,5), and quantum yield (®).

The absorption or emission of light for a certain molecular transition depends upon the
density of states of the upper and lower levels as well as the transition probability between

those states. In general, the transition probability is given by
P = (Wil 0)? (2.1)

where U; and ¥, are the wavefunctions of the initial and final states, respectively, and fi;, is
the transition dipole matrix element coupling states |i) and |k). Light induced absorption by
a molecule is determined by the ability of an electron in the nuclear framework to interact
with an incident electromagnetic field of the radiation, and the intensity of this process is
determined by the transition probability. The oscillator strength, f is a classical concept
which relates the transition probability between states to a normalized value, where f=1
is a perfect oscillator. The line strength of that absorption, commonly referred to as the
extinction coefficient e, is a measure of the probability for the molecule to undergo an
absorption process and is an experimentally useful way of determining the oscillator strength.
For an optical transition, the oscillator strength is defined by the following equation:(14)

1 87%m.v

PR | D] (2.2)

fik =

where g; is the degeneracy of the ground state and |D;|? is the sum over all dipole-allowed
transitions for the states |i), |k), also known as the line strength of transition. The concept
of oscillator strength is especially important because it can be shown to be directly related
to the radiative rate of a molecule.(15; 16; 14) Einstein’s Ay; and By coefficients, which
determine the transition probability for spontaneous emission and light induced absorption,

respectively, are related by:(17)

8whu,
Aki = 3 kBlk (23&)
where:(14) )
T
Biy, = — |jiir|? 2.3b
= i (2:30)

and by placing eqn. 2.3b into eqn. 2.3a we solve for the spontaneous emission rate, Ay;:

3,3
R it 7 2

Ai:kr_ i
k 3eohc? M

(2.4a)
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where ¢( is the permittivity of free space, ji; is the dipole moment, and w is the angular

|| (2.4¢)

frequency (27v) of the transition. This form of Einstein’s Ay coefficient is the same
as published by Craig(17) and can be shown to be identical with that published by
Demtroder.(14) Later, Lewis and Kasha(15) corrected this equation to account for the index
of refraction, also described by Strickler and Berg(16) when the molecule exists in absorbing

media, bringing it to the form:

3,3
_ v
~ Ogohmed

The significance of Einstein’s Ay; coefficient is that an understanding of the dipole moment is

Api | ar|” (2.5)

the main ingredient for calculating the radiative rate for a molecule, and the dipole moment
is related to line strength via: Siy=|fy|*, where Sy, is the line strength for the transition
|i) — |k). By this statement the argument comes back full circle in relating the strength of
an absorptive transition to the radiative rate of the molecule.

The (theoretical) radiative rate of a molecule may be determined by a controlled
absorption spectrum in which a known concentration of analyte is present at a known
pathlength for interaction with an incident beam of light. After converting absorption

to extinction (emamfblf()‘)) and scaling in terms of energy (cm™'), then by using eqn.

2.2, integration over the entire region of interest gives the line strength of all dipole-
allowed transitions between states |i) and |k). Because the radiative rate is determined
by the oscillator strength and the surrounding dielectric medium, the radiative rate may be

calculated using the following:(16)
Api =k, = 2.880 x 10799%, 3 f (2.6)

If the spontaneous emission rate of a molecule is determined by the dipole moment
and the index of refraction, then a typical calculated radiative rate is on the order of
108571, Why then do many very strongly absorbing molecules exhibit lifetimes of only a
couple nanoseconds, (Fluorescein, Cyanine Dyes, Alexa Fluor dyes)? The reason for this
observation is simple, arising from the fact that the spontaneous emission rate is the longest

possible process the molecule can exhibit if no other processes were present. However, the
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oscillations of an excited state molecule are accompanied by molecular vibrations as charge
moves across the conjugated framework. If the energy of these vibrations is damped by the
surrounding bath, then the energy is lost as heat and not as a photon of light. This gives
rise to a rate of de-excitation, k,; which is in direct competition with k,. Other rates may
also be in direct competition with k, such as the rate of intersystem crossing ks, if spin-
orbit coupling is significant, and the rate of photo-product formation k, if a light-induced
chemical product formation is possible. All of these rates are responsible for the observed

rate of decay for an excited state molecule and may be written as:
kobs = kr + kvib + kisc + kp (27)

where for a given set of unchanging conditions, all rates not leading to the emission of a

photon may be placed into a single non-radiative rate, k.
kobs = kr + knr (28)

There are two common methods for measuring the radiative rate experimentally. The first,
and perhaps most accurate method involves measuring the luminescent lifetime of the dye
at very low temperature where the non-radiative pathways to ground have effectively been
eliminated. The second method may be done at room temperature and involves measuring
both the luminescent quantum yield and the luminescent lifetime for the molecule. In this

case, the radiative rate may be extracted from the following relation:
P = krTobs (29)

where 7,5 is the observed lifetime of the molecule in question, and is equal to 1/kps.
Under special conditions, an energy transfer event given by k. may take place if an
acceptor transition dipole of the correct orientation, energy and spatial separation is present.

In this case the observed rate takes the form:
kobs =k, + knr + ket (210>

Extracting the rate of energy transfer k.; from a system in which an acceptor is present can
be garnered from the difference in two separate luminescence lifetime experiments in which
the acceptor is present in the first, and absent in the second. The difference in k.5 between

the two experiments is then due to the rate of de-excitation via energy transfer.

kot = Ky — kS (2.11)

obs obs
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Note that this process does not require the measurement of a quantum yield, but still gives
the quenching efficiency of the acceptor through the relation: Qg¢r = 1 — :—; where 7’ is
the observed quenched lifetime and 7, is the natural observed lifetime in the absence of an

energy acceptor.

The relations that were just made between k,s and k., assume that a single energy-
transfer process is giving rise to the quenching. This assumption should be verified while
performing the experiment by the observation of a single-exponential observed lifetime in
the case of energy transfer. If the presence of a second rate, or a distributed lifetime were
the better fit to the observed decay, then Eqn. 2.11 will be the sum of all quenching rates,

but not the rate for a single process.

2.3 Electronic and Optical Properties of Metallic
Nanocrystals

A metal is defined as a material which is malleable, has luster, and displays high thermal
and electrical conductivity. The properties of bulk solids can often be described through
an inspection of the evolution of electronic states from atoms to clusters to bulk solids,
and metals are no different. Based upon Fermi-Dirac statistics, electrons are fermions with
half-integer spins containing unique quantum numbers which, following the Pauli exclusion
principle, means that each quantum state may contain only a single particle. The ramification
of these theories into band structures of matter can be illustrated with a simple state-
splitting model, (Fig. 2.1.) As more and more atoms are added to a system, that system
will go from atomic-like electronic energy levels to having more complex, yet still discrete
energy splitting in the cluster form, until the difference between neighboring energy levels
becomes indistinguishable from the next. In this case, the energy levels are considered to be
a continuous “band” of energy, and no longer discrete. Although all matter types exhibit this
behavior, band structure is most commonly split into 3 relativistic categories: Insulators,
Semi-Conductors, and Metals. The difference between each of these categories relies upon
the relative energy difference between the bottom of the conduction band and the top of
the valence band. For metals, the Fermi energy, Er, (defined as the highest energy level
achieved for all fermions at absolute zero), overlaps with the conduction band, allowing the
free movement of energetic electrons within the solid. This property of electronic states for

metals gives rise to their conduction properties and influences the optical properties.
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Figure 2.1: Scheme of energy splitting from the atomic level up to bulk solid. Electrons follow
Fermi-Dirac statistics and therefore split levels as more atomic states are added. Eventually
there are enough states that the energy splitting between states becomes indistinguishable
and is considered to be a continuous band of energy. This demonstrates band formation for
a semiconductor wherre there is an energy gap between the valence and conduction bands.
For a bulk metal system, these bands form one continuum.
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In the past couple of decades, research has shown an intensified interest in the electronic
and optical properties of materials as their dimensions are reduced to the nanometer scale.
This is an interesting question because the electronic properties are changed drastically as the
density of states decreases and the spatial dimensions of electronic motion become confined.
These changes in properties are also translated into dynamic optical properties because the
interactions of a material with light are primarily electronic in nature. One of the most
interesting properties of metals as dimensions become confined is the observation of surface
plasmon resonance, (SPR).

SPR resonances have fascinated scientists and artists alike for centuries, where colloidal
metal nanoparticles (NPs) were used for their vibrant colors in stained-glass artwork. The
physical origins of SPR bands come from the coherent interaction of conduction electrons
with an incident light wave. The interaction of light can be described classically by
considering the conduction electrons as a spring perturbed by an oscillating external electric
field and a restoring force provided by the heavy ionic core of a metal surface. When the
frequency of the external electric field (incoming light frequency) becomes resonant with the
coherent electronic motion, the glancing light ray is strongly absorbed by the metal electrons.
In general, a passing electromagnetic field may interact with the conduction electrons in
any metal as described by absorption features, however the interaction is greatly enhanced
within the bandwidth of surface plasmon modes. In the planar metal case, the metal film
must be illuminated through a material of higher dielectric for the observation of surface
plasmons.(18) However, for metal NPs this condition is relaxed and there are no special
requirements for the generation of SPR.(19; 20) This is the reason that colloidal noble metal
NPs display vivid colors in solution under ambient conditions.

When Mie solved for the optical extinction of colloidal metal particles, he performed his
calculations under the Drude model. This assumes the positive atom cores are immobile
while the conduction electrons are treated as a gas, characterized by similar properties such
as the relationship between pressure and the mean-free path of a particle. Pressure for a
gas is determined by the density of particles and the average kinetic motion for the system.
The mean-free path of a particle in such a system is therefore directly affected by these
parameters, where an increase in density or temperature inversely affects the mean-free path

of a particle. The Fermi function gives the probability that a particular energy state, E, will
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be occupied at a given temperature. The function has the form:

1
f(E) = c(B—Ep)/KT { |

(2.12)

where Ep is the Fermi energy of the metal, k is Boltzmann’s constant, and T is the
temperature. The total population of conduction electrons per unit volume is obtained

by integrating the expression:

78\/§7rm3/2 /°° VE
= |

e E—EBp)/kT 4 |

which is an integral over the electron density of states multiplied by the Fermi-Dirac

dE (2.13)

n

distribution function.

Metals have within some volume (considered to be finite but inconsequential for the bulk
system), a certain density of free-electrons above the Fermi level for a given temperature.
Equation 2.13 relates the number of free electrons to the temperature of the system where it
can be seen that increasing temperature increases the number of free electrons in the same
volume. This increased density of electrons at higher temperature will decrease the electron
mean-free path (as well as conductivity). Although this relation between temperature and
decreased conductivity has been understood for a long time, physical scientists have begun
to ask questions regarding the optical and electronic properties when the dimensions of a
metal fall below the mean-free electron path.(21; 13; 20; 22) Figure 2.2 demonstrates the
difference in absorption features that occur as the diameter of the NP moves from very small
(d = 1.4 nm) to the larger sizes where SPR behavior begins to dominate the region from 450
- 650 nm, (2.8 - 1.9 eV).

While for metallic NPs larger than 20 nm it is assumed that the particle is much smaller
than the wavelength of interacting light and the absorption of a colloidal system was solved
for theoretically by Mie in 1908(23) giving a combination of absorption and scattering terms.
When NPs are synthesized much smaller than the interacting light, (<20 nm) then under
the dipole approximation, only the dipole induced by the electromagnetic wave contributes
significantly to the absorption cross-section. Mie’s theory can then be reduced to the

form:(20)
_9-V~5§,{2 w - e2(w)
7= c er(w) + 262 + £(w)? (2.14)

where V is the particle volume, w is the angular frequency of the exciting light (27v), ¢ is

the speed of light, &, is the dielectric of the surrounding medium, and e(w) = &1 (w) + iz (w)
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Figure 2.2: Colloidal gold absorption data for d = 1.4 nm (black), 1.5 nm (blue), and 6 nm
(red) NPs in 20 mM phosphate buffer saline. Below ~2 nm diameter, gold NPs exhibit mostly
featureless absorption data with an onset beginning at 1.7 eV (730 nm) due to interband
absorption and rising to the UV. When d>2.0 nm the NP displays SPR behavior, giving rise
to the large absorption band centered at 525 nm.



is the dielectric of the metal. The use of bulk parameters to describe the dielectric of a
metal NP at this size regime is a subject not free of controversy for the reasons stated above.
The mean-free path of bulk gold has been measured and is reported as 430A(24), which
begs the question: What happens to the optical properties and electronic states of a gold
NP as its dimensions drop below 43 nm? Kriebig began advancing the theory that as the
dimensions are reduced beyond the mean-free path the surface scattering of electrons may
begin to dominate the optical response.(12) Kriebig et al. and Alvarez et al. have both
applied experimental results based for the small gold NPs to theoretical dielectric functions
as an attempt to model the absorption of such metallic particles.(13; 12)

For metals, the dielectric constant ¢, is a combination of real and complex values, which
take into account the lagging response of conduction electrons in an accelerating field due
to a smeared positive background (ionic core atoms). The Drude model takes the form:

2 22
W, WyWo

w2+ wi ww?+wd)

eip(w) =1— (2.15)

where w? = [ne?/(eomeyy)] is the bulk plasmon frequency (8.89 eV for Au) in terms of the
free-electron density n, the fundamental electron charge e, the permittivity of a vacuum ¢y,
and the electron effective mass meysy. The frequency of inelastic collisions, wy from electron-
electron, electron-phonon, electron-defect, etc. is usually very small, however can become
a dominant term for very small NPs. The interband transitions account for the response
of the 5d electrons and is nearly constant, but response of the Drude free-electrons can be
greatly affected by the decreased size and electron-surface scattering. Therefore, the use of
a surface damping () term for the small sizes has been suggested in place of wy:(25; 13)

Y(r) = + R (2.16)

where A is called the proportionality factor which includes details of the scattering
process.(12; 25) Its value ranges from 1 if isotropic, to 3/4 if diffusive, and zero if elastic. vg
is the Fermi velocity of an electron in the metal, (gold = 1.4x10® cm/s) Using Eqn. 2.16 as
the dominant scattering term in Eqns. 2.15 yields a full expression for the size dependent

(R) dielectric constant.

2 2
E((.U,R) _ 1_ wp wp(’yo—f—Al/F/R)
w2+ (v + Ave/R)? W+ (70 + AvpR)?

(2.17)
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The inclusion of this surface damping term gave good agreement between experimental
and theoretical results for Kriebig(25) for particle sizes down to 3.1 nm but the smaller NP
sizes required further terms for Alvarez et al.

Alvarez et al. compared the optical absorption spectra for a series of gold NPs from d
= 1.7 nm to 2.5 nm by separating out the interband and Drude components from the total
dielectric function:(13)

€1(w) = e11p(w) + €1p(w) (2.18a)
e2(w) = €earp(w) + €ap(w) (2.18b)

where the Drude-like terms may be calculated by:

w2

eip(w) =1— — —:wz (2.19a)
0
w2 - wo
=—r 2.19b
62D(w) w(w2 +W(2)) ( 9 )

These equations have size-dependence built into them, exactly the same as Kriebig has done,
by substituting Eqn. 2.16 in for the damping term, wy. Figure 2.3 demonstrates behavior
of each dielectric as a function of optical energy. The dielectrics were calculated using the
values for optical constants of gold published by Johnson and Christy(24) together with the
relationships: €; = n? — k? and e, = 2nk. The separation of the interband and Drude terms
from each other was accomplished by fitting the Drude segments to spline graphs, analogous
to the efforts of Alvarez. Doing this allows us to re-calculate the Drude contributions,
which should be strongly affected by size, using Eqns. 2.19a,2.19b. Because the interband
contributions are constant, even at the smallest sizes measured at 1.4 nm, only the Drude
terms need to be re-calculated.

The extinction spectrum can be calculated, therefore, using these new size-dependent
dielectric functions together with Eqn. 2.14. Figure 2.4 shows three calculated extinction
spectra for bulk gold, a 6 nm NP, and a 1.5 nm NP, (details of the calculations may be found
in Appendix A). The disappearance of the plasmon absorption is obvious at smaller sizes,
which is consistent with a lower density of free electrons. Although the density of electrons
is dropping at these smaller sizes, Alvarez et al. realized some very interesting results when
trying to fit the theoretical results to the experimentally measured values.

The original attempts by Alvarez et al. to fit the experimentally measured optical

absorption spectra for small gold NP’s resulted in poor agreement with the theory. What they
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Figure 2.3: Left: Real part of the dielectric constant for gold as a function of optical energy.
Right: Tmaginary part of the dielectric. The bulk values represented by the solid line (—
) have been extracted and plotted from the published values of Johnson and Christy(24).
The Drude contributions (---) have been spline fit and subtracted to isolate the interband
contributions (- - -).
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Figure 2.4: Theoretically generated gold extinction spectra using the dielectric terms
calculated exactly analogous to Alvarez et al. The solid line (—) is the spectrum for bulk
gold calculated using exactly the values published by Johnson and Christy. Also calculated
are exctinction spectra for a 6 nm gold NP (- - -) and for a 1.5 nm NP (---). All spectra
were normalized at 4.0 eV.
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realized is that by allowing the volume of the particle to float in their extinction calculations
(Eqn. 2.14) resulted in greatly improved fits to experimental data. Essentially, this has the
effect of changing the electron density and, if chemisorption effects are considered, this has
the physical meaning that the surface thiol ligands behaved as electron donors into the NP,
where each ligand is donating exactly one electron into the metal. This means gold NPs
from 1.7 - 2.5 nm in diameter may have free electron densities higher than would normally
be predicted and the theoretical extinction within the dipole approximation is best obtained
when electron density (particle volume) is allowed to float. The significance of Alvarez’
findings may be seen in section 2.4 where gold NPs near 1.5 nm in diameter are used as
dipole acceptors for energy transfer from molecular dyes. The increased electron density of
small NPs may help explain the somewhat unexpected efficiency of energy transfer to these
particles. These calculations also find relevance in calculating theoretical distances of energy
transfer in Chap. 4 to slightly larger particles where the electron density is much higher, but

the size-dependent dielectric constants still need to be considered.

2.4 Energy Transfer to Metal Surfaces

Questions regarding the physical behavior of a dye placed at various distances in front of a
reflecting surface, (planar metal), have been the focus of much research and experimentation
for the last few decades. As technology advances to smaller and smaller, more compact
systems, the behavior of similar dipole emitters in the proximity of nanometal surfaces
becomes an intriguing question. The purpose of this section, therefore, is to give a brief
explanation for the accepted behavior of molecular dyes near metal surfaces.

Beginning with the experiments of Drexhage(26; 27; 28) in the 1960’s the behavior of an
oscillating electronic dipole in front of a metal surface has been intriguing to theoreticians
and experimentalists alike. Drexhage showed that the oscillating electric field of a dipole may
be reflected back by a planar reflecting surface to the point of origin, however a phase-shift
may be induced by the round trip, depending upon the distance between dipole and mirror.
The reflected field will perturb the electric dipole by forcing an external driving term for its

oscillations and, in the end, both resonate at the same frequency:(29)

[ = it A b2 (2.20)
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where:

ER _ Eoe—i(w+Aw)t€—bt/2 (221)

In this case, the unperturbed dipole (u,) and the local electric field E, are being self-
modulated by the frequency shift and the lifetime (Aw and b) in the presence of the mirror.
The effect of such a reflected electric field is to modulate the radiative rate of the molecule
by either enhancing radiative decay when the reflected field is in phase with the molecular
dipole, or through damping when out of phase.

Numerous theoreticians have calculated the perturbed emission rate of single dipole
emitters when in the presence of small metallic spheres.(30; 31; 18; 32; 33; 34) Typically the
rate of energy transfer into a metal is calculated assuming electron-hole pair formation(35)
(and eventually Joule-heating) which becomes the primary source of non-radiative pathways
to ground for a nearby excited state molecule. The Gersten-Nitzan model (GN-model) was
one of the first theoretical treatments for a molecular dipole in the presence of either a
metallic sphere or spheroid. The GN-model is primarily concerned with the lifetime and
fluorescence yield of a molecule as a function of both the size and shape of the metallic
sphere/spheroid. They take into account the aspect ratio of the NP and the reflected electric
field from the surface to calculate the new radiative rate due to enhanced electric field, and
non-radiative rate due to energy transfer into the NP. The GN-model is applicable to systems
in which the NP is describable by large polarizability (SPR behavior). Although the GN-
model has been popular for describing the quenching of dipole emitters to moderately sized
gold particles, (6-30 nm), it seems to have fallen short in the prediction of both rates of energy
transfer and of the dependence upon distance between emitter and NP surface. (36; 37)
Ruppin has approached the theory of energy transfer into metallic spheres also through
electromagnetic theory where the process for non-radiative energy dissipation is calculated
by considering the Ohmic losses inside the NP. Toward this end, the rate at which energy is
absorbed into a sphere is related directly to the response of free electrons (conductivity) of
the sphere, or the complex part of €(w). Coupling of the dipole oscillations to the conduction
electrons will show enhanced energy transfer at the frequencies corresponding to the [=1,2,
etc. modes of the metal. Although Ruppin’s model is concerned primarily with the [=1
plasmon modes at moderate to large distances, it takes into account the dipolar coupling to

any conduction electron through the use of ¢, in his calculations of wavevector formations.
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Figure 2.5: TOP: Cartoon illustration of a point dipole suspended a discrete distance above
a metal surface. The dipolar field lines show the excitation of electron-hole pairs or plasmons
on the surface of the metal. BOTTOM: Illustration of the orientation dependence of a dipole
relative to the surface of a metal. In the parallel orientation (||) the dipole creates an image on
the conducting surface, which tends to damp the oscillations. The perpendicular orientation
(L) results in a dipole image which may enhance the local electric field of the dipole through
a driven resonance.
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Most significant in Ruppin’s model is his conclusion that the most pronounced difference
between the interactions of a molecule in the planar and spherical cases is the lack of lifetime
oscillations in the spherical orientation at large distances. Spheres would not be expected to
reflect the electric field as efficiently as a mirror plane and so the reduced reflectivity will not
modulate the local field of the dipole as the molecule increases its distance from the surface.

Persson has been a leader in advancing theories of molecular de-excitation by metal
surfaces.(38; 35; 39) The primary focus of Persson’s work is the conservation of momentum
during electron-hole pair formation via the near field of an electric dipole. Essentially, the
electric field of a dipole alone will not provide the required momentum for direct exciton
formation, and therefore the process must occur simultaneous with an electron scattering
process. Persson recognizes two main sources of scattering: bulk scattering from electron-
electron, electron-phonon, electron-defect etc. or the scattering of an electron from the
surface potential. The former process involves an interaction over the integrated volume of
the crystal, giving rise to a d™ distance dependence. Scattering from a surface potential,
however, involves the integration over a plane and yields a d=* distance dependence.

A nanoparticle on the 1 - 6 nm size regime (and possibly as large as 20 - 30 nm) is
almost undoubtedly better approximated as a surface due to the high surface-to-volume
ratio at these sizes. To this end, the use of Persson’s surface damping model(35) applied
to molecular dipole quenching is a logical choice of theories. Under this model the metal
is treated within the jellium approximation and assumed that conduction electrons may
respond instantaneously to the varying external electric field induced by the nearby dipole.
The jellium model gets its name from its basic assumption that the atomic framework
looks like a smeared positive jelly to the interactions of conduction electrons. This allows a
simplification of the electron-electron coupling energies. Their model insists that wg,e << w,
which is assumed for dyes ~500 nm and lower in energy. They conclude that for a noble

metal, the rate of energy transfer may be calculated by:

ﬁk
= ! F .

where:

Wd
Fsurface =12 .

22— 2.2
ka?Fd ( 3)

F is the damping factor, the source of which is energy transfer into the metal, and depends

upon the metal characteristics, ie. Fermi frequency, electron density, mean-free electron path,
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and importantly upon the thickness of metal. Energy transfer to a small metal nanoparticle,
ignoring the excitation of bulk plasmons, may be estimated by assuming Persson and Lang’s
model with excitations of electron-hole pairs simultaneous with the scattering of an electron
to a state above the Fermi level. In this model the conservation of momentum is considered
to be most important in this scattering process where the total momentum needed for the
scattering to take place comes from two sources: a) excitation from the molecular dipole
and b) scattering of a free electron against the surface potential. This suggests that in order
for a conduction electron to accept energy and damp an external molecular dipole it must
undergo a surface potential scattering within a very short time of being excited.(40) For
a nanoparticle in which the size of the metal lattice is much smaller than the mean-free
clectron path (~430A for Au)(24) it is expected that free electrons spend the majority
of their time scattering from the surface potential which may increase the probability of
molecular de-excitation. Adding eqns. 2.22 and 2.23 together, we achieve the rate of energy

transfer to a metal surface:

2
:U’ik wdye
kgp = 0.3 2k
BT h wpkpd?

Equation 2.24 may be expressed in a more useable form by replacing the dipole moment

(2.24)

with measureable dye properties, recalling that dipole moment is an integral part of the

spontaneous emission rate shown in eqn. 2.4. Therefore, solving eqn. 2.4c for @ and
substituting into eqn. 2.24 we achieve:
gomc 1
kpr =0.9 k (2.25)

2 4T
wdye kaFd

Finally, in obeying Coulomb’s law, the force exerted from one charge upon another through

space must be multiplied by the proportionality constant(41) (Coulomb’s constant), ﬁ.
Also noting that k, = ®\7, this brings eqn. 2.25 to its final useable form:
63 (I)dye
kpr = 0.225 (2.26)

2
Wiy W kpd* Taye

From equation 2.26 the d, value may be easily calculated. The significance of d, is that
it represents the distance at which energy transfer probability equals the probability of
spontaneous emission.

As mentioned in section 2.3, NPs below a diameter of ~2 nm do not exhibit SPR behavior.

This provides a certain justification for the use of the Persson model to explain dipole
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quenching to NPs in the range of 1.5 nm because the model does not rely upon the creation
of plasmons. Instead, the model relies upon the frequency of the emitter (which must be
lower than the plasmon frequency to ensure adiabatic response from conduction electrons)
and scattering events at the metal surface. In fact, the use of such small NPs may actually
increase the efficiency of energy transfer as a direct result of the increased electron density(13)

and surface scattering(12; 25) at these small sizes.
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CHAPTER 3

NSET VS DISTANCE TO d=1.5 NANOPARTICLES

3.1 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).(42) This technique allowed changes in conformational
distances between 1 - 20 nm to be probed for protein-nucleic acid interactions on double
stranded 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/d* distance dependence. The intensity quenching
mechanism via coupling of the oscillating electronic dipole of a dye to a metal surface with
loss of energy via heat analogous to the theoretical treatment developed by Chance, Prock
and Silbey(29) and Persson and Lang(35) for bulk metals.

This theoretical treatment can explain the oscillator coupling to a metallic nanoparticle
(NP) with surprisingly good agreement to experimental data,(42) 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 developed 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,
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due to reduced reflectivity.(32) 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 contra-
dictory findings for the optical response of molecular dyes interacting with metal NP’s have
been reported in the literature with both radiative rate enhancement and energy transfer
quenching at moderate distances.(37; 19; 43) 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 fluorophores near or on metal surfaces have been interpreted in terms
of lossy surface waves,(44; 45) or by suppression of the radiative rate.(37) 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.(19) An interesting question presents itself, therefore, when inquiring
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.(22) Because 1.5 nm diameter gold
NP’s 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 (k.; 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 + k'm" + ket

(3.1)

Tobs = L

and,
JR— k:’,‘
N kr + km" + ket

where Eqn. 3.1 states that the observed lifetime, 7, is the inverse of all rates of decay, kqps;

(I)em = krTobs (32)

where k., is the sum of the radiative rate, k,, the non-radiative rate, k,,, and the rate of
energy transfer, k.;. The radiative and non-radiative rates are normally considered constants
for a dye under defined conditions, leaving k.; as the major contributor to the shortening of
an observed lifetime. The quantum yield (Eqn. 3.2) is a convenient measurement relating
PL intensity to k, and the observed lifetime, 7,,,. 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
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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 (ke;) could lead to the observation of quenched PL and a decreased
lifetime. How then can one distinguish the true origin of the decreased PL intensity? The
purpose of this paper 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/d* distance dependence, consistent with the

predictions of Persson and Lang in an NSET model.

3.2 Experimental

3.2.1 Nanoparticle Synthesis

Gold nanoparticles were synthesized as described by literature techniques,(46) using the
rapid reduction of hydrogen tetrachloroaurate (AuCly-3 HyO) in the presence of tetraoctyl-
ammonium bromide by sodium borohydride in an argon-sparged water/toluene mixture.
TEM measurements displayed particles with an average diameter of 1.5 £+ 0.5 nm. The
particles were washed thoroughly with a variety of solvents including hexanes, sodium
nitrite solution, and MeOH-H,O. Ligand exchange was accomplished using ~400 mg Bis(p-
sulfonatophenyl)phenylphosphine dihydrate (SPP) in 30 mL nanopure H,O 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 ~2 nmol/vial and stored at 4° C.

3.2.2 dsDNA - Nanoparticle Coupling

Complementary DNA strands were purchased with either 5-Cg-dye or 5'-Cg-SH already
HPLC-purified from IDT DNA Technologies. All strands! were engineered to minimize

115dye: 5 Dye-Cs-CGT GTG AAT TCG TGC-3’
15-thiol: 5" CS-S-C4-GCA CGA ATT CAC ACG-3’
30dye: 5 Dye-Cs-CGC CTA CTA CCG AAT TCG ATA GTC ATC AGC-3’
30-thiol: 5 CgS-S-Cs-GCT GAT GAC TAT CGA ATT CGG TAG TAG GCG-¥
45dye: 5’ Dye-Cs-CGT TCC GTG TGC ATA CTG AAT TCC GTG TTA CTC TTG CCA ACC TCG-3’
45-thiol: 5" CgS-S-C-CGA GGT TGG CAA GAG TAA CAC GGA ATT CAG TAT GCA CAC GGA
ACG-3’
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secondary structures using mFold. Purity for Cy5b-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 800 pmol of the single-stranded 5-SH DNA with 50
mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) in 20 mM PBS buffer pH 7.5 at
RT for 30 minutes. The freshly deprotected DNA-thiol was desalted with a NAP-5 column,
collecting the first 500 pL eluted which contained 75% (600 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 4 nmol of dry HyO-soluble NP (NOTE: this is 1:6.7 stoichiometry dsDNA:NP
to ensure predominately 1:1 binding). 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.

3.2.3 Absorption/Photoluminescence

Absorption measurements were acquired on a Varian Cary 50 UV-vis spectrophotometer
and photoluminescence measurements were acquired on a Varian Cary Eclipse Fluorescence
spectrophotometer using Z-matched 50 puL. 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. Concentrations were kept very dilute (~300 nM) to minimize effects
due to self-absorption or Stern-Vollmer quenching. 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 dsDNA-NP sample was then

measured. Quantum efficiencies of quenching were determined via the following calculation:

Isample . Acontrol (3 3)

Doprp=1—
QB Icontrol Asample

where ®gpsr is the quantum efficiency of energy transfer, I mpiecontror is the integrated

intensity under the curve for the PL peak in energy, A.,niro is the absorption of the sample
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at its absorption peak, and Agqmpie is the corrected absorption of the dye after subtracting

out the contribution absorbed by the NP.

3.2.4 Lifetime Measurements

Lifetimes are acquired on dilute (~300 nM) samples using the output of a Nd:VO4-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 ps. 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 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 (FAM) or 10 ns window (Cy5). 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:

7_/

Qepr=1—— (3.4)

To
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 (7).

3.3 Results

Figure 3.1 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-dsDNA-
dye. The distance from the center of the molecule to the metal surface is estimated by taking
into account the Cg 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, ~90
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Figure 3.1:  Scheme of DNA-binding to a 1.5nm Au nanoparticle, (NP). By varying the
length of the DNA strand, the terminal dye fluorophore is separated from the Au NP by
discrete distances, (168A, 120A, and 69A.)
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nm,(47) 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 dsDNA 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 Cg linker is insuring an isotropic

distribution of electronic dipoles.

3.3.1 Lifetimes of Dyes Near 1.5 nm NP’s

Figure 3.2 compares the lifetimes for both fluorescein (FAM - 3.2a) and Cy5 (3.2b) 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 yq is a linear offset, Iy is the intensity at t=0, and k is the rate of decay where
1/k = 7. 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 Fig. 3.2a,b. Using Eqn. 4.6 the quenching
efficiencies as measured by lifetime are listed in Table 3.1 along with the extracted (Eqn.

3.1) and theoretical (Eqn. 3.6) rates of energy transfer.

3.3.2 Photoluminescence Characterization

In Figure 3.3, the cw-PL quenching of FAM (Fig. 3.3a) and Cyb (Fig. 3.3b) 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.
3.3. Quenching efficiencies based on PL studies are tabulated in Table 3.1 vs different spacer
lengths.
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Figure 3.3: a) Photoluminescence quenching of FAM PL intensity as a function of dsDNA
spacer length. b) Photoluminescence quenching of Cy5 dye as a function of spacer length.
The top curve in both a) and b) (- - -) is a normalized control intensity.
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3.3.3 Absorption Characterization

Figure 3.4a shows absorption spectra for NP-15mer dsDNA-dye (black, - - -, offset vertically),
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.

I a) | 15mer-FAM 0.5 | b) | 15mer-Cy5
0.4 — — NP-15mer-FAM — — NP-15mer-Cy5
& — NP-15mer-FAM \ — NP-15mer-Cy5
gé‘ (Background Subtracted) 0.4—] \ (Background Subtracted)
oy .
\
c c03+ !
K<) K<) |
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a 802 N
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Figure 3.4: a) Absorption and corrected spectra for the FAM-dsDNA-NP system and b)
Absorption spectra and corrections for Cy5-dsDNA-NP. These spectra compare purified dye-
dsDNA-NP (black - offset 0.05 A.U.-FAM: 0.10 A.U.-Cy5), dye-dsDNA in buffer (---), and
the background subtracted absorption spectrum of the dye-dsDNA-NP to correct for NP

absorption (—).
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3.4 Discussion

3.4.1 Development of the Model

A great deal of theoretical modeling(38; 39; 32; 48; 33; 34; 31; 29) (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,(32; 30) but not the ability of a metal 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.

Figure 3.5 illustrates the dipole projections for free-electron scattering at the surface of
a gold NP in the presenceof an dipole-induced electric field. 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(30; 49; 50) which have been used for modeling dipole-dipole
interactions with the plasmon of gold NP’s seem to have fallen short in describing both the
distance dependence and efficiency of dye-quenching.(36; 37) 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 calculated 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(35) states that the damping rate to a surface of a noble metal may
be calculated by:

M2 Wdye

kpr = 0.35-
ET h wpkpd

which can be expressed in more measurable parameters through the use of the Einstein Ao

(3.5)
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Figure 3.5: a) Graphic respresentation of a dipole free in space separated by some distance
from a metallic NP. b) Illustration of a gold NP in the electric field of a nearby molecular
dipole. All scattering events associated with the free electrons of the gold are shown
perpendicular to the surface.
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Table 3.1: Measured values for the quantum yield of quenching efficiency for the 3 strands

of dsDNA based on cw-PL spectra, (PL Qgys), based on lifetime quenching, (7 Qgys) and
both the calculated and theoretical rates of energy transfer to the metal surface, (kgr).

T FAM [ Cy5 |
dsDNA Strand: 15bp 30bp 45bp 15bp 30bp 45bp
Distance (+ 5 A): 69 A 120 A 167 A 69 A 120 A 167 A
PL Qg 0.69 + 0.07  0.27 + 0.06  0.22 = 0.04 | 0.54 £ 0.06 0.19 + 0.04  0.07 £ 0.03
T QEf 0.47 £ 0.04 0.13 £ 0.03  0.04 £ 0.02 | 0.41 £ 0.05 0.10 + 0.04  0.02 & 0.04
Calculated kg (s™ 1) 2.55x10% 4.9x107 1.3x107 4.87x108 8.5x107 9.72x10°
Theoretical kg (s~ 1) 4.3x108 4.7x107 1.2x107 3.3x108 3.6x107 8.6x106

39



1.0—~ @) FAM Quenching 1.0 -, b) Cy5 Quenching

A PL Quenching A PL Quenching
0_8_ B T Quenching 08_ B T Quenching
0.6- 0.6
OLIJ
0.4- 0.4
0.2- 0.2
004, | | 004 | | |
0 100 200 300 0 100 200 300
Distance (A) Distance (A)

Figure 3.6: Quenching data for FAM (a) and Cy5 (b) based upon Photoluminescence (A)
and Lifetimes (M) overlaid on top of a theoretical curve generated using Eqn. 3.8.
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coefficient:(17)

to give the following rate of energy transfer, in accordance with Coulomb’s law (ﬁ):

3
C q)dye

kgr = 0.225

(3.6)

u)dyekaFd4 Tdye

where c is the speed of light, ®p is the quantum yield of the donor (FAM=0.8, Cy5=0.4),
wp is the angular frequency for the donor (FAM=3.8x10" s7!, Cy5=2.91x10""s™1), wy is
the angular frequency for bulk gold (8.4x10% s71), and k; is the Fermi wavevector for bulk
gold (1.2x108 em™!). The dg value is a convenient value to calculate 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 dy value may be calculated by:?

30 1/4
dy = (0.225%) (3.7)

4
wdyekaFd

We calculate dy values of 76.3 A and 73.0 A for FAM and Cy5 dyes, respectively. The
theoretical plot overlay of the data in Figs. 3.6a,b is shown for comparison and is generated

from the expression,
1

It is important to note that this model does not concern itself with the reflected field from

Qpsp(d) =1- (3.8)

the surface, which makes it convenient for the case of a metal NP where, in accordance
with Ruppin’s model,(32) 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. Monoexponential 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 experimental data.(40) For their

2This equation is stated as a correction to a previous manuscript (Strouse, JACS, 2005, 127, 3115.) in
which it was calculated in error to be 0.525.
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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 (~430 A for gold(24)), 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 3.6 compares the experimentally observed quenching efficiencies of a 1.5 nm NP as
measured by PL and calculated using Eqn. 3.3 and also as measured by luminescence lifetime
using Eqn. 4.6. A theoretical curve calculated using Eqn. 3.8 is overlaid for comparison to
theory.

Although Eqns. 3.6 and 3.7 use bulk gold parameters, the model fits surprisingly well
with the experimentally measured values, and particularly with the rates of energy transfer
reported in Table 3.1. 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, (decreased single-exponential
lifetime), but also suggest that the slope of the theoretical curve may be correct.

The absorption characteristics of gold NP’s 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 NP’s. Attempts to model the absorption for gold NP’s
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.(12; 25) Whetten was successful in adapting this model to calculate the
absorption spectra of gold NP’s from d = 1.4 - 3.2 nm where they advance the theory
that thiol ligands donate electron density into the NP.(13) In this regard, the use of NP’s
as energy acceptors may actually enhance the quenching efficiency of a metal surface and

explain the somewhat unexpected efficiency of quenching by a 1.5 nm NP. The increased
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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.

3.4.2 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.(37) 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 transfer 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 oscillator strength (f) for the dye molecule
upon binding the gold NP, since k, o f.(51) The transition probability between states by
the Einstein Ay, and Biy coefficients relates the experimental absorption of an electronic
transition to the oscillator strength and radiative rate for that molecule.(15) Oscillator

strength, f is directly related to the radiative rate, k, through the relation:(51)
k=3 x 10752 /8d17 ~p2f (3.9)

where 7, 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 3.7 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 Asgy. 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 Fig. 3.6 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
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to an energy transfer mechanism from the dye to the gold NP and not due to a changing

radiative rate for this system.
3.5 Conclusion

In conclusion, three different lengths of dsDNA-dye, using two dyes of different energies
were appended to 1.5 nm gold NP’s as a means of measuring quenching efficiency 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 lifetime spectroscopy to determine
that the process of quenching is an energy transfer event and that it follows a 1/d* distance
dependence. The significance of a 1/d* 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 between quenching efficiencies as measured by PL and lifetimes is most

likely error due to instrumental inaccuracy in absorption/photoluminescence measurements.
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Figure 3.7:  Absorption comparison of the dye-15mer (w/o NP, ---) to the dye-15mer-
NP absorption, after subtracting gold absorption and correcting for scattering (—). All
absorbances have been normalized at the DNA absorption wavelength, 260 nm. A small
scattering correction has been applied to the NP-15mer-FAM absorption to correct the
baseline from the 200-450 nm range. Absorption comparison for both FAM-15mer-NP (a)
and Cy5-15mer-NP (b) allows direct monitoring of the oscillator strength for the dye at the
closest proximity to the gold NP measured here.
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CHAPTER 4

NSET AS A FUNCTION OF NANOPARTICLE SIZE

4.1 Introduction

Chapter 3 probed questions relating to the ability of energy to transfer from a molecular dye
into a metal surface. The debate over whether or not it is accurate to refer to a NP at 1.5 nm
diameter as a “metal” is ongoing(52; 21; 13; 25), 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 competitive 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:

3
C (I)dye

kpr = 0.225

(4.1)

wgyechk:Fd4 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. Chapter 3 demonstrates that dyes
of different energy are still quenched by the same NP with a slight drop in efficiency at the
longer wavelengths, as predicted by Eqn. 4.1. We may anticipate that, aside from varying
properties associated with the dye, changes to the NP acceptor in terms of metal type, NP
shape, or especially size should also have a drastic effect upon the behavior of the system.
Figure 4.1 demonstrates the size scale of differently sized gold nanoparticles as compared to
DNA. The smallest particle at 1.5 nm, is minimally invasive when considering integration
with biological systems, containing ~105 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
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Aujq 5: 105 atoms
MM=20,523 g/mol

Aug: 6700 atoms
MM=1.3x10° g/mol

6.0 nm

Au,3: 67,800 atoms
MM=1.3x10” g/mol

13 nm

Figure 4.1: Graphic illustration of 45 bp dsDNA (~17 nm) appended to gold NP’s of various
sizes. The 1.5 nm NP is the smallest and least invasive. The 6.0 nm NP is a force to be
reckoned with and the 13 nm NP begins to approximate a surface.
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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 nm diameter means significant increase
in the density of free electrons and thus its interactions with light. As discussed in chapter
2, nanometal size plays an important role in terms of enhanced density of free electrons,
scattering at interfaces and coherent plasmon formation over a diameter of 1.5 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 1.5 nm diameter particle carves out an angle of approximately 24°, (see Fig. 4.2).
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,
(~90°). Figure 4.2 demonstrates the effect that different NP sizes will have in terms of
geometry for a dipole at a fixed separation distance. In this chapter, we will examine the
effects that a changing NP size will have upon the efficiency of energy transfer from organic

dyes.

4.2 Experimental

4.2.1 Aug Nanoparticle Synthesis

Gold nanoparticles with an average diameter of 6 nm (Aug) were synthesized as described
by literature techniques,(53) using the controlled reduction of hydrogen tetrachloroaurate
(AuCly-3 HyO) in argon-sparged H,O. Two solutions are prepared in advance: A) 1 mL
of 1% HAuCly into 79 mL sparged HoO. B) 4 mL of 1% sodium citrate plus 1 mL 1%
tannic acid solution into 15 mL sparged HyO. Both solutions were heated to 60°C on the
same hot plate, and then under vigorous stirring, B was added rapidly to A. The mixture
immediately changed colors to a dark wine red and the heat was turned up to bring the

contents to a boil. After boiling for ~1 minute, the temperature was dropped and the

48



2 ArcTan[h/d] =0

h
} |
d
150 —
>
- —— 7nm Separation
158 —— 12nm Separation
L% —— 17nm Separation
e 100 —
[<)
c
<C
)
c
o
U 50
0= LA L LA L T 1T T 1T T 1T T 1T T"]
0 20 40 60 80 100 120 140 160 180 200
—oz
b= ‘:',U NP Height (nm)
33
3°3

Figure 4.2: NP’s 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 1.5, 6, and 13 nm nanoparticles are shown.
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mixture was allowed to come to RT. After cooling the synthesis to RT, 500 mg Bis(p-
sulfonatophenyl)phenylphosphine dihydrate (SPP) was added to solution to re-cap the citrate
as the surface ligand and the mixture was covered and stirred overnight. NOTE: Immediate
salting of the citrate-capped Aug results in agglomerated particles that will not re-dissolve.
For this reason it is better to ligand exchange before salting out.

Purification of the 6 nm colloidal NP’s is accomplished by adding dropwise an aqueous
solution of 6 M NaCl until the solution begins to turn a dark purple. The salt concentration
screens repulsive charge between NP’s inducing a Van der Waal’s attraction between
neighboring particles and causing an aggregation of NP’s accompanied 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 supernatant. Successive precipitations (>3
times) effectively purifies the solution from SPP ligand, which can be qualified based on a
strong absorption peak near 290 nm. TEM measurements (Fig. 4.3 displays particles with
an average diameter of 6 nm £ 3 nm as grown via this technique. These particles are stable
on the benchtop at ambient conditions indefinitely. 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.(21):

e(d) _ 101.0643-Log10[3/27rd3]+4.0935 (4'2>

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:

5T Ny - d?
MMNP(d):% f“/ .MM (4.3)

where N4 is Avogadro’s number, MM 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:

ST Ny-d?
Atoms(d) = % ?/ (4.4)
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Figure 4.3: TEM image of a synthesis of 6 nm gold NP’s. The NP’s were synthesized by

literature techniques and deposited onto a holey-carbon grid especially prepared for aqueous
samples. The average diameter of NP’s is 6 nm £ 3 nm.
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Using Eqns. 4.2,4.3, and 4.4 the molar extinction coefficient of Aug is 1.97x107 M—! ecm™!,
the molar mass is 1.31x10°% g/mol, and the number of atoms contained within that volume

is approximately 6700.

4.2.2 dsDNA - Nanoparticle Coupling:

Complementary DNA strands were purchased with either 5-Cg-dye or 5'-Cg-SH already
HPLC-purified from IDT DNA Technologies. All strands' were engineered to minimize
secondary structures using mFold.

Coupling of DNA to large NP’s is different than the procedure mentioned in Chap. 3 for
two main reasons: 1) Because 1:1 stoichiometric coupling results in essentially unmeasurable
optical properties for the attached DNA. Also, if the main absorption feature of the dye is
at 550 nm or below it is swamped by the massive SPR absorption of the NP centered at
520 nm. 2) Ethanol precipitation does not work for NP’s this large; both dsDNA and NP’s
precipitate out with increased NaCl content and ethanol mole fraction in solution.

For the above reasons, dsDNA was assembled onto 6 nm Au NP’s using a 10:1 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-SH DNA in 125 uL buffer with 20 uL
of 50 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) in 20 mM PBS buffer pH
7.5 at RT for 30 minutes. The freshly deprotected DNA-thiol was desalted with a NAP-5
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 50 pmol purified SPP-capped 6 nm NP. The mixture was vortexed and placed at 4°C in
the dark for conjugation >24 hours. Purification was accomplished by successive (>3) salt
precipitations by adding 6 M NaCl dropwise to solution to induce aggregation, centrifuging at
13,200 rpm 2 minutes, decanting the supernatant, and re-suspending in buffer. The purified

dsDNA-NP conjugate was stored in 20 mM PBS pH 7.5 buffer at 4° C in the dark.

115dye: 5 Dye-Cg-CGT GTG AAT TCG TGC-3'
15-thiol: 5" C6S-S-Cg-GCA CGA ATT CAC ACG-3'
30dye: 5" Dye-C4-CGC CTA CTA CCG AAT TCG ATA GTC ATC AGC-3'
30-thiol: 5 CS-S-Cs-GCT GAT GAC TAT CGA ATT CGG TAG TAG GCG-3/
45dye: 5 Dye-Ce-CGT TCC GTG TGC ATA CTG AAT TCC GTG TTA CTC TTG CCA ACC TCG-3'
45-thiol: 5 (4S-S-Cs-CGA GGT TGG CAA GAG TAA CAC GGA ATT CAG TAT GCA CAC GGA
ACG-3'
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4.2.3 Absorption/Photoluminescence:

Absorption measurements were acquired on a Varian Cary 50 UV-vis spectrophotometer
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 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 dsDNA-NP sample was then measured. Quantum efficiencies

of quenching were determined via the following calculation:

Isample . Acontrol (4 5)

Doprr=1—
QB Icontrol Asample

where ®gpsr is the quantum efficiency of energy transfer, Isumpiecontroi 18 the integrated
intensity under the curve for the PL peak, A.oniroi is the absorption of the sample at its
absorption peak, and Agqpie is the corrected absorption of the dye after subtracting out the

contribution absorbed by the NP.

4.2.4 Lifetime Measurements:

Lifetimes are acquired using the output of a Nd:VO4-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 A.,=300 nm, used as is tuned to \.,=560 nm for TAMRA and to
Aez=0600 nm for Cy5. Samples were excited with <1 W 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 (TAMRA, Cyb5). Lifetimes are measured by binning
intensity vs time for a 20 nm spectral range about the \.,, maximum for the dye. Lifetime

quenching calculated by:

7_/

Qepf=1—— (4.6)
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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 (7).

4.3 Results and Discussion

Binding of DNA to large gold NP’s has been accomplished easily in the literature(54; 55) and
various methods of medical(56) or bio-molecular(57) 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 organic dyes in the proximity of

size-controlled metal surfaces.

4.3.1 Degree of Labeling for DNA to Aug

Quantification of the conjugation efficiency of the dsDNA binding to the metal surface is
critical for the further analysis of the optical properties of a reporter dye. The surface
area of a 6 nm NP is roughly 450 nm?, which means that, assuming a 2 nm diameter for
the footprint of a dsDNA strand, approximately 18 dsDNA units could assemble onto the
surface of a single NP. However, the surface ligand (SPP) and DNA-DNA steric effects must
be taken into account which complicates the problem. Because this study uses 3 different
length strands of DNA (15, 30, and 45 bp), the steric interaction as a function of size or
dye on the 5" end may come into play when assessing the degree of binding. Figure 4.4
displays the absorptions for the three different strands of DNA onto Aug. Therefore, by
normalizing the absorption spectrum of Aug relative to the spectra for DNA-bound Aug at
a wavelength insignificant to either the DNA or the dye, the contribution to absorption for
the Aug can be subtracted. While absorption-subtraction technique has further implications
toward monitoring changes in the radiative rate of the dye (discussed later in section 4.3.3)
here we are only interested in the efficiency of DNA-labeling.

There are two important observations that can be made through inspection of Figure 4.4:
1) Aside from the absorption characteristics in the absorbing region of the dye, the nucleotide
absorption region (260 nm) is quite comparable between common lengths of DNA, (15mer-
FAM and 15mer-Cy5, for example). This suggests that the different dyes are not affecting the
efficiency of DNA labeling to a significant degree. And secondly, 2) the increased absorption
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Figure 4.4: TOP: Overlaid absorption spectra for FAM-labeled dsDNA bound to 6 nm gold
nanoparticles. BOTTOM: Overlaid absorption spectra for Cyb5-labeled dsDNA bound to 6
nm gold nanoparticles. All absorption data have been normalized at 420 nm for comparison.
The DNA absorption at 260 nm increases as the length of the strand moves from 15 bp to
45 bp. The dye absorption (FAM = 490 nm, Cy5 = 647 nm) changes only as a function of
its coupling efficiency to the DNA strand.
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Table 4.1: Calculated ratios of DNA:Aug for 15, 30, and 45 bp dye-dsDNA where the dye
is either FAM or Cy5. The starting reaction conditions were 10:1 DNA:Aug.

15 bp 30 bp 45 bp

FAM (82 +23 104+£17 109+1.3

Cy5(82+21 11.7£15 10.8+£1.5

at 260 nm is consistent with the higher extinction coefficient of longer strands of DNA. This
suggests that the efficiency of a 15 bp strand binding has not been facilitated or blocked
significantly by its shorter size. Table 4.1 shows the calculated ratios of DNA coupling to
Aug based upon absorptions at 520 nm for the Au and 260 nm for the DNA. The chart
shows that the 15 bp system may be a slightly less favorable ligand than the 30 or 45 bp
strands due to the consistent 8:1 ratio in both cases, however the difference is within the
noise. Understanding that the starting conditions were 10:1 DNA:Aug, these data show that
the binding of thiols to a gold surface is a very efficient reaction with nearly 100% product
yield. Because we estimate a maximum coverage of 18 strands of DNA for a 6 nm NP and
absorption shows nearly 100% efficiency of binding, we may conclude that the surface has

not yet been saturated with dsDNA ligands.

4.3.2 Comparison to SERS

A brief comparison-contrast at this point is helpful in understanding how the subject of
fluorophores proximal to metallic colloids may be approached. The photophysical behavior
of organic dyes near metal surfaces has been viewed and modeled not only as a 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(58) for pyridine
adsorbed onto roughened metal electrodes in which the Raman signal had been amplified
by 105-10° over predicted calculations. The SERS phenomenon is commonly used for the

vibrational characterization of small molecules and has been well-documented when the
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“rough” metal surface is modified to be a colloidal nanoparticle.(59; 60; 61; 62; 63) 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:(18)
k;ﬁ = (w/c)*Releoeeq + €)1 (4.7)

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. 4.7 is modified where wavevector matching between the incident wave and
the surface plasmon follows k| plus integral multiples of 27/, where X 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,(19; 64; 65; 66; 67) 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 colloidal NP’s near 10
nm diameter in an attempt to explain the relationship between the absorption line-shape and
the SERS efficiency.(68) He points out that the additive nature of Beer’s Law in absorption
spectroscopy assumes optical homogeneity. However, due to the strength with which colloidal
metallic NP’s interact with light, the absorption spectrum of dye-adsorbed NP’s may violate

Beer’s Law where the dye may be considered to exist, optically speaking, inside the NP. In
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this model, the additive nature of dye-NP absorption breaks down as a function of incident
light 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 becomes
transparent for dye absorption. Therefore at frequencies higher than wg,siich, (Wrrsticn =
w,/v/3), the molecule would be free to absorb incident light. At frequencies 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
Chap. 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 Chap. 3
in which fluorophore properties were investigated in the vicinity of 1.5 nm NP’s. 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 particles, however, are large enough that they could

contribute to either SERS or NSET, depending upon the conditions.

4.3.3 Monitoring Absorption of dyes near Aug

The electromagnetic enhancement effect, typical to SERS, has been calculated theoretically
as a function of distance from the surface of different shaped nanoparticles. Using a
silver sphere of radius 20 nm, it was suggested using discrete dipole approximation (DDA)
calculations that the enhanced electric field could be significant as far as 30 nm from the
surface.(69) This radius for electromagnetic enhancement could be considered the radius
over which molecular dyes respond to the effects of the nanoparticle’s presence. Under the
Franzen model discussed in section 4.3.2 this could be the radius for absorption masking.
Normally, the absorption line strength for a molecule is a constant for a given solvent and the
primary contributor to a reduced (or enhanced) photoluminescence intensity is a result of
added (or subtracted) non-radiative pathways for the molecule in the excited state. However,

because the behavior of a dye near conducting surfaces is an area of hot debate, with many
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Figure 4.5: LEFT: Absorption spectra for the three separate length (15, 30, and 45 bp)
FAM-dsDNA samples (black) after subtraction for extinction due to Aug. The data have all
been normalized to the DNA absorption band at 260 nm. RIGHT: Absorption spectra for
the Cy5-dsDNA samples (black) also normalized at 260 nm. Both FAM and Cy5 samples
are compared to absorption spectra of the free dye-dsDNA in the absence of NP, (red).
Normalizing at the DNA absorption wavelengths allows a direct comparison of the absorption
line strength for each dye in question.
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models like those related to the SERS effect, the models of Gersten and Nitzan,(49; 70) or
the model of Franzen,(68) the absorptive behavior of a molecule must be carefully controlled.
Therefore the dye’s ability to absorb light in the presence of an NP could be a major key to
understanding which mechanisms are dominant.

Figure 4.4 showed the absorption spectra of two separate dyes separated from the surface
of the NP by three distinct distances using dsDNA as a spacer. The FAM dye has a frequency
Wram > Wrrstieh Whereas Cyb has a frequency weys < Wrrstich, Which is a convenient way
of testing Franzen’s theory as applied to our system. Figure 4.5 compares the subtracted
dye-dsDNA absorption spectra from Fig. 4.4 to an absorption spectrum of the same DNA
strand free in solution. All spectra in this case have been normalized at 260 nm where the
extinction arises primarily from DNA absorption. This is useful as an internal calibration to
compare the absorption strength of the dye when in the presence (black) and in the absence
(red) of a 6 nm NP. Within some error, inspection of the absorption data for each sample,
in the cases of either FAM or Cy5, demonstrates that the absorption line strength for each
dye is essentially unchanging, even at the closest distance of ~7 nm (15 bp). The suggestion
that both the DNA and dye absorption strengths are being affected evenly can be ruled out
because the FAM dipole oscillating at high frequency should be nearly transparent to the
gold’s wrrstich-

The implications of these absorption spectra are twofold: 1) The gold NP is not masking
the absorption of the dyes, and so the dyes must be distanced far enough from the surface of
the NP that the strong interaction of the gold conduction electrons with incident lightwaves
has not negated the dye’s ability to absorb. 2) The oscillator strengths of each dye being
unchanged suggests that, according to the relation between the Einstein A and B coefficients
(Chap. 2) the spontaneous emission probability (k,) is also unchanging. This leaves any

changes in lifetime to be a sole function of the efficiency of energy transfer into the NP.

4.3.4 Photoluminescence and Lifetimes of Dyes Near Aug

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
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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 in Fig. 4.5, neither the oscillator strength of the dye nor the
absorption cross-section have been 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 both
sample and control according to Eqn. 4.5. Figure 4.6 shows the photoluminescence intensities
for both FAM and Cyb, 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 (Fig. 4.5) and comparing an average of 5 data points at
the peak (490 nm - FAM; 648 nm - Cy5) and multiplying this ratio by the entire PL signal.
The overlaid plot shows the integrated PL intensity as a function of wavelength, where
the end value represents the total integrated intensity for the entire curve. 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 Fig. 4.6 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 in Chap. 3 demonstrates a greatly increased efficiency of energy transfer in
the case involving a 6 nm particle. The photoluminescence intensity of the furthest distance
measured using the 6 nm particle (45 bp - 169 A) is indicative of a molecule which is 40 -
50% quenched. This is the quenching efficiency of the shortest separation distance measured
in the d = 1.5 nm NP case. However, to discuss the quenching phenomenon, its origins, and

the effects that NP size plays upon the system in terms of geometry, we must first finish the
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Figure 4.6: LEFT: Photoluminescence spectra of FAM-dsDNA at separation distances of
69, 120, and 169 A(15, 30, and 45bp, respectively) from the surface of a 6 nm NP. RIGHT:
Photoluminescence spectra for Cy5 separated from the 6 nm NP by the same distances.
The integrated intensity for each curve is overlaid on top of each graph as a function of
wavelength from left to right.
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optical characterization through inspection of fluorescent lifetimes.
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Figure 4.7: Luminescent lifetimes of FAM-dsDNA at separation distances of 69, 120, and 169
A(157 30, and 45bp, respectively) from the surface of a 6 nm NP. Although the quenching
efficiency at each distance is calculated relative to an identical sample without NP, here
we show only one representative control lifetime of FAM (15mer-FAM control strand) for
comparison.

The lifetimes for FAM are displayed in Fig. 4.7 and for Cyb in Fig. 4.8. All lifetimes
have been vertically offset and are shown relative to a representative control lifetime for the

dye in question. Once again, the trend is clear that as a function of separation distance to
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Figure 4.8: Luminescent lifetimes of Cy5-dsDNA at separation distances of 69, 120, and 169
A(15, 30, and 45bp, respectively) from the surface of a 6 nm NP. Although the quenching
efficiency at each distance is calculated relative to an identical sample without NP, here
we show only one representative control lifetime of Cy5 (15mer-Cy5 control strand) for
comparison.
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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
kops = ki + kpyr + ker, which was discussed in Chap. 2. The assumption that the radiative
rate is unchanging, which is supported in the absorption data shown earlier, suggests that
the only possible changing parameter will be the increased contributions from k., as the dye
moves to close proximity of the metal surface.

The observed lifetime of the 15 bp system is quite obviously multi-exponential for both
the FAM and the Cyb measurements. The data have been fit to a bi-exponential function
of the form:

I(t) = yo + Lie™™ 4 e ™! (4.8)

where the intensity as a function of time is related to a linear offset, 3y plus a two exponential
terms including the decay rate constants, k; and ks weighted by pre-exponential factors, Iy
and I. The fitting allows the deconvolution of both decay rates and yields values that we
may use to interpret a physical meaning.

For example, fitting of the FAM-15mer-NP sample shown in Fig. 4.7 to a bi-exponential
function gives two lifetimes, 7745:=290 ps and 7o, = 3.4 ns. Comparison with an unperturbed
FAM dye on the 5 end of a strand of dsDNA which also has a lifetime of 3.5 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 3.5
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. Luckily, further information beyond the rates of decay may also be extracted
from a lifetime measurement.

Equation 4.8 also fits the pre-exponential terms for each decay process which is essentially
the relative contribution of each rate to the total signal observed. Therefore, 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; + I).
By doing this calculation, we also realize that the contribution to the total intensity under
the lifetime is largely (~ 67%) related to the bound state. The reason that the unbound dye-

dsDNA signal exists visibly in the 15mer and is essentially non-existent in the signal for the
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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 4.2 lists the quenching efficiencies based upon photoluminescence and based
upon lifetimes for three dyes (FAM, TAMRA, and Cy5) at the DNA separation distances
mentioned. The TAMRA dye was only measured on the 15 bp and 45 bp strands, as shown
in the table. As a result of strongly biexponential luminescence decay regardless of proximal
quencher, the fitting for TAMRA is not shown or discussed in detail.

The theories of Persson and Lang,(35) Chance, Prock and Silbey,(29) and Kuhn(48)
all agree that energy transfer from a point dipole to a planar surface will follow a 1/d*
dependence, and that energy transfer to a volume will follow a 1/d? distance dependence. The
enhanced energy transfer to a 6 nm NP over the 1.5 nm NP suggests one of two possibilities:
either the dy value has been extended to nearly 17 nm, 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 d=2 dependence under
the Persson model in which the transition from d=* to d=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 dg 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, Prock, and Silbey(29) realized the
power of such a simple model and extended the theory to account for optical constants of

the absorbing media, ie. n, k, €;, and €5. The final form for calculating the 50% quenching
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Table 4.2: Measured lifetime values for Fluorescein, TAMRA, and Cy5 dyes at separation

distances of 69, 120, and 168 +5 A. Also reported are the measured rates of energy transfer
into the NP. All measurements are recorded from 5" dye-labeled dsDNA in 20 mM PBS
solution pH 7.5.

dsDNA Strand: 15bp 30bp 45bp
Distance(+ 5 A): 69 A 120 A 167 A
FAMT Native Lifetime (ns) 3.53 + 0.1
Quenched Lifetime (ns) 1=(33%) 3.4 £ 0.5 0.44 £+ 0.10 1.83 + 0.11

s = (67%) 0.29 + 0.05

Quenching Efficiency 0.92 £+ 0.09 0.87 £+ 0.08 0.48 £+ 0.09
Energy Transfer Rate, ke¢s ™ © 4.33%x109 £ 2.22 x 107 1.98x10% £ 5.6 x 107 | 2.8x10% £ 1.1 x 107
TAMRAF Native Lifetime (ns) 1= 2.13 + 0.11; s = 0.43 + 0.06
Quenched Lifetime (ns) 1 =215 4 0.14 1=1.17 + 0.05
s =0.17 £ 0.08 s = 0.33 £ 0.04
Quenching Efficiency 1=0.03+ 0.2 1 =0.43 + 0.08
s = 0.64 £+ 0.05 s =0.13 £ 0.04
Energy Transfer Rate, ke¢s ™ * 1=0 1= 3.84x10% + 3.7 x 108

s = 3.53x10% + 2.71 x 107 = 6.77x10% + 3.2 x 107

w
|

Cy5 Native Lifetime (ns) 1.30 £+ 0.1
Quenched Lifetime (ns) 0.139 £ 0.04 0.715 £ 0.04 0.97 £+ 0.05
Quenching Efficiency 0.90 £+ 0.05 0.43 £+ 0.04 0.22 4+ 0.04
Energy Transfer Rate, kegs ™ © 6.43x10% £ 1.1 x 108 6.29%x10% £ 1.1 x 10% | 2.62x10% £ 1.1 x 108
T

The shortest distance, FAM-15mer-NP, displayed bi-exponential behavior and was fit to a double-exponential decay.
f TAMRA always displayed bi-exponential behavior for these experiments with 2 components to the lifetime, (1 = long; s = short).
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value is:

al n e \1*
do = —(Ag)* | 2 (1 4+ —L 4.9
0 nl( (.7) 2711 + ’62’2 ( )
and A is the absorbance of the layer, given by:
4
A= 7”;26[2 (4.10)

In Eqn. 4.9, X is the wavelength of emission for the donor, q is the quantum yield of the
emitter (this meaning is somewhat under dispute), a = (1/47)(9)'/* for a perpendicular
dipole and (1/47)(9/2)"/* 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. 4.10 uses dy 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 k;, which should be reflected in the final equation.
Finally, as demonstrated in Chap. 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 dy value to a NP under Kuhn and the CPS model looks like:

/4
L1 1/4)‘ 1/4 | T2 €inp '
S A 2 (1 411
do 3 [47r(9) - (Anpq) o, + (4.11)

1 |€2NP|2

211 9\ A N 2 A
L A /4| "2 (4 INP
* 3 [47? (2) nl( NP4) 2n, + leanp|?

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. (Details of this calculation are given in Appendix B.)
For a 6 nm NP quenching the emission of FAM, using the values: A\ = 518 nm, dy = 6 nm,
q=0.8,n =15 ny =0.62, ¢ =-5.12, and €5 = 6.85 calculates a dg of 20.6 nm.

The quenching data listed in Table 4.2 are plotted in Fig. 4.9 for FAM and Cyb5 as a
function of distance vs the theoretical lines calculated using the Persson model (black) and
the CPS-Kuhn model (red). The most marked contrast between the results shown here vs the

results of Chap. 3 is the greatly increased efficiency of quenching by the larger 6 nm particle.
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Figure 4.9: Luminescence intensity and luminescence lifetime quenching of both FAM ( Left)
and Cyb (Right) as a function of distance to the surface of a 6 nm gold NP. Data are compared
to the NSET efficiency curve as discussed in Chap. 3.
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In the case of both dyes, the experimentally measured 50% quenching value is somewhere
near the 45 bp distance (~17 nm). This seems to be over-predicted by the CPS-Kuhn model,
but under-predicted by the Persson-Lang model. From a strictly dimensional argument, if
we assume that the majority of dipole projections are parallel to the surface, which becomes
a good assumption at longer and longer distances, then the dy value calculated only for the
k) case becomes 19.7 nm and the theory is a closer match to experimental data.

Attempts to model the cone-angle dependence, as diagrammed in Fig. 4.2 as a function

of distance, using a modified quenching efficiency of the form:

2 - arctan (%) 1

d) = ‘

Qirs(d) lim, .0 2 - arctan (5) | , <i>4
do

(4.12)

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 1.5 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 Fig. 4.10 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 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. 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.
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Figure 4.10: Ilustration of a 6 nm NP associating with the negatively charged DNA
backbone (Top) and a 1.5 nm NP associating with the backbone. Because of the NP size,
the distance from the dye to the surface of a 6 nm NP would be vastly different than in the
case of the 1.5 nm NP (Bottom) if the particle associates with the backbone.
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4.4 Conclusion

We have shown that the binding of dsDNA-dye ligands to large gold NP’s is an efficient
reaction with a binding yield of nearly 100% regardless of dsDNA length or dye type. At
these 10:1 ratios of DNA:NP, the absorption bands of both the DNA and the dye are
measurable and can be separated from the NP absorption to compare not only binding
ratios, but also the oscillator strength of the dye as it nears the enhanced electric field of the
NP. The oscillator strengths of both FAM and Cy5 are unchanging at the spacer distances
measured here, suggesting that the radiative rates are also unchanging. 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 1.5 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 dy but over-estimates the degree of quenching. Massaging the Qg 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 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 5

NSET ANALYSIS OF HAMMERHEAD CATALYSIS

5.1 Single-Dye Hammerhead Introduction

Use of nanomaterials, including both metals and semiconductor nanomaterials, has re-
cently gained momentum as a revolutionary technology in biology and medicine for cel-
lular imaging,(71; 72) disease state detection,(73; 7; 6) immunoassays,(74; 75) molecular
beacons,(76; 77) and dynamics of protein-nucleic acid interactions.(42) Gold nanoparticles
are bio-compatible, have no negative impact on function of the system under study, and
can be used for optical characterization of sub-nanomolar samples.(42) Molecular beacons
and optical molecular rulers are routinely used to report changes in the distance between
a luminescent donor and an acceptor tagged on specific sites of a bio-moiety via Forster
resonance energy transfer (FRET). Similar probes using gold nanoparticle acceptors have
detected single base pair mismatches in DNA.(77) Recently, we have adapted this method-
ology for probing dynamic changes in distances for protein interactions on DNA using a
molecular ruler approach called nano surface energy transfer (NSET).(42)

The biocompatibility of NSET molecular beacon techniques allows application to a wide
range of complex biological systems that require real time dynamics to observe intermediate
states, or exhibit fast time-scale kinetics, such as ribozyme substrate interactions. The work
of Altman(78) and Cech(79; 80) in the early 1980’s demonstrated that certain RNA sequences
were capable of complex catalysis in the form of RNA splicing mechanisms. The popularity
of studying the catalytic mechanism associated with ribozymes stems from their potential for
use as powerful gene expression(81) and viral therapy agents.(82) The hammerhead ribozyme
(Fig. 5.1) is a naturally occurring motif of RNA capable of catalyzing its own removal from
a longer sequence. The catalysis is Mg?"™ dependent and undergoes a conformational change

to initiate cleavage of the substrate.(83; 84)
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Ce-SH

Figure 5.1: a) 3-dimensional scheme of a hammerhead complex containing fluorophore and
gold nanoparticle. b) Secondary structure of the I/III hammerhead design used in these
studies which employs a fluoresciein modifier on the substrate strand and a free thiol on the
ribozyme strand. The thiol is used to bind to a 1.4nm gold nanoparticle. Cleavage of the
substrate occurs at the “scissile” bond (dashed line). Upon cleavage, the portion of substrate
with fluorescein reporter is released outside the quenching radius of the nanoparticle.
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Techniques such as stop-reaction polyacrylamide gel electrophoresis (PAGE), analysis
of low-pH, rapid freezing single crystal data on the ribozyme,(85; 86) and a variety of
insightful FRET experiments(87; 88; 89) have contributed to the current understanding of
RNA structural changes associated with catalysis. NSET may be well-suited for application
to hammerhead kinetics and conformational studies, particularly because the ribozyme is
well studied, can be synthetically manipulated, and demonstrates dynamic distance changes
on the 6-11 nm scale.

The purpose of this study is to demonstrate the validity of NSET molecular beacon
techniques for analysis of kinetics and conformational changes induced by bimolecular
interactions on a synthetic 40-bp hammerhead ribozyme. The ribozyme strand is modified
at the 5 end with a thiol functionality for binding to a 1.4 nm Au nanoparticle and its
complementary substrate is modified at its 5 end with fluorescein (FAM) as the donor
fluorophore. Comparison with results obtained via traditional electrophoresis experiments
illustrate the greater precision and ease of the optical methods. The first steps in developing
an NSET molecular beacon are testing ribozyme viability under the conditions of our system,
detecting intermediates by real-time optical analysis, and proving the method sensitive to

the measurement of multi-stage ribozymal activity.

5.2 Experimental

5.2.1 Binding of NanoGold and Preparation of the Hammerhead
Complex

RNA strands were purchased PAGE-purified, deprotected and desalted from Dharmacon
RNA Technologies and used without further processing. Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) was purchased from CalBiochem. Mono-Maleimido NanoGold®(NG)
was purchased from NanoProbes and arrives as a 6 nmol sample lyophilized from PBS buffer
which yields a sample at pH 6.5 when dissolved in 200 ul. of RNase-free nanopure H,O. NG
is a 1.4 nm gold nanoparticle composed of 55 atoms and has a single monomaleimido func-
tionality for attachment to a single bio-molecule. It was used without further purification.
Binding of NG to the free thiol of the ribozyme strand was performed by dissolving 600 pmol
ribozyme into 20 uL. RNase free nanopure HoO (Barnstead Nanopure Diamond UV /UF). To
this solution, 20 pL of 50mM TCEP was added to the ribozyme solution to regenerate free
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thiols from possible dithiol formations. After reacting for 30 minutes at room temperature,
the ribozyme solution was brought up to 100 puL and purified from TCEP using successive
(2X) P6 spin columns (Bio-Rad). The NG was added to the ribozyme by dissolving a single
vial (6 nmol) into 100 puL of nanopure H,O, which was added to the purified ribozyme
solution, vortexed, and placed in the refrigerator at 4°C for at least 24h to allow coupling.

Longer reaction times did not influence the activity of the system.

5.2.2 PAGE Analysis of NG - Hammerhead Ribozyme

Equimolar amounts of NG-Rib and FAM-bound substrate strand were combined in a micro-
centrifuge tube and heated to 95°C for two minutes, allowed to cool to room temperature
over ten minutes, and placed on ice for an additional 10 min to allow formation of the
NG-hammerhead complex (NG-HHComp). 60 pmol RNA per lane was loaded on a pre-
equilibrated non-denaturing 15% polyacrylamide gel (PA gel) at 4°C and electrophoresed
(Fig. 5.3. To show NG-HHComp activity, an identical sample of NG-HHComp was reacted
for 2 hours 100 mM Mg?* and loaded on the gel. The gel was imaged first using only FAM

luminescence, then EtBr stained and imaged again.

5.2.3 Correlated Optical / PAGE Analysis of NG-Rib

NG-Rib and FAM-labeled substrate strand were annealed in the 20 mM PBS 0.1 M NaCl pH
6.5 buffer and the solution was placed into a clean, dry 50 pL cuvette. The cuvette was placed
into a Peltier temperature controlled Cary Eclipse Fluorimeter and allowed to equilibrate at
37°C for 10 minutes. To start the reaction 1.2 uL of 5 M MgCly was mixed in, bringing the
solution in the cuvette to 20 mM Mg?". Photoluminescence (PL) was monitored continuously
for 250 minutes (kinetics mode, A, =480 nm, \.,,=518 nm, 5 nm slits). Photoluminescence
data was baseline-subtracted based on the minimum intensity after Mg?T-addition and then
normalized to pre-Mg?" intensity, (taking into account dilution factors) to obtain product
fraction information. PAGE data were obtained simultaneously for the same sample in
the PL experiment by removing a 7 L aliquot (70 pmol hammerhead complex) at specific
time points. Each aliquot was quenched by rapid mixing with a denaturing loading buffer

containing formamide and 10 mM EDTA, followed by heating to 95°C for 2 minutes and
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was electrophoresed on a denaturing 15% PA gel. Using the FAM emission only, the gel was
imaged, taking care not to saturate CCD pixels of the gel documenter. Line scans of intensity
vs pixel position for each gel lane were background corrected, fit to Gaussian line shapes
and the integrated intensity was normalized to a control sample of known concentration (70

pmol of substrate strand) run on the same gel.

5.3 Results and Discussion

5.3.1 Formation of the Hammerhead Complex (NG-HHComp).

In using NSET as a molecular beacon, several questions need to be answered: 1) can the
ribozyme labeled by gold still fold into the hammerhead complex? 2) Is the substrate-
ribozyme complex still bio-active exhibiting native cleavage kinetics? Figure 5.2 shows
an ethidium bromide (EtBr) stained denaturing 10% PA gel for a sample of nanogold
(NG) coupled to the ribozyme (NG-Rib) imaged under ambient (visible gel) and UV light
(fluorescence gel). When bound to the ribozyme the NG-Rib migrates and is observed
visually as a tight brown band for the Au and under UV excitation as a luminescent band
due to the EtBr intercalated into the ribozyme. Co-migration of both signals confirms NG
binding to the ribozyme strand. Figure 5.3a shows a nondenaturing 15% PAGE after EtBr
staining comparing NG-HHComp formation to HHComp. Bands of the HHRib and the NG-
HHRib migrate at the same rate, shown by comparing lanes 1 and 2. Also, the HHComp
and NG-HHComp (Lanes 4 and 5) migrate the same relative to each other. The identical
migration rates of the native RNA strands relative to their NG-counterparts suggests that the
bound gold nanoparticle has minimal impact on native conformations of both the ribozyme
and the hammerhead complex.

Figure 5.3b is a UV scan of the same gel before staining with EtBr so that only the
position of the FAM is imaged. The difference in migration between lanes 3 and 4 arises
from the FAM-bound substrate forming the signature hammerhead complex, HHComp, and
thereby changing its mobility. A remarkable difference in intensity between the hammerhead
complex without NG (lane 4) and the complexes with the bound NG (lanes 5 and 6) is
apparent, even though the same amount of FAM-substrate was loaded into all three lanes.
This observation is consistent with the high quenching efficiency of fluorophores when in

the presence of NG. Fluorescence of FAM on the cleaved substrate in lane 6 indicates that
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Figure 5.2: Denaturing 10% PA gel of NG-Rib. Left shows scanned in image of the gel
in which a dark brown band appears near the bottom. Right shows the corresponding UV-
excitation of EtBr stained gel. Free gold is uncharged and remains at the top of the well. (*
Striations just below the well are an artifact of the scanner and are not true bands.)
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Figure 5.3: a) Ethidium bromide stained nondenaturing PAGE showing different mobilities
of (1)HHRIib, (2)NG-HHRib, (3)Substrate, (4)HHComp, (5)NG-HHComp, and (6)NG-
HHComp reacted with Mg?*. b) Same gel before ethidium bromide staining, demonstrating
position of FAM-bound RNA only. Comparison of before and after staining gives evidence of
HHRib homo-dimerization to help differentiate from the hammerhead complex, HHComp.
All substrate containing lanes have the same amount of FAM-substrate, however it is strongly
quenched with the NG-HHComp, (lanes 5,6.) The presence of a high mobility band only in
lane 6 in the presence of Mg** is evidence of NG-HHComp activity.

once the FAM moiety moves outside the quenching radius of the NG, its dipole is no longer
damped by the conduction electrons of the NG, which results in an increased fluorescence
intensity.

In Fig. 5.3, comparison of the FAM fluorescence image (5.3b) to the EtBr stained
image(5.3a) allows differentiation between HHComp and other stable competing structures.
The HHRib in lane 1 exhibits a secondary band with higher mobility which we attribute to a
stable homo-dimer form of the ribozyme. Based upon calculations using mFold, there are 1-2

stable homo-dimers possible in the absence of the complementary strand at RT. This band
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is not observed in lane 2, NG-HHRib, consistent with formation of the lower energy complex.

5.3.2 NSET-based Structural Characterization

NSET is a technique similar to FRET, in which energy transfer from a donor molecule follows
a predictable distance dependence; decrease in donor fluorescence intensity is translated
into a measurable distance decrease between donor and acceptor. In NSET methods, by
coupling the electronic dipole of the luminescent donor to the collection of electron dipoles
on the nanometal surface, the dependence of the vector projection is relaxed, resulting in
a 1/R* distance dependence vs 1/RS for FRET.(35) Because the metal conduction band is
continuous in energy,(52; 22) NSET is dye non-specific and the acceptor is in resonance with
all energies for the visible spectrum. This feature, unique to metal nanoparticles, is valuable
when using NSET in molecular beacons; single gold nanoparticle will quench all donors on
the bio-moiety within a distance of 20 - 210 A, allowing multiple interactions to be monitored
simultaneously. This technique can be applied to kinetic and structural analysis of a wide
range of biological molecules, like the hammerhead ribozyme.

The hammerhead ribozyme substrate complex (NG-HHComp) consists of a conserved
core for catalysis activity and three complementary base paired regions (Regions I, II,
and IIT) (see Fig. 5.1). The native ribozyme brings together distant regions of a longer
sequence through base-pairing with a substrate strand. The NSET molecular beacon allows
the characterization of such conformational changes which occur for hammerhead ribozymes
analogous to the well-established FRET based optical method in biophysics. Conformational
changes of the hammerhead ribozyme have been measured using traditional FRET optical
techniques.(90; 91) We use NSET as a molecular ruler because the intensity of the FAM-
substrate strand emission will change in a predictable manner as the substrate interacts
with the ribozyme. The magnitude of intensity change translates into the varying separation
distance between donor and acceptor on the HHComp.

According to the model of Bassi et al. (90) the hammerhead displays a Mg®" con-
centration dependent structural folding; at high Mgt concentrations, regions I and II in
the minimal complex come closer together while regions I and IIT move further apart. The
addition of NG-Rib to a solution of substrate should give structural information of the native

relaxed state (E-S) of the complex, and upon the addition of Mg?*" will report the change
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in conformation for the activated E-S* complex. Analyzing conformational changes also
requires an understanding of the possible conformers for the synthetic ribozyme in Fig. 5.1
that might exist in the native relaxed state. Although we expect the hammerhead complex
to be stable at 37°C, we may anticipate that region III is not completely base-paired at
this temperature due to its short 5-bp overlap (calculated T,, <10°C based on mFold -
does not take into account energy of complex formation which will raise the experimental
T,,.) Partial basepairing or competition from local structures for these short synthetic
ribozymes may result in an unexpected separation distance between donor and acceptor.
This is particularly true for the system designed here with the 5-bp overlap in Region III
and the 11-bp overlap in Region I. The measured separation includes a combination of
ribozyme length, the Cg-linkers and maleimido-coupling groups of the full NG-HHComp.
Differences in intensity will be indicative of conformational changes within the activated E-S
species of the synthetic ribozyme.

To analyze the conformational changes in our NG-HHComp via NSET, we measured the
full fluorescence spectrum of the substrate strand both before and after annealing the NG-
Rib and then in the presence of 20 mM Mg?*, (Fig. 5.4). The distance change upon binding
of Mg?* is estimated by calculating the difference in quantum efficiency of energy transfer
between the FAM moiety and the NG. The efficiency of energy transfer between FAM and

NG follows a distance dependence according to:

o1 (5.1)

b))
where 1/1, is the quenching efficiency, R is the separation distance, and R, is defined as
the distance at which 50% of the total intensity has been quenched (in this case 94.3 A.)
This allows a direct measure of the change in structure by following the change in quantum
efficiency of energy transfer following Mg?** binding. Figure 5.4 shows that the integrated
intensity has dropped by 39% following the addition and annealing of the NG-Rib to the
FAM-substrate strand in solution. The change in intensity is indicative of E-S formation and
the initial relaxed E-S conformation. Addition of Mg?* to a final concentration of 20 mM
results in a decrease of the integrated intensity by an additional 29%, indicating formation of
a compact ribozyme structure. The change in intensity of 68% total quenching relative to free

substrate is indicative of the conformation change for the NG-HHComp upon Mg?** binding.
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Figure 5.4: Photoluminescence quenching correlated structural changes in the hammerhead
ribozyme via NSET. The most intense spectrum shows the intensity of the substrate alone,

and then after annealing with NG-ribozyme (blue). Finally, the solution is made to 20 mM
Mg?* and PL is measured again, (red.)
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Using eqn. 5.1 to calculate the separation distance, R, and correcting for the Cg-linker
length, we estimate separation distances between the 5 ends of regions I and III of 8.0 + 1.1
nm and 5.7 £ 0.7 nm for the relaxed and activated hammerhead complexes, respectively. In
the relaxed E-S conformation, the measured distance of 8.0 nm between the FAM and NG
reflects a structure that is unzipped, and not fully annealed in region III. This is reasonable
for the short arm of region III, which will have a low T,,. In the activated state following
Mg?* addition, the structure adopts a compacted form with a separation distance of 5.7 nm
suggesting that region III must be stabilized due to restricted degrees of freedom when the
ribozyme complex adopts the correct geometry for catalysis. The ribozyme conformation of
5.7 nm is similar to previously reported values of 6.3 nm based upon FRET for the folded
state, (E-S*) of a comparable ribozyme.(90) Variations in the measured distance between
that reported here and in the literature are explained by the differences in sequence and

lengths of regions I and III, and the cone angles swept out by the Cg-linkers.

5.3.3 Optical Tracking of Ribozyme Cleavage

To verify that changes in PL are directly correlated to ribozyme kinetics, a cleavage reaction
was performed in the fluorimeter simultanecous with aliquot removal for PA gel. After
establishing the relationship of PL to kinetics, we then optically measure different kinetic
rates in the next section for a more thorough analysis of our hammerhead ribozyme.

Region I has a calculated T,, value of 53°C, while Region III was designed to have a T,
< 10°C. This design facilitates melting of the FAM-containing product following substrate
cleavage and diffusion outside the quenching radius of the gold nanoparticle. Although it has
been shown for a natural hammerhead ribozyme that NaCl concentrations 2500 mM enhance
folding into an active state via loop-loop interactions,(92) the experiments on this minimal
complex were all performed at 100 mM NaCl where, in the absence of auxiliary loops, the
concentration is assumed not to affect the results. Figure 5.5 illustrates the substrate -
ribozyme strand interaction. By following the intensity of the FAM fluorescence in time, the
formation of the substrate-ribozyme complex, the folding in the presence of Mg?*, and the
cleavage at the scissile bond (C*) were followed optically.

After Mg?* addition, we observed a gradual increase in the fluorescence of FAM which

correlates directly to the kinetics of the cleavage reaction. The kinetics of hammerhead
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and the ribozyme is regenerated.
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Figure 5.6: Suggested reaction pathway for the hammerhead ribozyme. E is ribozyme, S
is substrate, P1 and P2 are the 5 and 3’ products, respectively. k, and k_, represent the
forward and backward rates for interconversion with an activated state [EeS|* which in turn
yields products during the cleavage reaction, k.

cleavage(93; 94) (Fig. 5.6), suggest that the pathway leading to product release requires
multiple steps with different kinetic rates for each step along the trajectory. The complexa-
tion step for ribozyme (E) - substrate (S) is the first process with rate, ky, followed by folding
in the presence of Mg?* (k,) to form the activated complex (E-S*). We note the possibility
of inactive complex formation which may interconvert between the E-S and E-S* states with
rates Keon 1 and keonpo. The existence of an inactive state would influence the rate of cleavage
by providing a separate pathway that must convert back to an active state before a reaction
may occur. From the activated complex E-S*, the slow step of product formation is ky and
dominates the observed kinetics if k5 and k3 >> ko. This can be achieved by carrying out the
reaction at elevated temperature, (37°C). The optimal pH for rapid ribozyme cleavage is pH
7.5. However, in order to allow significantly better time-resolved PAGE kinetics, reactions
were performed at pH 6.5 where literature shows that the rate of cleavage is commonly on
the order of 1072 min~'.(94; 95; 96)

The kinetics for substrate cleavage (ky) generated from the NSET molecular beacon and
PAGE on a pre-annealed 1:1 ratio of ribozyme to substrate are analyzed in Fig. 5.7. Figure
5.7a shows a fluorescent denaturing PAGE image of FAM under UV-excitation. The upper
band is the intact substrate strand and the lower band is the cleaved portion with attached
FAM. In Fig. 5.7b, the kinetic traces derived from the PAGE data and the continuously

monitored photoluminescence for the FAM at 518 nm are plotted versus time. Fig. 5.7b

85



shows that upon rapid mixing of Mg?T to the NG-HHComp, the intensity of the FAM
decreases immediately as the complex folds to bring the FAM into closer proximity of the
NG. After 1-2 min. the intensity of the FAM photoluminescence begins to increase as the
cleavage reaction progresses, approaching a maximum value near t = 250 min. The kinetics

traces for both PAGE and PL results can be fit to a first order reaction rate of the form:
F(t) = F,+ Fy(1 — ™) (5.2)

In this equation the fraction of product as a function of time, t, is equal to the initial
fraction present, F,, plus an exponential term including the rate of reaction, k, weighted
by the fraction of product formed at time infinity, F.,. The intensity data for each kinetic
trace were normalized to a sample of the NG-HHComp in the absence of Mg?™ (t<0), and
the value of F, is assumed to be zero at t = 0 (time of Mg?" addition), which allows the
background intensity of the photoluminescence trace to be subtracted. This assumption can
be confirmed by PAGE where no product is observed before the addition of Mg?*. At t =
250 minutes, the reaction had gone sufficiently to completion for good kinetics fitting using
both methods.

A fit of the kinetic traces in Fig. 5.7b yields the rate of cleavage, ko = 0.014 £+ 0.001
min~! for PAGE and 0.013 £ 0.001 min~! for PL. The strong agreement on observed rates
verifies for the two techniques that the changes in photoluminescence intensity are directly
related to ribozyme kinetics.

A slight difference of 6% total product fraction, F.,, was observed between the two
methods. Because the fluorimeter measures the control photoluminescence (intensity at
518 nm before addition of Mg?") as well as changes in intensity under identical conditions
throughout the course of the experiment, the PL measurement is likely to be more accurate
regarding the total product fraction. Despite the small difference in F,, the kinetics are

identical.

5.3.4 Ribozyme-Substrate Binding and Cleavage: E-S Stability

The initial complexation step (k; in Fig. 5.6), which represents annealing of the substrate
strand to ribozyme, was extracted from NSET analysis. Because the hammerhead complex

was designed for high T,, in the complexed state, it is expected that the hammerhead
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Figure 5.7: a) Denaturing PAGE of ribozyme kinetics. FEach lane represents an aliquot
removed from reaction at a specific time. b) Photoluminescence intensity of FAM monitored
at 518 nm. The initial intensity of FAM fluorescence decreases sharply upon addition of
Mg?* as the hammerhead folds into a tighter structure prior to substrate cleavage.
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complex remains annealed after formation, i.e. the dissociation rate k_; is much slower
than the binding rate k;.(93) However, the rate of substrate binding can be a difficult
kinetic parameter to measure because it is a rapid event, often taking place within seconds,
thus necessitating an expeditious method of analysis. By measuring the binding rate at
several different ribozyme - substrate concentrations, it is possible to extract the binding rate
constant (k.;) and the rate of dissociation (k_;). Three different reactions were performed
on the NG-HHComp at ratios of ribozyme:substrate 1:1, 3:1, and 10:1. The substrate strand
concentration was held constant at 2x10~7 M and both ribozyme and substrate were 20
mM Mg?* before combining the two solutions. The presence of Mg?* did not appear to
influence the rate of binding. Figure 5.8 shows the photoluminescence data for the substrate
in buffer from the time of ribozyme addition t=0, to the point of minimal intensity for 3
different ratios. Because this experiment is being performed at low pH, it has the additional
advantage that cleavage, and therefore brightening, does not occur fast enough to influence
the decay kinetics of substrate binding. The binding of ribozyme to substrate is first order,
as shown by the linear decay in Fig. 5.8 when plotting the log of intensity vs time (the
asymptotic drop in intensity due to mixing in a quencher has been omitted). For this

reason, each of the decays in Fig. 5.8 have been fit to an equation of the form:

Sub free(t) = Subh, e (5.3)

ree

Equation 5.3 allows the forward rate of binding substrate, Sub fye., to ribozyme, (ki, min™!)
to be calculated. The concentration independent binding rate constant, (k., M~! min—1)
may be calculated by plotting the rate of binding, k;, vs ribozyme concentration. The slope
of the resulting line, (inset of Fig. 5.8), is the binding rate constant and the y-intercept
is the dissociation rate of the ribozyme, k_;. The slope, 14.9 £ 1.5 uM~!, min~! is of the
expected order of magnitude(93) and the y-intercept ~0 suggests that the dissociation rate
is negligible for this hammerhead complex. Fig. 5.9 shows the cleavage traces based upon
PL for the same three different E:S ratios. The rate is shown to increase with increasing
ribozyme concentration, yet demonstrates intriguing kinetics because the two lowest ratios,
1:1 and 3:1, show similar cleavage rates to the pre-annealed sample in Fig. 5.7 whereas the
high ratio, 10:1, exibits much faster biphasic kinetics.

The kinetics may be understood by treating our hammerhead complex as a regime 2

ribozyme, according to the nomenclature suggested by Stage-Zimmerman et al.(93) Regime
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Figure 5.8: Hammerhead complex formation studies via NSET. The substrate strand
at constant concentration was given different stoichiometric ratios of NG-ribozyme while
monitoring fluorescence. Early time kinetics show that different ratios of ribozyme to
substrate (E:S) affects the rate of substrate binding. The inset shows a plot of binding
rate vs. ribozyme concentration, the slope of which yields the binding rate constant, k., for
our complex at 37°C.
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Figure 5.9: The resulting cleavage traces based upon emission from the 5 substrate bound
fluorescein dye as a function of ribozyme-Au concentration. The ratio of ribozyme to
substrate, (E:S), was varied from 1:1, 3:1, and 10:1. Inset shows the cleavage rate, ks
as a function of ribozyme concentration at 37°C and pH 6.5.
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2 kinetics exhibit the relationship: k_; << k5, meaning that all substrate binding goes
forward to form product because the rate of dissociation is negligible. However, as NSET
structural characterization has shown, region III of the complex is not entirely stable at
37°C, giving the hammerhead regime 1 characteristics in which k_; may govern ribozyme
activity by controlling K.

The conclusion is that the hammerhead studied here is likely to fall between regimes
1 and 2, thereby suggesting the probable formation of an inactive complex E-S’ off the
kinetic pathway. Slow interconversion from such a structure may manifest biphasic kinetics
if keon 1,2 ~ko. The rate of reaction for a regime 2 hammerhead is controlled by the fraction of
E-S complexes present in solution, which is a function of both the binding rate and annealing
conditions. At the 10:1 ribozyme:substrate ratio (Fig. 5.9), the reaction is strongly biphasic,
which is commonly explained by the existence of inactive conformations along the kinetic
pathway. To test the possibility of inactive state formation, time-resolved nondenaturing
PAGE was performed on the hammerhead complex.

Nondenaturing PAGE is sensitive to the different conformations of nucleotides, which
means that a folded vs. an unfolded structure may be discriminated from each other. Figure
5.10a gives an example of a nondenaturing PAGE hammerhead reaction where time-resolved
aliquots were electrophoresed on a continuously running PA gel. Because the gel is running
continuously and aliquots are added at different times, there is necessarily a curvature to
the gel at later time points. The bands imaged in this gel use only FAM fluorescence as
a marker. Three different bands are seen for each aliquot, none of which align with free
substrate strand, which suggests the existence of three distinct conformations. The cleaved
strand with the highest mobility migrates the furthest, while determination of the upper
two bands arises from line scan analysis. Figure 5.10b shows the comparitive results after
integrating each band. Total intensity for each lane was normalized to 1 and the fraction of
intensity under each band is plotted vs time. The kinetics displayed in 5.10b demonstrate
classic steady-state conditions where the rates ki =~ keonr1,2 = ko. Under these conditions,
the concentration of an intermediate state is formed rapidly and maintains its concentration
for the duration of the experiment or until the concentration of starting material, ([E-S]) is
depleted. A typical reaction diagram is displayed in Fig. 5.10b.

A structure such as this may be intriguing for further kinetic characterization because

it contains a known inactive state which may be controlled through sequence engineering or
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Figure 5.10: a) Nondenaturing 15% PA gel of a hammerhead reaction. The samples are all
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transitions into an active state to form products.
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Table 5.1: Binding and cleavage rate constants of the all RNA hammerhead ribozyme as
measured here by NSET optical analysis. The substrate was held at constant 2x10~"M in all
assays. The 10:1 ratio was fit to a bi-exponential rise and the fast, ki and slow, k3 cleavage
rates are reported.

Ribozyme Binding Rate Cleavage Rate
Concentration (M) ki, (min™!) ko, (min~1)
2.0x1077 0.855 £ 0.02 0.010 £ 0.0020
6.0x10~7 4.00 £ 0.12 0.013 £ 0.001
2.0x107¢ 26.8 £+ 2.01 ki = 0.23 £ 0.02

k2 = 0.03 + 0.01

temperature controlled experiments.

Table 5.1 lists the calculated cleavage and binding rates (k; and ky) and the binding
rate constant (k. ) observed in the NG-HHComp system. We measure a binding rate
constant for our hammerhead complex to be k., = 14.9 & 1.5 uM~! min~?!, which is in
very good agreement with the binding rate constants reported for different hammerhead
ribozymes measured by radioactively-labeled pulse-chase experiments which are on the order
of 2.5 uM™ min~! to 84 puM~! min~'.(97) These results are the first reported binding
rate measurements on hammerhead ribozyme kinetics measured using optical nanoprobe

methodologies.
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5.4 Conclusions

A new molecular beacon style optical method based on NSET has been applied to the mea-
surement of hammerhead ribozyme kinetics and analysis of the Mg?** induced conformational
changes. The HHComp exhibits incomplete base-pairing for region I1I in the complexed state,
giving a calculated distance between 5" ends of 8.0 + 1.1 nm which folds up to 5.7 + 0.7 nm
in the presence of Mg?*t. We have been able to establish that the NG-HHComp is active and
yields kinetics information consistent with earlier studies on similar ribozyme complexes.
The results demonstrate that binding a small gold nanoparticle (NG) to the 5 end of a
strand of RNA, the RNA has neither lost the ability to bind to its complement and form
a hammerhead ribozyme complex nor the ability to perform catalysis. The maintenance of
catalytic activity in the presence of NG is a critical demonstration if NSET-based molecular
beacons or molecular rulers are to be utilized in biophysical studies. As PAGE results
demonstrated, the use of NSET as an optical method is valid for the real-time monitoring of
ribozyme kinetics with the added ease of ability to measure other rates along the ribozyme-
substrate interaction, such as binding kinetics.

NSET has shown to be advantageous to the measurement of very fast processes which are
otherwise difficult to observe. The rate constant of binding for our hammerhead ribozyme
was measured to be k,y = 14.9 + 1.5 uM~! min~! in pH 6.5 buffer and at 37°C, which
is similar to reports in literature under these pH conditions. Structural characterization
suggesting incomplete base-pairing in region 111 elucidates the observed kinetics by suggesting

the existence of known inactive complex.
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CHAPTER 6

DUAL DYE HAMMERHEAD NSET
TRIANGULATION

6.1 Introduction

Forster resonance energy transfer (FRET) - based optical rulers as used in biology have
become a standard tool for many biochemists and structural biologists in the determination of
bio-molecular processes such as protein structural changes(98; 99) protein-protein or protein-
RNA interactions(100; 101) to name a few examples. Although FRET is a wonderful tool
and is capable of reporting separation distances up to 10 nm from a donor to an acceptor
(D-A) molecule, it has certain weaknesses: 1) Coupling of two point dipoles leads to a 1/R®
distance dependence and therefore very short measurable distances, 2) FRET dye-pairs must
overlap in energy (photoluminescence energy from the donor and absorption energy of the
acceptor), and 3) are usually spectrally difficult to separate the photoluminescence arising
from the donor and from the acceptor. While theoretically the efficiency of FRET can
be improved by orienting D-A dipoles in space,(102) a more univeral adjustment must be
implemented if fluorophores are to truly triumph over the FRET barrier of modern optical
rulers.

Nanomaterials are changing the way many scientists currently approach problems in
science, and the FRET barrier too may have fallen to their steady approach. We have
shown that small gold nanoparticles are very efficient quenchers of nearby excited state
fluorophores via through-space interactions with the high density of metallic conduction
electrons.(42; 103; 104) This is readily understood in terms of earlier theoretical work,(29;
48; 35) where a 1/R* D-A distance dependence occurs geometrically from the relaxation of
the dipole projection as the nanoparticle better approximates a surface than a point dipole.

Furthermore, conduction band electron behavior of the metal extends energetically across the
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Figure 6.1: A) Generalized hammerhead primary structure resembling an upside-down
hammer. In this structure, the hammerhead complex is formed via base-pairing of a substrate
strand to stems I and III. b) Scheme of multiple dye quenching to a single 1.5 nm gold NP
bound to Stem I of a hammerhead ribozyme. The Cy3 and Alexa Fluor 647 dyes are a
FRET pair, yielding distance information between them, while both are being simultaneously
quenched by the metal NP. Lifetimes allow the measurement of energy transfer rates between
D-A (kp_4), between donor - NP (kp_np), and between the acceptor - NP (ks_np). Also,
the addition of Mg?* induces a conformational change which should change the rates of
energy transfer between all emitters and acceptors.
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visible spectrum which allows the metal nanoparticle to damp the excited state oscillations
of a nearby dipole with essentially no resonance condition.(48) The ramifications of these
properties when using a metal instead of a point dipole as the energy acceptor are that we
have now overcome to a large degree the disadvantages of FRET; the measurable distance is
extended, there is no overlap integral to calculate, and a gold nanoparticle does not fluoresce
so that spectrally no separation is necessary between D-A emission.

We use this advantage of nanometal surface energy transfer (NSET) as a tool to
characterize the distances and conformational changes associated with the three arms of a I-
ITT hammerhead ribozyme. Figure 6.1 shows how, by using two organic dyes in conjunction
with a 1.5 nm diameter gold nanoparticle appended to separate arms of a hammerhead
ribozyme we may triangulate distances between the ends of separate base-paired helices. In
this scheme, the Cy3 dye on stem I will transfer energy using a FRET mechanism to the
AF647 dye appended to stem II. In an NSET mechanism, however, Cy3 will donate energy
into the NP on stem I if present. Utilizing these two different energy transfer pathways, we
measure separation distances between stems II and III and also between stems I and III. The
ability to guage separation distance between stems I and II comes about by measuring the
energy transfer from the AF647 dye to the NP in an NSET event. Therefore, by appending
probes to each stem of a hammerhead ribozyme, we take advantage of multiple dye-quenching
processes, vielding three-dimensional information about the native structure and the Mg?*-
induced conformational changes. For the correct controls, the ribozyme strand was separated
synthetically into three categories: Type I ribozyme contains only the gold NP (NP-Rib),
Type II ribozyme contains only the Alexa Fluor 647 dye (AF647-Rib), and Type III ribozyme
contains both the gold NP and the Alexa Fluor 647 dye (NP-Rib-AF647).

6.2 Experimental

Nanoparticle Synthesis: Gold nanoparticles (NP’s) were synthesized as described by
literature techniques,(46) using the rapid reduction of hydrogen tetrachloroaurate (AuCly-3
H,0) in the presence of tetraoctylammonium bromide by sodium borohydride in an argon-
sparged water/toluene mixture. TEM measurements displayed particles with an average
diameter of 1.5 + 0.5 nm. The particles were washed thoroughly with a variety of

solvents including hexanes, sodium nitrite solution, and MeOH-H,0O. Ligand exchange was
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accomplished 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

~2 nmol/vial and stored at 4° C.

Binding of gold NP’s and Preparation of the Hammerhead Complex. RNA
strands were purchased HPLC-purified, deprotected and desalted from Integrated DNA
Technologies and used without further processing. Two strands were purchased, a substrate
strand with appended Cy3 dye (Cy3-Sub), and a ribozyme strand (Rib). The ribozyme
strand contained two base modifications: a 5’ dithiol for NP coupling, and an internal dT-

Cg-amine for succinimidyl ester dye coupling.!

Type I Ribozyme preparation: Binding of NP to the free thiol of the ribozyme strand was
performed by dissolving 1 nmol ribozyme into 20 uL. RNase free nanopure H,O (Barnstead
Nanopure Diamond UV/UF). To this solution, 20 uL of 50 mM dithiothreitol (DTT) was
added to the ribozyme solution to regenerate free thiols from possible dithiol formations.
After reacting for 30 minutes at room temperature, the ribozyme solution was brought up to
100 puL and purified from DTT by desalting through a NAP-5 column, collecting the first 750
uL containing ~90% of the ribozyme with free thiol. This solution was immediately added to
a vial containing ~6 nmols dry, purified 1.5 nm NP’s. The solution was vortexed and placed
in the refrigerator at 4°C for at least 24 hours to allow coupling. Longer reaction times did
not influence the activity of the system. The NP-ribozyme (NPRib) was then purified by
3X successive ethanol (EtOH) precipitations. The unbound NP does not precipitate with
increased salt and ethanol conditions, and so the formation of a dark brown pellet is proof

of successful NP conjugation with the ribozyme.

Type II Ribozyme preparation: Alexa Fluor 647 (AF647) amine reactive dye was pur-
chased from Molecular Probes as a labelling kit (PN: A-20196). The dye was reacted with

the free amine of the ribozyme strand by following Molecular Probes’ protocol provided

1Ribozyme: 5" - HS-Cs-AGU GAC UGA UGA GGC CGT¢,amine AAG GCC GAA ACU UCA - 3/
Substrate: 5’ - Cy3-UGA AGU CUC ACU - 3’
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in the kit and allowed to react in the dark at room temperature overnight. Purification
of the ribozyme from the free dye was accomplished by performing successive (3X) EtOH
precipitations, followed by desalting through a NAP-5 column, followed by successive (2X)
EtOH precipitations again. The absorption of the dye peak (647 nm) relative to absorption
at 260 nm was monitored throughout until no change could be observed, at which point
it was determined that all free dye had been removed. Absorption calculations helped to

determine a coupling efficiency of 67% for this reaction.

Type III Ribozyme preparation: To accomplish the dual conjugation of both NP and
dye to the same strand, the NP was conjugated first because DTT has been shown in our
laboratory to have a detrimental effect upon dye quantum efficiency. Therefore, NP was
bound to ribozyme and purified identically to the procedure described above under “Type
I Ribozyme preparation.” Afterward, 2 nmol purified product was obtained and the free
amine was conjugated to Alexa Fluor 647 as described in “Type II Ribozyme preparation”
and then purified by successive (3X) EtOH precipitations, (2X) NAP-5 columns, and (2X)
EtOH precipitations. UV-vis absorption showed >99% coupling of the dye to the ribozyme,
where the coupling efficiency may have been increased by the higher ratio of dye-RNA by
using only 2 nmols RNA instead of 8 nmols as recommended in the protocol by Molecular

Probes.

Lifetime Measurements: The hammerhead complex was formed by annealing 60 pmol
ribozyme strand (Type I, II, and III) with 44 pmol Cy3-Sub in a total solution volume of
160 uL of pH 6.5 20 mM phosphate buffer (280 pM total concentration RNA) at 95° C for
2 minutes, allowed to cool to RT for 5 minutes, and finally placed on ice for 5 minutes. All
samples were measured in a quartz cell maintained at 2° C. The combination of low pH
buffer and low temperatures keeps the reaction from moving forward efficiently so that a
static lifetime may be measured. The Cy3 dye was excited using the pulsed output of a
SpectraPhysics NdVOy laser (532 nm, 76 MHz, 10 ps) dropped with neutral density to ~100
uW excitation power, used without focusing at the sample. Alexa Fluor 647 dye was excited
using the cavity dumped output of a Coherent 720-1 R6G dye laser, (620 nm, 1.9 MHz,
10 ps, 10uW focused). Fluorescence was collected right angle and focused into a Chromex

500is 0.5 m monochromator (100 pm slits, 50 g/mm grating, 0.5 nm resolution) coupled to a
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Hamamatsu C5680 Streak Camera operating with a 10 ns time window with 50 ps resolution.

6.3 Results and Discussion

Figure 6.2 compares the appropriate emission spectrum for Cy3 to the absorption spectrum

of AF647, where the area bound between the two spectra is the J-overlap integral using the

equation:

IS I(w)e(v) - vidy
I3 1(v)dv

Where the integral has been normalized such that the total area under the photoluminescence

J:

(6.1)

data curve is equal to one. Using this equation, we calculate a Ry value equal to 4.5 nm,
(details of this calculation may be found in Appendix C).

The energy transfer efficiency from both Cy3 and AF647 can be calculated by treating
the problem using NSET theory which yields a value of dg according to the expression:

3 1/4
dy = (0.225%) (6.2)

4
wdyeka?Fd

where dg is the analogous NSET value to Ry in FRET theory. By using the quantum
efficiencies of the dyes and the angular frequencies of emission we calculate dy values of 6.2
nm for both dyes to the NP.?

The observed luminescence lifetime of a molecule represents the probability for radiative

transition to the ground state as opposed to any other non-radiative pathway:
1/7-obs = kobs = kr + knr + ket (63)

where 7,5 and k.s are the observed lifetime and the observed luminescence decay for the
molecule. The observed rate will be the sum of all rates contributing to de-excitation of the
molecule such as the radiative rate (k,), the non-radiative rate (k. - mostly vibrational),
and the rate of energy transfer (kgr). The purpose of this study is to controllably introduce
multiple rates of energy transfer from the Cy3 dye to two different acceptors, namely AF647
and the gold NP. Also, we introduce a single rate of energy transfer from the AF647 to

the NP. Because the proximity of donor and acceptor is directly related to the efficiency

2The values used in this equation were: wey3=3.34x10s7; w4 pear=2.81x10s71; wp = 8.4x 1057 1;
and kp = 1.2 x 108em 1.
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Figure 6.2: Spectra of interest for the FRET pair (Cy3 emission - red, AF647 absorption
- blue) and for the NSET system (1.5 nm gold NP absorption - black.) Energy transfer
occurs from the Cy3 to the AF647, where the J-overlap integral may be calculated as the
area bound by Cy3 emission and AF647 photoluminescence. Both dyes transfer energy to
the gold nanoparticle.
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of energy transfer, and the rate of energy transfer affects the observed lifetime through the
introduction of competitive de-excitation pathways, then luminescence lifetime quenching is
a direct measure of D-A separation distance. The ribozyme illustration in Fig. 6.1 has
multiple energy transfer pathways that are possible between probes. To examine the physics
of the problem one must account for all possible energy transfer pathways, including D-A
Forster pairs and D-Au SET pairs. If we consider the potential of energy transfer from Cy3
to AF647, the efficiency of energy transfer will follow a R™¢ dependence, described classically
by FRET. Because the Cy3-AF647 is a Forster pair of dyes, the efficiency of energy transfer
from the Cy3 to the AF647 is dependent upon the distance between the D-A pair, where
the Ry value may be calculated theoretically requiring only the donor emission and acceptor
absorption.

With these tools in hand, the measurement of observed lifetimes of Cy3 and AF647 for
each system, one may calculate the separation distance between donor and acceptor using
FRET theory between the Cy3-AF647 pair, and using NSET between the Cy3-NP and
AF647-NP systems.

6.3.1 Analysis of Stems I and III

To perform the proper control experiments, the lifetimes of each dye must be measured
individually unquenched in solution and also in the presence of each energy sink (NP and
AF647). This allows us to extract the rates of energy transfer from the Cy3 donor to both
the AF647 dye as well as to the nanoparticle individually before combining all rates into a
single system. The same holds true when measuring the rate of energy transfer from the
AF647 dye to the NP. Table 6.3.1 tabulates all of the experimental measured and calculated
values for the Cy3 and AF647 dyes for all three Type I, Type II, and Type III systems.
Comparison of the data in Table 6.3.1 allows one to conclude first and foremost, that the
data are not perfectly straight-forward. We see that for the Type I hammerhead complex,
there are two different lifetimes reported for both the native complex (no Mg?") and different
conformation complex (with Mg?T). This is because the luminescence decay is bi-exponential
for this system and therefore gives rise to two separate extracted decay parameters. The
slow component, accounting for 32% of the total signal, shows an observed lifetime of 1.1 ns
which, according to NSET theory for this dye, would mean a separation distance of about

7.4 nm. The fast component comprises 68% of the total signal and, with a lifetime of 0.2
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Table 6.1:

Tabulated values for the measured lifetimes of the Cy3 and

AF647 dyes in the three different systems. Type I refers to the hammerhead
complex involving only Cy3 and the NP. Type II refers to a FRET-like
system containing Cy3 as a donor and AF647 as an acceptor. Type III is
the hammerhead complex in which all parts are involved. Measured and
calculated values for Cy3, which is a donor being quenched by both the
AF647 and NP, are listed in the top section. Because AF647 is only quenched
by the NP, only Type III hammerhead complex applies to this dye. All errors
calculated from the standard deviation of three separate measurements.

Type 1 Type 11 Type III
Cy3 - NP Cy3 - AF647 | Cy3 - AF647 - NP
71 (ns) (32%) 1.1 + 0.1 0.39 + 0.11 0.61 + 0.17
keer (s™1) 9.45 +0.75E8 2.54 +0.7E° 1.65 +0.5E7
%Quenched 33+ 3 VGE==d 61 £ 17
No Mgt | Distance; (nm) 7.4 £0.2 3.7+ 0.3
T2 (ns) (68%) 0.20 £+ 0.02
keto (s™1) 4.9 4£0.6E°
% Quencheds 87+ 7
Cy3 Distanceg (nm) 4.0 + 0.9
71 (ns) (50%) 1.23 + 0.1 0.42 + 0.03 0.34 + 0.05
7 =1.574 0.09 ns ket (s™1) 8.13 +0.8E8 2.34 +0.2E° 2.98 +0.5E°
QY = 0.27 4 0.05 % Quenched 22 + 7 73 + 2 79 + 3
Mg2t Distance; (nm) 8.6 & 0.98 3.8 4 0.1
79 (ns) (50%) 0.20 + 0.03
Keto 5.1 £0.9E°
% Quencheds 88 + 3
Distancez (nm) 3.8 £0.2
71 (ns) (30%) 1.23 £+ 0.05
keer (s™1) 1.6 +0.1E8
% Quenched 20 + 3
No Mgt | Distance; (nm) 8.7 £0.3
72 (ns) (70%) 0.25 4 0.02
ke (s71) 3.35 +£0.2E°
% Quenchedy 84 + 1
AF647 Distances (nm) 4.1 £ 0.1
71 (ns) (32%) 0.77 + 0.2
7 = 1.54+ 0.07 ns ket (s71) 6.46 +1.7E8
QY = 0.21 + 0.06 % Quenched; 50 + 13
Mg?t Distance; (nm) 6.2 £ 0.8
72 (ns) (68%) 0.11 4 0.02
ket 8.68 +1.6E°
% Quenchedy 93 + 2
Distances (nm) 3.3 £0.2

" Not applicable. Either no energy transfer possible, or showed monoexponential kinetics.

T Not applicable because of multiple energy transfer processes.
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ns, suggests a separation distance of 4.0 nm. The substrate strand, however, would have
a calculated length of approximately 5.8 nm, which means that if correctly bound to the
hammerhead complex, the maximum separation distance possible is only ~6 nm and not 7.4

nm. The measurement of two discrete distances is clearly a dilemma which must be resolved.

AF647

/
5- AGU GACUGA GGC CGT AAG GCCGAA ACU UCA -3

®O0 000 060 6 OCOCOC O

3'- UCACU CUG AAG U\—\S‘
Cy3

' 75 nm ' e H-bonding
' o No H-bonding

Figure 6.3: Alternate configuration scheme for substrate binding to ribozyme. Good
hydrogen bonding of sporadic bases may lead to a well-stabilized secondary conformation and
different separation distances between donors and acceptors. Note that in this configuration,
the Cy3 and AF647 are very close to each other.

Figure 6.3 demonstrates a stable alternate configuration based upon base-pairing of the
substrate to the ribozyme strand. In this scheme, the Cy3 dye may be separated from the
gold NP by ~7.2 nm and would be in excellent agreement with the long lifetime component
measured and reported in Table 6.3.1 in the absence of Mg?*. This would suggest that the
other 68% of the population in solution is in the lower energy hammerhead complex formation
and is therefore responsible for the short component of the lifetime with a separation distance
of 4.0 nm. Upon Mg?* addition, it is known that the hammerhead complex undergoes a
conformational change, and the extremities of each stem flanking the conserved core should
shift in position relative to each other. Figure 6.4 shows the raw lifetime data, with bi-
exponential fits through the pre- and post-Mg?* sample decays. Based upon lifetimes, it
would appear that there is no net change in the difference between stems I and III because

the lifetime remains constant at 0.20 ns, even though the long portion of the lifetime increases
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Figure 6.4: LEFT: Experimentally measured lifetimes of Cy3-Sub in buffer (black),
Cy3 in the native hammerhead complex (blue), and after the induced Mg?* dependent
conformational change. RIGHT: Molecular scheme of hammerhead primary structure with
a single dye energy transfer to a gold NP. Addition of Mg?* induces a structural change and
a change in the separation distance between Cy3 and the NP.

from 1.1 to 1.23 ns. Based upon FRET photoluminescence studies in the literature,(91; 90)

it is thought that stems I and III move away from each other due to an observed brightening
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of the donor emission. However, it is possible that this may not be the case in reality.
The brightening of solution upon the addition of Mg in the experiments presented here
would have been a direct result of alternate configuration conformational changes, not the
true hammerhead complex itself. This serves as an example of the power wielded in time-
resolved studies over continuous wave photoluminescence, where the kinetics are suggestive

of a different structure than that reported in literature.

6.3.2 Analysis of Stems II and III

The Type II hammerhead complex consists of only the Cy3 and AF647 FRET pair dyes,
excluding the gold nanoparticle. This study allows the measurement of separation distance
between stems II and III of the hammerhead complex. The Cy3 dye in the excited state
should donate energy coulombically using FRET to a nearby AF647 dye molecule, where

the efficiency of energy transfer should follow the relation:

B 1
Qers(r) = Y N (RL())Q

and Ry is the theoretically calculated 50% (4.5 nm for Cy3-AF647) quenching value discussed

(6.4)

earlier in this section. Table 6.3.1 shows the measured Cy3 lifetimes for this system, which
were quenched and single-exponential. Comparison of lifetimes before and after Mg? addition
shows basically no change in lifetimes for the Cy3 dye. Figure 6.5 shows the lifetimes of Cy3
being quenched by AF647 when no NP is present. Before the addition of Mg?*, the lifetime
shows an unresolvably fast component at early time, most likely a result of very efficient
energy transfer to AF647 from a population of alternate conformations as mentioned earlier.
The Cy3 dye would be separated from AF647 by a single basepair in this configuration and
donate energy extremely efficiently to the acceptor.

We have now measured lifetimes and calculated distances between stems I and III using
NSET as well as the separation distance between stems II and III using FRET. The last
step is to measure and calculate the separation distance between stem II (carrying AF647)

and stem I (carrying the NP) using NSET a final time.

6.3.3 Analysis of Stems I and II

Inspection of Table 6.3.1 for the analysis of AF647 energy transfer to the gold NP suggests
again another dilemma. The AF647 demonstrates bi-exponential lifetimes with a 30:70 split
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Figure 6.5: LEFT: Lifetimes and suggested conformational change for a dual dye - labeled
hammerhead ribozyme. For the pre-Mg?*" scenario, a very fast component to the lifetime
occurs at t = 0, most likely due to extreme proximity of AF647 in an alternate configuration.
RIGHT: Suggested models for the hammerhead ribozyme where stem II moves along a plane
equidistant to the Cy3 donor.
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Figure 6.6: LEFT: Lifetimes and suggested conformational change for a dual dye - labeled
hammerhead ribozyme. Unlike the Cy3-NP scenario, the AF647 is significantly more greatly
quenched upon Mg?*t addition, suggesting a conformational change in which stem II moves

closer to stem 1.
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where the higher 70% accounts for the fast lifetime component. The longer component is
still sufficiently shorter than the natural decay rate of an unquenched AF647 dye molecule
and shortens further in the presence of Mg?", which discounts any possibility of free dye.
(Free AF647 did not change lifetime in the presence of Mg?".) The answer to the dilemma of
two components may possibly be gleaned through consideration of the experimental setup.

As mentioned in the experimental section, a slight excess of ribozyme strand was always
added to solution as a means to insure an acceptor for every Cy3 donor. In fact, 28%
extra ribozyme is the calculated excess concentration of AF647-ribozyme in which the dye
is located 18 nucleotides (7.9 nm) from the 5" end containing the NP. With this realization
in mind, it would be ezpected that two decay components would be observed in the lifetime
of AF647 and, as calculated in Table 6.3.1, the separation distance measured is 8.7 nm.
The separation distance falls to 6.2 £ 0.8 nm upon the addition of Mg?* which may be
accounted for by realizing that a divalent metal cation like Mg?t may induce any number of
conformational changes to a single stranded RNA through interactions with the negatively
charged phosphate groups of the backbone.

The faster decay rates of this dual-labeled hammerhead complex arise via through-space
energy transfer processes related to NSET. Figure 6.6 shows the quenched lifetimes of the
AF647 dye both before and after Mgt addition. Unlike the Cy3 data shown in section 6.3.1,
the dye becomes quenched much stronger after the conformational change which is suggestive
of a decreased distance between AF647 and the NP. The separation distance closes from 4.1

nm with the hammerhead complex in its native state to 3.3 nm after folding.
6.4 Discussion and Conclusions

Optical methods applied to chemistry and biology are a proven fast and efficient means of
analyzing otherwise difficult parameters. FRET has a strong presence in many fields related
to structural characterization of small molecules. While fast and easy to use, FRET does
have certain disadvantages as listed earlier. However, the power of FRET can be enhanced
by coupling with NSET energy transfer techniques. In so doing, one gains the advantages
of simultaneous quenching events of any dyes in the visible, (be they Forster pairs or not)
along with an enhanced usable distance range. The use of NSET coupled to FRET here has
allowed the triangulation of three separate base-paired helices flanking the same centrally

conserved core. Figure 6.7 shows pictorially the measured values upon a cartoon scheme
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4.1 nm

Figure 6.7: LEFT: The native (inactive) structure of the hammerhead ribozyme with mea-
sured distances between stems I, II, and III. RIGHT: After Mgt addition, the hammerhead
complex undergoes a structural folding, bringing stem II into closer proximity of stem I upon
a path nearly equiplanar with the original AF647 dye.
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of a hammerhead complex folding event. Some of the advantages of this method over cw-
PL FRET methods are first, the ability to spectrally separate out dyes from each other.
Secondly, time-resolved spectroscopy allowed insight into the number of mechanisms taking
place, leading to the observation of alternative conformations, a factor that would have been
overlooked in traditional PL-FRET. And finally, we have demonstrated the ability to use
NSET as a means of multiplex analysis within a single isolated system where, by using such
techniques as time-resolved spectroscopy, it may be possible to measure multiple distance
changes and reconstruct a more three-dimensional model than could be accomplished using

a single FRET experiment.
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CHAPTER 7

SEMICONDUCTOR NANOPARTICLES:
SYNTHESIS AND CHARACTERIZATION

7.1 Introduction

Scientific research has seen a great deal of excitement centering around the development,
characterization and practical utility of nanomaterials over the last couple of decades.
The evolving electrical and optical properties as the dimensions of a material become
confined in the nanometer scale show huge potential for use in such technologies as memory
storage, display technology, catalysis, photoelectric devices, biological sensing, and others.
Although nanomaterials exist in many forms depending upon the chemical makeup (metal
or semiconductor) and shape (sphere, rod, pyramid, tetrapod, etc.), spherical semiconductor
quantum dots (QD’s), are probably the most prevalent category found in the literature.
Cadmium Selenide QD’s in particular have been popular because of their ease of synthesis,
colorful optical properties which range from 490 - >650 nm emission, and especially their
high quantum yields which have been reported at over 80%. In fact, a direct comparison
of CdSe QD’s with many organic dyes shows them to be superior in almost every way.
Their primary advantages include: 1) No red-tailing 2) customizeable optical properties 3)
solubility in almost any medium 4) No Photobleaching 5) VERY broad excitation range and
6) long lifetimes. For these reasons in particular, QD’s are becoming an increasingly common
tool in the biological areas of cellular imaging(71; 72) and disease state detection.(73; 7; 6)

The successful integration of QD’s into biological systems, however, is not straight-
forward synthetically because water and oxygen, which are prevalent in biology, are generally
considered destructive for the optical response of QD’s due to the oxidation of inorganic
surfaces. The solution to the problem of interfacial oxidation has been alleviated to some

degree by re-capping the QD with a separate material of either insulating (SiO5) or of higher
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band gap properties. The classic example is CdSe core QD’s capped with ZnS. The re-capping
of core semiconductor nanomaterials has shown desirable properties beyond protecting the
surface from oxidation because it has the additional advantage of passifying the surface and
filling atom vacancies that would otherwise be considered defect sites for low-energy emission.

The purpose of this chapter is to detail the synthesis of CdSe core QD materials and a
characterization of the optical and physical response of the material as a function of ZnS
capping thickness. The materials are characterized via powder X-ray Diffraction (pXRD),
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), quantum
yields (QY’s), photoluminescence (PL) and lifetimes. We see that the photoluminescent
energy and quantum yield of the materials are dependent upon ZnS-thickness and that the
optical response for each material can be explained through relation to its physical state

properties.

7.2 Experimental

7.2.1 Synthesis of Core CdSe/HDA

Core CdSe QD’s were synthesized as detailed by Cumberland et al.(105). First, inorganic
clusters of (Li)4[SesCd;o(SPh);6] were prepared by literature techniques(106), purified and
isolated as a bluish-white powder. The inorganic cluster was measured into eight portions
of 100 mg each, sealed into separate flat-bottom 10 mL glass vials containing a stir bar, and
placed under high-purity argon at 90° C in an Al-block on the hot-plate.’ 5.0 mL distilled,
de-gassed hot hexadecylamine (HDA) was injected into each vial under constant stirring.
The temperature was raised from ~ 130° C to 230° C over 3 hours time and allowed to grow
for 5 hours at an average temperature of 235 + 5° C. The temperature was then lowered
and allowed to anneal overnight at 190° C. Absorption spectra on each sample showed that

six of the eight samples had exactly the same absorption spectrum, shown in Fig. 7.1.

7.2.2 7ZnS-Capping of Core CdSe QD’s

Purification of the core materials was accomplished by two successive precipitations with

de-gassed, anhydrous methanol. The purified QD’s were redispersed in minimal toluene

IThe Al-block method was developed by Jeffrey Gerbec in our laboratory and consists of eight cylindrical
wells, custom-machined in a centro-symmetric pattern to fit the glass vials mentioned. This arrangement
insures equal distribution of heat and rates of stirring to each vial.

113



CdSe/HDA
Aluminum Block Synthesis

3.4 nm Diameter

Sample 6

Absorption

Sample 5

Sample 4

Sample 3

Sample 2

Sample 1

I I I I I
300 400 500 600 700

Wavelength (nm)

Figure 7.1:  Vertically offset Absorption spectra for six samples grown under identical
conditions in an Aluminum block setup. The first exciton is centered at 526 nm, which
is consistent with CdSe QD’s that are 3.4 nm diameter. These absorption spectra show the
reproducibility of samples in the Al-block configuration.
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and transferred to fresh, clean, de-gassed flat bottom 10 mL vials in the Al-block. Another
5.0 mL distilled de-gassed HDA was injected into each vial. Dry argon was blown across
each vial while heating and stirring at 130° C to remove the toluene. The ZnS-capping
was accomplished using a SILAR technique similar to that published by Peng(107) in which
alternating injections of sulfur then zinc precursor solutions passivate the surface in an evenly

distributed shell. The precursor solutions were prepared by:

- S: 0.5 mL trimethylsilyl sulfide (TMS Sulfide) in 8.0 mL trioctylphosphine (TOP) in
50 mL RB flask airlessly.

- Zm: 1.5 mL of 2.0 M dimethylzinc in toluene plus 8.0 mLL TOP in 50 mLL RB flask

airlessly.

To accomplish different shelling thicknesses grown onto same-core size QD’s, different
numbers of injections were delivered to each sample. The injection procedure was performed

at 220° C as follows:

-+ 0.25 mL S-precursor injected. Wait 20 seconds.

- 0.25 mL Zn-precursor injected. Wait 20 seconds. Repeat.
In this manner, the following samples were prepared:

- S1: No Injections

-+ S2: 1 Injection

- 53: 3 Injections

- S4: 5 Injections

- 55: 10 Injections

Upon shelling, the materials were glowing under ambient conditions in the hot HDA. The
materials were cooled to 150° C and allowed to anneal for 2 hours before cooling to RT. To
purify the ZnS-capped QD’s, the materials were precipitated two times with anhydrous de-

gassed methanol and then re-dissolved into molten HDA and allowed to solidify for storage.
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Figure 7.2: TEM pictures of CdSe and CdSe/ZnS QD’s with varying shell thickness. Due
to low contrast on CdSe, the core materials (top - left) at 3.4 nm diameter are difficult
to visualize. As the ZnS shell increases in thickness to 3.8 monolayers (bottom right)
the estimated size of the QD is considerably larger. All pictures were taken at 500000
X magnification and 80 keV acceleration.
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TEM measurements, shown in Fig. 7.2, demonstrate the slight size evolution as the
thickness of ZnS capping layer increases. The thickness of ZnS was calculated theoretically
by taking into account the concentration of QD’s in solution, the size and area of the surface
for the QD, the number moles Zn or S injected, and the unit cell volumes for each material.

The equation used was:

ol

™

3
3V,
3/4n m,shell _ 4.3
i ( T TTNa *5+r> 37T

- Cores

Uy

ML(n) = 1
(n) No. Unit Cells Injected (7.1)

where n is the number of injections (1 injection = (1xS) + (1xZn)), Vi sheu is the molar
volume of the shelling material (ZnS = 2.38 x10* nm?/mole), N, is Avogadro’s number,
Uy is the volume of one unit cell of the capping material (ZnS - 80.0 A), r is the radius of

the core QD (16.5 A), and Cores is the mole number of QD’s in solution.

7.2.3 Water Solubilization: Thiocholine Ligand Exchange

The ZnS-coated materials were rendered water soluble via ligand exchange with hydrolyzed
thiocholine. The acetyl protecting group was first removed from acetylthiocholine chloride
by dissolving 0.3 g into a 1:4 Acetone:Water mixture. To this mixture was added 3.3 mL 1M
NaOH to achieve a 2:1 ratio of base to acetylthiocholine. The mixture was stirred at room
temperature for 1 hour and then neutralized with concentrated HCI to pH 7. The QD’s in
toluene were then stirred vigorously overnight with the deprotected thiocholine and phase

extracted to the aqueous layer.

7.2.4 Measurements and Characterization

Quantum Yields: Quantum yields were measured by comparison against [Ru(bpy)s](PFg)a.
Absorption spectra for QD’s and [Ru(bpy)s](PFg)s were adjusted so that the cross-section
was ~ 0.1 at 460 nm. PL spectra were then obtained on each sample by exciting at 460
nm and measuring intensity over the entire visible spectrum from 470-800 nm. The relative

quantum yield was calculated using the equation:

ISample ARef()\) (T/Sample)2
IRef ASample()\) TRef

QY = Dpey - (7.2)
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where ®p.r of [Ru(bpy)s](PFs)2 is 0.065, I is the integrated emission intensity over all
wavelengths, A()\) is the absorption of either the sample or reference at the wavelength of
excitation, and 7gef/Sampie 15 the index of refraction for the reference (acetonitrile - 1.344)
and the sample (toluene - 1.496), respectively.

XPS / pXRD: Prior to XPS or pXRD analysis, each sample was washed thoroughly
by successively dissolving in minimal toluene, precipitation with anhydrous methanol and
repeating the process 3x total. By the third wash, the thicker ZnS-capped materials became
less soluble in toluene, presumably due to oxidation of Zn on the surface.

Lifetimes: All samples were cleaned by two methanol precipitations and then diluted in
toluene to give an absorption cross-section of ~0.1 at the band edge prior to lifetime analysis.
Samples were excited at 315 nm, 10uW, 10 ps pulses using the frequency-doubled output of
an R6G dye laser. Fluorescence was collected, focused into a 0.25m imaging monochromator
coupled to a Hamamatsu C5680 Streak Camera operating with a time window of 200 ns.

Temporal traces were acquired by spectral binning over the central 50 nm wavelength range.

7.3 Results and Discussion

7.3.1 Absorption, Photoluminescence, and Quantum Yields

Because the purpose of this study is to analyze the change in physical and optical properties of
a single-sized QD versus incremental shell thicknesses of ZnS capping, the success of such an
experiment relies upon the controlled synthesis of starting materials. The Al-block method
used to synthesize core QD’s for this study is a convenient method for the synthesis of large
amounts of high-quality QD materials, where the materials grown in each vial are identical
to the materials grown in every adjacent vial on the same block. Figure 7.1 demonstrates the
consistency of core growth for each vial where the position and full-width half-max (FWHM)
is identical for six of eight total samples synthesized. Growth of the higher bandgap ZnS
semiconductor material has a tendency to broaden and shift the energy of the first exciton
absorption. Figure 7.3 shows the evolving absorption and PL spectra for the series of QD’s
synthesized in this study. If zinc and sulfur were diffusing into the CdSe lattice to form
an alloy, there tends to be a blue-shift both the band edge and PL energies.(108; 109)
However, the spectra are seen to red-shift with increased shell thickness, which is common

for capped materials.(110) The lower energy of the absorbing state is suggestive that ZnS-

118



a)
i)
= Q
kS .
A £
E E
S S
) S
= o
]
(@)
c
3]
(@)
v
]
() .8 ML's ZnS
&
=
(@)
—
So 28MLUsZnS
o >
v
~
c £
9 2.3 ML's ZnS 3,
- Y
— =
o n
8 15MUsZns )
< ~
O
)
v
CdSe/HDA b

[ [ [ I
400 500 600 700

Wavelength

0.5

0.4

0.3

0.2

120 —
110 —
100 —
90 —
80 —
70 —

[ [ [ [ [
0 1 2 3 4

Number MonoLayers

Q) |—§—<
s

-

[ [ [ [ [
0 1 2 3 4

Number MonoLayers

Figure 7.3: a) Offset and overlaid absorption / PL spectra for CdSe QD’s as a function
of ZnS-thickness. The bottom spectrum shows the spectra associated with the core HDA-
capped CdSe QD’s, and the spectra above show the change in properties as monolayers of
ZnS are grown onto the surface. b) Quantum yields of the QD materials as a function of
ZnS thickness. The medium thickness of 2.8 monolayers shows the highest QY. ¢) Shows the
“Stokes shift” associated with different thickness of ZnS, as measured from the peak of the

absorption band to the peak of the PL.
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coating effects the ground-state of the QD. The broadening of the data could be explained by
either a relaxation of the absorption selection rules or by a spread in the population of ZnS
thicknesses, where incomplete passivation of some fraction of the materials in solution has
broadened the energies of this state. Already the behavior has become intriguing, where,
simply by passifying the surface of the QD with another semiconductor material, energy
and energy distributions have begun to spread. Further insight into the behavior of these
materials may be obtained by QY and Stokes shift calculations.

The quantum yields are observed to increase from ~10% uncapped to an average of 35%
after ZnS-capping with a maximum QY of 51% at 2.8 ML thickness. The “Stokes shift”?
is also measured to increase further with every layer of ZnS grown onto the surface. We
expect that the passivation of the surface of a QD should result in less defect emission
and the stronger confinement of the exciton, however only the effect upon QY seems to
remain true. If the exiton were being more strongly confined, this would lead to an increased
energy of absorption and emission. Therefore, this could be the basis of an argument that the
wavefunction of the exciton actually leaks into the ZnS layer and is actually less confined than
the core QD, which would explain the lower energies of absorption and emission. However,
this does not explain the increased “Stokes shift” which becomes larger and larger as a
function of ZnS thickness. Another argument may be constructed from a physical basis
through comparison of the different structures of ZnS and CdSe.

The Stokes shift is a measure of the distortion of the luminescent species in the excited
state before emission. Therefore, an increased Stokes shift for an emitting fluorophore is
consistent with larger atomic re-organization in the excited state of that species. While ZnS
exists either as zinc-blende or as wurtzite in structure, it is expected that the core wurtzite
CdSe will template the growth crystal structure for the ZnS causing it also to go wurtzite.
However, a comparison of the bulk lattice parameters shows that ZnS is ~11% shorter in
bond length which would be a source of interfacial strain at the surface of the material.
This strain can be imagined to exert itself upon the core QD and may be the basis for the
increased “Stokes shift” measured in Fig. 7.3.

The physical characterization of the QD and the surface as a function of ZnS-thickness

2This is not a true Stokes shift. The Stokes shift is defined as the energy difference between the 0—0
vibronic absorption to the 0—0 emission feature which, for these materials, can only be measured at low
temperature using line-narrowing luminescence spectroscopy. The shift reported in Fig. 7.3 is measured
from the absorption maxiumum to the PL maximum for the ensemble in solution.
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may be used to interpret the spectral properties of this series of QD’s. The structural
questions that we ask are: 1) How uniform is the ZnS-shell? 2) What effect does the shell

thickness have upon the structure of the core QD?

7.3.2 Surface and Structural Analysis

X-ray spectroscopy is the most appropriate form of characterization to study structural
and surface properties of nanomaterials because X-rays interact strongly with the nuclei
of atoms. We may use XPS to analyze nanomaterials and determine the types of atoms
present on the surface. In discussing core-shell materials like CdSe/ZnS, we would expect
to see the sudden appearance and increased strength of energetic lines associated with the
binding energies of both Zn and S core electrons with the increased shell thickness. Figure
7.4a shows comparative XPS data for all QD materials where the ZnS shell thickness is
increasing from bottom to top. The strongest lines from each atom are highlighted: Zn 2p,
Cd 3d, S 2p, and Se 3d. The appearance and increasing intensity of the Zn 2p line with
increasing thickness of capping layer is most obvious, as is the decreasing strength of Cd 3d
as it becomes buried further toward the core of the QD. Also noticeable is the increasing
strength of O 1s, which, along with the observation of decreased solubility of the thicker
ZnS-QD’s after purification mentioned earlier, is suggestive of the formation of a significant
ZnO layer. Figure 7.4b compares directly strengths of the Cd and Zn lines relative to each
other where the relationship shows sigmoidal behavior with increased ML thickness. Figure
7.4c is a total comparison of all 4 species: Cd, Zn, Se, and S relative to each other as a
function of ML thickness. The Cd and Se are both shown to decrease in percentage of the
total signal relative to Zn and S which quickly increase to account for >50% of the total
XPS signal after the first injection (1.5 ML’s) of ZnS.

This surface analytical technique has shown that the CdSe cores have indeed been
epitaxially passivated by the higher bandgap ZnS semiconductor. The XPS data are also
suggestive that the surface has been well passivated with capping material because of
the marked disappearance of the Cd and Se signals. Further, it seems that XPS is only
probing the first few layers of the nanomaterial, and not analyzing the entire composition,
a conclusion which may be garnered by realizing that 1) all samples were analyzed an
identical period of time, and 2) by observing the C 1s line at 284.8 ¢V coming primarily

from HDA carbon chains on the surface and should be more or less a constant. The Cd
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Figure 7.4: a) X-ray photoelectron spectra of CdSe/ZnS QD’s. Binding energies associated
with the Zn 2p and S 2p binding energies increase from bottom to top as the shell thickness
increases, while the Cd 3d and Se 3d lines decrease in strength. The increased strength of O
Is at the high Zn concentrations is consistent with the readily oxidized metal. b) Comparison
of Zn to Cd ratios relative to each other, where the percentage Cd decreases and Zn increases
as Zn passivates the surface to a greater extent. c¢) Relative comparison of all species: Cd,
Zn, Se, and S as a function of ML thickness.
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and Zn peak heights change significantly relative to the C 1s line, which suggests that
XPS is not probing the entire volume of the QD. Elemental analysis of the surface has
given information regarding the chemical make-up of the QD and has proven the epitaxial
growth of relatively uniform ZnS over the QD core. Additional physical information may be
extracted by analyzing the structure of the QD as a function of shell thickness using pXRD.

Powder X-ray diffraction is becoming more and more a standard technique for the analysis
of nanoscale materials because it can yield both structural and size information in a single
spectrum. Structurally, we may determine if the material is crystalline or amorphous, and if
crystalline we may determine the crystal structure. Figure 7.5 shows pXRD spectra for the
different synthesized QD’s as a function of ZnS capping layer. A silicon standard with three
sharp lines at 1.638, 1.920, and 3.136 A was mixed in with each sample to calibrate each
spectrum for the most accurate comparison of shifting peaks. The broad peak at 3.49 A
actually contains three peaks below it: <100>, <002>, and <101>. Similarly, three peaks
exist closely spaced at the lower d-spacing for the <110>, <103>, and <112> peaks which
are slightly better resolved from each other. The <002> peak of CdSe is the lattice spacing
in the crystallographic axis of growth and shows the greatest shift as thicker ZnS is grown
onto the surface. The <002> peak shifts to smaller d-spacing by 1.07 A from the HDA-
capped CdSe to the thickest (3.8 ML) capped CdSe/ZnS sample and is plotted in Figure
7.5b. The shift to smaller d-spacing is demonstrative of a lattice spacing which is becoming
more and more compressed.

As was mentioned earlier, the difference in lattice parameters (6.05 A - CdSe; 5.41 A -
ZnS)(111) is 11% and the ZnS is expected to induce strain at the interfacial boundary. The
induced strain depth “felt” by the core QD could depend upon the thickness of the ZnS layer
where, at some finite thickness, the compressive force induced by the ZnS will overcome the
resistive expansive force pushing outward from the core. A similar model has been suggested
in the literature where the compression exerted by the shelling material is thought to be
responsible for the lowering of quantum yields at certain shell thicknesses.(112) Under this
model, the successful complete passivation of a shell disallows the alleviation of core strain
through reconstruction at fault boundaries. This could be responsible for the introduction
of low energy self-trapped excitons (STE’s) at the boundary between phases. This model
would then explain an increased red-shift with thicker shells and also the observation of a

QY maximum with shell thickness, beyond which the induced strain has the tendency to
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Figure 7.5: a) Powder X-ray diffraction spectra of CdSe QQD’s monitored by the increasing
thickness of ZnS capping layer. Each sample contained a silicon standard for calibration
purposes, yielding the sharp lines observed at 1.64, 1.92 and 3.13 A in d-space. Bottom shows
the bulk diffraction spectrum of wurtzite ZnS in d-space. b) The <002> peak extracted from
Gaussian fitting plotted as a function of ZnS monolayers grown onto the surface. The lattice
constant is decreasing with increased thickness of the ZnS capping material.
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reduce PL efficiency.

7.3.3 Luminescence Lifetimes of CdSe/ZnS

Luminescence lifetimes of quantum dots have been a controversial subject in the liter-
ature, largely stemming from the strongly bi-exponential character in almost all QD’s
measured to-date. The explanations for bi-exponential lifetimes have ranged from Auger
recombination(113) to trapped exciton states(114) to charged state recombination(115;
116; 117) and most recently to dot-dot far-field interactions.(118) With so many models
attempting to explain the same phenomenon, I will only discuss the subject of radiative
decay in light of the possibilities as related to the subject of ZnS-overcoating of core QD’s.

Figure 7.6 shows the measured decay profiles for each of the samples in toluene displayed
on a logarithmic scale following exciting at 315 nm. An interesting trend is observed in
Fig. 7.6 in which the first few monolayers (up to 2.3 ML’s) of ZnS actually decrease
the observed lifetime of the QD while increasing the QY from 10% to >30%. This is
particularly interesting because, of course, QY = k, 7. This is strong evidence of a greatly
enhanced radiative rate, and also means that the oscillator strength is likely increasing as
well. Unfortunately, we do not have the data to assess this observation independently.
Interestingly, the sample with 2.8 ML ZnS thickness shows the highest quantum yield and
the observed lifetime has elongated from the lesser thickness sample. Overall, the lifetimes
tend to shorten immediately upon the addition of ZnS coating, and slowly then to increase
again. The shortened lifetime could be explained by the existence of a trapped state near
the strain boundary of the epitaxial layer. This would essentially support the model of Chen
et al.(112) where it is expected that the strain induced by the capping material may localize
an exciton and emit from this lower energy state.

The lifetimes for the organically-passivated CdSe/HDA and the first two capping thick-
nesses of ZnS are obviously multi-exponential and give very good fits to bi-exponential
equations. The significance of a bi-exponential equation is that it suggests two discrete
excited states which depopulate to ground with the emission of a photon of light. The two
thickest ZnS-capped samples, however, show nearly monoexponential decay characteristics,
and could, in fact, be considered monoexponential if the ~5% size distribution is taken into
account. Different sized QD’s are expected to have variances in their lifetimes and this could

explain the slight curvature.
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Figure 7.6: Luminescence lifetimes of the series of QD’s under study. The decay traces have
all been normalized to 1 at the peak and offset vertically for viewing. The topmost (black
circles) decay is representative of the organically-passivated CdSe/HDA sample. Below that
in descending order are the traces from the 1.5, 2.3, 2.8, and 3.8 ML thickness samples. The
large dip in intensity at later time is a result of a damaged microchannel plate from the
streak camera, and does not represent real excitonic decay emission.
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Observation of a ML thickness at which the QY maximum and lifetime decay parameters
coincide is indicative of a structure-related relationship between capping layer thickness and
the optical properties of a QD. A monolayer thickness near three ML’s could be the optimal
growth size for a capping layer over a QD where the surface has not only been passivated but
is well screened from effects related to the solvent bath such as oxidation or charge transfer.
To a certain extent, these are the most important properties of concern in regards to the
core QD structure if the end application is the implementation of biological conditions for

imaging or optical studies.

7.3.4 Water-solubilization and Effects on Photoluminescence

If the main application of a QD is the integration with biology for sensing and imaging
studies, then the most important properties to control will be the quantum yield, energy of
photoluminescence, and the stability of the material. By using QD’s, we have the convenient
advantage over organic fluorophores to manipulate the energy of photoluminescence simply
by controlling the growth size and capping layer thickness. The capping layer, therefore, has
multiple usages where it is not only responsible for the high quantum yields, but also the
PL energy and the protection of the core QD from the sometimes harsh environment of the
outside world.

Figure 7.7 shows the absorption and PL spectra overlaid for the 2.8 ML thickness
CdSe/ZnS sample after ligand exchange for thiocholine and dispersion into water. The
aqueous QD has actually blue-shifted by 5 nm (557 - 552 nm; 20 meV) from the original
spectrum in toluene. Most significantly, however, is the defect-free emission as evidenced in
the red to infrared region where no broad, low energy intensity can be measured. This is
indicative of a surface that has been well protected from the oxidizing aqueous environment
and demonstrates the stability of these shelled materials. The QY was measured to be
24 + 3% for this sample, down from the organically measured QY of 51 £ 4%. The
brightness of the QD was therefore reduced by 50% of its original value which suggests
that either solvatochromic effects have not entirely been separated by the capping layer, or

that (probable) oxidation of the ZnS-coat may be affecting the core QD non-radiatively.
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Figure 7.7: Absorption and photoluminescence spectra for the 2.8 ML CdSe/ZnS overcoated
QD. The PL spectrum for the organically soluble sample is shown for comparison where the
aqueous QD has blue-shifted slightly from the original spectrum. The spectrum shows that
there is no defect emission, but only flat zero intensity signal going into the infrared region,
consistent with a defect-free QD.
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7.4 Conclusions

One size of quantum dot was controllably synthesized in six separate vials using the Al-block
technique combined with cluster-route nanomaterial synthesis. The QD’s were successfully
overcoated with ZnS higher bandgap material via altnernating injections of S followed by
Zn to produce a series of QD samples all with identical cores but varying shell thicknesses.
The samples were characterized physically using XPS and pXRD showing the successful
overcoating with ZnS and also the changing structure presumably due to compression by
the smaller lattice constant ZnS material. Photoluminescence, absorption, lifetimes and
quantum yield measurements demonstrated that these materials change optically with the
epitaxial growth of ZnS onto the surface of the CdSe. The changing optical properties
may be explained by the reduction of surface defects along with interfacial strain incurred
from overcoating of ZnS. Water-solubilization of a thickly-coated QD resulted in a 50%
loss of the photoluminescence intensity, but showed no signs of defect formation in the
photoluminescence. Epitaxially protected quantum dots such as these should be useful for

applications to biological imaging and other similar aqueous studies.
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APPENDIX A

Gold Absorption Calculations

Au_Absorption Generation.nb
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Au_Absorption Generation.nb

a Calculations
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JCE2Pts = Table@8En, JCE2@EnD<, 8En, 1.9, 4, 0.0047<D;
H Here 1 tabulate €2 values from Johnson and
Christy from their Interpolated Data in intervals of 0.1 eV
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h=6.626 1073%;
c=2.998 108%;

Energy@A_D := ccctcc'gocgtcc 6.2415 108
S G =
EnergyList = Table@Energy@AD, 8\, 200, 900, 1<D;
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APPENDIX B

CPS - Kuhn Model d;, Calculations

Au_Absorption Generation_NPSize.nb 1
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Au_Absorption Generation_NPSize.nb
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Au_Absorption Generation_NPSize.nb
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APPENDIX C

J-Overlap Integral and FRET R, Calculations

J-Overlap Integral.nb

a Calculating RO for Cy3-AlexaFluor 647 FRET Pair

<< Statistics DescriptiveStatistics™
SetDirectory@"F:\Travis\Research\RNA\HH Ribozyme\J-Overlap_Cy3-AF647"D;

Cy3PL1 = Import@"Cy3_PL.txt", "Table'D;
H This imports Cy3 PL data already in Intensity vs wavelength HcmL format L
Cy3PL1@@AII, 2DD
Cy3PL2 = cxeltecececceecceeceecececeoegeneceecee — Mean@Take@Cy3PL1@@ART, 2DD, —10DD;
Max@Cy3PL1D
H This Normalizes and background subtracts the PL Data L
Cy3A = Cy3PL1@@AII, 1DD;
Cy3PLFin=
Interpolation@Table@8Cy3A@@xDD, Cy3PL2@@xDD<, 8x, 1, Dimensions@Cy3PL2D@@1DD<DD;
Plot@Cy3PLFin@AD, 8A, 0.000050, 0.00008<, PlotRange - AlID;

0.000055 0.00006 0.000065 W@T@G@Gﬁ—@:&OOOB
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J-Overlap Integral.nb

AF647Abs1 = Interpolation@Import@ AF647_Abs._txt", "Table"DD;
H This imports the Absorption data in Extinction vs. Wavelength HcmL Format L
Plot@AF647Abs1@xD, 8x, 0.000051, 0.000089<, PlotRange - AIID

200000

150000 f

100000 F

50000

1 1 1 n Andaspdy s oot s A ﬁ'mm‘uma iy

0.000055 0.00006 0.000065 0.00007 0.000075 0.00008 0.000085

h Graphicsh

Overlap =
NIntegrate@Cy3PLFin@\D AF647Abs1@AD A*, 8A, 0.000051, 0.000089<, PrecisionGoal - 2Dé
NIntegrate@Cy3PLFin@AD, 8\, 0.000051, 0.0000850<, PrecisionGoal - 3D

8.10349x 10713

-2 D 186
RO=19.79 103££c§c% 1.33740.054 HOverIapL%

H This calculates the Ro value in Angstroms L

44 .9136

1
QFRET@d_D := COOMLEEECOL00ELE
1+HgL
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J-Overlap Integral.nb

Plot@QFRET@dD, 8d, 0, 100<D

20 40 60 80 100

h Graphicsh

Solve@QFRET@xD m 0.08, xD

88X - —-67.4777<, 8x - —33.7389-58.4374C<, 8x - -33.7389+58.4374C<,
8x - 33.7389-58.4374C<, 8x - 33.7389+58.4374C<, 8X - 67.4777<<

QFRET@67.4777D

0.0800001
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APPENDIX D

Dye Laser Alignment

General Requirements:

e Pump source should be vertically polarized beam coming into 702-dye laser. (The
Vanguard is by default a vertically polarized laser, so keep that polarization going into

the 702 dye laser.)
e Pump beam should saturate ~80% of the dye jet.
e Dye jet should be pumped at 40psi (when priming, this should be ~60psi.)
e Dye reservoir should be cooled by 10°C water.
Alignment of dye-jet stream:
1. Dye tube from pump should be centered in holder, (adjusted by 2 sets of screws).

2. Nozzle in the interior of laser cavity should be at Brewster’s angle relative to the
incoming laser. A good guide to the eye on this is the translation screws on the tube
holder. The angle is roughly the same as line drawn from set screw on right hand side

through center of tube holder.
Beginning Alignment: Pump Laser into Dye Laser Cavity
1. Turn on the dye jet stream and cooler for the pump.

2. Measure the optical height of the aperture going into the dye laser on the front end
and adjust the pump laser so that it is level on the same optical height. Then direct

the pump laser into the dye cavity with precision-mount mirror.
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. Guide the pump beam in through hole in front of the dye laser and direct it to strike
the pump mirror (P1). The pump mirror has a 50mm focal length and should focus

right onto center of dye stream.

. Adjust the dye stream (large knobs) to place the pump beam right in the very center
of the jet. *NOTE: Dropping the intensity of the 532nm pump source by using an iris

will greatly help in this alignment as the fluorescence is extremely bright!)

. At this point, it is good to check the parallel alignment of the pump source into the
dye laser. Do this by first dropping the intensity of the pump laser with an iris. Next,
remove P1, M1, and M2 and then position the pump laser directly down the dye laser
cavity by moving both the external mirror and the entire back end of the dye laser
itself. The pump beam should go straight down the cavity. These should be small

adjustments.
. Cover the beam and replace all mirrors.

. Check the alignment of the pump source into the dye jet stream again and adjust

accordingly to make sure it is centered with large knobs.
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Alignment of Dye-Laser Cavity

1.

10.

11.

Begin by removing all lossy-reflective surfaces not required for lasing, ie. the AOM

crystal and the bi-refringence plate.
Remove all mirrors and clean them with pure EtOH or MeOH using lint-free lens paper.

M1 and M2 should have 160mm length between them with M2 about 150mm from the

dye jet stream.

M1 is collecting fluorescence from the dye and focusing it into M2. In the absence of
lasing, you should see a large yellow spot appearing around the aperture in front of
M2. Center this spot over the aperture. If this spot is not visible, adjust the vertical
alignment of M1 until the round yellow spot appears near M2, and then center it over

the aperture.

Just over the top of M1, using a card, find 2 yellow spots focusing down the cavity
toward M3. Translate M2 forward and back slightly so that the focus of its spot is
fairly tight, (do not make it too tight, back off a little from that.)

Next adjust the position of M1 using small knobs around the invar bar until the 2nd
spot overlaps the spot from M2. Both spots should be overlapped, going down the
center and should strike M3.

M3 is a flat mirror and should be positioned at the "D” position (for cavity-dumped

mode) as marked on the invar bar.

. Adjust the alignment of M3 so that it reflects the beams to the center of M4.

M4 is another flat mirror which sends the beam to M5, then M6 which finally sends
it into the cavity dumper. (M5 and M6 are also both flat mirrors only used for z-
adjustment to place the beam on axis with M8. M7 is an output coupler and therefore

is not used in this configuration.)
Align M4 to place the spot in the center but near the top of Mb.

Align M5 to place the spot in the center of M6.
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12.

13.

14.

15.

16.

17.

18.

Align M6 to place the spot onto the center left-hand side of M8.
Align M8 to place the spot onto the center left-hand side of M9.

While watching M4, (don’t use a card - for obvious reasons - or at least it will be
obvious when you try), align M9 so that the reflected spot coming back through the
cavity overlaps the reflected spot from M3.

At this point, all mirrors should be more or less aligned with each other if all spots are
overlapping and the cavity length is the last thing to adjust. Do this first by using the

micrometer adjustment on the end of the cavity dumper unit.

If, after translating the cavity dumper throughout the entire range, there is still no
lasing, translate M6 forward or backward (your guess is as good as mine, just be

consistent and know which way you went.) and refocus the cavity starting from step

11.
Re-adjust the cavity length again with micrometer adjustment on cavity dumper unit.

You should notice that you are getting close to the lasing requirements when you see
brief flashes of light. This is most noticeable in the large spot of light reflecting from

the dye jet-stream onto the ceiling.

e A side note: This beam reflecting off the dye jet-stream can be very helpful in
understanding the mode quality of the laser. (A side-side note: There are actually
two beams reflecting upward here, one from the front face and one from the back

of the jet stream - so don’t be alarmed by that.)

e This spot for a perfectly aligned dye laser will be large, structureless and round.
Any structures that look like clover leafs, donuts, circle halves, or George Bush

mean that you have demons inside the laser causing it to do stupid things.

e Playing with the large dye knobs which align the jet-stream relative to the pump
laser are the best way to correct this, assuming the rest of the cavity is aligned
properly.

e EVERY time you align the laser, or even adjust the power, monitor this (these)

ceiling spot(s)!
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19.

20.

21.

Once the laser has begun to lase, maximize the intensity to the eye by adjusting the
cavity length and by using the large dye-stream adjustment knobs. Always watch the

spot on the ceiling to make sure that it remains round and structureless.

At this point, replace the bi-refringent filter and readjust the cavity length to maximize

intensity to the eye.

Finally, replace the AOM crystal at the Brewster angle as marked on both the crystal
holder and the holder mount. Again, adjust the cavity length to get lasing.
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10.

11.

APPENDIX E

Streak Camera Operation

Turning on the Computer and Lasers

. If computer is not off when you start, it may need to be restarted in order to

communicate with Streak Camera.

Turn on Hamamatsu Power Supply Unit C5680.
Turn on Camera Controller C4742-95.

Turn on Synchronous Delay Generator C4792-02.
Turn on Monochromator.

Turn on Computer.

. While computer is booting up, turn on both the chiller and pump to the dye laser,

making sure to get ~40psi pressure when pump is in “Jet” mode.

Once the computer has entered Windows, double-click the “Vanguard” icon on the

desktop.
Click “OK” to start the Vanguard laser control window.

Click and hold the large blue “On/Off” Button until the button turns red and the

word “Emission” appears.

Click and hold the “Shutter” button until the square above it turns red. In about 30

seconds, the green laser should appear out of the Vanguard Laser.
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12.

13.

14.

15.

16.

17.

Go around to the other side of the table and find the ThorLabs photodiode, located
in front of the Hamamatsu pin photodiode. Turn this photodiode on with the switch
in the back.

Once the photodiode is on, make sure that the seeded Vanguard 532nm laser is hitting
the center of the photodiode. If the photodiode is working correctly, the BNC Universal
Pulse Generator should have a blinking red light labeled “OVRLP”. This is normal and
good. If this light is not blinking, plug the photodiode into the oscilloscope and check
to make sure it is aligned properly by adjusting its position. The peak height needs to
be at least 300mV to trigger the BNC Pulse Generator. If there is still no signal out
of the photodiode, the battery must be replaced with another 23A 12V battery.

The purpose of the BNC Pulse Generator is to drop the rep rate from 76MHz, which
the 7200 Cavity Dumper cannot use, to 19MHz, which can be used. (38MHz, as it
turns out, is unstable for the Pulse Generator - don’t know why.) The settings on the

BNC Pulse Generator should be:

(a) Trigger: External 300mV.

(b) Timing: Delay 43ns, Width 13ns

(¢) You can check the stability of the output by probing the “Pulse Out” with the
oscilloscope. It should give you a rock-steady square wave operating at 19MHz.

(Make sure to replace the cable going from “Pulse Out” on the Pulse Generator to

the “38MHz IN” on the back of the 7200 Cavity Dumper when finished probing.)
Next, turn on the power to the Coherent 7200 Cavity Dumper.

Turn the power to the RF switch all the way up. Now the laser from the 702-Dye laser
should be dumped out the back of the cavity.

Next, turn the Cavity Dumper to —~N Mode. The default is 10, which means that if the
BNC Pulse Generator is giving 19MHz, you now have 1.9MHz hitting the sample which
is a pulse about every 500ns. Tune the N number to give you whichever repetition
rate you desire, (How long do you want between consecutive pulses in the pulse train?
Keep in mind that the more you divide it, the lower the repetition rate, the greater

the pulse power. This can be a good thing.)
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Using the HPD-TA Software

. Back on the desktop, double-click the “HPD-TA 32” icon to start the software which

controls the Streak Camera.

. Click “OK” in the window which appears to connect to all devices and setup the Streak
Camera. If there are any errors before getting into the software, turn off the Vanguard

and restart the computer. Next time you start up, everything should work correctly.

. Once inside the HPD-TA software, go into “Live” mode by clicking the camera icon

on the tool bar. Click "Live” on the small window that pops up to turn on the CCD.

e NOTE: ALWAYS watch what is happening to the CCD because this is what is
happening to your MCP and Streak Tube. If at any time you see RED, this is
BAD. Follow the instructions below and back off if you ever see anything RED

appearing on the screen.

. On the 4792-01 Control window, change the “Trigger Mode” from Internal Trigger
(default) to Dump Mode.

. On the C5680 Control window, change the MODE from “Focus” (default) to “Op-
erate.” This starts the streak tube operating to give a time range as designated by
the box above MODE. When you do this, a green light on the back of the Streak
Camera should come on under the “Trig’d” sign. If this light does not come on, or
comes on flashing, then you are having trigger problems. Probe both the ThorLabs
photodiode and the Hamamatsu pin photodiode to make sure both are responding

correctly. Adjust the positions of each accordingly if need be.

. It is best to start off at a time window that will allow you to easily see the signal at

the rep rate of the cavity dumped laser. Change the Streak Time to =~200-500ns.

. MAKING SURE THAT THE STREAK CAMERA SHUTTER IS CLOSED IN THE
SOFTWARE, place a scattering sample in the sample holder (I've been using CdO in
MeOH.) See that your laser light is being scattered and refocused across the slit of the
monochromator. All directions after this assume decent alignment of collection and

focusing optics.
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10.

11.

12.

13.

14.

15.

16.

17.

Make sure the MCP Gain is set to zero.
Still on the C5680 Control window, click SHUTTER from “Closed” to “Open.”

On the Chromex 500is Control window, set the wavelength to match (in the ballpark),
the wavelength of your laser, (560nm-620nm).

Also on the Chromex window, change the slit value from 0 to 10pum. This opens the

slit and this is the first time you should see anything on the screen.

If you don’t see anything on the CCD in Live mode immediately, click the * - asterisk
button on the menu bar above. This automatically sets the LUT (Look Up Tables) to
adjust for the brightest signal coming into the CCD.

If you still don’t see anything, adjust the monitor so that you can see it across the
laser table, and go to the Cavity Dumper Controller and begin clicking the “Delay”
toggle switch down (-). Do this 1-10 times. If still you don’t see any signal on the
screen then first check and make sure all of your settings are correct, (13940RCA:
Live Mode, C4792-01: Dump Mode, C5680: Operate Mode; 200-500ns Time Range;
Shutter Open, Chromex: Wavelength (560-620nm); Slit=10).

If all of these are correct, then either open the slit width up, (shouldn’t have to go
above 50um) or change the MCP Gain setting to 10 and find your laser pulse by playing
with the Delay on the Cavity Dumper. Again, MAKE SURE TO PROTECT THE
CAMERA AND CCD AT ALL COSTS.

Once you’ve located the laser pulse, move it to the top of the screen by clicking Delay

on the Cavity Dumper.

At this point, if your desired Time Range is 20 ns or less, then go straight to the 20 ns
time window in the software, and again find the laser pulse by using the Delay Toggle
on the Cavity Dumper. (The 20 ns window is the smallest window you can use and
still find the pulse using this course delay switch, which delays the pulse by 13 ns per
toggle. Think about this, it makes sense.)

From here on in, you will need to use the software delays.
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18.

19.

20.

21.

22.

Starting at the 20ns range, use the C4792-01 window, “Dlyl DumpMode” to delay the
laser pulse up the screen. Do this by holding “Shift” and hitting the “UP” arrow until

the laser pulse has gotten near the top.

You can use the “Dly2 DumpMode” in the same manner for fine adjustment. This
Delay has only about an 11ns range, so you must already be close to the total delay

desired before using this delay.

e TRICK: Because the delay on the cavity dumper gives 13ns per click downward,
if you cannot get the pulse quite to the top of the screen using DIly2, then reset
Dly2 to zero and click downward once on the cavity dumper delay toggle, (saves

you 2ns). Now begin to use Dly2 again and you will have much more room.

Once you've zoomed in very close to the laser pulse, ie. 20ns-1ns windows, you may
notice that the laser pulse(s) starts looking funky. Any pulses separated by 13ns are
possibly being leaked by the cavity dumper. These can be adjusted by using the “Fine
Delay” knob on the Cavity Dumper. Use Fine Delay to center the Cavity Dumper’s

window over the peak that you desire while monitoring the streak camera in Live mode.

If the peak looks like closely-spaced peaks near or overlapping each other on the
screen, these can often times be adjusted using the “Level” knobs on the C4792 Delay
Generator. While watching the monitor, adjust the “Level” knobs under “Mode-Lock
Clock” and “External Trigger”. The pulse(s) should change and sharpen up on the
screen. If you still cannot get them sharp, then probe both photodiodes (ThorLabs and

Hamamatsu) across the oscilloscope to make sure that they are triggering correctly.

When the laser pulse is sharp and at the top of the screen for the desired time range

window, you are ready to take a streak image of your sample.

Measuring the lifetime of a sample

. Before placing the sample in the sample holder, close the slits, turn down the gain,

and think about the following;:

(a) What wavelength will the sample absorb? (You can only excite from 560-630nm
in the visible, or from ~285-310nm in the UV.)
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(b) What wavelength must the monochromator be centered at to view the photolu-

minescence?

(c) How much power are you applying to the sample? (You most likely want powers
in the W, which means that for the visible wavelengths, ie high powers from the
dye laser, you will need a LARGE amount of neutral density to attenuate the

beam power before exciting the sample.)

(d) If you are exciting in the visible, do you have an appropriate filter to reject the

laser line?

. After considering all of the above, make sure that they happen before trying to see

your sample and take a lifetime.

. With your sample in the cuvette holder, the monochromator centered at the correct
wavelength to see photoluminescence, and the laser power attenuated to appropriate
powers, put the Streak Camera software into “Live” mode. Open the slits on the
monochromator to between 10 - 100um and put the gain at 63, (the maximum gain

possible.)

. You should see flashes of light on the CCD, scattered around the central wavelength of

your sample, (this takes some getting used to, especially for weak-emitting samples.)

. If there is any need to adjust the focus of the optics to maximize signal, now is a good

time to do it, assuming there is decent signal coming from the sample.

e Note: The UV takes a slightly different path to the sample than does the visible.
This means if you focused onto your visible laser line, when you place in a sample
to be excited in the UV it may need some fine adjustment of the focusing optic

in particular.

. If there is decent signal coming from the sample, then click “Freeze” on the “Live”

mode window, and then choose the “Photon Counting” tab.

. Choose the number of Frames you would like to collect in order to get the desired signal
to noise, (if you choose a large number of frames you can always stop the collection

early. Alternatively, if you choose a low number of frames, you can click the “Clear
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on Start up” box and, without changing anything about the system, begin photon

counting again on top of your current data without deleting your previous run.)

8. To start a run, click the button "Count”. At this point, you may sit back and enjoy
your favorite vice for up to a couple hours. (Although I would suggest starting another

project!) If it is a weakly emitting sample, a lifetime can take hours to collect.

9. When a lifetime has been collected, you can save not only the image file, but also a
certain profile over the desired wavelength range by clicking “Data” and then “MX”
(where “X” is the number of the channel storing your profile data.) This brings up
a window with tabulated ASCII data which may be copied and saved into a text file

using NotePad or any other text-based program.

10. Now go fit the data and write the paper!
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