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Abstract

Ground state depletion microscopy for imaging the interactions between

gold nanoparticles and fluorescent molecules

Karole Lynn Blythe, MA

The University of Texas at Austin, 2012

Supervisor: Katherine Willets

Ground state depletion with individual molecule return (GSDIM) super-resolution
microscopy is used to interrogate the location of individual fluorescence bursts from two
different nanoparticle-fluorophore systems. The first system consists of fluorophore-
labeled DNA molecules on gold nanowire surfaces. In this system carboxytetramethyl
rhodamine-labeled double-stranded DNA molecules were bound to the surface of gold
nanowires via gold-thiol linkages. The second system focuses on mesoporous silica
coated nanorods with dye embedded into the silica coating. The dye molecule,
Rhodamine 6G, was incorporated into the silica shell during the nanorod coating
procedure. Individual fluorescence bursts were spatially localized using point spread

function fitting and used to reconstruct the image of the underlying nanowire or nanorod.
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Chapter 1: Introduction

K.L. Blythe et al. Phys. Chem. Chem. Phys., 2012, Advance Article, DOI:
10.1039/C2CP43152A- reproduced by permission of the PCCP Owner Societies.

Gold nanoparticles have become an increasingly popular topic of investigation in
the areas of bioimaging'*, drug delivery’”’, and photothermal therapy" * *° due to their
favorable optical properties (strong scattering, high refractive index sensitivity, and
enhanced local electric fields) coupled with their biocompatibility. In most biomedical
applications of gold nanoparticles, ligands ranging from antibodies to small drug
molecules are attached to nanoparticle surfaces to endow particles with a range of new
functions.”” ° Gold nanoparticles can also be coated with silica to enhance
biocompatibility'*'?. Through silica surface chemistry the silica coated nanoparticle can
easily be functionalized with different ligands'> '*. Moreover, if the silica shell is porous,
fluorescent probes can be embedded into the silica shell'> "°. Fluorescent labels are often
added, either to provide a secondary optical readout in addition to light scattering or to
confirm ligand binding on the nanoparticle surface'*'®. One challenge with this system is
that the fluorescence may couple to plasmon modes of the underlying nanoparticle
substrate, and it is challenging to characterize these interactions when multiple
fluorophores are near the nanoparticle surface. This is due to the optical diffraction limit,
which prevents objects smaller than roughly half the wavelength of light from being
resolved.

Recently, super-resolution optical imaging has emerged as a technique for
overcoming the diffraction limit of light and resolving images on the ~1 nm length scale,

offering us a unique tool for studying the interaction between fluorophore labels and



plasmonic nanostructures. Super-resolution imaging builds on two basic principles: (1)
super-localization microscopy, which allows the position of an emitting species to be
determined with a precision better than ~5 nm, and (2) active control of the emission state
of a fluorescent species, which allows individual emitters to be localized, one at a time'”
2 Unfortunately, super-resolution imaging techniques based on these two principles are
known under a vast array of names, including photoactivated localization microscopy
(PALM)”, stochastic optical reconstruction microscopy (STORM)", ground state
depletion with individual molecule return (GSDIM)* and others™. Efforts by the single-
molecule imaging community to converge on a single acronym have not yet generated
success; in this thesis GSDIM will be favored because the mechanism used for actively
controlling the emission properties of the fluorophore is based on ground state depletion,
as described below.

For the super-localization component of super-resolution imaging, the diffraction-
limited image of a fluorescing dye is fit to a model that describes the point spread
function (PSF) of the microscope. The simplest model is to approximate the PSF as a

two-dimensional Gaussian function (Equation 1):

| =z,+1,exp

Equation 1
In this equation, I is the spatially-dependent intensity of the diffraction-limited spot, zo is
the background intensity, o is the peak intensity, xo and yo are the coordinates of the peak

intensity (i.e. the centroid position), and sx and sy describe the x and y widths of the peak.
2
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Figure 1.1: Jablonski diagram showing how the ground state depletion process works.
A fluorophore is excited from the electronic ground state (So) to the first
electronic excited state (Si) and emits a fluorescent photon with a
probability given by the fluorescence quantum yield. This is the “on” state
of the molecule. Eventually, the molecule will inter-system cross (ISC) into
the triplet state (T1) from where it can also enter metastable dark states (D).
This represents the “off” state of the molecule. By controlling the excitation
intensity, we can control the number of molecules that are shelved in the off
state.

For active control over the emission state of the fluorophore, we exploit the
inherent photophyics of a fluorescent dye, Figure 1.1. When a fluorophore is irradiated at
the excitation wavelength, it will fluoresce with a probability given by its fluorescence
quantum yield; we consider this the “on” state of the molecule. However, there is a small
probability that the dye will undergo intersystem crossing, placing the molecule into a
nonfluorescent triplet (dark or “off”) state, from where it may undergo further

transformations to a metastable dark state*. Although the rate of intersystem crossing is

low, the triplet state lifetime is relatively long (~us — s) compared to the single molecule



fluorescence lifetime (~ps — ns). Therefore, if an ensemble of dyes is irradiated under
sufficiently high laser intensity, after a short time elapses, the vast majority of the dyes
will be “shelved” in the dark state. Random dyes will then individually relax back to the
ground state, where they will fluoresce until being “re-shelved” into the dark state. It is
this stochastic process of molecules switching between the on and off states, creating
bursts of fluorescence signal, that allows the position of individual molecules to be
localized. By carefully controlling excitation intensity, we can work in the regime where
1-2 dye molecules are in the “on” state at a time, allowing us to track the position of
individual fluorophores. For each individual emitter, the centroid coordinates, xo and yo,
are obtained from the fit and placed on a scatter plot. By repeating the process over many
cycles, we obtain a reconstructed image of the sample, with a resolution much better than
the diffraction limit. There are several examples in the literature that use triplet state
shelving as a means of modulating fluorescence emission between on and off states in

2627 as mentioned above, we will use the

order to achieve super resolution images;

acronym GSDIM to describe this process.
Super-resolution microscopy has primarily been used in biology to image static

structures within cells, such as the cytoskeleton, as well as to track dynamic motions of

labeled proteins within the intracellular environment.”*>*

In these systems, the
fluorescence is correlated with the exact position of the fluorophore label. However,
when studying emitters near plasmonic nanostructures, one must consider that the
emission may couple into the plasmon modes of the nanoparticle, which may impact the
localization accuracy with respect to the exact position of the molecule. The Willets lab
has previously studied this molecule-plasmon coupling extensively using super-resolution

imaging of SERS-active nanoclusters ***. The studies described in this thesis will

provide insight to whether plasmonic coupling of fluorescence affects the ability to image
4



individual fluorophores close to the surface of gold nanoparticles and whether that limits
the capability of mapping the structure of underlying nanostructures with sub-diffraction
resolution.

There are several demonstrations in the literature of super-resolution imaging of
fluorophore-coupled plasmonic systems and metal nanoparticles®**. For example, super-
resolution imaging of hot spots in aluminum thin films and silver nanoparticle clusters
was carried out based on the surface-enhanced fluorescence signal originating from dye
molecules in solution around the particle”. Super-resolution imaging studies of catalytic
reactions at gold nanoparticle surfaces have also been reported, based upon the

conversion of Amplex Red to fluorescent resorufin .

Davies et al. localized stochastic
photoblinking from small silver clusters on silver nanowires and observed cooperative
emission due to plasmon coupling through the nanowire”. Lin et al. used super-
resolution imaging to image a photoactivated green fluorescent protein variant, Dronpa,
on the surface of silver nanowires and arrays of triangular nanoparticles”. In all of these
examples, the fluorescence was localized with resolution better than 5 nm, yielding
insight into electromagnetic hot spots”, sites of enhanced catalytic activity®’, or the
structure of the underlying nanoparticle®.

In this thesis GSDIM will be used to image the interactions between gold
nanoparticles and fluorophores in two different systems: fluorophores attached to gold
nanowires with DNA ligands and fluorophores embedded in silica shells around gold
nanorod cores. Chapter two includes experimental details on synthesizing the gold
nanowires, hybridizing DNA to create the carboxytetramethyl rhodamine-labeled DNA,
and finally binding labeled DNA to the gold nanowire. The specific microscopy set up,

data analysis, and reconstructed GSDIM results for this system are also discussed in

chapter two. Chapter three contains experimental details on synthesizing the mesoporous
5



silica coated nanorods and how the Rhodamine 6G gets embedded into the pores. The
microscopy set up, data analysis, and GSDIM results for the system are also included in

chapter three.



Chapter 2: GSDIM microscopy of gold nanowires and fluorophore-
labeled ligands

K.L. Blythe et al. Phys. Chem. Chem. Phys., 2012, Advance Article, DOI:
10.1039/C2CP43152A- reproduced by permission of the PCCP Owner Societies.

2.1 INTRODUCTION

In this chapter, GSDIM will be used to measure the locations of fluorescent
bursts associated with ligands bound on chemically synthesized gold nanowires.”* These
nanoparticles were chosen because they are diffraction-limited in two dimensions, width
and height, but have one extended dimension, length, that allows verification on the
ability of plasmon-coupled GSDIM to provide sub-diffraction limited resolution. For this
study, carboxytetramethyl rhodamine, TAMRA, is used as the fluorophore, since it has
been shown to undergo the triplet state shelving process efficiently” and is resonant with
our excitation laser at 532 nm.

The nanowires are functionalized with double-stranded DNA, with a thiol on one
end for binding to the nanowire surface and a TAMRA probe on the other end for
fluorescence imaging. The TAMRA has a 6 carbon linker, which should allow sufficient
conformational flexibility to negate effects of excitation polarization. In the current study,
the dye is chosen such that its excitation (559 nm) and emission (583 nm) wavelengths
are far from localized surface plasmon resonances of the nanowires, which are expected
to be in the infrared region of the spectrum due to extended length of the nanowires™*.
However, nanowires are well-known to support propagating surface plasmons (or surface
plasmon polaritons, SPPs), and the emission may couple into these propagating SPP

4547

modes™ ™. In the studies cited above, a single emitter is positioned near a nanowire to

study this coupling; however, it is also possible to study multiple emitters bound along



the length of the nanowire by exploiting the ability to photoswitch each molecule via

triplet state shelving, as described in Chapter 1.

2.2 METHODS

2.2.1 Gold nanowire synthesis

Gold nanowires were synthesized according to the method of Huang et al.** First,
a gold seed solution was prepared. Solution 1 was prepared by mixing 19.8 mL of
2.5x10™* M chloroauric acid (HAuCls) and 0.2 mL of 0.025 M sodium citrate. Solution 2
was prepared by adding 3.783 mg of sodium borohydride into 10 mL of ice-cold 0.025 M
sodium citrate solution. The final seed solution was made by mixing 0.6 mL of solution
2 into the entire solution 1; the resulting solution immediately turned red. Next, a growth
solution was prepared. First, 25 mL of 0.2 M cetyltrimethylammonium bromide (CTAB)
solution was added to 23.75 mL nanopure water. Then, 1.25 mL of 0.01 M HAuCl4
solution was added, resulting in a yellow-orange solution. Next, solutions A, B, and C
were prepared from the growth solution. For solution A, 12.5 uL of 0.1 M ascorbic acid
solution was added to 2.25 mL of growth solution. Solution B was prepared identically
to solution A. For solution C, 125 pL of 0.1 M ascorbic acid solution and 100 puL of
concentrated nitric acid were added into 22.5 mL of growth solution. Solutions A, B, and
C all turned clear upon the addition of ascorbic acid. Then, the solutions were mixed in
the following sequence: 200 uL of the gold seed solution was added into solution A and
swirled for 3 s. Then, 200 puL of solution A was added into solution B and swirled for 5
s. Next, 200 pL of solution B was added into solution C. Finally, solution C was
allowed to sit overnight at room temperature. The synthesis came to completion over ~12
hours, during this duration the nanowires settled to the bottom of the glass sample

container. When the synthesis was completed the supernatant was decanted and the
8



nanowires were resuspended in 5 mL of nanopure water resulting in an iridescent
pinkish- orange solution The nanowires are 1.9 + 0.3 nm in length and 68.6 = 12.2 nm in

diameter determined from electron micrographs taken using a Hitachi S-5500 STEM.

2.2.2 TAMRA-DNA functionalization of gold nanowires

The gold nanowires were functionalized with double-stranded DNA, of which
one end was modified with a thiol group, and the other end carried a TAMRA dye label.
The salt aging/salt loading procedure developed by Mirkin co-workers (originally for
nanospheres, and later modified for anisotropic particles including nanorods) was used®.
The DNA was purchased from Integrated DNA Technology as two single-stranded
oligos. The first, referred to here as thiol-ssDNA, was modified with a dithiol-containing
group at the 3’ end and had the following sequence. (thiol-ssDNA: 5’ - AAG AAT TTA
TAA GCA GAA AAA AAA AAA A [dithiol] - 3’) The second, referred to here as
TAMRA-ssDNA, was modified with a TAMRA label at its 3’ end and had the exact
complementary sequence to thiol-ssDNA. The DNA was prepared as follows. First,
DNA hybridization was carried out by combining 50 pL each of thiol-ssDNA and
TAMRA-ssDNA, both 100 uM in water, in an Eppendorf tube. The resulting solution
was placed in a hot water bath at 95° C for 2 minutes. The solution was then removed to
room temperature and allowed to sit for 1 hour. Then, 1.54 mg of dithiothreitol (DTT)
was added to the solution (for a concentration of 100 mM) in order to cleave the dithiol
bond of the thiol-ssDNA. The solution was allowed to sit for 30 minutes. During this
time, 200 pL of as-synthesized gold nanowire solution was centrifuged at 10,000 RPM
for 20 minutes, decanted, and resuspended in 100 puL of water. The nanowire solution
was centrifuged and decanted once more, and the pellet was set aside. The DNA solution

was then desalted to remove salt by-products created during the dithiol bond breaking



step using Centri-Spin 20 columns according to the manufacturer’s directions.
Immediately after desalting, the 100 uL DNA solution was used to resuspend the pellet of
nanowires. The resulting solution was allowed to sit for 1 hour. Then, salt aging of the
DNA-coated nanowires was carried out as follows. 1 pL 1% sodium dodecyl sulfate
(SDS) solution and 10 pL 0.1 M phosphate buffer (pH 7) were added to the nanowire
solution to reach concentrations of 0.01% SDS and 0.01 M phosphate buffer. The
solution was allowed to sit for 30 minutes. 6 pL 1 M sodium chloride (NaCl) solution
was added to the nanowire solution to reach a concentration of 0.05 M NaCl. The
solution was allowed to sit for 30 minutes and was then sonicated for ~10 seconds. The
same sequence of steps was repeated for five more additions of 1 M NacCl solution in the
following volumes (resulting NaCl concentrations in parentheses): 6 pL (0.1 M), 12 pL
(0.2 M), 14 uL (0.3 M), 15 pL (0.4 M), 15 pL (0.5 M). Then, the solution was allowed to
sit overnight at room temperature. Next, the solution was centrifuged at 10,000 RPM for
20 minutes, decanted, and resuspended in 100 pL of 0.01% SDS solution. Finally, this
centrifugation procedure was repeated for two more rounds. Figure 2.1 shows a
schematic of the DNA hybridization and the procedure for functionalizing the gold

nanowires with the fluorophore-labeled DNA.

10
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Figure 2.1: (A) The structure of a TAMRA dye molecule attached to the 3° end of a
DNA strand provided by the Integrated DNA technologies, Inc website™.
(B) Illustration of the procedure for functionalizing gold nanowires with
fluorophore-labeled DNA.

2.2.3 Sample preparation

25 x 25 mm glass cover slips were washed in piranha solution, 3:1 H2SO4:H20x.
The cover slips were then rinsed under nanopure water and dried under nitrogen. 5 pL of
the above-described functionalized nanowire solution was mixed with 5 puL of a 1:50
dilution (in water) of 0.5 pm SkyBlue fluorescent polystyrene spheres (Spherotech) to be
used as alignment markers.”” The resulting mixture was dropped onto a cover slip and
allowed to sit for 5 minutes, followed by rinsing the cover slip with 500-1000 mL of
nanopure water by holding the sample under a gentle stream of the water, and then drying

under nitrogen.
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2.2.4 Microscopy
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Figure 2.2: Schematic of the optical setup used to collect GSDIM fluorescence emission
and dark field images for the nanowire-fluorophore system.

All experiments were carried out on an Olympus IX-71 inverted microscope with
an Olympus 100x oil-immersion objective with N.A. variable between 0.6 and 1.3,
Figure 2.2. Fluorescence excitation was provided by a 50 mW 532 nm CrystaLaser laser,
which was passed through a quarter wave plate to produce quasi-circularly polarized
light. The excitation light was passed through a lens before entering the microscope to
produce a wide field spot at the sample with a diameter of 5.2 pm. An epi-illumination
geometry was used, such that the light was reflected off a 532 dichroic (Semrock Di02-
R532-25x36) before entering the objective to illuminate the sample. The resulting

fluorescence was collected by the same objective, passed through the 532 nm dichroic
12



and a long pass filter (Semrock LP03- 532RU) before imaging with an electron-
multiplied CCD. Imaging was done via a Princeton Instruments PhotonMax CCD
camera. The exposure time for fluorescence imaging was 34.2 ms and the CCD was
cleaned pre-exposure. Pre- exposure cleaning was chosen so that the exposure time will
equal the camera’s readout time, therefore, with the use of an oscilloscope, the exact
integration time can be determined. The microscope was also equipped for dark field
scattering imaging with a halogen lamp and dark field condenser (Olympus U-DCD
2038101). Dark field scattering images were acquired for 0.3 s. The sample on the stage

was covered with a home-built nitrogen flow chamber.

2.2.5 GSDIM data analysis
The raw data consisted of 1875 stacked tiff images of 512 x 512 pixels. Due to

timing errors, the first frame is discarded. All analysis was carried out with MATLAB
code developed in-house’. The procedure can be briefly described as follows: first, the
constant nanowire luminescence is removed by subtracting successive frames.*>*> > Next
frames corresponding to fluorescence activity are identified by looking for signals above
a pre-determined threshold (3 times the standard deviation of the background). Then each
frame is fit to a 2-D Gaussian (equation 1) to extract the centroid position. A 2-D
Gaussian is an imperfect model of fluorescence emission near a metal surface, as

discussed in detail in Lin et al*

. However, only Gaussian fits with sx and sy widths that
fall between a certain range of values and are within 80% of each other are accepted in

order to reject PSFs that are distorted by the nearby metal. Finally the centroid data is

13



plotted create a scatter plot, or the data is binned to create relative frequency and intensity

spatial histograms.

2.3 RESULTS AND DISCUSSION
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Figure 2.3: (A) Integrated intensity time trace showing fluorescence bursts associated
with GSDIM. Inset shows the first 100 seconds of the time trace. (B) Dark
field image and (C) summed fluorescence image of the labeled nanowire.
(D) Scatter plot showing the values of (xo, yo) for the Gaussian fits to each
fluorescence burst. (E) Relative frequency histogram showing the
percentage of bursts observed at a particular location on the nanowire
surface. Bin size is 40 nm. (F) Spatial intensity map showing the average
intensity associated with each fluorescent burst on the nanowire surface.
Bin size is 40 nm. All images (B-F) have a common 500 nm scale bar.
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Figure 2.3 depicts an example of a nanowire labeled with TAMRA-tagged double
stranded DNA on its surface. Stoermer and Keating provided evidence that the quenching
regime for a fluorophore near a metal surface is less than ~4.8 nm. ** At 0.34 nm/base
pair, the 28 base pair DNA strand used in this study creates a distance of ~9.52 nm
between the TAMRA fluorophore and the metal surface; therefore, quenching should not
be a major issue. To illustrate the photoswitching typical of GSDIM, an intensity time
trace showing the integrated fluorescence intensity as a function of time is shown in
Figure 2.3A. This time trace is constructed from 25 individual movies (each of which
has up to 1874 frames) and shows that the dynamics persist over many imaging cycles.
A zoomed-in insert of the plot is included to emphasize molecules stochastically
switching between on and off states. A steadily rising background is observed during the
first few movies, which eventually settles with time; it is unclear whether this changing

52, 53,55
or

background is due to changes in the inherent luminescence of the gold nanowire
due to weakly emitting TAMRA dyes.

Throughout the time trace, Figure 2.3A, we observe strong fluorescence bursts
above the background, which occur when a TAMRA molecule returns from the dark state
to the ground state and is able to fluoresce again. It can be stated with confidence that the
bursts in Figure 2.3A are assigned as TAMRA undergoing GSDIM. The evidence for this
point is show in Figure 2.4. Looking at the time trace from an unlabeled nanowire (Figure
2.4A), several small bursts can be observed, but with much less frequency than the bursts

observed from the labeled nanowire (Figure 2.4B) included for comparison. For the

nanowire, only 7 bursts of intensity could be localized for the 120 s of data acquisition,

15



Figure 2.4C. However, the labeled wire yielded 38 localized bursts for the same time
frame, Figure 2.4F. When the unlabeled nanowire is processed using the same procedure
described above, we find that most of the spurious intensity bursts do not make it through
the first step of our fitting procedure. The bursts observed from an unlabeled nanowire

can possibly be attributed to interband transitions or impurities on the nanowire surface.

56-59

. 2.95¢+5 Al = 1 gess D

. > 1.8e+S
= ) =

i'i, 2.90e+5 3 1.7e+5
22.85¢+5 2 1.6e+5
7 z 5
£ 2.80¢+5 £ 1.5e+5
£ 275¢+5 & 1ets
1.3e+5

20 40 60 80 100120 20 40 60 80 100120

Time (sec) Time (sec)
Fl »

Figure 2.4: (A) Integrated intensity time trace showing bursts associated with gold
nanowire luminescence blinking. (B) A single luminescence image of the
unlabeled nanowire. (C) Scatter plot showing the values of (xo, yo) for the
Gaussian fits to each luminescence burst. (D) Integrated intensity time trace
showing fluorescence bursts associated with GSDIM. (E) A single
fluorescence image of the labeled nanowire. (F) Scatter plot showing the
values of (xo, yo) for the Gaussian fits to each fluorescent burst. A-C have a
common 500 nm scale bar. D-F have a common 500 nm scale bar.

A dark field image of the nanowire is shown in Figure 2.3B and shows that the
length of the nanowire is beyond the diffraction limit, as expected. Figure 2.3C shows

the sum of 1875 fluorescence images from the first image acquisition, which would

mimic the measured fluorescence from multiple simultaneous emitters in the absence of
16



photoswitching. The nanowire dimensions in this image cannot be determined due to the
diffraction limit, nor can anything about possible plasmon-fluorescence coupling be
determined.

Next, each individual fluorescent burst is fit to equation 1 to extract its emission
centroid; these centroid fits are shown in a scatter plot in Figure 2.3D. The scatter plot
creates a reconstructed image of the nanowire. Centroids are located along the entire
length of the nanowire, indicating that TAMRA-labeled DNA binds to both the sides and
ends of the wire. Next, a 2-D histogram showing the percentage of centroid positions
that were localized at a particular location along the nanowire (Figure 2.3E) is created. 40
nm bins were chosen for this histogram, which is more than six times smaller than the
diffraction-limited width (here, ~270 nm) and roughly twice the expected width of the
nanowire. The frequency histogram is constructed by dividing the number of bursts that
occurred in a specific bin by the total number of bursts that happened over the entire
experiment. In this experiment, 639 total bursts over 54 movies were measured. On the
other hand, it was predicted that ~22,400 TAMRA-labeled DNA molecules would bind to
the nanowire, assuming uniform coverage and using a mathematical model published by
Hill et al. for single stranded DNA®. It should be pointed out that this experiment uses
double stranded DNA, which may lead to slightly lower labeling density than predicted;
nevertheless, even if the value is off by a factor of ten, only a subset of the fluorophores
on the surface is sampled. Given the extended length of the nanowire and the small
fraction of observed dyes, smaller histogram bins produce sparse data which is
challenging to interpret.

The frequency histogram shows that the highest percentage of GSDIM bursts
occurs at the ends of the wire, with two 40x40 nm bins contributing >14% of the total

fluorescent bursts in the experiment. There are several possible explanations for this:
17



first, the preference of biomolecules to bind to the ends of gold nanorods due to steric
constraints has been previously hypothesized.®® In particular, the CTAB ligand which
is used in the synthesis is known to be more tightly bound on the side facets of nanorods;
therefore, ligands can more easily bind at the ends of the rod, where the CTAB bilayer is

imperfect.®" %

If this argument is extended to nanowires, it is expected that a higher
number of bound ligands will be present at the nanowire ends, leading to a greater
frequency of GSDIM bursts. A second possibility is that the fluorescence is exciting
surface plasmon polaritons (SPPs) in the nanowire and the emission is directed down the
length of the nanowire, with preferential emission at the nanowire ends.*” ®7° This
mechanism is consistent with previous reports, in which single emitters in proximity to
plasmonic nanowires emit at both the location of the emitter as well as the ends of the
nanowire™ . Third, if the electromagnetic field is enhanced at the ends of the nanowire,
the increased local intensity could promote enhanced photoswitching and therefore a
greater number of GSDIM events.** "7

This third hypothesis is the least likely, given the inability to excite localized
surface plasmons in the nanowires in the visible region of the spectrum*. To further
demonstrate this, the average emission intensity was calculated for all centroid points that
fall within a given bin in the frequency histogram to create a spatial intensity map (Figure
2.3F).” If the ends of the nanowire are associated with enhanced electromagnetic fields,
higher average fluorophore intensities at the end of the nanowire would be observed”.
The resulting spatial intensity map does not show an obvious difference in the intensity of
the GSDIM bursts at the ends of the nanowire versus the middle. If electromagnetic
enhancement were present, the enhancement in the emission intensity would be orders of

magnitude larger at the nanowire ends. Thus, plasmon-mediated electromagnetic field

enhancement as an explanation for more fluorescence emission events occurring at the
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end of the nanowire is ruled out. However, the present data does not allow either
enhanced fluorophore labelling at the nanowires ends or SPP-coupled emission to be
ruled out as the responsible mechanism.

If the effective width of the relative frequency histogram and spatial intensity
maps shown in Figures 2.3E and 2.3F are compared, it appears that the spatial intensity
map in 2.3F is wider. This is an artifact of the calculation, where each intensity bin
represents the average intensity for all centroid points within that bin; thus, a single
intensity point in a bin will carry equal weight to a bin that contains 40 points. However,
the points that lie outside the expected width of the nanowire should not be ignored. It is
possible that these points are due to non-specifically bound dyes on the substrate surface;
however, one would not expect these to be clustered beside the nanoparticle. Another
possibility is that the labeled DNA is being released from the nanowire surface, through
either thermal or hot electron processes”. This extended width in the spatial intensity
map is only observed in this example, where the sample was illuminated for more than 50
individual movies. The remaining examples provided in this chapter are composite
images from 3-4 movies, which may explain why this broadening is not seen in the other
examples. Nonetheless, it is clear from the relative frequency histogram in Figure 2.3E
that the width of the reconstructed nanowire image is less than half the width of the wire
in the composite fluorescence image in Figure 2.3C, consistent with the expected
nanowire width of ~68 nm.

Figure 2.5 gives two more examples of using GSDIM to map out the structure of
individual nanowires and study the spatial origin of the fluorescence emission events.
Figures 2.5A and 2.5B shows dark field and composite fluorescence images, respectively,
of gold nanowires. In the fluorescence data shown in Figure 2.5B, the fluorescence is

more intense at the nanowire ends compared to the center. Because this is a summed
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image, this could be due to either brighter gold luminescence occurring at the nanowire
ends or a larger fraction of dyes emitting at the nanowire ends. However, by using
GSDIM, the fluorescence due to individual TAMRA molecules can be distinguished
from the background luminescence of the gold. Using the same histogram analysis as
before, ~15% of the GSDIM events occur at the end of the nanowire in this example
(Figure 2.4C), but the fluorescence intensity is not orders of magnitude higher at the
nanowire ends (Figure 2.5D). Figure 2.5, E-H shows a third nanowire example and the
same trends are observed in the two histograms.

Unlike the previous example in Figure 2.5, fluorescence bursts do not appear
uniformly along the entire length of the nanowire; there is some patchiness in the
frequency histograms in both examples in Figure 2.5. This is most likely due to the fact
that fewer frames of data were collected on these nanowires, resulting in incomplete
sampling of all ligands on the surface. From before, there are ~22,400 labelled-DNA
molecules at full monolayer coverage, yet in the data shown in Figures 2.5C and 2.5G
only 116 and 121 bursts, respectively, are observed over the course of the experiment.
Even with the limited sampling, the reconstructed images reproduce the expected shape
and dimensions of a nanowire extremely well.

One interesting feature of the nanowire shown in Figures 2.5A-D is that it shows
a kink in all four images. Kinks in nanowires often behave similar to nanowire ends,
given that they are defect sites where light can be coupled into or out of plasmon modes
of the nanowire”’. As such, one might expect to see an increase in the frequency of
GSDIM events at the kink in the nanowire, similar to the nanowire ends, if SPPs were the
dominant mechanism that led to increased activity at the nanowire ends. Instead, a
reduction in the number of GSDIM events was observed close to the nanowire kink. This

is consistent with reduced labeling of DNA at that site, possibly due to steric hindrance
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on the interior of the kink. It is unlikely that this nanowire is actually two nanowires

lying end-to-end because that geometry would create a hot spot between the two

nanowires and should lead to increased intensity at that site”*™.

Figure 2.5: (A) Dark field and (B) composite fluorescence image of 1875 summed
frames from the first image acquisition of a bent nanowire. (C) Relative
frequency histogram and (D) spatial intensity map for the reconstructed
nanowire. Bin size is 40 nm. All images (A-D) have a common 500 nm
scale bar. (E) Dark field and (F) composite fluorescence image of 1875
summed frames from the first image acquisition of a nanowire. (G) Relative
frequency histogram and (H) spatial intensity map for the reconstructed
nanowire. Bin size is 40 nm. All images (E-H) have a common 500 nm
scale bar.

In the three examples described thus far, the shape of the nanowire was

reconstructed from the GSDIM data, yielding nanowire widths of <80 nm, which is
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limited only by the bin size of the histograms. In order to compare our reconstructed

images with the actual nanostructure of interest, correlated GSDIM and SEM

experiments were performed. Indium tin oxide (ITO) slides patterned with an aluminum

alpha-numeric grid were used.”’” After the optical data was taken, the slide was attached to

a SEM holder using colloidal graphite for electron microscopy.

Figure 2.6:

(A) Dark field and (B) fluorescence image of a labeled nanowire. (C)
Relative frequency histogram and (D) spatial intensity map of the
reconstructed nanowire. Bin size is 40 nm. (E) SEM image of the nanowire
and (F) re-contrasted SEM image to make the edges of the nanowire more
apparent. (G) Intensity histogram overlaid on the SEM image from (F).
Note that the width of the reconstructed nanowire agrees with the width
from the SEM image. (H) Intensity histogram overlaid on the fluorescence
image from (B). Note that the fluorescence image overestimates the width
of the nanowire. All images have a common 500 nm scale bar.

Figure 2.6 shows an example of correlated optical and SEM data of the same

nanowire. As opposed to the previous examples, in which the highest occurrence of

GSDIM events was at the wire ends, the relative frequency histogram in Fig. 2.6C shows
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no increase in the number of GSDIM events at the wire ends for this nanowire. However,
similarly to the other examples, the spatial intensity map (Figure 2.6D) shows evenly
distributed intensity along the nanowire. This result suggests that the DNA is present

along the entire length of the nanowire and is consistent with a defect-free nanowire®" >

81 The accompanying SEM image in Figure 2.6E shows that the edges of the nanowire
are smooth, and no obvious small particle defects are present. Figure 2.6G shows the
spatial intensity histogram from Figure 2.6D overlaid on the re-contrasted SEM image of
the wire (Figure 2.6F). The reconstructed image accurately maps the length and, more
importantly, the sub-diffraction limited width of the nanowire, despite the large bin size
of the histograms. For comparison, the spatial intensity map was also overlaid on the
summed fluorescence image from Figure 2.6B to show how super-resolution imaging
provides superior width resolution in contrast to traditional far field imaging.

Figure 2.7 shows a fourth example of a nanowire that shows dramatically
different behavior from the previous examples. The dark field image, Figure 2.7A,
appears consistent with previous dark field images of nanowires; however, in the
summed fluorescence image (Figure 2.7B) the bulk of the emission occurs near the center
of the wire. The SEM in Figure 2.7C shows that the site-specific emission is correlated
with a spherical nanoparticle attached to the centre of the nanowire. Unlike in previous
examples, the GSDIM results converge to a single location, as shown in both the relative
frequency histogram (Figure 2.7D) and spatial intensity maps (Figure 2.7E). Although
the convergence of the fluorescence to a single region is apparent from the diffraction-
limited fluorescence image in Figure 2.7B, the histogram data show that the fluorescence
is localized to a single spot much smaller than the diffraction limit. The calculated
standard deviation of the frequency histogram and found that the width is ~17 nm, which

is smaller than the attached nanoparticle and the diameter of the nanowire.
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Figure 2.7: (A) Dark field and (B) fluorescence image of a labeled nanowire. The
fluorescence image is a sum of 1875 consecutive images from an image
stack. (C) SEM image of the nanowire showing a small spherical
nanoparticle stuck to its side. (D) Relative frequency histogram and (E)
spatial intensity map of the reconstructed image show a single region of
GSDIM activity. Bin size is 10 nm. Scale bar is 500 nm for (A-B) and 50
nm for (C-E).

Two possible origins for site-specific emission from the attached nanoparticle can

be hypothesized: first, the nanosphere creates a hot spot with the nanowire, leading to a

sizable electromagnetic enhancement at the junction.* * The junction would allow for

strong surface-enhanced fluorescence, effectively overwhelming emission from all other
dyes.** However, the average fluorescence intensity in this example is not orders of
magnitude higher than in the other examples. Moreover, one would expect to see some

fluorescence events occur at other sites on the nanowire surface, but in this case, the

emission is completely localized to a single spot. As a result, the formation of an
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electromagnetic “hot spot” does not seem like a plausible explanation for the site-specific
emission. A second hypothesis is that the fluorescence from the TAMRA excites SPPs,
which propagate down the nanowire and are emitted exclusively at the nanoparticle
defect site. Plasmon emission at defect sites is a well-known phenomenon, but it is
surprising that in this case all emission occurs at a single site, with no corresponding
emission from the nanowire ends.””* One possibility is that the wavelength of the local
plasmon mode at the defect site is better matched in energy to the TAMRA-launched
SPP, favoring emission at that site. One fact that supports this hypothesis is that the red-
shifted gold luminescence does not couple as efficiently into this single emission site, as
evidenced by the dim luminescence spread over the length of the nanowire in Figure
2.7B.

For comparison, Figure 2.8 shows another example of site-specific emission along
a nanowire. In this case, the summed fluorescence image (Figure 2.8B) shows two
regions of higher overall emission intensity. However, the GSDIM frequency histogram
(Figure 2.8C) reveals three dominant emission sites, as well as two less prominent sites in
the upper right and lower left. These five localized emission sites are completely
obscured by the diffraction-limited emission image in Figure 2.8B, validating the need
for super-resolution techniques for exploring these molecule-plasmon interactions. The
associated spatial intensity map shows that the intensities of all five emission sites are
comparable, similar to the previous results. The SEM image (Figure 2.8E) reveals several
small nanoparticles attached to the wire along its length. In Figure 2.8F, the spatial
intensity map is overlaid on the SEM image and shows that the three dominant sites of
GSDIM emission occur where the attached particles are located, while the two secondary
sites are correlated with the nanowire ends. This behavior is consistent with TAMRA-

excited SPP modes in the nanowire that emit at defect sites, including the ends of the
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nanowire. Because there are several defect sites along the nanowire, multiple regions of

site-specific emission are observed.

Figure 2.8: (A) Dark field and (B) fluorescence image of a labeled nanowire. The
fluorescence image is a sum of 1875 consecutive images from an image
stack. (C) Relative frequency histogram and (D) spatial intensity map of the
reconstructed image show several confined regions of GSDIM activity. Bin
size is 40 nm. (E) SEM image of the nanowire showing several small
nanoparticles stuck to its side. (F) Intensity histogram laid on top of the
SEM image shows that the regions of GSDIM activity correlate with the
location of the attached nanoparticles. All images have a common 500 nm
scale bar.

In a final example, shown in Figure 2.9, the nanowire does not have an attached
nanoparticle, yet still exhibits site-specific emission. While the fluorescence image
(Figure 2.9B) does not show evidence of site-specific emission along the length of the

nanowire (in comparison to Figures 2.7B and 2.8B), the histograms from the

reconstructed GSDIM images show several regions of isolated GSDIM activity, similar
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to Figure 2.8. Unlike the previous two examples, the SEM image (Figure 2.9E) reveals
that no nanoparticles are attached to the side of the nanowire (to within the resolution of
the SEM). However, the overlaid spatial intensity map and SEM image, shown in Figure
2.9F, shows that GSDIM emission did happen at specific spots on the wire, including the
nanowire ends. This behavior could be caused by poor DNA labeling of this specific
nanowire or under-sampling of the bound ligands. Alternatively, the nanowire may have
small defect sites below the resolution of the SEM, such as gold clusters, which also act
as sites for SPP emission. Even though we do not sample fluorescence bursts from
molecules along the entire length of the nanowire, we are still able to match its
dimensions in both length and width with the reconstructed images.
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Figure 2.9: (A) Dark field and (B) fluorescence image of a labeled nanowire. The
fluorescence image is a sum of 1875 consecutive images from an image
stack. (C) Relative frequency histogram and (D) spatial intensity map of the
reconstructed image show several confined regions of GSDIM activity. Bin
size is 40 nm. (E) SEM image of the isolated and clean nanowire. (F)
Intensity histogram laid on top of the SEM image shows that no structural
features on the nanowire correspond to the regions of GSDIM emission.
Scale bar for image F = 500 nm. Images (A-E) have a common 500 nm
scale bar.
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Previously, two reasons why emission might be observed at site-specific locations
along the length of the nanowire was postulated (a third hypothesis, enhanced
electromagnetic fields, was rejected due to lack of evidence for enhanced fluorescence
intensity and poor resonance overlap between our excitation/emission and the localized
surface plasmon resonance of the nanowire). The first hypothesis was that DNA
preferentially labels specific sites along the length of the nanowire, resulting in
fluorescence localization at those sites; the second hypothesis was that the fluorescence
emission can couple into SPP modes of the nanowire, yielding preferential emission at
defect sites along the length of the nanowire. Based on this data, the latter hypothesis
does contribute to site-specific emission, as evidenced by the positive correlation between
emissive sites and nanoparticle defects on the surface (as in Figure 2.8F). However,
contribution of non-uniform DNA labelling on the surface cannot be ruled out. One
challenge of studying plasmonic substrates labelled with fluorescent dyes is that the
system 1is strongly coupled, which means that a dye positioned at a particular location
may excite a SPP mode, leading to emission many nanometres away from the original
fluorescent dye. Link and coworkers have recently imaged SPP propagation lengths of
1.8 ym in nanowires 6.1 pm in length®. Thus, the localization accuracy shown here may
be many nanometres off, due to this fluorescence-plasmon coupling.

Despite this challenge, this data does reveal that emission can be localized along
the entire length of the nanowire and not just at the nanowire ends or defect sites. For
example, Figures 2.3, 2.5, and 2.6 show emissions along the entire length of the
nanowire, and Figure 2.6 shows that the reconstructed image agrees extremely well with
the SEM structural data. Thus, with enough fluorescence emission events, it is possible
to reconstruct the underlying shape of the nanowire, even if insight into the ligand density

on the surface is lost. In principle, if the length of the DNA spacer is increased, such that
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the fluorescence is no longer able to couple into SPP modes of the nanostructure, it will
be possible to monitor ligand binding on the surface. By the same argument, decreasing
the length of the DNA spacer would promote plasmon-fluorescence coupling, yielding
even higher probabilities of site-specific emission. This hypothesis will be explored in
future work. It should also be noted that the coupling between molecular fluorescence
and SPP modes appears much stronger when small nanoparticles are adjacent to the
plasmonic nanowire, serving as defect sites where light can be efficiently out-coupled.
Thus, super-resolution imaging provides a unique mechanism for studying the interaction
between fluorophore-labeled ligands and plasmonic nanowires, although one must use
caution in assigning the location of each fluorescent burst as the actual site of the

emitting fluorophore.

2.4 Conclusion

GSDIM is a powerful technique for localizing fluorescence emission from
fluorophores bound to the surface of plasmonic nanostructures. Using GSDIM, it is
possible to map out the structure of a nanowire, although the location of each fluorescent
burst may not correlate to the precise location of the active fluorophore, due to coupling
of the fluorescence to SPP modes. Through correlated optical and SEM studies, it can be
observed that the reconstructed maps of nanowires provide accurate measurements for
both length and width dimensions of the nanowires. The fact that fluorescence emission
can couple to SPP modes within the nanowire was also observed. While this phenomenon
complicates the analysis of this nanowire-fluorophore system, particularly when small
nanoparticles are attached to the nanowire surface, the ability to determine the

dimensions of the underlying nanoparticle is maintained. This technique provides a new
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approach for studying the complex interaction between plasmonic nanostructures and

emitting species, at fluorophore concentrations well above the single molecule level.
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Chapter 3: GSDIM microscopy of dye-doped mesoporous silica coated
gold nanorods

3.1 INTRODUCTION

In this chapter GSDIM will be used to investigate dye molecules embedded into a
mesoporous silica shell, which is coating a gold nanorod. The porous silica shell serves
the purpose of functionalizing the perimeter of the gold nanorod with fluorophores. It is
expected that only the fluorophores embedded into pores on the outer edge of the silica
shell will be sampled, thus creating a distance between the gold surface and the
fluorophores that is greater than the quenching regime, as discussed briefly in Chapter
two. Rhodamine 6G (R6G) will be embedded into pores of the silica coating. R6G was
chosen because it is resonant with the 532 nm laser excitation source and because its
cationic charge should create a strong ionic bound with the anionic silica surface. It has
also been shown that R6G is able to effectively undergo the triplet state shelving
process®” ¥. The expected result for this experiment is reconstructed images of the
mesoporous silica coated gold nanorods. The preliminary results for this experiment are

included in this chapter.
3.2 METHODS

3.2.1 Gold nanorod synthesis

The gold nanorods were synthesized based on seed mediated growth methods

1.**° and Yan et al.”. The seed solution was prepared by mixing

described by Hafner et a
0.25 mL of 0.01 M chloroauric acid (HAuCls) aqueous solution, 9.75 mL of 0.1 M
cetyltrimethylammonium bromide (CTAB) aqueous solution, and 0.6 mL of ice cold 0.01

M sodium borohydride aqueous solution together in a scintillation vial. The seed solution

was then mixed by inversion for 2 minutes. After mixing, the solution turned light brown
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with a pink tinge. The seed solution was allowed to sit at room temperature for 2 hours,
during which time the growth solution was prepared. The growth solution consisted of 40
mL of 0.1 M CTAB solution, 2 mL of 0.01 M HAuCls solution, 0.6 mL of 0.01 M silver
nitrate solution, and 0.8 mL of 1 M hydrochloric acid in an Erlenmeyer flask with a
ground-glass stopper. The growth solution was swirled briefly after each addition of
silver nitrate and hydrochloric acid. Next, 0.32 mL of 0.1 M ascorbic acid was added to
the growth solution. After swirling for ~30 seconds the solution turned completely clear.
Finally, after the 2 hour waiting period, a 10% dilution of the seed solution was made
with 18.2 rm resistivity nanopure water. 100 uL of the 10% seed solution was added to
the growth solution, after which the nanorod synthesis was allowed to come to
completion overnight at room temperature. The nanorods were determined to have
average dimensions of 65 + 5 nm in length and 30 + 4 nm in diameter determined from

electron micrographs taken using a Hitachi S-5500 STEM, Figure 3.1.

Figure 3.1: STEM micrographs of mesoporous silica coated nanorods.
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3.2.2 Coating gold nanorods with dye-doped meoporous silica

The as-synthesized gold nanorods were coated with mesoporous silica based on
the protocol outlined by Yan et al.”. First, 2 mL of the gold nanorods were centrifuged at
6,000 rpm for 10 minutes. The supernatant was decanted and the pellet was resuspended
in 2 mL of nanopure water. This centrifugation step was repeated for one more cycle.
Next, 20 pL of 1.4 mM R6G in methanol and 20 uL of 0.1 M sodium hydroxide aqueous
solution were added and the solution was vortexed for several seconds. Three injections
of 12 pL of 20 vol % of tetraethyl orthosilicate in methanol were added to the solution in
1 hour intervals while the solution was gently stirring on an orbital shaker. The solution
was left to stir for 14 hours. The solution was then centrifuged at 8,000 rpm for 20
minutes, the supernatant was decanted and the pellets resuspended in 2 mL of methanol.
This washing cycle was repeated once more. Finally, the solution was centrifuged again
but this time resuspended in 2 mL of nanopure water. The R6G dye molecules are
embedded into the silica shell during its formation. A molecule can become trapped into
a pore as the silica forms around it and the ionic bond that will form should create a high
affinity of the R6G to the silica. The mesoporous silica coating thickness was determined
to be 34 + 2 nm. The particles can be seen in Figure 3.1. The average length and width
for the silica-coated particles shown in the three STEM micrographs were measured to be

132 £ 6 nm long and 97 &+ 5 nm respectively.

3.2.3 Sample Preparation

25 x 25 mm #1 thickness cover slips were cleaned in an argon plasma for 15 minutes,
coated with 1% aqueous polydiallyldimethylammonium chloride, and stirred on an
orbital shaker for 10 minutes. The slide was then rinsed with nanopure water and dried
under nitrogen. 45 pL of the above-described R6G doped mesoporous coated nanorod

solution was dropped onto a cover slip for 5 minutes while stirring on an orbital shaker.
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The slide was then thoroughly rinsed with nanopure water, to remove excess sample that

has not adsorbed to the cover slip, and dried under nitrogen.

3.2.4 Microscopy

The experiments were carried out on an Olympus IX-71 inverted microscope with
an Olympus 60x oil-immersion objective with N.A. of 1.45 (Figure 3.2). The
fluorescence excitation of the R6G molecules was achieved with a quasi-circularly
polarized 50 mW 532 nm laser (CrystaLaser). The excitation light is passed through the
objective at the critical angle that is necessary for total internal reflection (TIR) excitation
at the sample plane. This angle is set by passing the excitation light through a plano-
convex lens that is mounted on a micrometer translation stage perpendicular to the
incoming excitation light. The lens is placed in front of the back port of the microscope;
therefore the excitation light passes through the TIR lens before entering the microscope.

The resulting fluorescence emission is collected by the same objective and then
passed through a 532 nm dichroic (Semrock Di02-R532-25x36) and a long pass filter
(Semrock LP03- 532RU) before imaging with a Princeton Instruments PhotonMax
electron-multiplied CCD. The exposure time for fluorescence imaging was set at 10 ms.
As previously discussed in chapter two, the actual integration time was 34.2 ms. This
discrepancy in integration time was discovered after these initial experiments were
completed; however, this has no effect on the data analysis. Nevertheless, it does mean
that fluorescence emission was acquired for longer integration periods than expected
which will lead to higher detected intensity and longer movies.

The microscope was also equipped for dark field scattering imaging with the use
of an external halogen lamp. The white light is fiber coupled and is co-aligned with the

laser excitation. The dark field scattering images were acquired for 0.3 s. A liquid crystal
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tunable filter (LCTF), with the ability to selectively pass a specific wavelength, was
placed in the path of the white light. To create local surface plasmon resonance (LSPR)
spectra for the mesoporous silica coated nanorods the LCTF can be used to illuminate the
sample with one specific wavelength at a time. The scattering emission at each
wavelength, 450- 720 nm, is acquired for two accumulations at 0.5 s. The LSPR spectra
are constructed by graphing the intensity of scattered light as a function of wavelength
with the use of MATLAB code. The sample on the stage was covered with a home-built

nitrogen flow chamber.
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Figure 3.2: Schematic of the optical setup used to collect GSDIM fluorescence emission
and dark field images for the nanorod-fluorophore system.

3.2.5 GSDIM data analysis

The raw data collected for these experiments are the same as the nanowire-
fluorophore system, 1875 stacked tiff images of 512 x 512 pixels. All analysis was
carried out using MATLAB code developed in-house. The procedure can be briefly
described as follows: first, frames corresponding to fluorescent bursts are identified by

looking for signals above a manually drawn threshold (Figure 3.3). The bursts above this
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threshold occur when molecules are in the “on” state. The data points below the threshold
occur when the molecule is in the “off” state. One might expect the signal to go down to
zero if the molecules are truly in this “off” state and unable to fluoresce. However, this is
not the case due to the inherent luminescence of the gold nanorod’*. This luminescence
provides a constant background signal and will be apparent when no fluorescent bursts
are occurring, i.e. when molecules are in the “off” state. The constant luminescence can
be removed by subtracting successive frames, e.g. subtracting an “on” frame from a

42, 51

previous “off” frame The nanorod luminescence signal, once distinguished from

fluorescent bursts intensity, also acts as an alignment marker to account for mechanical

34031 After each fluorescent burst is fit to

drift during experimental data acquisition
equation one; the resultant fit was given a goodness of fit parameter between 0-1
depending on how well the emission point spread function was able to be fit to a

Gaussian. The centroid positions with goodness of fit above 0.8 are used to create a

scatter plots and spatial histograms, as described in Chapter two.

2 4 6 8 10 12
Figure 3.3: Integrated intensity time trace showing fluorescence bursts associated with

GSDIM. The red line is an example of a manually drawn threshold to
separate fluorescent “on” frames from non-fluorescent “off” frames.
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3.3 RESULTS AND DISCUSSION
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Figure 3.4: (A) Scatter plot showing the values of (xo, yo) for the Gaussian centroid fits
to each fluorescence burst. (B) The LSPR spectrum of the nanorod coated
by the mesoporous silica. (C) Spatial frequency histogram showing the
number of bursts observed at a particular location in the mesoporous silica
shell around the nanorod. Bin size is 7.7 nm. (D) Spatial intensity histogram
showing the average intensity of fluorescent bursts in a particular bin. Bin
size is 7.7 nm.

Figure 3.4 shows an example of using GSDIM to reconstruct the size and shape of
a mesoporous silica coated gold nanorod. The results are from two movies, each with
1,875 frames. As previously described in the GSDIM data analysis section, the centroid
positions of all the GSDIM bursts are plotted in a scatter plot (Figure 3.4A). The scatter
plot shows a rod-like shape, however, several sporadic bursts were localized away from
the bulk of the centroid positions. These sporadic bursts could be caused by emission

from R6G molecules that were deposited on the cover slip along with the mesoporous

silica coated nanorods. This is not very likely due to the three cycles of centrifugation
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rinsing done on the sample before it is deposited on the cover slip. The extra rinsing
should eliminate free R6G molecules in solution. Furthermore, this is unlikely because
R6G forms a strong ionic bond with the silica coating. Therefore, R6G molecules in
solution should be bound to the silica. A more reasonable cause for the seemingly
sporadic localization is that only a fraction of the molecules in the mesoporous silica shell
are being sampled. This idea is more reasonable because the centroid positions shown in
the scatter plot should be centered on the point (0, 0). This point corresponds to the
nanorod’s inherent luminescence signal converged to a signal spot. The luminescence
point should be localized in the middle of all the localized GSDIM fluorescence bursts.
Unfortunately, this is not the case. The data in Figure 3.4 suggests that only half of the
silica coated nanorod is being reconstructed due to the limited detection of GSDIM signal
from all the molecules in the entire silica shell, thus creating an incomplete image. This
incomplete picture is likely due to the steric hindrances caused by a fluorophore being
trapped in a pore. The hindrance can inhibit conformational flexibility, which can
effectively inhibit fluorescence emission because the molecule will not be able to
properly align itself with the excitation polarization of the laser.

To further analyze this data a frequency spatial histogram (Figure 3.4C) was
created. The histogram depicts the centroid points in the scatter plot binned in 7.7 nm
squares; the color key next to the histogram shows the frequency of GSDIM bursts that
occurred in a specific bin. The histogram shows evenly distributed frequency over the
reconstructed image. The intensity histogram, Figure 3.4D, shows the average
fluorescence intensity in a particular bin. The intensity of GSDIM bursts is also evenly
distributed. The fact that intensities of orders of magnitude higher than the actual results
shown in Figure 3.4D were not observed provides evidence that surface enhanced

fluorescence is not occurring.” * The GSDIM information acquired is, therefore, only
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representative of the available fluorophores that were probed in the amount of time given
for data acquisition.

It should also be noted that the bulk of the centroid positions shown in Figure 3.4
occur approximately within a 172 nm long and 102 nm in wide rectangle. The width of
this data agrees closely with the expected width of the mesoporous silica coated nanorod
determined by STEM micrographs to be 97 + 5 nm. However, the length is substantially
longer than the expected value of 132 + 6 nm. It could be hypothesized that the
reconstructed image is actually two nanoparticles stacked end to end. However, this
hypothesis can be negated due to the fact that the measured length is not long enough to
indicate the presence of two nanorods. Moreover, the LSPR spectrum for the nanorod in
this example, Figure 3.4B, is indicative of a single nanorod with a plasmon resonance
peak of ~ 600 nm. This inaccuracy could be caused by plasmonic interactions between
the nanorod and the emitting fluorophore®. If the fluorophore’s emission were to couple
into the plasmon modes of the nanorod then it would be reradiated back into free space at
a distorted angle, which will affect the collected emission.”’ When this distorted emission
is collected back through the objective to be detected, its localized position would not be
representative of its actual position of the R6G in the mesoporous silica shell. This
inconsistency remains a reoccurring problem that is also observed in Figures 3.5 and 3.6.

Figure 3.5 depicts another example of a reconstructed mesoporous silica-coated
nanorod, orientated differently than the particle shown in Figure 3.4. A nanorod-like
shape is reconstructed; however the same issues with localized sporadic bursts can be
observed, as previously discussed with Figure 3.4. The frequency and intensity spatial
histograms (Figures 3.5C and 3.5D respectively) show evenly distributed amounts of
fluorescent bursts and intensity. The bulk of the fluorescent bursts in this figure occur

within a 190 x 86 nm rectangle. The width, 86 nm, corresponds well with the expected
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width of these mesoporous silica coated nanorods. The length, once again, is longer than
expected. Figure 3.5 also provides another example where the location of the converged

nanorod luminescence is not centered with respect to the localized fluorescent bursts.
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Figure 3.5: (A) Scatter plot showing the values of (xo, yo) for the Gaussian centroid fits to
each fluorescence burst. (B) The LSPR spectrum of the nanorod coated by
the mesoporous silica. (C) Spatial frequency histogram showing the number
of bursts observed at a particular location in the mesoporous silica shell
around the nanorod. Bin size is 7.7 nm. (D) Spatial intensity map showing
the average intensity of fluorescent bursts in a particular bin. Bin size is 7.7
nm.

The LSPR spectrum for this nanorod, Figure 3.5B, provides evidence that
another particle with an LSPR of ~550 nm was present in this example. The LSPR peak
of ~550 nm suggests that the particle is most likely a nanosphere’. The silica coated
nanosphere could also be contributing to this appreciably longer measured length.

Unfortunately, because typically only a small fraction of fluorophores in the mesoporous
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silica shells are being sampled it is difficult to differentiate between multiple

nanoparticles that could be in the reconstructed images.
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Figure 3.6: (A) Scatter plot showing the values of (xo, yo) for the Gaussian centroid fits
to each fluorescence burst. (B) The LSPR spectrum of the nanorod coated
by the mesoporous silica. (C) Spatial frequency histogram showing the
number of bursts observed at a particular location in the mesoporous silica
shell around the nanorod. Bin size is 7.7 nm. (D) Spatial intensity map
showing the average intensity of fluorescent bursts in a particular bin. Bin
size is 7.7 nm.

Figure 3.6 provides an example for utilizing GSDIM to reconstruct a nanorod
aggregate, possibly a dimer with nanorods stacked closely in an end to end fashion. The
broad LSPR peak in figure 3.6B is indicative of more than one linearly aligned nanorod”>

. Although this example portrays a possible dimer, it is still expected that the nanorod
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luminescence should converge in the middle of the centroid positions for all the
fluorescent bursts. Again, we observe minimal number of fluorescent centroid points
located to the upper right of (0, 0).

Two possible origins for this reoccurring discrepancy can be hypothesized: first,
sampling from only a small fraction of the R6G molecules embedded into the silica shell
can yield these incomplete reconstructed images. A second hypothesis is plasmon-
directed fluorescence emission, which was just discussed.”

One might expect there to be a field of high electromagnetic enhancement in the
junction region between the nanoparticles creating a hot spot region for surface enhanced
fluorescence.*** The intensity spatial histogram (Figure 3.6D) does not support this data
possibly due to the fact that the nanorods are individually coated with silica. The silica
thickness can inhibit the creation of such a hot spot, due to the distance it creates between

the nanorods.

3.4 CONCLUSION

GSDIM is capable of providing sub-diffraction limited characterization of
mesoporous silica coated nanorods. Unfortunately, two occurring issues made it difficult
to definitively state that the correct dimensions of the nanorods were being reconstructed.
The gold nanorod luminescence signal in each of the examples did not converge to the
center of all the fluorescent burst centroids. Also, the GSDIM data that was reconstructed
yielded results in the length dimension that were substantially longer than expected for
single coated nanorods. In order to further probe these reoccurring issues, changing the
optical setup used for the experiment may be necessary. The TIR geometry may be
introducing unwanted difficulties; instead epi-illumination geometry may be more

beneficial and simple. Also, generating new MATLAB code that is better suited for
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modeling a fluorophores emission near a metal surface would be beneficial. Solving these
problems may yield more reliable reconstructed images with the expected size

dimensions.
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