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Chapter 1

Introduction

Experimental biophysical investigations have been traditionally performed on an ’ensemble aver-
age’ level of cells or molecules. In an ensemble level experiment, it is usually assumed that the
individual cells or molecules are identical physically and chemically. And by doing this, one uses a
single metric for a population of biological samples, and any 'noise’ that is caused by ’outliers’ is
smoothed out. However, There is a distinct downside to this method, since there may be valuable
information hidden in the 'noise’. Ensemble averaging runs the risk of losing data on heterogeneity
that is crucial for the understanding of the cellular/molecular interactions [14]. Analysing single
molecules individually allows a better study of the underlying effects of some processes.

There are multiple ways of studying single molecules like atomic force microscopy or electron
microscopy, but one of the least invasive techniques is single-molecule fluorescence microscopy
(SMFM) [19]. SMFM has been widely used to study interactions and nanostructures in biology
and material science. It is possible to measure processes in live cells [5]. SMFM can also be used
to break the diffraction limit. For example, state-of-the-art super-resolution microscopy relies
on the sequential blinking of single fluorescent molecules to localize features that are below the
diffraction limit. Forster resonance energy transfer (FRET) for example, is a super-resolution
microscopy technique based on the distance dependant energy transfer of multiple fluorescent
molecules. FRET has been used to monitor lipid exchange on cell surfaces[11].

The high performance of SMFM relies on high quality single fluorescence molecules that ideally
serve as bright and stable photon sources. However, almost in all experiments the brightness of
the fluorophore is limited, which is due to the intrinsic photophysics of single molecules allowing a
maximum number of emitted photons. The result is that the temporal resolution of typical single-
molecule studies is limited to >10 ms. In this time range, it is possible to study process which
typical have millisecond dynamics, including biomolecular interactions and slow conformational
changes of proteins/DNAs [13]. However, it is extremely difficult to study process that have
microsecond or less dynamics, for example fast conformational changes and single enzyme kinetics.
The very limited amount of photons emitted in such very short time strongly restrict the accessible
time domain SMFM can reach. Figure 1.1 schows the steps of protein folding and the respective
timescales of these steps. The steps that take a shorter time than 10ms can not be monitored
with unenhanced SMFM.

Therefore approaches to enhance the fluorophore brightness are urgently needed to enable in-
vestigations into fast dynamics. To study the amount of photons emitted by a single molecule,
the fluorescence of individual single molecules must be characterized. Typically one can use fluor-
escence correlation microscopy (FCS) to study the fluctuation of single fluorescence molecules
diffusing in and out of a laser focus. As a widely used alternative, wide-field fluorescence mi-
croscopy based on total-internal reflection fluorescence microscopy (TIRFM) can give excellent
signal-to-noise ratio to allow enough contrast to visualize single fluorophores. It has been found
that by combining an enzymatic oxygen-scavenger system and a redox pair, one can enhance the
brightness by a factor between 1.4 and 24 depending on the PH [4].

Coupling the excitation and emission of single fluorescent molecules to plasmonic nanoparticles

Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity 1
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Figure 1.1: The timescales of the different steps in protein folding [13].

can also be used modulate the brightness, with the help of a process commonly known as plasmon-
enhanced fluorescence (PEF). PEF strongly depends on the optical properties of single nano-
particles, and the photophysics of single molecules. For example, a fluorescence brightness en-
hancement of 1100 fold with a gold nanorod by matching the surface plasmon resonance of the
nanorod with the excitation and emission wavelength of the fluorophore with low intrinsic quantum
yield [17]. The advantages of enhancement of single fluorophores by coupling with plasmonic
particles is that it is very versitile and relatively easy to implement. Plasmonic nanoparticles are
suitable to study PEF since they is size- and shape-dispersion in a single drop of colloidal suspen-
sion, allowing one to study the complex wavelength dependencies of PEF, which will be discussed
in chapter 2.
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Chapter 2

Theoretical Background

2.1 Photophysics of single molecules

Fluorophores are fluorescent molecules capable of emitting light after excitation. The complex
photophysics asscociated with the emission and excitation can be simplified by a two-level energy
scheme. First, a photon is absorbed by the molecule causing the molecule to go from the ground
state S to a higher excited vibrational state S}. Then the molecule relaxes from S| to a lower
vibrational state S1 by internal conversions and vibrations without emitting a photon. That energy
is lost to the solvent molecules around the fluorophore. In the last step, the excited state S; relaxes
to the ground state by either emitting a photon or by transferring its energy another way [7]. The
steps are schematically represented in Figure 2.1.The fraction of relaxation by emitting a photon
compared to the total relaxations is called the quantum yield and is given by the following formula
[15]:
Yr

¢ Yr + Ynr’ 21)
with 7, the radiative decay rate [s~!] and 7, the non-radiative decay rate [s~1]. Because S;
has a slightly lower energy than the S{ that the ground state was excited to, the energy of the
emitted photon is slightly lower than the photon that was used to excite the fluorophore. This
lower energy translates into a longer wavelength. Absorption and emission spectra clearly show
this shift in wavelength such as in Figure 2.2. This wavelenght shift is called the Stoke’s shift [10].
The figure shows a distribution of absorption and emission wavelength in contrast to the discrete
wavelengths expected from the simplied model described above.

Internal conversions

S| —
T >Vibrational modes
S, =
L Relaxation
Excitation
Photon Photon
>Vibrational modes
So

Figure 2.1: A schematic representation of the process of fluorescence. Note that it is also possible
for a relaxation without the emission of a photon.
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Figure 2.2: The absorbtion (Blue line) and emission (Red line)spectra of ATTO 647N, the fluoro-
phore used in this experiment, according to the manufacturer [1]

The time a fluorophore is in its excited state before relaxing is called the fluorescence lifetime.
The florescence lifetime is given by: 7 = (7, + Ynr) "% [9]. The shorter the lifetime, the more
times the fluorophore can excite and relax again in a second, provided the dye is excited with
sifficient photons per second. Under very high excitation rates, saturation occurs because then
the fluorophore is still in an excited state when the next photon arrives and can not be excited by
that photon..

The amount of measured photons in an experimental setup, or photon count rate (PCR), is
given by the following formula at low excitation intensities [15][16]:

g
POR=13"6Ip, (2.2)

with 7 the collection efficiency of the optical system, o the the absorption cross section of the
fluorophore [m?], hv the energy of the photon [J], and I the excitation intensity [Wm~2]. Here
the PCR increases linearly with the excitation intensity. If the excitation intensity increases and
saturation occurs, equation 2.2 changes to equation 2.3:

IE'Isat
PCR=n— 2.3
(bIE + Isat ( )

with I 4 the saturation intensity of the fluorophore in W m~2. Equation 2.3 is plotted in figure
2.3 to show the effect of different saturation intensities. The saturation intensity can be calculated
by[15]:

(’Yr + ’an)hV

- (2.4)

Isat =

If the illumination intensity of a fluorophore is very high, the fluorophore can go to a different
state that is not depicted in figure 2.1. It can stay in that state for a very long time, while not
emitting a photon, compared to the Sy state. A fluorophore in that state is called bleached.

4 Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity
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Figure 2.3: Equation 2.3 plotted for three different arbitrary fluorophores and their saturation
intensity depicted as a dashed line with its color corresponding to the fluorophore. Notice that
if the saturation intensity increases, the emission intensity decreases slower for high excitation
intensities.

2.2 Surface plasmon resonance

Electromagnetic waves such as light can interact with the free conduction electrons of a metal
particle causing the electrons to oscillate. If the wavelength of the electromagnetic wave is a lot
longer than the particle itself, the entire cloud of free electrons in the material oscillates in phase.[6]
[19]. Since the mass of the particle is a lot larger than the mass of the electrons, the particle stays
stationary while the electron cloud oscillates.

The negatively charged electrons are pulled away from the positively charged atoms which
creates a restoring force much like a spring [19]. This restoring force is dependant on the shape,
the material of the particle and on the dielectric surrounding the particle. If those properties match
with the wavelength incident electromagnetic wave, resonance can occur. This is called Surface
Plasmon Resonance (SPR). The particle scatters light most strongly at the SPR wavelength.

For silver, copper and gold nanoparticles, SPR is possible with visible light making them usable
in optical applications[6]. However, since copper and silver are prone to oxidation, and therefore
change the shape and surface properties, gold is usually more suitable for practical applications
such as the experiments in this report. Also, modern fabrication techniques make it possible to
finely tune the size and aspect ratio of nanoparticles, making it possible to fabricate particles with
the SPR wavelength that is required for an experiment [19]. There is still some heterogeneity
in an ensemble of fabricated nanoparticles as can be seen in figure 2.4. A consequence of this
heterogeneity is that the SPR wavelengths of an ensemble of nanorods will be heterogeneous as
well.

Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity )
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Figure 2.4: A transmission electron microscopy image of an ensemble of gold nanorods.
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2.3 Plasmon enhanced fluorescence

The SPR enhances the electromagnetic field around the nanorod when it is irradiated by the a
light source with a similar wavelength as the SPR wavelength of the particle. This enhancement
of the electromagnetic field is location-dependent and is largest around the tips of the nanorod.
Multiple numerical simulations show this with varying enhancements depending on the size of the
nanorod and the incident wavelength [8][17][18].

This electromagnetic field enhancement has multiple effects on the fluorescence of fluorophores
near the surface of a nanorod. One of the effects is an increase in the excitation of the fluorophores
causing an increase in fluorescence. Figure 2.5 (a) and (b) are examples of a numerical simulation
of the excitation enhancement [15]. Also, both the radiative and non-radiative decay rates are
increased close to the tip of the nanorod [8]. Higher decay rates increase the saturation intensity
(2.4) and thus increase the PCR of the fluorophore(2.3). The excitation enhancement is greatest
when the SPR of the nanoparticle has the same wavelength as the excitation wavelength of the
particle. The decay rate enhancement is greatest when the SPR matches the relaxation wavelength
of the fluorophore.

Close to the surface of nanoparticles the quantum yield of fluorescent dyes is decreased signific-
antly because nonradiative decay increases. This effect can completely quench fluorescence on the
surface of nanoparticles but quickly decreases with an increased distance [3]. Further away from
the surface, the quantum yield can actually be enhanced by the effects of the nanorod. This effect
is greater for phluorophores that start with a relatively low quantum yield since the theoretical
maximum quantum yield can never be more than 1. The emission enhancement and quenching is
displayed in Figure 2.5 (¢) and (d) for two different fluorophores with a different starting quantum
yield.

These effects combined cause a location dependant fluorescnence enhancement close to the tips
of the nanorod. As displayed in Figure 2.5 (e) and (f). The maximal possible fluorescence enhance-
ment possible is a trade-off between the increased fluorescence close to the tips of the nanorod
and the quenching effect close to the surface. Furthermore, at low excitation intensities far below
saturation, the enhancement is greatest when the SPR matches the incident wavelength because

6 Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity
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Figure 2.5: (a) and (b) show the location dependant excitation enhancement of a 82 x 30 nm?
gold nanorod compared to the incident intensity of a 705 nm wave. The SPR of the goldnanorod
is 705 nm. (c) and (d) show location depentand the quantum yield enhancement of two fluor-
escent emitters with a starting quantum yield of 0.01 and 0.25 respectively. (e) and (f) shows
the combination of the effects on the total fluorescence enhancement for the same nanorod and
emitters.[15]

then the excitation intensity is increased. At excitation intensities above saturation however, this
effect is less noticeable and the fluorescence enhancement benefits most from a SPR matching the
relaxation wavelength causing a shorter lifetime. In figure 2.6 this SPR dependant enhancement
is plotted.

The photon count rate enhancement was theoretically evaluated based on the PCR calculation
of unenhanced and enhanced single fluorophore bound to 3 nm away from the tip of gold nanorods
with aspect ratio of 2.3, and fixed width of 30 nm. For unenhanced photon count rate, the
calculation was done according to equation 2.3 with an illumination intensity of 100 time saturation
intensity, where the overall collection efficiency was n = 8%, absorption cross section o = 1 x 10720
m?, quantum yield ¢ = 0.5. For enhanced photon count rate, a numerical simulation of the
fluorescence enhancement was performed using a boundary element method using the MNPBEM
toolbox for Matlab. Single nanoparticles with different geometries were embedded in a non-
absorbing dielectric medium with the defractive index of water (1.33). The dielectric function of
gold was interpolated from the Johnson-Christy database. The modified near field and decay rates
were calculated with an 637nm excitation and 670 nm emission of the molecule, approximated as
an electric dipole.

Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity 7
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Figure 2.6: The simulated fluorescence enhancement is plotted for different SPR wavelengths of
the nanorods at an excitation intensity of 100 times the saturation intensity.
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Chapter 3

Method and Setup

3.1 TIRF Microscopy

For the experiments, a total internal reflection fluorescence (TIRF) microscopy was used. TIRF
is ideal to perform single molecule measurements due to low fluorescence background [12]. TIRF
microscopy relies on the creation of an evanescent field on the interface between two media with
different refractive indexes. In this case glass (ny ~ 1.51) and water (n,, ~ 1.33) [12]. When a
light source hits an interface with an angle larger than the critical angle, light is totally internally
reflected. By solving Maxwell’s equations, it can be found that the electromagnetic field slightly
penetrates the medium and creates a so-called evanescent field. This field decays drastically away
from the surface, and typical penetration depth of a a few 100 nm. This very thin sheet of light
is then used to excite the SPR of the nanorods and fluorescence only when fluorophores are close
to the surface. This property is what makes TIRF suitable for single molecule microscopy.

In the case of these experiments, the angle of incidence on the plane should be at least 61.7°as
can be determined by Snell’s law [2]. A right isosceles prism is used to minimize any reflection
before the total internal reflection on the interface. After considering this triangle, the maximum
angle the incident light can have compared to the slide, is 19.2°. At this angle, the penetration
depth is the greatest.

The relative intensity of the evenescant field decays exponentially by the following formula
[12]:

I = Iye ?/4, (3.1)

with Iy (W m~2)the incoming intensity of the incident light. 2 (m) the distance away from the
plane of incidence and d (m) the penetration depth of the evanescent field in the media given by:

Ao

)
In2sin26; — n2
4y [nZsin?0; —n3,

with Ag (m) the wavelength of the incoming light in vacuum and 6; (°) the angle of incidence.
In the following calculations, of an angle 1% larger than the perfect TIRF angle was considered.
In these experiments with a laser wavelength of 637nm, the penetration depth d will be 355 nm.
Since the nanorods are 30nm in width and the maximum intensity of the electric field enhancement
is in the middle of the tips of the nanorods, the relative intensity of the to be enhanced field is
approximated to 0.96 times the evanescent field intensity. This is a negligible difference and will
not be taken into account.

The intensity of the evanascent field is polarisation dependant, but since the laser illuminiting
the sample has a parallel polarization, only that intensity will be taken into account. The parallel
intensity of the evanascent field is given by:

4c0s%0,;(2sin20; — (N /ng)?)
(nw/ng)*cos?0; + sin?6; — (ny/ng)?’

d:

(3.2)

=1l (3.3)

Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity 9
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with I, Z“ the intensity of the incoming light source in W m~2. In the case of these experiments, the
evanescent wave intensity will be about 4.9 times times larger than the illuminating light intensity.

For the experiments, an electron—multiplying (EM) gain of 50 was used combines with an
integration time of 100ms. Photon conversion was performed with the help of the photon counting
mode of Andor Solis software. Two images were taken to acquire the conversion factor. An image
under the photon counting mode was taken, and compared to the image taken under normal EM
gain mode in Nikon NIS element software. A conversion factor of 3.51 was found.

3.2 Samples

The gold nanorods are spincoated on thiolated glass and fixated there. Then the particles are
covered with single-stranded DNA moelcules with 30 nucleotides (termed docking strands). The
sample is placed in a flow cell that is placed underneath the prism used for TIRF imaging. A
solution of single-stranded DNA labeled with a ATTO 647N at the 5 end (termed imaging strands)
is flushed through the flow cell. The imaging strands have 9 nucleotides that are complementary
to the docking strands. A nanorod, covered in docking strands, has been schematically displayed
in figure 3.1. The fluorophore-labeled imaging strands will randomly bind to docking strands on
the nanoparticles between 3 and 5 nm away from the surface. This way some will bind on the most
ideal enhancement location. A more detailed description of the slide preparation can be found in

appendixA.1.
Imager flow -
g
47

Figure 3.1: A schematic representation of a fixated gold nanorod covered in docking strands. Note
that the DNA strands are not the same scale as the nanorod.

10 Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity
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Sample

Imager flow * . * »
* * * *

Cover slip

Figure 3.2: A schematic of the setup used in the experiments. Note the light source can be either
a white light source or a laser.

3.3 Single nanoparticle spectroscopy

The coverslip immobilized gold nanorods is illuminated with white light, as shown in figure 3.2,
and a series of images is taken with different bandpass filters of different wavelengths. By doing
this, the intensity of different wavelengths for all particles in the field of view can be determined.
The SPR of the particles can then be determined by analysing these intensities. Afterwards, single
nanorods are selected for further analysis based on their Lorentzian lineshapes.

3.4 Unenhanced single molecule fluorescence

To determine the factor of fluorescence enhancement, the brightness of unenhanced molecules
must be established. This is done by measuring the fluorescence intensities of single imager strand
without the presence of gold nanorods. The imagers are flushed through the flow cell in the same
rate as the nanorod samples and under a mean excitation intensity from 1.1 x 10°W/m? to 6.4 x
105W/m?. Imagers strands randomly stick to the glass surface, and appear as diffraction-limited
spots in the EMCCD camera. A video for different laser intensities is taken and approximately 10°
sticking imagers per illumination intensity are localized and fitted with a 2D Gaussian function.
The volumes under the 2D Gaussian are then calculated to be the fluorescence intensities. The
different laser intensities are location dependant because the illuminating laser has a Gaussian
intensity profile. The corresponding illumination intensity was calculated by fitting the background
with the following Gaussian 2d function:

_m—e)? _ (y-wg)
2ay

Background = B+ Me 2% , (3.4)

Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity 11



CHAPTER 3. METHOD AND SETUP

with B a base level, M the maximum illumination intensity, x and y the coordinates of the image,
xo and yo their respective offsets and o2 and 05 the respective variances. This fitted function is
then normalized with the total illumination intensity of the laser to make the function in W /pixel
and divided by the pixel surface to get W/m?2. This intensity is then multiplied with a factor of
4.9 because the evanescent field close to the other side of the surface is 4.9 times larger than the
illuminating field [12].

3.5 Fluorescence enhancement measurement

After determining what particles in the field of view are single particles and what their SPR
wavelength is, the sample is illuminated with a 637nm laser instead of the white light. A 650nm
high pass filter is installed to filter out the laser light but still let the emmission wavelength of the
fluorophores through. A video is taken to get a photon count rate timetrace for every particle.
When a fluorophore binds to the particle, a photon count rate peak is expected because of the
light emitted by the fluorophore. The highest peaks are expected when a fluorophore binds to the
tips of the nanorod. This is however impossible to direct because both the docking strand binding
and the coupling of the fluorophore is completely random.

12 Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity



Chapter 4

Results and Discussion

4.1 Gold nanorod SPR wavelength

Figure 4.1 shows the measured spectrum of one of the particles and the corresponding fit. This
was done for all particles recognised by the script and particles which showed a proper fit were
then labeled as ”single particles” and processed further. One of the measured particles and its
corresponding fit has been plotted in figure 4.1

The gold nanorods that are used for the experiment are about 60 x 30 nm®. According to
the manufacturer the mean SPR is 650 nm, but after measuring the spectra of an ensemble of
868 particles a mean SPR of 667 was found with a standard deviation of 22. The distribution
can be found in figure 4.2. The reason for this shift can be attributed to the attachments of the
particles to the glass. Glass has different dielectric properties than water which change the SPR
wavelength.

2

w
=]

Emission intensity (arb. u.)
# of nanorods
¥

. s \
0
600 650 700 750 620 630 640 650 660 670 680 690 700 710 720
Wavelength (nm) SPR wavelength (nm)

) . ) Figure 4.2: The histogram shows a peak of
Figure 4.1: A graph showing the scattering spec-SPR wavelength around 670nm instead of
trum of a gold nanorod with an SPR wavelengththe 650nm according to the manufacturer.
of 680nm

4.2 Unenhanced single fluorophore photon count rate

The illumination intensity was determined by the fit discussed in section 3.4. But because the
fit of the illumination intensity deviated too much from the real value to accurately calculate the
location dependant illumination intensity, the mean value illumination intensity was used to plot
figure 4.3. The mean illumination intensity is the full width half maximum value of the fitted

Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity 13
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function. Despite the large standard deviation in the photon count rate, caused by a range of
illumination intensities, the results clearly show a saturation effect according to equation 2.3. The
saturation intensity is about 6.7x10° W m~2 with an uncertainty of 0.5x10°.

T T T T T T T T T T T
Saturation
8,0x10°

T

6,0x10°

4,0x10°

2,0x10° |-

Mean single fluorophore photon count rate (photons/s)

0,0 L
0,0 50x10° 1,0x10" 1,5x10" 2,0x10"  2,5x10"  3,0x10’

Mean illumination intensity (W/m*2)

Figure 4.3: The mean single fluorophore photon count rate for the mean illumination intensity
and the fit of equation (2.3). The dashed line shows the saturation intensity at 6.7x10¢ W m~2.

4.3 SPR dependency

Of the video that was taken of the gold nanorod sample illuminated with the laser, a region of
interest (ROI) was selected to ensure the illumination intensity was more homogeneous. In this
ROI 55 single particles resided with an illumination intensity deviating no more than 10 percent
from the median. The median illumination intensity in the ROI was approximately 6 x 10”W m ™2
so about 8 times saturation intensity. Of these particles, the photon count rate was calculated
for every frame of the video. This so called ”timetrace” of three particles with different SPR
wavelengths have been plotted in figure 4.4. As can be seen, the timetraces have a steady noise
level and intensity peaks. These peaks occur when a fluorophore binds to the nanorod and is
enhanced. Because the fluorophores bind to random locations on the nanorod, at random distances
and for random times, not every peak has the same size. Also, a clear difference in the mean burst
photon count rates can be observed for the different particles.

To calculate the photon count rate of a fluorophore binding to the nanorod, the top of the
intensity peaks were subtracted by the base noise level. This value will be referred to as a burst
from now on. The top 10 bursts were selected and those average values were plotted vs the SPR
wavelenght of the corresponding particles in figure 4.5. The simulated fluorescence enhancement
shown in figure 2.6 is also plotted in the same graph. The measured results clearly follow the
simulated pattern although the emission peak is "red-shifted” about 10 nm.

The enhancement of the fluorophores by the single particles is about 2 to 14. This is a lot
less than the calculated theoretical result. As discussed before, one of the reasons these particles
might deviate from the theoretical simulations is that the fluorophores bind at random locations
on the particle. The fluorescence enhancement is largest at the tips of the particles. If for some
reason the fluorophores bind to a less favourable location, the enhancement will be less. Also, the
mean value of the maximum bursts is taken which will be smaller than the maximum value. It
is also possible that the burst is shorter than the integration time of the camera which will be
discussed in more depth in section 4.4.

14 Plasmon-enhanced Single-Molecule Fluorescence under Saturated Excitation Intensity
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Figure 4.4: The timetraces of the intensity in the ROI around the particles for 3 different single
particles with their corresponing SPR wavelengths. There is a clear difference in the height of the
emission bursts.
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Figure 4.5: The max burst photon count rates for the single particles in the ROI illuminated
by a 100mW laser. The simulated SPR wavelength dependant maximum fluorescence intensity
enhancement is also plotted in the same graph in blue.
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4.4 Integration time dependency

Upon closer inspection of the timetraces, it was noticed that a lot of bursts were only one frame
long, especially at high illumination intensities. This could mean that bursts were shorter than the
integration time of the camera. Either because the time the fluorophores are bound to the particle
is too short or because the fluorophores are bleached too quickly. If either of those possibilities is
the case, then the measured maximum intensity is smaller than the real value. The integration
time is a trade off however. If the integration time is too short, the signal to noise ratio is expected
to decrease. Also, at a smaller integration time the dead time of the camera is proportionally larger
than for large integration times.

To explore this further, timetraces of another sample were measured with different integration
times. In every measurement, the sample was illuminated by a 100mW laser corresponding to an
average illumination intensity of approximately 6 x 10°W m~2. The signals were multiplied with
a factor corresponding to the integration times to transform the signal into photons per second.
The timetraces of one particle for two different integration times were plotted in figure 4.6. It
is clear that the measurement performed with an integration time of 10ms has a lot more noise.
This was expected since a larger integration time evens out noise more. Also there is a lot more
heterogeneity in the burst photon count rate for the shorter integration time measurement.
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Figure 4.6: The timetraces of the same particle for different measurements, one with an integration
time of 100ms and one with an integration time of 10ms.

The maximum burst photon count rates of the timetraces were calculated for the different
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integration times with the same method as in section 4.3 and are plotted on a integration time log
scale in figure 4.7. The graph shows a peak at an integration time of 40ms. However, the standard
deviation in the maximum bursts has increased significantly as well. The maximum burst photon
count rates were lowest for an integration time of 200ms as would be expected since there the
burst was more evened out along with the noise. The larger error bars for the lower integration
times can be caused by the heterogeneity in the burst photon count rates also seen in figure 4.6.
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Figure 4.7: The mean maximum burst values for different integration times.

4.5 Sample decay

The above mentioned measurements were conducted in sequence. This was necessary to match the
measured SPR wavelengths with the particles to determine whether they were single particles or
not. This does mean that the sample was continuously illuminated for over an hour with a 100mW
laser. This might have overheated the sample causing some docking strands to detach. This could
explain why the 10ms integration time timetrace in figure 4.6 has about half the bursts as the
100ms integration time measurement as the 10ms integration time measurement was performed
later.
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Chapter 5

Conclusions

A pattern for SPR wavelength dependant fluorescence enhancement similar to theoretical simu-
lations has been found. Above saturation illumination intensities the fluorescence enhancement
of single fluorophores is greatest (14 times)for nanorods whose SPR wavelength is closest to the
emission wavelength of the fluorophore. Even though the amount of enhancement wasn’t a high
as theoretically simulated due to uncontrollable factors, like how many fluorophores bound to
the particles and on what locations. The pattern of the simulations was clearly in the measured
results. Future measurements over longer times could increase the accuracy by providing more
statistics.

Future measurements should be done with an integration time of 40 to 50 ms for more accurate
results. These integration time give the highest maximum bursts intensities because the intensity
of the short bursts isn’t spread out over a longer time.

Enhancing the fluorescence of single fluorophores greatly increases the temporal resolution of
single molecule fluorescence microscopy. This can have widespread applications in the measure-
ment of many fast biophysical processes.
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Appendix A

More detailed setup

A.1 Slide preparation protocol

A 22 x 40 mm microscopy slide is thoroughly cleaned by first bathing it in a ultrasound bath
immersed in methanol. Then the slide is flushed with ethanol and then with methanol. After
flushing the slide is blown dry with nitrogen. The slides are activated by an oxygen plasma to create
-OH groups on the surface. Then the slides are bathed is a (3-Mercaptopropyl)trimethoxysilane
(MPTMS) diluted with ethanol to about 5%. The MPTMS binds with the -OH groups on the
surface and the gold nanorods can bind to the -SH groups of the MPTMS.

10 pL of 650-CTAB AuNR solution is diluted by 20 with a 190uL. 1 mM CTAB solution to
prevent them from clustering. 20 puL of 100uM tris(2-carboxyethyl)phosphine (TCEP) is added.
To prevent clustering of the nanorods. 30ul: of the gold nanorod solution is added on each slide
and spin-coated. Afterwards the slides are cleaned with PBS and demineralised water to get rid
of the CTAB layer around the goldnanorods.

A docking (D) and antifouling (A) strand are diluted with a citric acid buffer to 5 uM. The
imager (I) is diluted with buffer C to 500pM solution. The docking and antifouling solutions are
mixed and a droplet of the mixture is placed on a slide with gold nanorods to incubate it.

A.2 Measurement protocol

The incubated slide is placed in a flow cell and demineralised water is flushed through the flow
cell until it is filled. A prism with a drop of microscopy oil is placed on the top of the flow cell.
a drop of demineralised water is placed on the lens. The slide is illuminated with white light.
The resonance spectrum of the nanorods is first measured by saving an image of the microscope
passing through different wavelength filters. These images are then processed by a Matlab script.
For every individual particle a 2D Gaussian curve is fitted over the intensity of the particle. These
intensities for different wavelengths are then combined to fit the spectrum of the particle.

To measure the fluorescence enhancement, an imager is passed through the flow cell. A video
is captured of a section of the slide. And for every particle the intensity around the particle
is analysed over time. It is expected that the measured intensity increases significantly when
a fluorescent particle binds to the correct part of the nanorod. Also, the fluorescence of the
phluorophores without the influence of nanorods is measured by simply taking a video of the same
imager passing along a slide which is prepared identically to the nanorod slides except for the
spincoating of the nanorods.
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