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Abstract

Due to the properties of light, optical microscopes cannot resolve images of objects that

are smaller than a few hundred nanometers wide. This is known as the di↵raction limit.

There are several techniques that researchers have used to overcome the di↵raction limit.

Techniques such as STED, NSOM, STORM, and PALM use fluorescence in clever ways

to mark and isolate objects of interest so that images of these objects on the nanoscale

can be resolved and studied in greater detail. This thesis provides an exploration into using

fluorescent nanoparticles to perform sub-di↵raction limit imaging. This method is designed

to be both low-tech and cost-e↵ective so that it can be easily implemented at Wheaton

College. A microscope was constructed consisting of a camera, a sample stage, optical

filters, and a laser used to excite the nanoparticles. Exciting the nanoparticles with a laser

causes them to fluoresce and the fluorescence can be imaged with the camera. Images of the

nanoparticles at various concentrations both in and out of solution were taken and analyzed.

The nanoparticles were blurred out in the images because of their small size but individual

particles could be located by fitting a Gaussian model to the pixel values. The locations

of the nanoparticles were able to be narrowed down in the sample to regions between 11.2

nm and 64.8 nm wide. This constituted a considerable improvement in resolution from

a traditional optical microscope, but results were mixed because individual particles were

hard to discern in many of the images. There are improvements to be made but, overall,

this research opens the door for nanoscale imaging at Wheaton College.
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1 Introduction: The limits of optical microscopy

Microscopy is an important field because it helps us to understand the natural world beyond

what we can see with our eyes. Early microscopes were used to view insects in more

detail, and helped to show that living tissue is comprised of cells. Successive work was

done to improve both the resolution of images produced by microscopes as well as their

magnification. Doing this uncovered that even cells are made up of organelles which are

made up of even smaller parts. The discovery of atoms and molecules prompted scientists

to explore objects and their behaviors at the nanoscale prompting an e↵ort to see objects

at this scale. Such an e↵ort was challenging because the resolution of optical microscopes

are limited by the properties of visible light.

The smaller an object under a microscope is, the harder it is to resolve an image of the

object. What has been discovered is that using a basic light microscope, objects that are

smaller than the wavelength of light cannot be resolved. This is known as the di↵raction

limit. For most optical microscopes, this limit falls around a few hundred nanometers. Any

object smaller than this limit will be blurred in any image constructed with the microscope.

It is a challenging problem in modern optics to get around this. Those that have succeeded

have found intricate cell structures smaller than the di↵raction limit that no one has been

able to see before. Further techniques have even been able to study individual molecules

and atoms.

1.1 Motivation for research

The goal of this experiment is to explore the use of fluorescent nanoparticles as a way to

break the di↵raction limit. This experiment designs and develops a low-tech and inexpen-

sive setup for imaging objects that are smaller than the di↵raction limit. Much of the work

done in nano-microscopy has involved high-tech equipment and advanced experimental
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CHAPTER 1. INTRODUCTION 5

setups. There is further research to be done to make sub-di↵raction limit imaging more

accessible. This setup will serve as a basis for nanoscale imaging research at Wheaton

College in Massachusetts.

The nanoparticles imaged in this experiment are made of cadmium selenide and are 5.6

nm in diameter, much smaller than the di↵raction limit. Under excitation with a laser, these

particles will absorb the laser light and become excited, causing them to emit fluorescence.

A microscope can be set up to capture this fluorescence on a camera. By using filters to

block the laser light and other outside light, only the fluorescence from the particles will

show up in an image taken by the camera.

Because the particles are smaller than the di↵raction limit, the images of their fluo-

rescence will be blurred. However, each pixel in an image carries a value describing the

intensity of light incident on that pixel. By analyzing these values, the location of the

nanoparticles can be determined. Once images are collected, an image processing tech-

nique is used to refine the images. This process involves subtracting background levels of

signal and reducing the noise in the pixel data. Then, the pixel values within the processed

images are fit to a Gaussian-like curve to determine the region most likely to contain each

particle.

Using nanoparticles is useful because they can be designed for use in imaging biolog-

ical structures. The surface of the particles can be altered using hydrophilic molecules to

introduce carboxylic and amino reactive groups. When injected into a cell or other bio-

logical material, this allows the nanoparticles to disperse more e�ciently as well as bind

to desired structures such as antibodies, peptides, and cancer-specific receptor recognition

molecules (Naccache et al. 2012). The fluorescent properties of the particles can then be

utilized to image the structures that they are bound to. This is often done by overlaying sev-

eral images to ensure that fluorescence from all of the relevant particles can be seen at once.

The small size of the nanoparticles allows them to probe structures that are much smaller

than the di↵raction limit. By developing a method to image and locate the nanoparticles,
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the blurring that occurs when imaging sub-di↵raction limit objects can be corrected. This

process has the ability to reveal structures within cells that cannot be seen with an ordinary

light microscope. There are, however, other methods that exist for breaking the di↵rac-

tion limit. Some are similar to this type of fluorescence microscopy. Others use entirely

di↵erent techniques.

1.2 Electron microscopy

One way to combat the di↵raction limit is to not use light at all. Enter the electron mi-

croscope, which uses a beam of electrons to create an image of the sample. There are two

types of electron microscopes. There is the scanning electron microscope (SEM) and the

transmission electron microscope (TEM). The SEM uses a beam of electrons that scans

over a sample to produce a three-dimensional image of the surface topology of a sample.

This is done by detecting electrons that are scattered o↵ of the surface as well as secondary

electrons that are given o↵ by the surface (Roane and Pepper 2015). In a TEM, electrons

are passed through a sample. As they pass through, some of the electrons are absorbed by

the sample. Detecting the electrons that make it through forms the image (Roane and Pep-

per 2015). This technique is often used to image internal cell structures in fine detail. Using

electrons to break the di↵raction limit is successful because electrons have a much shorter

wavelength than photons. Electron microscopes can therefore achieve magnifications of up

to one million times (Roane and Pepper 2015)!

Images in electron microscopy, however, are somewhat di�cult to obtain. Samples are

harder to set up requiring dehydration and fixation in aldehyde as it is required that the

sample is in a vacuum during imaging. In a TEM the sample preparation is even more

involved. The samples need to be extraordinarily thin in order for electrons to pass through

it. A diamond knife is therefore used to cut sections that are approximately 90 nm thick

(Roane and Pepper 2015). Because of this, this type of microscopy is impossible on living
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cells (de Lange et al. 2001). It is also harder to correct aberrations due to the inability to

add lenses to the internal optics (Roane and Pepper 2015). There is an interest in avoiding

these di�culties by using light microscopes to obtain quality images at a lower level of

technology. These techniques are less invasive, can be used on living cells, and even detect

signals quicker.

1.3 Super-resolution optical microscopy

One of the big players in sub-di↵raction limit microscopy using light microscopes today is

Stefan Hell of the Max Planck Institute for Biophysical Chemistry. One of the techniques

that he developed is stimulated-emission-depletion (STED) fluorescence microscopy. This

method takes advantage of the energy levels of fluorophores to isolate desired fluorescence

within a sample. In STED imaging, a laser is used to excite the fluorophores initially.

The light intensity distribution at the focal point is described by a point spread function,

which determines the resolution of the image. One way to refine this image is to eliminate

the fluorescence on the outer regions of the focused light, e↵ectively narrowing the point

spread function (Hell and Wichmann 1994).

A second laser beam called the STED beam is introduced to perform this task. The

beam is split into two so that its areas of incidence overlap the outer regions of the point

spread function. A diagram of the STED setup can be seen in Figure 1.1. The STED

beam acts to deplete the excited states of fluorophores in these outer regions by inducing

stimulated emission. This occurs before fluorescence can occur from the molecules in the

outer regions, so that only the fluorescence in the center of the excited region contributes

to the signal (Hell and Wichmann 1994). Using pulsed lasers with pulses much shorter

than the lifetime of the excited state, the stimulated emission photons and the fluorescence

photons can be separated so that there are instances where only the fluorescence photons

coming from the center of the focal point are present. Doing this ensures that the stimulated
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emission photons do not contribute to the image. The pulses are delayed such that the STED

pulse arrives at the sample as soon as the excitation pulse has left (Hell and Wichmann

1994). The break in between pulses also ensures that the excited state is not being populated

while stimulated emission is taking place (Hell and Wichmann 1994).

Figure 1.1: This figure shows a diagram of the STED beam setup as it was used
by Hell and Wichmann (1994). A laser initially excites an area of fluorophores as
shown in the point spread function on the right. Then the STED beam depletes the
excited state via stimulated emission in the outer regions indicated by the functions
overlapping the initial point spread function which narrows the region that will show
fluorescence.

It is important to note, that while STED imaging provides an increase in the resolution

of an image, as the resolution increases, the maximum signal decreases (Hell and Wich-

mann 1994). Depleting the excited state reduces the amount of fluorescence overall. It

was found that by increasing the resolution of an image by a factor of three, the signal

strength is 25% of that obtained from a classical microscope (Hell and Wichmann 1994).

Nonetheless, by reducing the extent of the point spread function of fluorescence intensity,

STED imaging is able to generate and resolve images of translucent specimens on a scale

of 35 nm. The STED microscope has proved to be a very e↵ective tool for breaking the

di↵raction limit.

An example in which STED is applied is the study of cell membrane dynamics. STED

has been used to image fluorescence of molecules di↵using across cell membranes. Pro-

teins of interest are labelled with fluorescent dyes to be able to distinguish them. When



CHAPTER 1. INTRODUCTION 9

inducing fluorescence and taking images, studying the bursts of fluorescence seen indicates

when molecules are di↵using and when they are stationary on the membrane (Eggeling et

al. 2009).

Another way to combat the di↵raction limit is by breaking the sample up into areas

smaller than the di↵raction limit and then piecing together information independently gath-

ered on each one. To do this, a scanning technique is used. In this type of imaging, infor-

mation is gathered on a small section of the sample at a time and then all of the small

sections can be pieced together to form an image. One way this is done is through atomic

force microscopy (AFM). AFM utilizes a sharp probe that scans over the surface to gain

information on its topology. The probe taps the surface repeatedly and the amplitude of the

tapping is altered by the height of the surface (Putman et al. 1994). While this technique

can produce a high-resolution topographical image of a surface, it is hard to di↵erentiate

between di↵erent areas and chemicals of the surface. Therefore, the usefulness of AFM

when studying cells is limited (de Lange et al. 2001). There have been several attempts to

improve AFM, including combining it with fluorescence resonance energy transfer (FRET).

In FRET, energy is transferred from an excited dye to an acceptor dye to cause fluorescence

contrast between the acceptor dye and the image background. This can be applied to AFM

by attaching an acceptor dye to the end of the probe tip. A donor dye within the sample

is then excited and energy is transferred to the tip causing emission in the acceptor dye

(Vickery and Dunn 2001). This allows for contrast between di↵erent chemicals that may

be present on a surface within a cell.

Techniques in scanning microscopy were improved upon using a concept first proposed

by Dieter W. Pohl et al. in 1984 before AFM was used. This technique involved scanning

an object with a very narrow aperture. They found that with 488 nm radiation, details on the

scale of 25 nm could be resolved (Pohl et al. 1984). This design led to the development of

near-field scanning optical microscopy (NSOM). This technique works similar to AFM, but

the sharp probe takes the form of an optical fiber. The probe has a 20-120 nm aperture on
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the end which confines incident light to an area much smaller than the di↵raction limit (de

Lange et al. 2001). The light emitted from the end of the probe is mainly an evanescent field

which does not reach more than 100 nm beyond the end of the probe (de Lange et al. 2001).

The region reached by this field is what is known as the near-field. As the probe scans over

the region, it excites fluorophores within the near-field and the fluorescence from these

are captured using traditional optics. A typical NSOM layout can be seen in Figure 1.2.

This design ensures that the image resolution is dependent only on the size of the aperture

on the probe rather than the wavelength of the excitation beam (de Lange et al. 2001).

Because the light used to excite the fluorophores is confined to a small region, only a small

region fluoresces at a given time. This small region of excitation also improves resolution

when imaging cells because it reduces the amount of background fluorescence from the

cytoplasm. NSOM can therefore used to detect individual molecules on the membranes of

cells (de Lange et al. 2001).

Because the NSOM probe utilizes an evanescent field to excite fluorophores, there is a

need to control the distance between the end of the probe and the top of the surface that the

probe scans in order to keep the fluorophores within the near-field. To do this, the probe

oscillates laterally. The oscillations are dampened as the probe nears the surface of the

sample. By measuring this feedback loop, the distance between the end of the probe and

the sample can be maintained at less than 10 nm. The signal itself can be used to gather

information about the topography of the surface like the map generated in AFM. What

makes NSOM unique is that it creates a corresponding fluorescence map so that there is

contrast between the di↵erent molecules being imaged (de Lange et al. 2001). Figure 1.3,

from de Lange et al. (2001), shows an example of this type of single molecule detection

using this technique.

Richard D. Schaller et al. (2002) did further work with NSOM on the basis that non-

linear responses from samples can be much higher in magnitude. They found that it is

useful to generate harmonics of the specific stains used to image specific organelles. The
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Figure 1.2: This figure shows the NSOM design. On the left is a setup diagram
showing the optical fiber probe that scans across the sample while the image of
the fluorescence induced is captured by detectors on the opposite side. On the
right is a closeup of the probe from de Lange et al. (2001) showing the hole
through which the laser travels. Right image taken from de Lange et al. (2001):
https://jcs.biologists.org/content/114/23/4153.short

second harmonic generation (SHG) of the dyes was able to provide contrast based on the

di↵erent chemicals present (Schaller et al. 2002). Using the third harmonic generation

(THG), they were also able to select di↵erent chemicals to image as well as select for the

environment in which the chemicals sit. They were also able to test the utility of THG for

far-field imaging finding that far-fields could be viewed as a bulk measurement (Schaller et

al. 2002).

While NSOM is able to produce high resolutions by illuminating only a small area

of a sample, it can be fairly invasive when trying to image cells. Michael J. Rust et al.

(2006) at Harvard University developed a method of fluorescence microscopy that employs

the same idea but without the invasive-ness. The technique is called stochastic optical

reconstruction microscopy (STORM) and it operates by inducing fluorescence in dyes, but

only in a fraction of the dye molecules at a given time. Several images are taken, each
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Figure 1.3: From de Lange et al. (2001), (A) shows an image taken using the
NSOM technique. The colors show the orientation of green fluorescent proteins
that have been imaged. The area marked by a hexagon is used to create the graph in
(B) by counting the number of proteins present as a function of distance to show the
width of the structure. The estimated resolution of the image is taken to be half of
the full width of the graph at half of the maximum, which is on the order of 40 nm.
From de Lange et al. (2001): https://jcs.biologists.org/content/114/23/4153.short

with di↵erent molecules turned on so that each one is resolvable from the rest. Then the

images are put together to view the entire set of fluorophores at once (Rust et al. 2006).

This process of only inducing fluorescence in a subset of the fluorophores at once reduces

the noise in the data, and the positions of each molecule relative to the others can be seen.

STORM imaging has been able to resolve molecules on the order of 20 nm (Rust et al.

2006).

In order to get only certain molecules to fluoresce at a given time, they needed to de-

velop a switch mechanism for turning the molecules on and o↵. To do this, they utilized

a cyanine dye, Cy5. By exposing Cy5 to a red laser pulse, they were able to convert

the molecules to a stable dark state in which they did not fluoresce. Exposure to a green

laser pulse converts Cy5 back to a fluorescent state. However, the rate at which the Cy5

molecules switch back to their fluorescent state depends on how near they are to a sec-

ondary dye Cy3. This is how the switch happens. By altering the presence of Cy3 dye the

specific Cy5 molecules that get turned back on to their fluorescent state can be controlled

(Rust et al. 2006). This cycle, depicted in Figure 1.4, can be induced hundreds of times
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Figure 1.4: This figure from Rust et al. (2006) shows the cycling of the cyanine
dye switches in STORM imaging. The top image (a) shows first the switches being
deactivated by a red laser pulse and then certain switches are turned on each time
there is a green laser pulse until all of the switches have been swtiched on and
o↵. The bottom image (b) shows the intensity cycle of a single switch over time.
Zooming in, it can be seen that the intenisty spikes every time there is a green laser
pulse. The red and green striped bar indicated the color of the pulse that correspond
to the shape of the graph.

by switching the laser pulses before the Cy5 dye becomes photobleached and no longer

fluoresces (Rust et al. 2006).

The fluorescence from each dye molecule that is imaged gives a point spread function

describing its location, much like the fluorophores used in the STED method. The point

spread function from each is fit to a Gaussian curve to further narrow down the location of

the switch (Rust et al. 2006). To test the utility of this type of microscopy, Rust et al. were

able to label a DNA strand with switches and image the position of each over time. By

combining the images, they were able to accurately determine and distinguish the position

of each switch when they were just 46 nm apart as shown in Figure 1.5 (Rust et al. 2006).
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Figure 1.5: Examples of STORM images from Rust et al. (2006). The top image
(a) shows two switches attached to a DNA strand 46 nm apart. The positions are
marked over time via successive images with plus signs forming clusters. the center
of mass of the clusters are marked with red dots. The two clusters can clearly be
distinguished from each other. Scale bar: 20 nm. Image (d) shows two raw images
on top taken of circular plasmid DNA with switches attached. The positions of the
switches are marked again over time to show the detailed shape of the structure.
Scale bar: 300 nm

STORM is able to be used in general biological imaging because it gives the advantage of

being able to determine the location of a large number of switches by cycling through their

on and o↵ phases (Rust et al. 2006).

Another technique that is similar to STORM was worked on extensively by Samuel T.

Hess et al. (2006) at the University of Maine in Orono. This method, called photoactivation

localization microscopy (PALM) (or, interchangeably, fluorescence photoactivation local-

ization microscopy (FPALM)), is related in that single molecules are able to be located by

only having a certain subset fluorescing at a given time. Instead of dye molecules, photoac-
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Figure 1.6: This figure from Hess et al. (2006) shows the cycle of GFP fluorescence
in PALM imaging. In (A), the region illuminated by the argon ion laser is shown.
(B) shows the extent of the 405 nm laser beam used to turn on the GFPs. In (C) and
(D) some of the GFPs become activated indicated by the green dots and are able to
be localized. In (E) the GFPs that were on become photobleached (red Xs) and in
(F) they are no longer able to be switched back on (black dots). (G) shows the setup
where both laser beams are directed through the objective lens and onto the sample
which is imaged using a CCD camera.

tivatable green fluorescent proteins (PA-GFP) are switched on and o↵ to produce a series

of images.

To create images using PALM, Hess et al. (2006) continuously exposed PA-GFPs to

an argon ion laser referred to as the “readout light.” The PA-GFPs begin in a dark state in

which they do not fluoresce. A 405 nm diode laser beam was then turned on which caused

some of the inactive molecules to become active. Once active, the PA-GFPs fluoresce under

the argon ion laser (Hess et al. 2006). After a su�cient amount of radiation from each of

the molecules is collected, they are removed either by permanent photobleaching or they

are turned o↵ by the 405 nm diode laser. This cycle is depicted in Figure 1.6.

Several PALM images are taken as a function of time showing when each of the PA-

GFPs are turned on and o↵. Examples of these images are shown in Figure 1.7. The number

of active PA-GFPs at a given time is small enough that they are spread out and able to be

distinguished from one another like the individual dye molecules in STORM. By localizing

each of the molecules in this way, a high-resolution image can be created by compiling data
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Figure 1.7: Examples of PALM images from Hess et al. (2006). (A) is a single
frame taken of a sample with PA-GFPs fluorescing (shown by bright white regions).
Photos (B) through (D) show three successive frames in the same series of images.
In (C) the GFP within the white box is on while in (B) and (D) it is o↵ demonstrating
the switch behavior of the PA-GFPs.

from the series (Hess et al. 2006). PALM can be used to image cells with local precision on

the order of tens of nanometers. The PA-GFPs can be collected on relevant structures and

a profile of the number of molecules detected as a function of distance can be created to

measure the width of the structures. This is done by fitting a Gaussian model to the profile

(Hess et al. 2006). The resolution reached was confirmed by testing PALM in congruence

with AFM to see if they revealed the same information (Hess et al. 2006). Both STORM

and PALM were found to be straightforward approaches to imaging structures in 2D.

1.4 Comments

The experiment done here fits in with this presented research because it uses similar tech-

niques while simplifying the process. In STED, NSOM, STORM, and PALM, increased
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resolution is obtained by manipulating fluorescence from the sample using di↵erent tech-

niques. The fluorescence from molecules within the sample is captured using clever tech-

niques to isolate structures of interest. Our experiment utilizes fluorescence, but in a dif-

ferent way, using nanoparticles in place of fluorophores and green fluorescent proteins.

Spreading out the nanoparticles by lowering their concentration make them easier to lo-

calize. Many of the methods presented utilize a CCD (cooled coupling device) camera to

capture images much like the one used here. The pixel values generated in an image of the

particles are related to the point-spread function describing the intensity of the particles’

fluorescence in the focal plane. Fitting a Gaussian model to these point-spread functions

will serve to narrow down the region in which each particle sits. What is developed here

will serve as a simpler method for Wheaton students to achieve sub-di↵raction limited im-

agery. Pulsed lasers, electron microscopes, nanoscale probes, and photoactivated switches

are not accessible in some situations. This will provide an alternative method for imaging

structures on the nanoscale.



2 Theory

2.1 The Di↵raction Limit

The di↵raction limit arises because all light waves coming from a point source di↵ract

and spread out infinitely. A lens in front of a point source can never capture all of the

information coming from it. Large objects can be resolved because the light that comes

from them doesn’t di↵ract as much and lenses can capture enough of the light to form an

image. But with small objects this is not the case. The light spreads out further than what

the lens can capture and not enough information can be gathered to form the image (Hecht

2002). Given that the topic of this theis involves microscopy that breaks the di↵raction

limit, it is important to review some aspects of di↵raction theory. The following derivation

from Eugene Hecht (2002) and Ling, Loyola, and Moebs (2017), shows why the di↵raction

limit exists.

In this example, a point source of area dS emits light in a circular aperture of radius

a as shown in Figure 2.1. The aperture sits in the y-z plane and is defined by the aperture

function A(y, z). The point dS sits a distance ⇢ from the origin at an angle of � from the

z-axis.

The emission from dS is captured on a screen that sits in a separate (capital) Y-Z plane

a distance X away from the aperture. What is of interest is the intensity of the electric field

at a point P on this screen due to the source dS . The point P is defined to be a distance q

from the origin and is at an angle � from the Z-axis. The distance from dS to P will be

defined as r and the distance from the center of the aperture to P will be defined as R. A

diagram of this framework is shown in Figure 2.1.

18
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Figure 2.1: A diagram of the aperture and screen involved in the derivation. The
circular aperture has radius a. We are interested in finding the light intensity at point
P due to the point source dS .

The electric field at point P due to dS is defined as

dE =
✏A
r

ei(!t�kr) (2.1)

where ✏A is the strength of the field per unit area, ! is the angular frequency of the wave,

and k is the wave vector of the wave (Hecht 2002). The factor of 1
r is included because the

field intensity decays by a factor of 1
r2 and the intensity is the square of the electric field.

Defining R and r by their coordinates, they are expressed as

R =
h
X2 + Y2 + Z2

i 1
2 (2.2)

and

r =
h
X2 + (Y � y)2 + (Z � z)2

i 1
2 (2.3)



CHAPTER 2. THEORY 20

Expanding Equation (2.3), r becomes

r =
h
X2 + Y2 � y2 � 2Yy + Z2 + z2 � 2Zz

i 1
2 (2.4)

or by grouping terms:

r =
h
X2 + Y2 + Z2 + (y2 + z2) � 2(Yy + Zz)

i 1
2 (2.5)

From Equation (2.2), R2 can be substituted into Equation 2.5 for (X2 + Y2 + Z2). Factoring

out the R2, the equation for r becomes

r = R
"
1 +

y2 + z2

R2 � 2
Yy + Zz

R2

# 1
2

(2.6)

If the aperture is small and R is much greater than the distances y and z, the middle term in

the brackets will be nearly zero and it can be neglected. Then the equation is of the form

(1 � x)n where x = 2Yy+Zz
R2 and n = 1

2 . For small x, the binomial approximation can be used

where (1 ± x)n ⇡ 1 ± nx. Using this, the equation for r can be simplified to

r = R
✓
1 � Yy + Zz

R2

◆
(2.7)

Going back to the equation for the electric field at point P due to dS , the new relation-

ship for r can be substituted into the exponential. The equation then becomes

dE =
✏A
r

ei
⇣
!t�k

⇣
R� Yy+Zz

R

⌘⌘
(2.8)

Breaking up the exponential, this equation is alternatively

dE =
✏A
r

ei(!t�kR)eik
⇣
R� Yy+Zz

R

⌘
(2.9)

To find the total electric field E, Equation (2.9) is integrated over the whole aperture. We

consider the case where the aperture is uniform across the whole region that it covers. In



CHAPTER 2. THEORY 21

other words, A(y, z) = 1 from ⇢ = 0 to ⇢ = a and A(y, z) = 0 everywhere else. The aperture

sits in the lowercase y-z plane so those are the variables being integrated.

E =
Z

dE =
✏A
r

ei(!t�kR)
Z

eik
⇣
R� Yy+Zz

R

⌘
dS (2.10)

The aperture is circular so it is beneficial to convert this integral to polar coordinates. For

the lowercase coordinates we have z = ⇢Cos(�), y = ⇢S in(�). For the uppercase coor-

dinates we have Z = qCos(�) and Y = qS in(�). The di↵erential dS becomes ⇢d⇢d�

and the limits are set to cover the whole aperture of radius a. R can also be used as an

approximation of r and substituted into the coe�cient to give

E ⇡ ✏A
R

ei(!t�kR)
Z �=2⇡

�=0

Z ⇢=a

⇢=0
eik( q⇢

R (Cos(�)Cos(�)+S in(�)S in(�)))⇢d⇢d� (2.11)

Then the trigonometric identity of Cos(�)Cos(�) + S in(�)S in(�) = Cos(� � �) can be

used to get

E ⇡ ✏A
R

ei(!t�kR)
Z 2⇡

0

Z a

0
eik( q⇢

R (Cos(���)))⇢d⇢d� (2.12)

Because the aperture function A(y, z) is a constant, the problem is circularly symmetric.

This means that the electric field will be the same on the screen at a distance q from the

origin for any angle �. To solve the integral, � = 0 is chosen. Within the integrand, we

now have
R 2⇡

0 eik q⇢
R Cos(�)d� which has the form of a zeroth order Bessel function of the first

kind. This function is an oscillating function and is responsible for the di↵raction pattern

created by the point source dS . These functions are defined by

J0(u) =
1

2⇡

Z 2⇡

0
eiuCos(v)dv (2.13)

In the case of this example

Z 2⇡

0
eik q⇢

R Cos(�)d� = J0

 
kq⇢
R

!
2⇡ (2.14)
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Substituting this into the electric field equation, (2.12), we have

E ⇡ ✏A
R

2⇡ei(!t�kR)
Z a

0
J0

 
kq⇢
R

!
⇢d⇢ (2.15)

It is a property of Bessel functions that

d
du

[umJm(u)] = umJm�1(u) (2.16)

By letting m = 1 and integrating both sides, this becomes

uJ1(u) =
Z

uJ0(u)du (2.17)

If u = kq⇢
R , this relationship becomes

kq⇢
R

J1

 
kq⇢
R

!
=

Z a

0

kq⇢
R

J0

 
kq⇢
R

!
d

kq⇢
R

(2.18)

=

 
kq
R

!2 Z a

0
J0

 
kq⇢
R

!
⇢d⇢

This means that Z a

0
J0

 
kq⇢
R

!
⇢d⇢ =

 
R
kq

!2

J1

 
kq⇢
R

!  
kq⇢
R

! �����
⇢=a

⇢=0
(2.19)

and given that J1(0) = 0,

Z a

0
J0

 
kq⇢
R

!
⇢d⇢ =

R
kq

J1

 
kqa
R

!
a (2.20)

Substituting this into Equation (2.15) gives that the electric field can be described as

E ⇡ ✏A
R

ei(!t�kR)2⇡a2
 

R
kqa

!
J1

 
kqa
R

!
(2.21)
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Figure 2.2: The left image shows a plot of an Airy function which is described by
Equation (2.23). The horizontal axis has units of kqa

R and the vertical axis shows the
normalized intensity of the light from the point source. The first zero of the Airy
function falls at 3.832. The right image shows what the function looks like in 3D.
The plots were created in Mathematica.

which is the same as

E ⇡ ✏A
R

ei(!t�kR)2⇡a2
"

J1(kqa/R)
kqa/R

#
(2.22)

The light intensity I is proportional to the square of the electric field. Letting I0 be a

constant, this gives an equation for the light intensity at a point P a distance q from the

origin of the screen of

I = I0

"
J1(kqa/R)

kqa/R

#2

(2.23)

Equation (2.23) is known as an Airy function (Hecht 2002). It is often referred to as

the point spread function and it describes how light spreads out when it di↵racts. Figure

2.2 shows a normalized plot of the Airy function in Equation (2.23). In three dimensions,

it is called an Airy disk. The function oscillates infinitely in every direction, and as a

consequence, no lens can capture the whole pattern. Some of the information always gets

cut o↵. Most of the information, however, lies in the center peak. If this is captured, then

the image can be resolved.

The first zero of the Airy function in Equation (2.23) is at kqa
R ⇡ 3.832. This point will

be denoted as the point where q = q1 because it is the distance from the center of the screen
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Figure 2.3: The lens of radius A is put in place of the aperture and captures the light
from the point source to form an image. The angle ↵ is defined as the half-angle
subtended by the lens.

to the first zero. We therefore have

q1 =
R(3.832)

ka
(2.24)

If the light from the point source travels through open space, the Airy pattern created

will be large and unable to be captured e�ciently. Because of this, a lens takes the place

of the aperture to narrow down the beam and capture the Airy pattern. The lens does this

by causing a phase shift in the signal, making the light converge. In a telescope, the lens

causes the light to converge at the focal length of the lens. In a microscope, it is the source

that sits at the focal length in order for an image to be formed. A diagram showing these

two scenerios can be seen in Figure 2.3. Replacing the aperture of radius a with a lens of

radius A implies that the aperture radius a in Equation (2.24) can be replaced by the lens

radius A. Making this substitution, we now have

q1 =
R(3.832)

kA
(2.25)

The wave vector k = 2⇡
� where � is the wavelength of light coming from the source.
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This can be substituted in to get

q1 =
R�
A2⇡

(3.832) (2.26)

Simplifying with 3.832
⇡ ⇡ 1.22 gives

q1 =
R�
2A

(1.22) (2.27)

Since A is the radius of the lens, 2A is the diameter D of the lens. Using the small angle

approximation so that ✓ ⇡ S in(✓) ⇡ Tan(✓), the angle ✓ that this first minimum occurs at is

equal to q1
R . Substituting this into Equation (2.27) gives

✓ = 1.22
�

D
(2.28)

This is Rayleigh Criterion for the resolution limit of an optical system, which states that

two images are just resolvable if the center of the Airy pattern created by one falls over

the first minimum of the other. The minimum angle at which this occurs is the angle ✓

in Equation (2.28) (Ling et al. 2017). Figure 2.4 shows the situation described by the

Rayleigh Criterion.

Writing ✓ back in terms of the distance apart two objects need to be q1, we have

q1

R
= 1.22

�

D
(2.29)

As seen in Figure 2.3, in order for an image to be formed, the distance R has to be equal to

the focal length of the lens, f . This means that

q1 = 1.22
� f
D

(2.30)

The numerical aperture NA of the lens is defined as nS in(↵) where n is the index of
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Figure 2.4: This diagram shows the Rayleigh Criterion. The two Airy functions
produced by point sources are just able to be resolved because the peak of one sits
over the first minimum of the other.

refraction of the medium that light has to travel through to enter the lens and ↵ is the half-

angle subtended by the lens. This angle is defined in Figure 2.3. Again, using the small

angle approximation, S in(↵) ⇡ Tan(↵) = A
f =

D/2
f =

D
2 f (Ling et al. 2017). Substituting

this expression into Equation (2.30) gives

q1 = 1.22
�

2S in(↵)
(2.31)

Given that the numerical aperture is NA = nS in(↵), this equation is equivalent to

q1 = 1.22
�n

2NA
(2.32)

Equation (2.32) is the equation that describes the smallest size of an object that can be

resolved by a given lens also known as the di↵raction limit. Any object smaller than q1,

in a given system, will have a point spread function that is spread too far to be adequately

captured by the lens, and the object will be blurred.

Later in this thesis, we will be locating the di↵racted images of nanoparticles, which
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Figure 2.5: This shows that a Gaussian model (orange curve) serves as a good
approximation for an Airy function (blue curve). Both plots are normalized. The
Gaussian model used has a standard deviation equal to the first root of the Airy
function divided by ⇡. The plot was created using Mathematica.

are given by the Airy function. Using software, we will attempt to locate positions of

nanoparticles to within a few tens of nanometers. To do this the image of the nanoparticles

on the CCD chip of the camera will be fit to a Gaussian function. The plot in Figure 2.5

shows that, based on its shape, the Gaussian curve can be a reasonable approximation to

the Airy function, especially within the region between the first zeros of the Airy function.

Lenses are limited, and it is therefore the size of the object being imaged that deter-

mines how much information can be gathered by the lens. If the object is smaller than the

di↵raction limit, then there is no lens that will be able to capture enough information to

produce a resolved image. Di↵raction therefore limits the size of objects that can be seen

with a traditional microscopes and presents the problem of interest here.

2.2 Quantum Dots

Contained here is a bit of extra information on the nature of nanoparticles. Nanoparticles

like the ones used in this study are also known as quantum dots. The electron energy levels

within the quantum dots are packed closely together into two separate band of interest.
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The lowest energy band containing electrons when all of the electrons are at their lowest

possible energy is called the valence band. The cluster of energy levels forming a higher

band outside of this is called the conduction band. When a photon is incident on an atom,

an electron can jump from the valence band to the conduction band by gaining energy via

photon absorption (Ronda 2007). When an electron jumps into the conduction band, it is

then allowed to move freely around the material that is sits in. By reducing the size of the

material, there is less space within the object for the electron to move around in (Ronda

2007). If the size of the material is reduced below about 10 nm in diameter, the electrons

become quantum confined. A quantum dot is the result of quantum confinement in three

dimensions (Ronda 2007). Alternatively, the commonly studied potential well is the result

of confinement in one dimension, and confinement in two dimensions results in a quantum

wire.

Quantum dots can be created in a variety of ways but they generally involve being

grown through chemical reactions. The beginning components are initially dissolved in a

liquid. They are then reacted and the resulting quantum dots are no longer soluble in the

liquid (Ronda 2007). To keep the particles mono-dispersed and prevent them from coagu-

lating, they are ”capped” by applying a coating on the outside (Ronda 2007). The resulting

structures are smaller than 10 nm. Larger objects do not display quantum confinement

e↵ects (Ronda 2007).

In a semiconductor, electrons cannot move outside the material in which they sit. Quan-

tum confinement keeps these electrons within a small region. Absorption and excitation

occur at quantized values of incident photon energy (Sellecci 2006). A result of quan-

tum confinement is that the lowest possible kinetic energy of the electrons is higher. This

means that the band gaps will be wider and it will take higher energy photons to excite the

electrons. Luminescence occurs when the electrons fall back their ground state. Generally

there are many photon wavelengths that will bring the electrons up to an excited state but

the emission seen will only correspond to the lowest excited states. This is because elec-
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trons in higher states quickly relax to the lowest excited state before returning to the ground

state (Ronda 2007). The size of the nanoparticles determine how confined the excited states

are within the atoms. Generally, smaller quantum dots have emission that is blue-shifted

compared to larger quantum dots that emit at longer wavelengths in the red region of the

visible spectrum (Ronda 2007).

The quantum dots in this experiment are cadmium selenide nanoparticles. Cadmium

selenide is a semiconductor with a band gap of ⇡ 1.7 eV between the valence band and

conduction band. This corresponds to an emission wavelength of 760 nm but depending on

the size of the quantum dots, emission peaks from 450 nm to 650 nm are possible (Sellecci

2006). The particles used here are a larger variety and have an emission peak in the red

region of the visible spectrum. These will serve as point sources of light when they are

excited with a laser.



3 Methods & Materials

3.1 The Microscope Setup

The goal of this experiment was to use fluorescent nanoparticles as a method for breaking

the di↵raction limit. This was done by imaging the nanoparticles and using that image to

locate nanoparticles on a microscope slide. This experiment was done in room 1336 in the

Mars Center for Science and Technology at Wheaton College in Massachusetts. This room,

a laser lab with no windows, was chosen so that the amount of light in the room could be

easily controlled. The microscope uses a laser to induce fluorescence in Cadmium Selenide

nanoparticles on a microscope slide. An image of the fluorescence from the particles could

be seen on a camera by focusing an objective lens on the sample. It was important that

this experiment was done in as dark a setting as possible to reduce the amount of unwanted

light reaching the camera.

The microscope was set up on and secured to an optical table. For this microscope,

the optical axis was horizontal to the optical table, rather than vertical as in a traditional

microscope. A photo and diagram of the setup can be seen in Figure 3.1.

The sample was set up on a microscope slide and placed on a 3-axis stage. Focusing

was done by manipulating the 3-axis stage to move the the sample closer or further from

the objective lens. The sample could also be moved in the plane in which it sits so that all

areas of the sample could be observed. Figure 3.2 provides a closeup of the stage as well

as the objective lens.

30
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Figure 3.1: Above is a picture of the experimental setup showing the camera (A),
telescope lens with cover (B), sample on the 3-axis stage (C), objective lens (D),
dichroic mirror (E), filters (F+G), and laser (H). Below is a schematic diagram of
the setup viwed from above.
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Figure 3.2: A closeup view of the 3-axis stage and objective lens.

The objective lens used was a 60x magnification lens with a numerical aperture of 0.85.

The numerical aperture, as defined earlier, is a measure of the ability of the objective lens

to gather light and is defined as the index of refraction, n, of the medium through which

light travels to enter the lens multiplied by the sine of the angle formed between the optical

axis and a line drawn from the focal point to the edge of the lens aperture. In this case, light

travels into the objective lens through air which has an index of refraction of n=1. The

lens was placed so that is was almost touching the microscope slide and was about 4 cm in

length.

The camera looking through the objective was attached to a 30cm-long, Astro-Tech

AT72ED telescope lens, the front end of which was placed 19 cm away from the back

of the objective lens. The telescope lens was 9.5 cm in diameter. Figure 3.3 shows the

telescope with a lens cap that was 3D printed for this lens to block out scattered light. The

cover had an inner radius of 9.7 cm so that it fit over the telescope. The cover had a hole, 2

cm in diameter, which allowed the fluorescence from the sample to enter the telescope and

reach the camera. The top of this hole was 5.6 cm from the top of the cover so that it was

on the same level as the objective lens.
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Figure 3.3: Showing the telescope lens with a custom 3D printed lens cap with a
hole for light to enter. Filters were then placed in front if the hole.

In order to direct the laser onto the sample, a dichroic mirror was placed in between the

objective and the camera. The nanoparticles used had a high absorption in the green and

ultraviolet regions of the spectrum and an emission peak from 615 nm to 650 nm in the red

region of the spectrum. For some trials, a green laser emitting a wavelength of 532 nm was

used to excite the particles. The mirror used was a Newport DCM13 dichroic mirror which

reflected > 98% of light with wavelengths from 514 nm to 541 nm and transmitted > 95%

of light with wavelengths from 561 nm to 790 nm (Laser Beam Combiner 2020). This

way, the mirror was able to reflect the green laser beam and transmit the red fluorescence

from the nanoparticles. Figure 3.4 shows a plot of transmission as a function of wavelength

for this mirror. The mirror was about 0.5 cm thick and the center of it was placed 11 cm

from the back of the objective. This was placed at a 45�angle to deflect the laser into the

objective lens. For other trials, a helium cadmium laser emitting light at 325 nm in the UV
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Figure 3.4: This graph from the mirror manufacturer, Newport Corporation (Laser
Beam Combiner 2020), shows the percentage of light transmitted as a function of
wavelength for the dichroic mirror used. This mirror reflects light well between
wavelengths of 514 nm and 541 nm and transmits light well between wavelengths
of 561 nm and 790 nm.

region of the spectrum was used. This laser had a separate dichroic mirror that was used

with it and placed in the same location to perform the same task as the one used with the

green laser.

A BrightLine long-pass fluorescence filter was placed directly in front of the hole in the

telescope lens cover. The filter’s cuto↵ was at 615-620 nm and blocked light with shorter

wavelengths while transmitting light at longer wavelengths. Another BrightLine long-pass

filter was placed in the same holder along with the 615/20 filter which had a cuto↵ of

593 nm. These filters blocked out the 532 nm and 325 nm laser light that made it past

the dichroic mirror and also let through the fluorescence from the nanoparticles. It was

discovered that there was also additional unwanted light coming from the microscope slide

that did not originate from the nanoparticles. This unwanted light had a longer wavelength

than the laser light and was able to pass through the BrightLine filters. This light was

temporarily attributed to low-level fluorescence originating from the microscope slide but
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this was not confirmed. To block this light, an Edmund Optics long-pass filter with a

cuto↵ at 645 nm was placed between the dichroic mirror and the BrightLine filters. These

filters were not anchored to the table so that they could be easily moved to the location

where it would block the most scattered light. All of these pieces were aligned so that the

fluorescence from the sample on the slide could be sent directly back through the dichroic

mirror and the filters, into the telescope, and into the camera.

To direct the laser onto the dichroic mirror, another mirror was used to deflect the laser

on a path perpendicular to the line between the sample and the camera. This mirror was set

up 15 cm from the dichroic mirror. The mirror was set up on a translation stage and was

able to be translated and tilted using micrometers to adjust the trajectory of the laser. The

laser was set up 33 cm from this mirror on a line parallel to the line between the sample

and the camera.

Originally, the laser was set up so that it hit the back side of the sample, as demonstrated

in Figure 3.5, rather than going through the objective lens onto the front of the sample as

is shown in Figure 3.1. This proved to be challenging as it was di�cult to focus the laser

and the objective onto the same spot. Pointing the laser directly at the camera created more

scattered light in the direction of the camera as well, which made it more di�cult to block

all of the scattered light using filters. Directing the laser this way also caused laser light

to hit some of the filters directly. This caused the filters themselves to emit fluorescence,

causing unwanted signal to be picked up by the camera. Directing the laser through the

objective and onto the sample provided a better signal to noise ratio.

The laser used consumed 5 mW of power and emitted green light at 532 nm. Origi-

nally, the laser was battery-powered, using two 1.5 V, AAA batteries. The batteries in the

laser would run out too quickly to complete the experiments, so the laser was modified

by attaching wire leads to the battery terminals and connecting the wires to a low-voltage

power supply. To run the laser, the power supply was set between 2.8 and 2.9 V. This

laser is shown in Figure 3.6. As mentioned, trials were also done using a UV laser that
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Figure 3.5: Initially, the laser was set up so that the beam travelled into the back
of the sample. This design was abandoned in favor of the design in Figure 2.1 to
reduce scattered light.

emitted light at 325 nm. This more powerful laser was also able to excite the particles and

cause fluorescence, but it had drawbacks in that it also caused fluorescence in the solvent

(toluene) that the nanoparticles were suspended in.

The laser was used to excite the nanoparticles, which led to their fluorescence. The

image of the fluorescence was observed on the camera only after filtering out the scattered

laser light from the sample. The goal of this experiment was to capture an image and

use that image to locate the nanoparticles on the slide. The particles are di�cult to locate

precisely by simply looking at the image because of the di↵raction limit. Based on the

specifications of this setup, the di↵raction limit in this scenario can be determined using

Equation (2.32). The average wavelength of light emitted by the particles used is approx-

imately � = 630nm, the numerical aperture of the objective lens is NA = 0.85, and the

index of refraction of air is n = 1. This gives a di↵raction limit for this setup of about 450

nm.
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Figure 3.6: This is the green laser used in the experiment. It uses 5 mW of power
and emits light at 532 nm. The red wires seen are connected to battery terminals
within the laser and are attached to a power supply to run the laser.

3.2 The Camera

The camera in this experiment was attached to the telescope lens. The telescope lens was

used in place of a normal camera lens. This is done by screwing on an aperture in front of

the CCD of the camera and then attaching the aperture to the telescope with a set screw.

The first camera used in these experiments was a Canon EOS 70D. Images were captured

with this camera by using EOS Utility software. This software also has a live video feed so

that the sample on the microscope slide can be viewed in real time. This feature was used

to make sure that the microscope would focus on an object. A slide with a paramecium

on it was used for these tests. Several trials were done imaging nanoparticles with this

camera, but it was not light-sensitive enough to detect nanoparticles at low concentrations,

and therefore was unable to image individual particles.

The main camera used in these experiments, pictured in Figure 3.7, was an SBIG Aluma

8300 camera designed for astrophotography. This camera was able to use the same aperture

that was able to be screwed onto the camera in front of the CCD, and then attached to the
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Figure 3.7: A closeup of the SBIG camera used to image the fluorescence from the
nanoparticles.

back of the telescope using a set screw. This camera runs with MaxIm DL6 software which

captures images on the camera. This program controls the exposure time of the camera

when it is taking a picture. The images captured are .FIT files. When a picture is down-

loaded, the user can view the intensity value of each pixel to see how much light entered

the CCD. The camera uses thermoelectric cooling which is able to bring the temperature

of the camera down to 50�C below ambient temperature. Cooling the camera reduces the

noise captured in a photograph. When the sensor is warm, it only takes a small amount

of energy to activate bits of the sensor which causes noise. The threshhold becomes much

higher if the CCD is cooled (Anthony 2016).

The SBIG camera has a pixel size of 5.4 µm by 5.4 µm and the images taken have

dimensions of 3326 pixels by 2504 pixels (Aluma 8300 2020). To determine the magni-

fication of the system, the camera was used to photograph a micrometer slide placed in

place of the sample. In this image it was found that 1157 pixels covered a length of 50 µm.

This means that each pixel in the image covered 43.2 nm on the sample. This indicates that

the microscope magnifies an image by a factor of 125. Given the di↵raction limit of the
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microscope of 450 nm, the smallest object that is able to be seen clearly on the camera is

10 pixels across. Anything smaller than 450 nm will be blurred out so that it covers the 10

pixels. Given that the nanoparticles used are 5.6 nm in diameter, a single nanoparticle in

an image will be blurred to a diameter of several pixels, and about 8 particles can fit across

a single pixel in an image.

3.3 The Particles

The samples used in this experiment consisted of fluorescent nanoparticles. The particles

were Cadmium Selenide (CdSe) nanocrystals coated with octadecylamine. They are man-

ufactured and supplied by NNCrystal US Corporation. Two di↵erent sets of nanoparticles

were used. The first ones used were Product #CSE600. These particles were each about

4.6 nm in diameter. They have an absorbance peak at 600 nm and high absorbance at less

than about 525 nm. They have an emission peak from 610-625 nm. Eventually the higher

quality BrightLine filters were needed because they did not emit fluorescence when sub-

jected to a laser beam. The BrightLine filters would not let through the fluorescence from

the CSE600 nanoparticles so new nanocrystals with Product #CSE620 were used instead.

Each of these particles is about 5.6 nm across (Cadmium Selenide 2020). These particles

have an absorbance peak at 620 nm and a high absorbance at wavelengths less than about

550 nm (Cadmium Selenide 2020). Their emission peak is from 615-650 nm. The emis-

sion spetrum of these particles, taken in our laboratory, is shown in Figure 3.8. When not

in use, these particles were stored in a refrigerator, as recommended by the manufacturer.

These particles were suspended in toluene which, according to the manufacturer, kept them

relatively monodispersed. The solution was housed in a sealed jar with 10mg of particles

in 5ml of toluene.

Several di↵erent concentrations of the nanoparticle in toluene solution were created

by adding more toluene to the mixture. Di↵erent concentrations were imaged in order to
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Figure 3.8: A graph of the emission spectrum of the CSE620 nanoparticles. The
graph shows the scaled intensity of the fluorescence from the particles as a function
of wavelength of light being emitted.
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see how few particles could still produce a signal that could be detected by the camera.

Ultimately, the goal was to get a concentration low enough that individual particles could

be distinguished on the image.

The particles were prepared on the slide in two di↵erent ways. One method involved

putting a drop of the solution onto a slide and covering it with a coverslip. The particles

were then imaged as they were suspended in the solution. Doing this allowed the particles

to move around, but the particles were likely to be more evenly dispersed throughout the

sample, so that there was a better chance of focusing on a region of the sample where

particles were located. The other method involved putting a drop of the solution on a

slide and spreading it over a known area without covering it. This allowed the toluene to

evaporate leaving only the particles on the slide. This ensured that there were fewer planes

of view containing nanoparticles in which the microscope could focus, so that images were

not showing signatures from particles in planes other than the focal plane.

3.4 General Procedure

With the setup in place, a general procedure was followed for these experiments. The

samples were prepared by using a hypodermic needle to remove 0.2 mL of solution from

the sealed jar. This was mixed with 4 mL of toluene, diluting the initial concentration by a

factor of 20. The 1:20 concentration was then diluted by another factor of 5 by using a 50

µL dropper to mix 100 µL of this solution with 0.5 mL of toluene to bring the concentration

to 100 times more dilute than the original. This was then diluted by a factor of ten two more

times to use samples diluted by factors of 1000 and 104. Given the concentration that the

particles were stored at, these concentrations used were 2 ⇥ 10�6 g/mL and 2 ⇥ 10�7 g/mL.

The nanoparticles themselves have a molar mass corresponding to 1 nmol/mg or 6.02⇥1014

particles per mg. This means that the two concentrations used have approximately 1.20 ⇥

1012 particles per mL and 1.20 ⇥ 1011 particles per mL respectively.
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The SBIG camera was prepared by attaching it to the telescope lens and plugging it into

the computer with the operating software. With the camera connected to the program, it

could then be cooled to -25�C, or 50�C below ambient temperature. Samples were placed

on slides using either the direct method where the particles are covered with a coverslip

and kept in solution or the method where the solvent is allowed to evaporate leaving the

particles on the surface of the slide. Both methods of slide preparation were used to collect

images. The green laser was lined up so that it was directed through the objective by using

the dichroic mirror as is described earlier. Slides were placed individually on the stage

and clamped with stage clips. The room was then made as dark as possible. With the laser

inducing fluorescence in the nanoparticles, the camera was focused on the sample by taking

continuous photos with 1s exposure time. Once the fluorescence was as bright as possible,

the camera could be set to take a single photo with longer exposure. Photos were taken

with exposure times of 5s, 10s, 30s, and 120s for both the wet and dry samples.

Final tests were done using the HeCd 325 nm laser and dry samples of particles on a

piece of quartz instead of a glass microscope slide. This was done in an e↵ort to get a

stronger signal from the nanoparticles to distinguish them from the background noise. The

quartz was used to minimize imperfections in the slide that could be causing unwanted

fluorescence. By doing this, the 645 nm filter was also able to be removed to increase the

signal reaching the camera. A photograph of this modified setup is shown in Figure 3.9.

The images were then analyzed to see if there were any structures that resembled parti-

cles with the expected di↵raction limit considered.
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Figure 3.9: A photograph showing the modified setup using a UV laser. In this
setup, the green laser is removed and a UV laser beam travels from out of the frame
hitting a mirror placed where the green laser used to be. The beam then travels the
same path that the green beam did. The path of the beam is traced with a white line.



4 Results and Data Analysis

In order to get the intended results, the experiment had to be modified several times in order

to best separate the nanoparticles’ fluorescence from all other sources of light. This was

the motivation behind the measures taken to reduce scattered light. To do this, the laser

was directed onto the front of the sample so that the beam was not travelling toward the

camera. Doing this reduced the scattered light by a significant amount but there was still

extra scattering present due to the laser reflecting o↵ of the mirrors, the objective lens, and

the slide. The 3D-printed cover was able to block out almost all of the scattering from

places other than the sample and objective lens. Placing the BrightLine filters directly in

front of the hole in this cover prevented laser light from reaching the camera.

After eliminating scattered light, it was found that there were other sources of light be-

ing detected by the cameras. When doing preliminary tests with arbitrary concentrations

of particles suspended in toluene, the Canon camera, and the 325 nm laser, it was expected

that lowering the concentration of the nanoparticles would decrease the intensity of the sig-

nal. The pictures taken showed that this wasn’t the case. The signal decreased after the first

dilution but did not after a second dilution. To investigate this further, a few pictures were

taken with no sample present. These pictures showed a similar signal to those taken with

a lower concentrated sample. At this stage, the long-pass filters used were Edmund Optics

filters with cuto↵s between 600 and 620 nm. Examining these filters held in front of the

UV laser, fluorescence could be seen coming from the filters themselves. To eliminate this

fluorescence and stop it from interfering with the signal from the nanoparticle fluorescence,

these filters were replaced with the BrightLine filters which did not produce fluorescence

when placed in the path of the laser. It was at this point that the CSE600 nanoparticles were

shelved in favor of the CSE620 nanoparticles so that the fluorescence from the particles was

able to pass through the 615/20 nm cuto↵ of the BrightLine filters.

44
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Continuing these preliminary tests, it was again found that decreasing the concentration

of particles beyond a certain point did not yield a change in the signal strength. To investi-

gate this, a slide with only the solvent toluene was imaged and showed a strong signal that

was reaching the camera. It was concluded that the toluene was emitting in a similar spec-

tral region as the particles after being excited by the UV laser. To combat this, the green

532 nm laser replaced the UV laser. The UV laser was revisited when the quartz slide was

used but only dry samples were imaged so that there was no emission from the toluene.

The SBIG camera was substituted for the Canon camera because it was more light-

sensitive and could detect signals from lower concentrations of particles. While imaging

the samples using the green laser and the BrightLine filters, it was again found that there

was little di↵erence in the signals at low concentrations particularly between diluting the

sample by factors of 1000 and 104. This was the case for both wet and dry samples. To

solve this, an empty microscope slide was imaged exposed to the laser and it was found

that there was still extra light reaching the camera. It was suspected that this extra light

was fluorescence from imperfections in the glass. Imaging the blank slide with several

di↵erent filters, it was found that the fluorescence was able to be blocked with the 645-nm

Edmund Optics filter. This filter unfortunately blocked some of the fluorescence from the

CSE620 nanoparticles, but enough of a signal was still able to be seen when imaging the

nanoparticles using all of the filters.

The images taken were all .FIT images. In this type of image, each pixel is given a value

based on the intensity of the light that it was exposed to. In order to locate nanoparticles in

the image, a Gaussian curve centered on a bright pixel is fit to a region around the bright

peak. An individual nanoparticle was expected to light up an area that looks like a single

bright pixel with the surrounding pixels getting dimmer as the distance from the center

increases. Due to the di↵raction limit, these regions were expected to be about 10 pixels

in diameter. Initially, the images taken were examined by zooming in on the focal region

of the laser and adjusting the scale parameters of the image to see if there were any areas
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resembling pixels. The scale parameters determine which pixels are white, which are black,

and how the gray tones in between should be distributed to the pixels based on the pixel

values. Doing this also helped provide insight into what changes needed to be made to the

setup. Once images were taken that showed good potential signals, they were processed

further so that the particles could be located.

To help find and fit a curve to regions of the image with particles, the images were

processed using AstroImageJ. This program is designed to process .FIT images and helps

to enhance the structures of interest. Some extra data was needed for this process in the

form of dark, flat, and bias images. The dark and bias images were taken with the cam-

era completely covered so that no light would reach the CCD. This was done by putting

electrical tape over the hole in the lens cap. The bias images showed the variability in the

pixel values. They were taken by exposing the camera for the shortest time possible, in

this case 0.1 seconds, while covered. Seven bias images were taken and averaged together

to create a master bias where each pixel took the median value of that pixel in each of the

seven biases. The dark images are also images taken with the camera covered but the darks

were taken with exposure times corresponding to those used when imaging the nanopar-

ticles. Seven dark images were then taken for each exposure time used in the experiment

(1s, 10s, 30s, 120s). The master dark images for each exposure time were created by first

debiasing them, subtracting the master bias from each dark, and then combining them us-

ing the median value for each pixel as done with the master bias image. This shows what

the background of the images looks like at each exposure time with no light present. Then

a master flat was created to consider the variability in each pixel when it is illuminated. A

flat image is one in which every pixel is illuminated uniformly. This was done by removing

the camera from the telescope and placing it face down on top of a light board. Seven

images were taken with a 1s exposure time. Each of these images were debiased and then

normalized by the mean pixel value of each image so that the average pixel value of the

master flat would be 1. The normalized flats were then combined, again using the median
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pixel values, to create the master flat image.

The nanoparticle images were then processed by first, debiasing each image to reduce

the overall noise in the image. Then the pixels of the master dark image were subtracted

from each nanoparticle image to bring the background of the image, where there is no

signal, down as close to 0 as possible. Then each pixel was divided by the corresponding

pixel in the master flat to reduce the noise in the signal of interest. The e↵ects of processing

are shown in Figure 4.1.

Once the images were processed, they were individually imported into Aperture Pho-

tometry Tool (APT). APT is a program often used for astronomical imaging that creates

Gaussian models that cover a region of a .FIT image. The images were again scanned

while adjusting the scale parameters to find areas where the signal indicated an isolated

particle was in the area. Once an area was found, an aperture was fit to the region. The

aperture was kept circular and the major radius of the aperture, indicated by the red circle

in the following figures, was set to 2 pixels so that it contained only the brightest pixels in

the region. Then, an outer radius, indicated by the blue and pink crosshairs in the following

figures, was set so that it contained as large a region as possible with with no other peaks in

the region. This was done in an e↵ort to isolate individual particles while keeping as many

as possible to use when fitting a model. Once this was done, a Gaussian model was fit to

the region to graph the intensity of each pixel as a function of distance from the center of

the aperture.

All graphs shown in the following figures were obtained using this method in APT. The

graphs show a plot of the pixel values in the region as a function of the distance from the

center of the aperture. The model fit to each plot is an equation of the form

S (r) = A + Br +Cr2 + Dr3 + Er4 + Fexp(�r2/(2�2)) (4.1)

Where S (r) is the surface brightness, or pixel value, r is the distance from the center of the
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Figure 4.1: The four pictures above show the e↵ects of image processing. They all
show samples at the 2 ⇥ 10�6g/mL concentration. The top images are samples in
toluene exposed to the green laser for 120 seconds and the bottom images are dry
samples on a quartz slide exposed to the UV laser for 30 seconds. The left images
are the raw images straight from the camera and the right images show the same
images after they have been processed. By processing the images, the background
becomes dimmer and the noise in the signal is reduced. Each set of images is shown
with the same scale parameters to accurately show the di↵erence in brightness. For
the size scale, each image covers an area about 143.7 µm wide and 108.2 µm tall.

aperture in pixels, � is the standard deviation of the curve that minimizes its �2 value, and

A, B,C, ... are constants. The full width at half-max (FWHM) of the curve gives the region

where the particle is most likely to be.

It is important to note that in these images, many of the bright pixels were close together

and hard to fit to this model. If there were multiple bright points within a few pixels of each

other, the model would contain more noise due to the presence of too many nanoparticles

fluorescing. Not all of the regions of the images had areas where single signals could be

isolated. As a result of this, only the regions where the cleanest models could be fit were
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picked to study further.

The pictures di↵ered mainly in the di�culty of finding regions that represented parti-

cles. Looking in the focal region of the laser beam within the images, the center is usually

more washed out, and there are more distinguishable points in the periphery. Most of the

points found, therefore, were on the edges of the laser beam’s focal region.

Each of the figures showing the particles, contains a zoomed in image of the region

containing the particle. The aperture is laid over the center of the pixel with the peak value

in the region, which indicates that this is the center of the region where there is likely to

be a particle. Note that each square in the image is a pixel and covers an area about 43.2

nm across. The color of each image is set so that the peak pixel is completely white and

any pixel close to zero is completely black. Pixel values in between are shades of grey with

lower values being darker and higher values being lighter. Next to the image is the plot of

the pixel value as a function of the distance from the center of the aperture. The light blue

points show the actual pixel values while the dark blue curve shows the shape of the model

fit to the data. The FWHM of the dark blue curve indicates that the particle is most likely

to be in a region with that width centered about the center of the center particle.

4.1 Results From the Green Laser Setup

The first images examined were obtained using the green laser. At the 2 ⇥ 10�6g/mL con-

centration and 30 second exposure time, many of the peaks were close together making

them di�cult to model. Ideally, there should also be more contrast between the peaks and

the background of the image. Two of the more defined points found in an image of a wet

sample are shown in Figure 4.2. For the top particle, call it particleA, the peak pixel value

is 87 and the FWHM of the model curve is 1.20 pixels. This indicates that the particle is

likely within a region 1.20 pixels or 51.8 nm wide about the center of the peak pixel. Par-

ticle B has a peak value of 92 and a FWHM of 0.56 pixels or 24.2 nm so it can be located
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with more precision.

Figure 4.2: Shown here are images and plots for particles A and B from a wet
sample concentrated at 2 ⇥ 10�6g/mL and exposed for 30s. The model for A has a
FWHM of 1.20 pixels while the model for B has a FWHM of 0.56 pixels.

Increasing the exposure time to 120s for the same sample yielded higher peaks with

more contrast from the background. However, the center of the laser beam’s focal region

was more washed out due the high concentration of particles. The higher peak pixel values

made it slightly easier to fit models to the points but it was also more challenging because

there were more high pixel values in any given region. Figure 4.3 shows two particles, C

and D that were taken from an image of a wet sample and particle E from a dry sample.

Particles C andD had FWHMs of 0.26 and 1.08 pixels or 11.2 nm and 46.7 nm respectively

while particle E had a FWHM of 0.99 pixels or 42.8 nm.
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Figure 4.3: Samples concentrated at 2 ⇥ 10�6g/mL and exposed for 120s. Particle
C carries a peak pixel value of 138 and a FWHM of 0.26 pixels. ParticleD carries a
peak pixel value of 136 and a FWHM of 1.08 pixels. Particle E, from a dry sample,
carries a peak pixel value of 113 and a FWHM of 0.99 pixels.

Keeping the same exposure time of 120s but reducing the concentration to 2⇥10�7g/mL

produced images where the peaks were more isolated. The drawback to this was that the

peak pixel values decreased and most were not high enough to distinguish them from the

noise still left in the image.
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Figure 4.4: Images of a 2 ⇥ 10�7g/mL sample exposed for 120s. Particle F , from
a wet sample, carries a peak pixel value of 92 and a FWHM of 0.68 pixels. Particle
G, from a dry sample, carries a peak pixel value of 88 and a FWHM of 0.45 pixels.
Particle H , from a dry sample, carries a peak pixel value of 81 and a FWHM of
1.50 pixels.

A few reasonable results were obtained but caution was taken to make sure that the points

found were within the focal region of the laser beam. The backgrounds of these images

were very nearly zero but there were some stray points on the edges that were as high

as the peaks within the focal region. To distinguish potential particles from these stray

points, points were found that had surrounding pixels that were higher than the general
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background. The peaks on the edges of the image had no such pixels surrounding them.

Figure 4.4 shows three of the particles located from these images. Particle F is from an

image of a wet sample and has a FWHM of 0.68 pixels or 29.4 nm. Particles G and H

were from a dry sample and had FWHMs of 0.45 pixels (19.4 nm) and 1.50 pixels (64.8

nm) respectively.

4.2 Results From the UV Laser Setup

By using a piece of quartz as a microscope slide, there was less unwanted light captured

than when the glass slide was used. It was suspected that this was because quartz has

fewer imperfections within it than glass. As a result, the 645 nm filter could be removed.

Removing the filter allowed a greater percentage of the fluorescence from the nanoparticles

to reach the camera which raised the peak pixel values in the image. Using the stronger

UV laser also induced more fluorescence in the nanoparticles which also contributed to an

increase in brightness. Note that using the UV laser necessitated dry samples to avoid extra

fluorescence from the toluene solvent. The center of the focal region of the laser beam was

more washed out in these images so looking for particles on the periphery of this region

was a must.

For the 2 ⇥ 10�6g/mL sample exposed for 30s with the UV laser, the peak pixel values

were much higher and easily distinguished from the background. They were, however,

clustered like in the images of the same sample under the green laser. Figure 4.5 shows

particles I, J , and K which, for their models, gave FWHMs of 0.82 pixels or 35.4 nm,

0.26 pixels or 11.2 nm, and 0.28 pixels or 12.1 nm respectively. This sample provided

fluorescence so intense that exposing this sample for 120s completely washed out the laser

beam’s focal region within the image. It was impossible to find individual particles in the

presence of this intense fluorescence.
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Figure 4.5: Images of a 2⇥10�6g/mL sample exposed for 30s on a quartz slide with
the UV laser. The images had much higher peak pixel values with particle I having
a peak value of 348 with a FWHM of 0.82 pixels, particle J having a peak value of
409 and a FWHM of 0.26 pixels, and particle K having a peak value of 368 and a
FWHM of 0.28 pixels.

Reducing the concentration to 2 ⇥ 10�7g/mL allowed individual pixels to be isolated

more easily. Furthermore, by using the more intense laser, the peak pixel values were

comparable to those found with the higher concentrated sample. This image provided the

best results of this study. The particle regions studied had model widths similar or better

than those presented already and these regions were easier to find than in the other images.
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Figure 4.6 shows three paricle regions that were taken from this image. Particle L has

a peak pixel value of 405. The model fit to its plot has a FWHM of 0.28 pixels or 12.1

nm. ParticleM’s peak value is 415 and its model has a FWHM of 0.26 pixels or 11.2 nm.

Particle N has a peak value of 402 and is modelled with a curve with a FWHM of 0.78

pixels or 33.7 nm.

Increasing the exposure time to 120s for the same sample again provided more washed

out results. However, the reduction in concentration made it possible to still find nanopar-

ticles in the periphery of the focal region of the laser beam. These points all had much

higher peaks than in any other image but were harder to fit models to because the focal

region of the laser beam was more washed out. Figure 4.7 shows two of the nanoparticles

found from this image that were modelled well. Particle O had a 2184 peak value and a

FWHM of 0.26 pixels or 11.2 nm while particle P had a peak value of 2208 and a FWHM

of 0.87 pixels or 37.6 nm.

In attempts to image samples at concentrations lower than 2 ⇥ 10�7g/mL, the fluores-

cence was much dimmer and hard to focus onto an image. It was also found that, using the

green laser and a glass microscope slide, exposure times longer than 120s allowed extra

fluorescence not caused by the sample to reach the camera regardless of whether the 645

nm filter was present or not. It is because of these factors that the concentration of the par-

ticles and exposure time for the camera were not taken further than they were in attempts to

get images where particle regions could be seen more clearly. Presented are the best results

that were able to be obtained with the methods that were used.



CHAPTER 4. RESULTS AND DATA ANALYSIS 56

Figure 4.6: Images of a 2⇥10�7g/mL sample exposed for 30s on a quartz slide with
the UV laser. The images had high pixel values as in Figure 4.5 but the peaks were
more isolated, easier to find, and easier to model with a Gaussian curve. Particle L
has a peak value of 405 with a FWHM of 0.28 pixels, particleM has a peak value
of 415 and a FWHM of 0.26 pixels, and particle N has a peak value of 402 and a
FWHM of 0.78 pixels.
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Figure 4.7: Images of a 2 ⇥ 10�7g/mL sample exposed for 120s on a quartz slide
with the UV laser. The images had focal regions that were more washed out than
with the 30s exposure which made it harder to isolate and create a model for the
region. Two of the best results from this image are presented here. Particle O has a
peak value of 2184 with a FWHM of 0.26 pixels and particle P has a peak value of
2208 and a FWHM of 0.87 pixels.



5 Discussion

The results presented in this study provide an interesting look at nanoscale microscopy.

The goal of this experiment was to design a method for imaging structures smaller than the

di↵raction limit that is relatively low-tech, inexpensive and e↵ective for use at Wheaton

College. This experiment develops a basis for using fluorescent nanoparticles exposed to a

laser to locate objects on the nanoscale. In no way has this technique been perfected, but

this study provides a framework for future setups and improvements. The results here hint

at this method’s potential for imaging structures that are smaller than the di↵raction limit.

Discussed here are the results of the experiment, potential improvements to be made to the

experiment, and suggestions for how to apply this research in other experiments involving

microscopy.

Each variation on the setup used had some noted advantages. Contrasting the two lasers

used, the green laser did not induce any noticeable fluorescence from the toluene used to

suspend the particles where the UV laser did. Because of this, it could be advantageous to

use a visible light laser when imaging samples that have to be in a solvent or are around

other organic molecules. The higher intensity UV laser was able to induce more fluores-

cence from the nanoparticles. This could be due in part to the increased intensity of the

laser or it could be that the nanoparticles are better absorbers at 325 nm. This raised the

pixel values in images where the sample was exposed to the UV laser. It would be inter-

esting to take images of a sample exposed to a higher intensity green laser to see how they

compare to the results already presented. However, as mentioned by Rust et al. (2006),

high intensity lasers should be used with caution as they may damage biological samples.

The type of green laser used here may be more beneficial in this regard as it will cause less

damage to a specimen of interest.

Looking at the two types of microscope slides used, the quartz showed less extra flu-

58
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orescence coming from sources that were not nanoparticles. Quartz is beneficial because

it has fewer impurities in it than glass, and thus fewer potential sources of extra fluores-

cence. The quartz “slide” used was not actually a microscope slide at all. Before it was

repurposed, it was a window from a vacuum chamber in the lab. This is because quartz

microscope slides are harder to come by and are more expensive than glass ones. Glass

microscope slides could be made more e↵ective in this setup by using nanoparticles that do

not emit at similar wavelengths as the impurities in the glass so that the extra fluorescence

can be filtered out without reducing the signal from the nanoparticles.

Finally, contrasting the two sample preparation methods, keeping the nanoparticles sus-

pended in toluene kept them well dispersed and ensured that there were always particles

within the focal region of the laser beam. It also created more focal planes within the sam-

ple that could be focused on. Fluorescence from other focal planes could show up faintly in

the plane being imaged which could raise the pixel values in the image and make it harder

to locate an individual nanoparticle. To reduce the contribution of fluorescence from planes

other then the focal plane the microscope could be redesigned to be a confocal microscope.

By letting the toluene evaporate creating a dry sample of just nanoparticles, all of the

nanoparticles lay in the same focal plane. There are no particles in other planes that could

possibly contribute to the fluorescence seen in the images. It appears that when this hap-

pens, many of the particles bunch up into large masses. Imaging these masses results in

large illuminated regions of the image and within them particles cannot be distinguished.

There are, however, more individual particles dispersed on the edges and in between these

regions that can be distinguished and located more easily.

The results of this experiment are fairly mixed. The 16 nanoparticles that were located

and modelled had a collective average FWHM of 0.65 pixels for their models. This corre-

sponds to about 28.1 nm within the sample. This means that the particles that are presented

here appeared, on average, to be located to be within a region 28.1 nm wide centered on the

center of the brightest pixel. The FWHMs of these particles ranged from 11.2 nm to 64.8
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nm. Given that the di↵raction limit of this optical setup was on the order of 450 nm, the

extended exposure times and modelling the fluorescence intensity from the nanoparticles

as a Gaussian curve provides a significant improvement to the raw resolution provided by

the microscope itself. Objects imaged and resolved in this manner can be resolved on an

order of magnitude smaller than with a traditional optical microscope. This is comparable

to the resolutions that others obtained using other methods such as STED, NSOM, PALM,

and STORM.

What is important about these results, however, is they do not represent all of the

nanoparticles imaged in a given sample. It is unknown how many nanoparticles were set

in the focal region of the laser beam on the microscope slide and it is impossible to know

by looking at the images. With the exception of the images of the 2 ⇥ 10�7 g/mL sample

exposed for 120s, all of the images had bright, washed out regions on the image where the

focal region of the laser beam fell. This made it impossible to fit models to the pixels in

these regions which made a large portion of the particles inaccessible. The particles used

were picked because they were able to be modelled well. A way to address this would be

to find a method of scanning the whole image to locate all regions that resemble particles

and have Gaussian models fit to them. Here, however, this method is limited to searching

the image manually and picking out points by hand.

It is also important to note that some of the points suspected to be particles had peak

pixel values that were similar to some that were far away from the laser beam’s focal region.

Particularly the samples concentrated at 2⇥ 10�7g/mL and exposed with the green laser for

120s had this e↵ect. This makes it hard to say whether or not these points resemble actual

nanoparticles despite being surrounded by other pixels that have higher values than the

background. Other points, particularly B, C, I, N , O, and P, had plots with a high peak

pixel value immediately surrounded by noise. Despite having narrow Gaussian models,

these high peak pixel values have a higher chance of being from other sources than the

other points do. The mixed results of these experiments serve as a warning to proceed with
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caution when implementing this technique.

The most obvious way to improve this design is to find a way to image lower concen-

trated samples. This would ensure that the nanoparticles are isolated, and models could be

fit to them more easily. Doing this presents a set of challenges to overcome.

For one, as the concentration of particles decreases, the intensity of the fluorescence

detected by the camera also decreases. This is presumably because the fluorescence from

the particles is spread out over several pixels and if the particles are close together, the

fluorescence from the particles will bleed into each other and raise the pixel values where

they are located. This serves as a source of error in this experiment as well, because if there

is fluorescence from more than one particle in a given region, it will cause inaccuracies

in the model fit to the pixels in the region, making it more di�cult to locate an individual

particle. This also causes the washing out of the center of the laser beam’s focal region.

Here the laser light is more intense which induces more fluorescence causing more of this

spreading and bleeding to occur. If the particles are further apart, this e↵ect decreases, and

the pixel values become lower.

It was found that the fluorescence intensity on the image could be brought back up for

a lower concentrated sample by increasing the exposure time for the image. Doing this

allows more photons from the sample to reach the CCD and contribute to the values of the

pixels where the particles show up. The challenge that comes with increasing the exposure

time, however, is that in addition to the increase in photons from the sample that reach the

CCD there will be an increase in photons from other sources that reach the CCD as well.

With the green laser setup, it was found that by exposing a sample for any time substantially

longer than 120s, the extra light that was eliminated by the 645 nm filter showed back up

in the image. This is because the e�ciencies of all of the filters are not perfect. The

small fraction of unwanted light that is able to pass through them contributes to the image

substantially more with an increase in exposure time. This was confirmed by imaging a

blank microscope slide with no sample on it with exposure times of 120s and 300s. In
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the absence of a sample, there was no signal seen with a 120s exposure, but it was seen

with a 300s exposure. Switching to the UV laser but keeping the glass microscope slides

produced the same result.

The problem of the extra fluorescence was able to be solved by swapping out the micro-

scope slide for a piece of quartz. With the ability to increase the exposure time arbitrarily,

the images became more washed out with the samples used which prompted the exploration

into using lower concentrations of particles.

Lower concentrated samples could not be imaged, however, because they were di�cult

to focus on given the mechanism used to focus on the sample. The image had to be focused

by taking continuous frames, only being able to view one at a time. This was only practical

if these images were of shorter exposure times. The low concentrated samples did not

produce enough fluorescence to be detected at these lower exposure times making it hard

to focus the image. Further improvements could be made in this way as a more e�cient

focusing mechanism would allow for lower concentrations of nanoparticles to be used.

This is challenging because the image would have to be focused by using frames with

longer exposure times. This would be an ine�cient but theoretically possible process to do

manually or, given a larger budget, it could be automated in some way. So, in reality, the

peak pixel values could be as high as desired given that the microscope is able to focus in

the same plane in which the nanoparticles are fluorescing.

Another e↵ort to increase the pixel values with lower concentrated samples was by

using di↵erent sized nanoparticles. These nanoparticles, product #CSE640, were made by

the same manufacturer but instead had an emission peak from 645 nm to 670 nm. These

were chosen because the unwanted extra fluorescence was able to be stopped with a 645 nm

long-pass filter. More of the fluorescence from these nanoparticles is able to pass through

such a filter because of the shifted emission peak compared to the nanoparticles that had

been in use (which had a peak from 615 to 650 nm). However, when these nanoparticles

were imaged at similar concentrations, the fluorescence was not as intense in the image
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as it was in the images of the other particles. It is suspected that these particles were not

good absorbers in the regions emitted by the lasers compared to the CSE620 nanoparticles.

Nonetheless, this had the opposite e↵ect intended and made it even more di�cult to focus

the objective and camera on the sample.

Potential improvements on this experiment include finding ways to image lower con-

centrations of particles, improving the method of focusing images, and eliminating the

extra fluorescence emitting from sources that are not nanoparticles. Imaging lower concen-

trations of particles would make the peak intensity areas more spread out from one another

and easier to model. The challenge lies in keeping pixel values high by increasing the ex-

posure time but also making sure it is possible to focus on the sample. Results obtained

in this way would also need to be improved by eliminating unwanted extra fluorescence.

This could be done by either using quartz instead of a microscope slide, or by using a com-

bination of varieties of nanoparticles and filters where the filters block the extra unwanted

light, but still let through a significant portion of the fluorescence from the nanoparticles.

The results of these experiments lend credence to potential success of using nanoparticles

to image structures on the nanoscale but there are potential improvements to be made.

In order to apply this technique for breaking the di↵raction limit, the nanoparticles be-

come part of the apparatus, rather than serving as the sample itself. They are intended to

mark the location of an object of interest within a sample. Their fluorescence and subse-

quent model intensity curve will show where the object is in the sample.

Further work is needed to figure out how to best use this setup while embedding the

nanoparticles within a biological sample. There may be better types of nanoparticles to use

that can be used in biological samples more easily. The particles need to be able to bind

to the structures of interest to mark their locations. There is also the problem of finding a

good concentration of nanoparticles to use. It would be desirable to inject a sample with a

known number of nanoparticles and know how many of the nanoparticles would actually

stay within the region of interest. Toluene is also hazardous and could damage tissues, so
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it is possible that the nanoparticles would have to be suspended in a di↵erent solvent.

There is also strategy in picking a laser to use. The laser needs to induce high fluores-

cence in the nanoparticles, but little to no fluorescence in the surrounding materials. When

imaging cells in particular, de Lange et al. (2001) hint at the possibility of inducing fluo-

rescence in the cell’s cytoplasm. This would either have to be eliminated or blocked by a

filter. There is also the possibility of pairing a laser with a certain type of nanoparticle so

that the fluorescence from the nanoparticles induced by the laser is within a di↵erent region

of the spectrum than the fluorescence in the surrounding area induced by the laser. In this

case, the extra unwanted fluorescence could be filtered out using a long-pass or notch filter

allowing only the nanoparticle fluorescence to reach the camera. The laser also cannot be

one that will cause damage to the sample. Nanoscale structures within these samples obvi-

ously cannot be imaged accurately if they are disfigured or destroyed. These are some of

the things to consider when further developing this technique to image biological samples.

Overall, the goal of this experiment was realized with moderate success. The techniques

presented here serve as a way to image objects on a scale that is smaller than the di↵raction

limit. This setup is both low-tech and fairly inexpensive, especially when compared to

the equipment required for the other methods that were introduced. The software used

to locate nanoparticles is accessible and easy to learn for anyone doing research using

.FIT images. There are improvements to be made on the design, but the results presented

here provide a glimpse at the potential success of this type of fluorescence imaging. This

research using nanoparticles to break the di↵raction limit opens the door for nanoscale

imaging and research at Wheaton College.
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