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ABSTRACT 

 

We mostly think and communicate science at the single-molecule level, but do 

experiments at the ensemble level. This gap between our thinking and experiments has been 

closing with the advent of single-molecule techniques nearly twenty years ago. Single-molecule 

techniques have proved very useful in probing individual molecules and heterogeneities, and 

have provided unprecedented insights into previously inaccessible scientific knowledge. 

Studying molecules one by one using single-molecule techniques has become very useful in 

revealing insights into mechanistic details hidden in ensemble experiments. I have built a total 

internal reflection fluorescence (TIRF) microscope with single-molecule sensitivity to study 

fluorescent molecules. The microscope is modular and multifunctional with capabilities 

including a wide excitation wavelength range (400−2000 nm) both in objective-type and prism-

type TIRFM configurations, localization accuracy ~1 nm, temporal resolution ~1 ms, and 

alternate laser excitation. As an application, we have measured high-throughput 

photoluminescent spectra of individual CdSe quantum dots. 
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CHAPTER 1 

INTRODUCTION 

The field of microscopy is burdened with complications such as inadequate cellular 

tracking within biomedical systems, noise reduction in highly fluorescent backgrounds, and 

drifting of microscope equipment.  

1.1 Introduction 

We have developed a microscope platform that incorporates a multitude of microscopy 

capabilities in a small footprint while eliminating the excessive cost of individual instruments. 

With this microscope and its capability we aim to improve various microscopy techniques in an 

effort to improve fluorescence imaging technology. We are capable of imaging at the single-

molecule level using various techniques such as Prism type and Objective type Total Internal 

Reflection Fluorescence Microscopy (TIRFM), Alternating Light Excitation (ALEX) 

Microscopy, Fluorescence Correlation Spectroscopy (FCS), and Photoluminescence Excitation 

(PLE). We have successfully conducted a proof of concept experiment to show the heterogeneity 

of individual CdSe quantum dots. We report massively parallel photoluminescence spectra of 

individual CdSe quantum dots, mCherry fluorescent proteins, and fluorescent nanodiamonds 

using this TIRF microscope. Our techniques not only allow the detection of fluorescence from 

single-molecules, but also allows for the spectroscopic identification of the molecular species 

and localization of molecules of interest inside living organisms at the single-molecule level. We 

are capable of identifying molecules of interest even if other molecules emit in the same 

wavelength range based on pixel-by-pixel spectroscopic analysis. We have applied our technique 

to localize mCherry-tagged Acetyl-CoA carboxylase inside cyanobacteria.  

The importance of single-molecule imaging stretches over many different fields of study 

and as these fields become more advanced the need for a finer resolve of such images increases. 

In the field of microbiology the use of single-molecule imaging plays a vital role. With the use of 

dyes and other fluorophoric tags, cells within living organisms can be tracked and located, 

however the success rate of positive localization is vary low. This uncertainty in respect to 

positively identifying all labeled cells within a living organism is evidence that we need to take 

our technical capabilities to the next level. With this in mind we first need to visit the 

fundamental imaging process. Conventional fluorescence measurements are taken at the 
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ensemble level, what we intend to do is dig deeper so as to show the heterogeneity of fluorescent 

markers within a given sample. Our goal in this widely collaborative effort is to develop the tools 

that will allow for a better understanding of various techniques in fluorescence imaging of 

single-molecules. This short-term goal will enable us to push forward with the technology 

needed to see our world at new and increasingly smaller scales.  

In general fluorescence imaging is the process of collecting the fluorescent emission from 

excited molecules of fluorophore. To create this excitation we must focus a light source on the 

subject molecule at the required wavelength to induce fluorescence emission. The selection of 

this light is highly dependent on the type of fluorescent molecule in question additionally it is a 

typical practice to sweep over a range neighboring the excitation wavelength. Once the molecule 

has been excited then the fluorescent emission needs to be collected, this in most cases occurs in 

part along the same path as the excitation light. To separate these two spectra of light a clever 

arrangement of dichroics and filters need to be placed in the collection path. One other necessary 

measure that must be addressed is the issue of complete light tightness along the collection path 

to ensure the only light that gets collected is from the sample. This, in most cases, is a 

requirement of the camera selected for use but is overall good practice to improve the quality of 

fluorescence imaging. 

1.2 A Brief Look at the History of Single Molecule Study 

Over half a century ago some of the first measurements of single-molecules were made in 

an effort to develop a process for tagging cells in biological studies. This began in part when 

Boris Rotman began making measurements of individual β−D−galactosidase by the way of 

6HFG as a fluorescent tag back in 1961(Rotman 1961). Over a decade later T. Hirschfeld also 

began reporting observations of the single-molecule γ globulin. Hirschfeld’s work involved the 

use of total internal reflection to excite these molecules tagged with fluorescent dyes (Hirschfeld 

1976). In the 1980’s the capability of observing single-molecules became abundantly clear by 

various methods such as quadrupole trapping, scanning tunneling microscopy (STM), atomic 

force microscopy (AFM), and Fluorescence excitation spectroscopy. In 1990 the fluorescence of 

single-molecules was reported using the detection method of fluorescence excitation 

spectroscopy. This experiment was conducted on pentacene molecules in solid with p-terphenyl 

at temperatures around 4 Kelvin (Orrit and Bernard 1990). That same year single-molecule 

detection was reported by laser excitation of a solution of the fluorescent dye Rhodamine-6G 
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(Brooks Shera et al. 1990). The rest of the decade and into the new millennium the development 

of single-molecule detection processes flourished including imaging techniques and even finer 

measurements that enable us to see the interactions between single-molecules. Such work 

includes total internal reflection in 1995, which allowed for the first individually tagged 

molecules to be detected (Funatsu et al. 1995). The fluorescence resonance energy transfer 

(FRET) was developed in 1996 to detect the interaction between molecules (Ha et al. 1996). 

Also in 1996 imaging of individual rhodamine molecules was first conducted on a phospholipid 

membrane (Schmidt et al. 1996). Experiments that enable the study of weak interactions between 

single-molecules as well as stochastic events in gene expression in single cells were conducted in 

the early 2000’s (Cisse et al. 2007, Yu et al. 2006, Cai, Friedman, and Xie 2006). There has been 

no indication that the development of techniques for studying single-molecules has run its 

course, in fact we have a long way to go. We are just begging to scratch the surface on our quest 

to understand life at the bimolecular level.  

 
Figure 1.1 Graphical map of correlated length and time scales of biophysical processes for 
relevant single-molecule techniques. Adapted from (Colomb and Sarkar 2015). 
 

1.3 Methods of Single Molecule Study by Comparison 

 A brief overview of various processes will help gain an understanding of relative scales 

with respect to length and time between different single-molecule techniques. A map 

categorizing the size and functional time domain is included in Figure 1.1. Selecting a method 

for the study of single-molecules depends on the size and the functionality of the molecule under 
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investigation. As Figure 1.1 shows, TIRFM spans a wide range of molecule size and time 

domain making it one of the most useful techniques. Fluorescence-based imaging being one of 

two main methods for single-molecule study includes TIRFM as well as fluorescence correlation 

spectroscopy (FCS), and time-correlated single photon counting (TCSPC), all of which could be 

combined into one platform. An overview of these techniques is given in Table 1.1. The other 

main method of single-molecule or single particle study is force-based and is shown in the 

graphic as having a strong set of capability in the smaller particle range to small molecules and 

spanning a more narrow gap in the time domain than fluorescence-based methods. A few 

common types of force-based single-molecule methods include atomic force microscopy (AFM), 

optical and magnetic trapping (OT) and (MT), and electron microscopy. These force-based 

methods are useful for analyzing the physical detail of particles and molecules whereas 

fluorescence-based methods are generally more useful for measuring molecule interactions and 

responses to stimuli. The large region in Figure 1.1 is hard to reach with any single-molecule 

method therefore to understand molecules and particles at such short time scales one must 

employ computer-based simulations more commonly referred to as molecular dynamics (MD). 

This is a process of simulation of the N-body molecule interaction problem where trajectories 

and relative influences are determined by numerical methods. MD simulations can also serve as 

a reasonable comparative model for fluorescence-based and force-based methods. 

1.4 Considerations for Fluorescence Based Single Molecule Study 

The study of single-molecules interactions and their interactions with extended substrates 

have been improved greatly by the use of fluorescence-based methods. The number of 

fluorescence-based single-molecule methods are many, however there are two main fundamental 

approaches; these are Total Internal Reflection Fluorescence Microscopy (TIRFM) and Confocal 

Microscopy. The underlying difference between these two approaches of fluorescence-based 

single-molecule study is the manner in which the fluorescent emissions are collected. Because of 

the statistical probability limitations of confocal microscopy, TIRFM is considerably more 

efficient in the study of fluorescent-labeled molecules. TIRFM is also more capable of collecting 

high throughput data of the interactions within and between single-molecules with the benefit of 

low background noise. TIRFM tends to be more reliable in terms of single-molecule tracking 

which becomes important when considering drifting effects of microscope equipment. 
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Table 1.1 Fluorescence-based techniques adapted from (Colomb and Sarkar 2015) 
 

 

 
Total Internal Reflection Fluorescence 
(TIRF) Microscope developed as part of 
this thesis can be either prism-type or 
objective-type, and has been designed to 
include Confocal Microscope and 
Fluorescence Correlation Spectroscopy 
(FCS) in future. 

TIRFM: 
High throughput data due to wide-field 
detection using an EMCCD camera. Time 
resolution is usually limited to 1 ms or less. 
Localization precision of single molecules 
could be as small as 1 nm. Concentrations of 
single molecules are usually less than 1 nM.  
 
Confocal/FCS: 
High time resolution (≤ ms) is achieved, but 
the data throughput is low because the 
detection is limited to focal volume ∼10-15 L. 
Our choice of detector is avalanche 
photodiode (APD). 

Scientific insight Experimental approach Comment 
Intra- and inter-
molecular 
dynamics and 
kinetics 

Measure Fӧrster Resonance Energy Transfer 
(FRET) between a dye-pair attached to a single 
molecule or to two different molecules. 

Measurable distance 
change: ∼2-10 nm 
 

Stoichiometry of 
protein complexes Proteins of interest are detected by 

immobilized specific antibodies. Dyes can be 
attached to either on antibodies or on proteins. 

Most sensitive 
method to detect 
proteins 
 

Rotational 
dynamics 

Polarization of the evanescent wave in TIR as 
discussed in this thesis can be used to 
determine the orientation of the protein. Linker 
between the label and the protein should not 
flexible. 

Rotational dynamics 
with angle 
resolution: ∼10° at 
~1 ms 
 

Biological forces FRET change due to a DNA base pair break is 
used to measure the force. 

Force needs to be 
calibrated 

Molecular 
diffusion and 
motion Single molecule tracking of labeled proteins 

The evanescent 
wave is exploited to 
achieve high z-axis 
resolution 

Weak 
biomolecular 
interactions ∼µM  

Trapping the molecules inside lipid 
nanovesicles with ∼50− 100 nm diameter or 
inside zero-mode waveguides (ZMWs). 

Ultra low detection 
volume:  
∼10-19-10-21 L 

Single molecule 
counting Characteristic single step photobleaching of 

dyes is used to count proteins. 

Suitable for 
stoichiometry and 
multimodal 
nanoparticles 
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The time resolution of this type of single-molecule study is generally ≥ 1 ms depending 

on the choice of imaging system. Spatial resolution on the nm scale can also be achieved 

depending on equipment selection. In contrast, confocal microscopy is a good method for 

measuring constants of diffusion and the kinetic effects of binding. For these types of 

measurements and the analysis of conformational dynamics a confocal microscope would need 

to be made capable of measuring fluorescence correlation, which could be easily established with 

the right selection of collection optics. Confocal microscopy can have a better time resolution 

than TIRFM going below the 1 ms time resolution typically expected using TIRFM methods. 

Confocal microscopy by its very nature limits the amount of data collected due to the pinhole 

used in the collection path. This limit due to the probability of photons passing through the hole 

increases the time necessary to collect a sufficient amount of data to understand completely the 

behavioral characteristics of biomolecules. Many fluorescent molecules when immobilized have 

a short observation time due to diffusion at the focal point of the excitation beam on the sample, 

giving rise to a time restraint on emission collection. For more information on the study of 

single-molecule fluorescence see the provided resources in the reference section (Sarkar et al. 

2013, Walter et al. 2008). 

1.5 Selecting Fluorescent Labels  

There is a wide range of fluorescent markers in use today a few of the more popular 

include fluorescent organic dyes, quantum dots, fluorescent proteins, and gold nanoparticles. 

Another fluorescent marker one of which is gaining a considerable amount of attention in recent 

fluorescent-based research is the fluorescent nano-diamond. Fluorescent nano-diamonds have a 

promising future in the field of single-molecule studies due to their high stability in peak 

intensity, their resistance to photoblinking and photobleaching, and because they are inert and 

nontoxic to living organisms.  

The selection of fluorescent markers depends on the application but most generally a 

couple key aspect include brightness and photostability. In terms of biomolecular studies it is 

important to consider compatibility with the biology as well as steric hindrance of motion and, 

for FRET microscopy, careful consideration of spectral overlap where fluorescent dyes are 

concerned. In general most biomarkers such as dyes, proteins, and quantum dots are subject to 

photobleaching and photoblinking, which can be troublesome in the way of fluorescence 

imaging. Most fluorescent markers when excited, in this case with lasers, have a tendency to 
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enter a triple state, which is a non-fluorescent state, this creates a photoblinking effect. Once in 

this state there is a high probability for a redox reaction to occur leading to photobleaching. A 

molecule can become non-fluorescent by undergoing interactions with oxygen, metal ions, other 

fluorophore, or the biomolecule itself. There have been numerous studies conducted to determine 

a technique for quenching this triple state. Results of these studies have found that Trolox, which 

is similar to vitamin E is capable of quenching this triple state by removing oxygen (Cordes, 

Vogelsang, and Tinnefeld 2009, Rasnik, McKinney, and Ha 2006). Trolox has been shown to 

increase linearity of signals from dyes such as CY5 with complete suppression of photoblinking 

(Rasnik, McKinney, and Ha 2006). Some other methods of successful oxygen removal include 

additive mixtures of oxidase and catalase as well as protocatechuic acid and protocatechuate-3,4-

dioxygenase (PCA)/(PCD) (Roy, Hohng, and Ha 2008, Aitken, Marshall, and Puglisi 2008). 

Of the various options some common uses for the more popular fluorescent markers are 

worth noting. Organic dyes such as Cyanine and Alexa are commonly used because they have a 

wide range of excitation and emission wavelengths that go somewhat beyond the upper and 

lower bounds of the visible spectrum. These and other similar dyes are readily available and 

work well for FRET microscopy. Also as previously mentioned the photobleaching effects of 

these dyes can be suppressed using one of many oxygen removal methods (Heilemann et al. 

2005, Bates, Blosser, and Zhuang 2005, van de Linde et al. 2011). Fluorescent proteins however, 

are a common choice for fluorescent markers for in vivo imaging of biological systems. Proteins 

are limited because of their size, they tend to be too large and interfere with mobility of the 

molecule to which they are attached. Another size limited fluorescent marker is quantum dot 

despite their superiority in photostability compared to organic dyes they are not a good choice 

for fluorescent methods such as FRET microscopy. Conversely quantum dots perform well under 

high intensity excitations, which make them better for tracking, and localization methods. Lastly, 

fluorescent nanoparticles can be used for biomarkers however, they exhibit weak fluorescence 

making them unreliable especially where any background noise might be present (Alivisatos 

2003, Qian and Nie 2008, Sönnichsen et al. 2005, Lasne et al. 2006, Cang et al. 2006, Louit et al. 

2009). The most stable and equally bright fluorescent markers are fluorescent nanodiamonds, 

their resiliency to negative photo-effects make them excellent fiducial markers. In addition to 

their superior stability their fluorescent signal can be modulated with a weak magnetic field 

giving them an additional method of positive identification (Fu et al. 2007, Yu et al. 2005, 
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McGuinness et al. 2011, Vaijayanthimala and Chang 2009, Mohan et al. 2010, Sarkar et al. 2014, 

Vlasov et al. 2014, Tisler et al. 2009, Jelezko and Wrachtrup 2006). Additional comparative 

reviews of fluorescent markers as well as associated attachment chemistries can be found in the 

following references (Giepmans et al. 2006, Terai and Nagano 2013, Haugland 2005, Lavis and 

Raines 2008, Crivat and Taraska 2012, Wysocki and Lavis 2011, Taraska and Zagotta 2010, Te 

Velde et al. 2010). 
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CHAPTER 2 

CONSTRUCTION OF A TOTAL INTERNAL REFLECTION FLUORESCENCE (TIRF) 

MICROSCOPE 

Total internal reflection fluorescence microscopy is the most common technique for 

studying molecules one by one due to its versatility and relative ease of use. However, TIRFM 

techniques have been limited in their use by biophysicists, partly because the lack of 

commercially available TIRF microscopes with needed experimental features. In addition, the 

lack of suitable commercial TIRF microscopes has limited the applications of TIRFM despite 

enormous growth of biological applications of single-molecule techniques and the opportunities 

in other fields of research. In this chapter, we have described how we have set up a 

multifunctional TIRF microscope in a cost effective way without compromising the quality of 

the experimental data. A complete list of parts with the associated vendors and costs are given in 

the Appendix. 

2.1 Design Considerations 

We have designed our TIRF microscope to be multifunctional and modular to 

accommodate the diverse scope of scientific applications in a cost effective way. The 

multifunctionality of this microscope sets it apart from any commercially available microscope. 

The wide range of capabilities of our microscope would require a researcher to spend 

significantly more if purchased separately. We have planned our TIRF microscope to have the 

following broad capabilities: 1) Objective-type Total Internal Reflection Fluorescence 

Microscopy (TIRFM), 2) Prism-type (TIRFM), 3) Alternating Light Excitation (ALEX), 4) 

Photoluminescence Excitation (PLE) Spectra, 5) Circular Dichroism of Single-molecules, 6) 

Polarization Anisotropy of Single-molecules, and 7) Fluorescence Correlation Spectroscopy 

(FCS). Our careful planning has assured that the different capabilities of the microscope can be 

accessed without altering the microscope, and the different experimental configurations can be 

chosen easily. Multifunctionality has affected the layout of the microscope and the selection of 

components. Fluorescence-based microscopes such as ours capture images that are subsequently 

analyzed to extract scientific information. The quality of images depends on the excitation laser 

source, the filters, and the camera. We have carefully selected key components for collecting 

high quality single molecule data for molecular biology studies. Justifications and specifications 



! 10!

of these components have been provided toward the end of this chapter. The complete 

microscope with its various capabilities has been set up on a 4 x 8 foot optics table inside a 

custom optics room with treated walls to minimize the reflections from any source of light that 

may be present. Such sources as computer screens and led indicators can cause damage to some 

of our more sensitive optics such as our camera and other detectors. The optics room was 

designed to isolate it from the main lab space with dedicated HEPA ventilation for dust control. 

Figure 2.1 shows the schematic of our TIRF microscope. The treatment of the walls and ambient 

air provide a clean and controlled environment allowing us to obtain high quality images with 

single-molecule resolution.  

2.2 Microscope Frame and Associated Parts 

Biophysicists and biologists mainly use commercially available microscopes to conduct 

single molecule studies. To provide an immediate familiarity we have chosen to use a 

commercially available microscope base this allows the user to feel comfortable operating our 

microscope at the front end without worrying about the complicated set up inside. We have 

selected Olympus microscope base (cat# IX73P2F) for our TIRF microscope. This frame is a 

two-deck inverted microscope system, which provides versatility with the use of insertable 

optical modules to outfit the microscope according to the users’ needs. For us, this two-deck 

system allows for the selection of two important components, one of which is a rotating 

fluorescence turret that allows the user to change the filters and the dichroics depending on the 

experimental configurations; the other is a variable magnifier module (Olympus cat# IX3-CAS-

1-2) that allows the user to choose from available magnifications 1X, 1.6X, and 2X. The 

fluorescence turret (cat# IX3-RFACS-1-2) has eight different slots to mount filters, dichroics, or 

a combination of both filters and dichroics. In addition to the magnifier module, a video 

magnifier (Olympus cat# U-TVCAC) provides additional magnifications of 1X, 2X, and 4X at 

the exit port of the microscope. Other parts selected to complete this microscope frame are two 

binocular with eyepieces, one six-position revolving nosepiece, and one mechanical translation 

stage. These items are standard from Olympus; however, the mechanical stage item number IX3-

SVL is a special order with a short control handle to prevent unintentional movement during the 

operation by the user. 

 

 



! 11!

 
Figure 2.1 A modular interpretation of the entire microscope setup. 
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2.3 Microscope Objectives 

The objectives selected for this microscope are key in obtaining high quality images at 

single-molecule resolution because the emissions from single-molecules are weak. The objective 

must collect as much light as possible (high numerical aperture), must be optical aberration free 

over the entire range of excitation and emission wavelengths, must be able to focus on the 

sample (working distance), and must have a magnification that does not overfill or underfill the 

camera pixels. An apochromatic objective was selected to reduce the effects of chromatic 

aberration. An apochromatic objective was selected instead of an achromatic objective because 

the apochromatic objective provides sharper images with less chromatic aberration. The 

objective selected for the prism-type TIRF microscope is an Olympus model 

UPLSAPO60XWIR with a numerical aperture (NA) of 1.2 and a working distance of 280 µm. 

This objective has an excellent transmission in the visible range extending up to the near-infrared 

(NIR) around ~750 nm. It should be noted that a similar model UPLSAPO60XW does not have 

as good transmission in the NIR region. UPLSAPO60XWIR is also waterproof, which allows 

water to be placed between the objective and the sample coverslip to provide a continuous 

pathway for total internal reflection and the subsequent emissions. The objective selected for 

objective-type TIRFM is an Olympus model APON60XOTIRF with an NA of 1.49 and a 

working distance of 100 µm, and has excellent transmission in the visible to NIR region. 

APON60XOTIRF has been specifically design to easily obtain the total internal reflection of our 

range of excitation lasers. 

2.4 Collection Path and Camera 

The fluorescence emission from the excited molecules is collected by the objective. The 

excitation laser is filtered from the emission by using a filter in the fluorescence turret. Filtered 

emission travels through the magnification changer, a set of reflective mirrors inside the 

microscope base, and exits through the left-side port of the microscope base as represented in 

Figure 2.2. After exit, the light goes through a separate video magnifier that allows extra 

magnification if necessary. To enable both single channel and multichannel detection, there is a 

Quad-View (QV2) Multichannel Imaging System by Photometrics. To ensure light tight 

operation, there are two separate cubes for single channel and multichannel detection. In the 

multichannel mode, Quad-View allows simultaneous imaging in four different wavelength 

windows. 
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Figure 2.2 Representation of excitation and collection of TIRFM 
 

 This capability is important if molecules with multiple wavelength emissions are present 

in the sample. For example, two or more proteins of interest or different domains of the same 

protein can be labeled with different dye molecules and imaged at different channels. In 

particular, two-channel detection can be used to measure molecular distance changes between 

~2-10 nm exploiting Fluorescence Resonance Energy Transfer (FRET) between two dyed 

molecules. We carefully selected the dichroic beamsplitters and the bandpass filters from 

Semrock for the Quad-View, which were then shipped directly to Photometrics for custom 

installation. For multichannel imaging, the four wavelength windows are 1) everything bellow 

530nm, 2) a short band from 540 – 630nm, 3) a short band from 640 – 730nm, and 4) everything 

above 740nm. These channels are created using three dichroic beamsplitters (Semrock cat#’s 

FF538-FDI01-12.5-D, 640-FDI01-12.5-D, and 705-FDI01-12.5-D). In addition, four bandpass 

filters were used to filter each channel (Semrock cat#’s FF01 – 533/SP – 25 short-pass filter, 

FF01 – 582/75 – 25 single-band bandpass filter, FF02 – 675/67 – 25 single-band bandpass filter, 

and FF01 – 715/LP – 25 long-pass filter). All of the bandpass filters transmit an average of 90% 

of the respective band. A graphical representation of the arrangement of filters and dichroics is 

given in Figure 2.3 In addition, the dichroic beamsplitters were custom cut and mounted on a 

filter cube that can be inserted into the Quad-View. This filer cube can be removed allowing for 

bypass mode to conduct full field of view imaging. 

One very important step when considering data collection for fluorescence-based single-

molecule study is choosing a camera. There are three general types of cameras that differ by the 
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type of detector they are charge-coupled device (CCD), electron multiplying CCD (EMCCD), 

and complementary metal oxide semiconductor (CMOS). EMCCD cameras are generally more 

sensitive and are suitable for detecting low levels of light such as emission from single-

molecules with less false-positive detection. CMOS cameras better suited for high speed imaging 

of relatively higher levels of light. Both EMCCD and CMOS cameras are used in single-

molecule microscopes however, EMCCD cameras are still the most common. The CMOS sensor 

is structured such that each pixel in the sensor array has its own amplifier, which enables a large 

amount of speed in terms data collection (Sabharwal 2012). The down side to the processing 

speed of these cameras is the amount of noise that is associated with a high volume of electronic 

components and associated processes, which tend to generate a substantial amount of heat. CCD 

and EMCCD cameras share a lot of the same technologies and structure the main difference 

between them is electron multiplication and the frame transfer format (Sabharwal 2012). 

 
Figure 2.3 Interpretation of dichroic beamsplitter and bandpass filter layout in filter cube for the 
Quad-View QV2. A.) The dichroic beam splitters in the collection pathway. B.) The bandpass 
filters to further filter the separated light. Note: optics and specifications of microscope provided 
to Photometrics for actual layout and installation of optics, this is only a rough interpretation. 
 

CCD cameras come in both front and back illumination configurations however back 

illumination is generally standard on EMCCD cameras. The difference between these two 

configurations is that with front illumination the incident light has to travel through the electronic 
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layers of the chip before reaching the potential well, in addition there is a very small inactive 

region between pixels where photons make no positive impact. The benefit for back illumination 

is avoiding these electronic layers and thus increasing the quantum efficiency close to 100%. 

Another difference between CCD and EMCCD is pixel masking, CCD typically uses an interline 

masking arrangement to allow for electrons to be passed down from pixel to pixel under the 

cover of the mask to get down to the serial register (Sabharwal 2012). EMCCD detectors are 

typically masked on the entire lower half which opens the detectors surface to increase the active 

surface area thus increasing the sensitivity resulting in the collection of more light. Figure 2.4 

gives a representation of the two different frame transfer formats with regard to pixel masking. 

 
Figure 2.4 Representation of pixilated detector surfaces to show the different masking methods 
for the two different frame transfer formats. A.) Interline masking for pixel-to-pixel electron 
transfer typical of CCD detectors. B.) Half masking as typical for EMCCD detectors. 
 

By understanding these selection parameters we were able to make an informed decision 

in the choosing of the iXon3 897 from Andor to serve as our data collection instrument. This is a 

back-illuminated EMCCD camera with pixel size of 16 x 16 µm and an array of active pixels 

arranged in a square of 512 x 512 pixels. The back-illuminated feature of this camera provides a 

quantum efficiency of > 90% photon to electron conversion ratio. This highly sensitive detector 

is capable of single photon detection for low light measurements. The time resolution capability 

for this camera is ~ 30 ms at full frame, this can be reduced by cropping the detectior surface via 
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the cropped sensor mode in the camera software. Using this feature we have achieved a time 

resolution of ~ 10 ms , other users of this particular camera have reported time resolutions as low 

as ~ 1 ms also using this feature. One very important consideration to be addressed is noise level 

produced from not just the electronics but also the photon interaction with the camera’s sensor. 

This particular camera contributes a very low noise level. Some sources for noise relative to all 

cameras are dark noise, read noise, and shot noise. Dark noise is generated by thermal effects on 

electrons within the sensor ultimately inducing a dark current however, by sufficient internal 

cooling this can be minimized (Joubert, Sabharwal, and Sharma 2011). The Andor iXon3 897 has 

very low dark noise with a dark current of 0.001e-/pixel/s at cool down temperatures of -85ºC 

which is maintainable by simple air cooling methods at a room temperature of 20ºC. Further 

cooling can also be provided by liquid coolant circulation or chilled coolant circulation resulting 

in maximum cooling down to -100ºC. This becomes more necessary when imaging at long 

exposure time, which tend to produce higher thermal effects. Read noise is the primary source of 

noise and is more present during low light imaging (Joubert, Sabharwal, and Sharma 2011). This 

camera is very resistant to read noise at < 1e- with EM gain, which is in connection to the 

potential well depth for the gain register of 800,000 e- (a typical measurement of the max number 

of electrons that can occupy the potential well per pixel). Shot noise is related to the number of 

photons incident on the detector and generally only becomes a concern where there is a high 

level of light flux onto the detector surface (Joubert, Sabharwal, and Sharma 2011). We typically 

neglect this type of noise since fluorescence-based methods of single-molecules are conducted at 

lowlight levels. 

2.5 Excitation Pathways 

To complement all of the fluorescence collection capabilities and to truly set this 

microscope apart from all others it is necessary to have an extremely sophisticated arrangement 

of excitation methods. Because the microscope base is accessible externally, from the working 

end of the objective (prism type TIRFM), and from within, through the rear light port (objective 

type TIRFM), then there are two approaches that are taken to funnel excitation light into a given 

sample under investigation. To set this up for use with the multiple light sources used to excite a 

single-molecule sample through the various pathways, a cleverly conceived labyrinth of optics is 

required. This microscope actually has two origins from which excitation light is produced; these 

provide the necessary types of light both constant wavelength (CW) and a continuum source. 
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 There are also two different of delivery paths to conduct the different microscopy 

capabilities inherent to this design. The first source is a set of three diode lasers from Crystal 

Laser that provide three different beams of CW light at 635 nm, 532 nm and 488 nm all with 

individual ultra stable power sources. These lasers are used mainly to conduct Alternate Light 

Excitation (ALEX) Microscopy and for checking alignment of all other optics. The second 

source of light providing a broad range of wavelengths is a WhiteLase supercontinuum bright 

white laser from Fianium. This laser is capable of producing wavelengths from 400 nm to 2000 

nm and is used for conducting various spectroscopy methods for fluorescent-based single 

molecule studies. A computer controlled LLTF tunable contrast filter from Photonics etc. is used 

to separate the light into useable wavelengths with a bandwidth of 2.5 nm at FWHM. 

The setup of the optical pathway originates from diode lasers arranged in series from 

635nm to 488nm and is coupled into an optical fiber. The supercontinuum laser is guided into 

the microscope through the original pathway this will be explained and illustrated in figures to 

come. First a carful survey of space was conducted to make the setup as compact as possible 

while saving some table space for future projects. With space conservation in mind the three 

lasers were placed in line parallel to one another and arranged in series from 635 nm to 488 nm 

leading toward the final point of incidence, the reason for this is to enable the coupling of these 

different wavelengths of light into one trajectory. Forward of the laser output couplers are 

controllable optical shutters, which were placed in the beam paths, one for each laser. These 

controllable shutters will enable the ALEX Microscopy capability. The shutters used for this 

setup are from Vincent Associates and include a controller and have a 3ms time to open. The 

controller is connected to a computer dedicated for controlling all equipment integrated into this 

microscope. After the light passes through the shutters it is reflected through two mirrors, which 

are standard visible light range mirrors from Thorlabs. The need for two mirrors is necessary to 

properly steer the light beams to their next destination. To clarify up to this point each laser beam 

goes through its own individual pathway. The different light beams are then combined through a 

series of dichroic beam splitters. Each beam is reflected off of a dichroic beamsplitter that is 

highly reflective for its respective wavelength and allows > 90% transmission of light at 

wavelengths greater than its respective wavelength. This is a very important function that allows 

the light from the three different diode lasers to co-propagate along one path. It is for this reason 

that the lasers are in order from 635 nm to 488 nm from the back of the setup moving toward the 
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point of incidence where the light is collected to be sent to the microscope as seen in Figure 2.5. 

The dichroic beamsplitters are also in the same order following the alignment of the respective 

laser according to wavelength. 

 
Figure 2.5 Light path of CW diode lasers coupled using dichroic beamsplitters from Semrock; 
DB1.) LPD01-633RS-25, DB2.) LPD01-532RS-25, and DB3.) LPD01-488RS-25 
 

Now that all of these laser lines are co-propagating they can be guided and focused down 

into the optical fiber that will carry it to the microscope. To guide the light to the fiber it must go 

we use two more mirrors, which allow us to ensure that the light is not diverging or separating 

from the co-propagation pattern. After the mirrors the light passes through a focusing lens, which 

focuses the beam into the fiber, this is represented in Figure 2.6. The second laser source as 

previously mentioned is a supercontinuum laser with contrast filter allowing for the selection of 

wavelengths via computer command. The contrast filter is an adjustable grating located within 

the enclosure of the microscope setup and the beam generated is guided through the setup to 
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arrive at the same input fiber as the previously mentioned constant wavelength lasers. To enable 

the beam to be coupled into the same fiber we installed a mirror on a flip mount, shown in Figure 

2.6, this allows for the mirror to be permanent in the setup and further allows the user to switch 

between sources.  

 
Figure 2.6 Fiber coupling from both laser sources with flip mount for selection of the laser 
source used in experiment. FL1: is an AC254-100-A-ML, 100mm focal length, plano-convex 
achromatic focusing lens to focus the light into the optical fiber. 
 

Coming from the rear of the microscope setup the light from the contrast filter is first sent 

through a neutral density (ND) filter wheel to give us control over the power output. This is 

necessary to compensate for any change in power going from one wavelength to the next and 

allows us to maintain a consistent profile with respect to excitation power delivered to the 

sample. After the filter the light is steered through two mirrors onto the center of the interceptor 

mirror, which is placed between the dichroics and the last two mirrors in the original path. From 

there the light goes through the same path leading to the fiber.  

2.6 Fiber Coupling 

To couple the light into the fiber requires the use of a power meter and a pair of irises. 

Prior to the process of directing the beams to a focal point a pair of irises are placed before the 

last two steering mirrors. These irises provide a guide to ensure all of the beams are parallel and 

true this is important to prevent divergence from the desired path. After the irises the light is 

directed to the center of the focusing lens and the center of the fiber mount concurrently. It is 

worth noting that light sent through and optic especially a focusing lens is subject to unwanted 

divergence and deviations as well as clipping and refractive effects in cases where the beam 

nears the edge of the optic. At this point a beam block is placed in front of the output end of the 
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fiber, it helps to use something that will allow the beam to be visualized. It is also worth noting 

that the output end of the fiber is inserted into a fiber mount for two reasons; one is to protect the 

delicate fiber from damage and the second is to take advantage of the lens within the fiber mount 

to see the beam quality upon exit. With the appropriate items in place we steer the beam into the 

fiber until we see the beam appear at the output. Once the beam appears we can make fine 

adjustments to get the best looking mode of light at the output. From here we measure the power 

of the beam before and after the fiber. The objective is to get the maximum power transmitted 

through the fiber. There will be some power loss due to reflections through the fiber and 

diffusion at the cavity walls so as a rule of thumb we want to have > 80% power transmitted 

through the fiber. It is best to do this with all three CW lasers and optimize the power 

transmission over the three beams. During the fiber coupling process we were able to obtain 

power transmissions around a margin of 90% output over input.   

2.7 Excitation Pathways Continued 

The fiber where all the light sources are coupled transports that light up onto an elevated 

platform that is positioned over the top of the microscope base. This elevated platform is made 

up of a standard 12 x 24 inch breadboard from Thorlabs that was modified to allow access to the 

translation stage on the microscope the modification dimensions are given in Figure 2.7. When 

light exits a fiber it has a tendency to diverge and needs to be corrected if it is to be of any use. 

To remedy this the light that exits the fiber is expanded and then collimated using two plano-

convex lenses one of which is an achromatic doublet. This expansion and collimation is set up in 

a configuration such as to produce a well collimated beam at approximately 4 mm cross sectional 

diameter. The achromatic doublet is used to remove chromatic aberration and allows for 

improved imaging by improving the diffraction limit. After the light goes through the expander 

collimator it is reflected off a mirror and sent through an ND filter wheel. This is a six-position 

filter wheel and has five absorptive neutral density filters to select from with the sixth filter 

mount left empty for full power when desired. The filters we included are NE05B, NE10B, 

NE20B, NE30B, and NE40B, which serve to cut down on light transmission to 32, 10, 1, 0.1, 

and 0.01 % respectively. Once the light has gone through the appropriate filer it is then reflected 

of one more mirror and sent through a focusing lens and into a prism this is represented in Figure 

2.8.   
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Figure 2.7 Schematic for modified breadboard used over the microscope base as an optical 
platform for excitation optics machined on site. 
 
 

 

Figure 2.8 Optical configuration on microscope platform, focusing lenses 2, 3, 4, and 5 are all 
100mm plano-convex lenses FL2: is an AC254-100-A-ML achromatic lens to control chromatic 
aberrations. 
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 The prism is an uncoated Suprasil prism from CVI Laser Optics specifically selected for 

its index of refraction which is ~ 1.46 and is instrumental in the creation of total internal 

reflection to result in an evanescence wave. The index of refraction of this prism is very close to 

that of common glass slides. Between the prism and glass slide we use an immersion oil with a 

like index of refraction, this helps to create a continuum through the optics to maintain a unified 

index of refraction through the interface. The focusing lens, as mentioned, is mounted to a three-

axis translational stage and is used to focus the excitation beam into the sample. The prism is 

mounted in a specially fabricated prism holder designed and machined onsite the specs are given 

in Figure 2.9. The prism holder is mounted on a series of posts and right-angled post clamps so 

the prism can be raised and lowered onto or off of the sample slide. The post holder assembly for 

the prism is mounted on a two axes translation stage to allow for translations during the 

alignment of the optics such that total internal reflection resulting in an evanescent wave occurs 

directly above the microscope objective. The microscope base itself has a two axes translation 

stage on which the sample sits and with all of the imaging optics in contact, that is the prism, 

slide, and objective, the stages enables navigation of the sample by translating the slide. 

 

 
Figure 2.9 Schematic for prism holder machined on site. Prism holder is anodized black to cut 
down on reflections. 
 

The pathway just described was for prism type total internal reflection fluorescence based 

imaging however, that same light has to now be delivered to the lower section of the microscope 

base to enable objective type TIRFM. To get our light source back down from the elevated stage 

we intercepted the beam using a beamsplitter positioned just after the reflection mirror post 
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collimation. The beamsplitter used is an EBP1 economy beamsplitter from Thorlabs and reflects 

light in the visible range while allowing transmission with a ratio of 30:70 (R:T). The reflected 

portion of the beam is sent through two mirrors to steer it through a focusing lens and into a fiber 

this is represented in Figure 2.8. This optical fiber carries the light to a slightly elevated optical 

platform on the bench positioned to the rear of the microscope base. This optical platform is only 

slightly elevated to maintain the optical path at the center of the rear optical entry of the 

microscope base. The platform is a 4 x 24 inch double density breadboard from Thorlabs and 

rests on three axes stage mounted to a 1.5 inch post. Light exits the fiber from the farthest most 

edge of the breadboard in relation to the microscope base. Then it is sent through a focusing lens 

to reduce divergence. After the focusing lens the light is reflected off of a mirror and then a 

dichroic beamsplitter. The reflected beam is then sent through an achromatic focusing lens to 

focus the light to the back focal plane of the objective. The purpose of the aforementioned 

dichroic beamsplitter is for the future imaging capabilities of Fluorescence Correlation 

Spectroscopy (FCS) as seen in Figure 2.1 as the shaded region with the dashed outline. 

2.8 Computer, Software and Other Computing Hardware 

 To run all the equipment that we incorporated in this setup we selected a computer from 

Thinkmate VSX R4 510. This computer has an eight-core Intel Xeon processor at 2.20 GHz with 

two 1 TB hard drives at 6 GB/s to handle all the data collection and run the imaging systems. 

Additionally we use external hard drive with 1 TB capacity to backup our data collections and 

allow for the data to be taken off site to be analyzed. To enable the computer to interface with 

our equipment we are using a National Instruments controller card and connecter block. The 

connecter block and cable are both shielded to reject external noise. The controller block is a 68 

pin I/O external interfacing device with which we use to connect and control our camera, supper 

continuum laser, shutter driver and any future equipment we might use in this setup. With this 

controller board we can connect to our camera to interface with the parent software or to create 

an external trigger in conjunction with our lasers or shutters. To coordinate the operation of two 

or more pieces of equipment we incorporate the use of LabView instrumentation software.   

2.9 Experimental Protocol for Slide Preparation 

To the scientific reader a discussion on slide preparation might seem unnecessary 

however each lab group does things a little different and the way we make up slides is done very 

methodically and for good purpose. Before we begin working with our slides we first put them in 
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a sonic bath submerged in a polypropylene Coplin jar with a 1 molar solution sodium hydroxide 

(NaOH) for a period of three hours, this process is done even if the slides a new.  After the sonic 

bath the slides are removed from the solvent and thoroughly rinsed with deionized (DI) water 

and then returned to the bath submerged in ethanol for an additional three hours. After the 

cleaning process the slides and the Coplin jar are drained and rinsed with DI water. From this 

point the slides are stored in the jar submerged in DI water until the time, which they will be 

used. Prior to use the slides are removed from the jar and again rinsed and then blown dry with 

nitrogen, this gas is used over air simply due to the possibility of water and other debris that may 

be present in the facility air lines. The reason we go through such a laborious cleaning process is 

to ensure we have removed any residue or particles that may give a false positive of 

fluorescence.  

 To prepare a slide for imaging the sample is first prepared in a solution this will depend 

on the type of molecule and the imaging process. For the purpose of demonstration this will be 

explained for the preparation of cadmium selenide (CdSe) quantum dots. The quantum dots we 

are using come from the Los Alamos National Laboratory and are a cadmium selenide structure 

encapsulated in cadmium sulfide CdSe/CdS and maintained in solution. These quantum dots are 

stable and well known to excite in the ultraviolet to visible range, their fluorescence is well 

documented and occur in the near-infrared range. To begin the preparation of these quantum dots 

for imaging we pipette 10 µL of the CdSe/CdS solution into a 1.5 mL centrifuge tube along with 

200 µL of Poly-L-Lysine and agitate.  

The use of the Poly-L-Lysine creates a thin bonded layer of the molecules on the slide to 

prevent molecules from falling from the surface when inverted or any translation that might 

occur during experimentation. During sample preparation special care is taken to minimize the 

amount of light exposure to the sample to reduce the possibility of photobleaching. Once the 

sample has been prepared in solution a slide is retrieved form the clean jar, rinsed and dried and 

then 200 µL of the sample solution is pipetted onto the slide at its approximate center. The Slide 

is then covered and let to dry for a period of approximately 3 ~ 5 hrs. The longer the sample is 

left to incubate the better the adhesion. During the incubation period we can make preparations 

for the flow cell. The flow cell is created using a double-sided adhesive sheet and a glass cover 

slip. The adhesive sheet is cut to the dimensions of the cover slip and then a window is cut out 

with the sides being ~ 5 mm wide the flow cell on the slide is represented in Figure 2.10. With 
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the adhesive sheet cut to size the slide is rinsed with DI water to remove any loose molecules or 

dust that may have settled. The backing is removed from one side of the adhesive sheet and then 

carefully placed on the slide at approximately center. The backing is then removed from the 

exposed side and then ~ 200 µL of DI water is pipetted into the cell created by the adhesive 

sheet. Last the cover slip is placed onto the adhesive sheet and the slide is sealed using an optical 

grade epoxy. 

 
Figure 2.10 Flow cell created on a microscope slide using 0.12mm thick double-sided adhesive 
sheet topped with a cover slip. 
 

2.10 Characterization of the TIRF Microscope 

 With the microscope complete our next task was to characterize this equipment by 

measuring key specifications such as the critical angle of total internal reflection, penetration 

depth of the evanescence wave, localization precision, and drift estimation. We also give a 

description of the more common single molecule techniques, some considerations, and the 

general use for them.  

2.10.1 Prism Type TIRFM 

 This method of total internal reflection fluorescence microscopy is our most commonly 

used fluorescence-based imaging method for single-molecule study. To give an in-depth 

understanding of this method it seems fitting to discuss in brief the electromagnetic theory of 

total internal reflection and evanescence waves. When light is incident at the interface between 

two dielectric mediums at an angle greater than the critical angle the light is considered to be 

totally internally reflected. This of course only occurs when going from a medium with a large 

index of refraction to a medium with a smaller index of refraction. When total internal reflection 

is achieved there is some transmission of the wave that actually passes through the interface. 

This transmissive wave, known as the evanescence wave, is an exponentially decaying wave that 
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propagates parallel to the interface and vanishes very quickly at a depth on the order of a couple 

hundred nm. The decay of the evanescent wave is given as a scale on intensity at the interface 

!!Ie = Ioe
−z/D  where D is the penetration depth the calculation of which is given in the next section. 

This phenomena, is very useful for exciting single-molecules in such a way as to reduce 

background noise in collection path from the excitation light, it also allows for the excitation of a 

single-molecules layer ~ 100 nm thick. This quickly decaying wave of light governs the 

configuration of the prism/slide/objective interface as well as the selection of the objective itself. 

This entire interface and selection of collection optics relies on the penetration depth of the 

evanescence wave. We can calculate this penetration depth based on the light path into the prism 

as shown in Figure 2.11. Another consideration of this excitation technique is polarization which 

is dependent on the incident beam (Axelrod, Burghardt, and Thompson 1984). Rotational 

dynamics of proteins can be studied using the polarization of evanescent waves and so by 

changing the polarization of the incident beam these measurements can be achieved (Forkey, 

Quinlan, and Goldman 2001, 2005, Beausang et al. 2012). Some resources for total internal 

reflection and evanescent waves are available in the following references (Axelrod 1989, Stout 

and Axelrod 1989, Axelrod, Burghardt, and Thompson 1984, Axelrod 2013) 

2.10.2 Determining Penetration Depth of the Evanescence Wave 

 To describe the light path and penetration depth of the evanescence wave we take the 

following approach. Figure 2.11 shows the geometry relating the excitation path in relation to the 

prism and the occurrence of total internal reflection resulting in the evanescence wave. To 

calculate the penetration depth of the evanescence wave we will name the following variables as 

such; penetration depth: !!D= λ /4( ) nprism2 sin2θ
c
−n

water
2⎡⎣ ⎤⎦

−1/2
, where !θc  is the critical angle 

measured with respect to the interface normal where the prism and slide are in contact. The 

critical angle is determined to be > 66° given the indices of refraction for the prism and water as 

nprism=1.4585 and nwater=1.3325 respectively. The critical angle and the actual angle used in to 

create total internal reflection in the prism can be calculated using the following relations. 
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Figure 2.11 Geometric representation of light propagation through the prism. 
 

The incident angle !θi  can be determined geometrically using the changes in x and y that 

make up the angle of initial incidence into the prism with respect to the surface normal as 

indicated in Figure 2.11, it needs to be realized that the spatial quotient is in radians and must be 

converted.!Calculating the penetration depth using the parameters ∆x = 46 mm and ∆y = 25 mm 

gives the transmission of the evanescent wave depth as ∼146 nm with a critical angel of ~ 69.2º.!
2.10.3 Drift Estimation Using Fiducial Markers 

 Conducting measurements with even the most sophisticated equipment can result in 

misleading data due to drift. Mechanical drift is present in every microscope and is mostly due to 

the surrounding environment. Environmental effects such as vibrations that can occur within the 

lab facility right down to the capillary action that may occur at the fluidic interface between the 

slide and microscope optics can be troublesome. In this age of super resolution imaging with 

nanometer accuracy it is important to estimate the microscope drift better than a nanometer. One 

way to accurately determine the location of molecules is with the use of fiducial markers. 

Fluorescent nanodiamonds make excellent fiducial markers and can be fixed to molecules of 

interest to assist in tracking or image alignment. The selection of fiducial markers is just as 

important as selecting a fluorescent marker and share the same criteria. A good fiducial marker 

should exhibit a high level of photostability and should be widely accessible to various 

wavelengths. The most capable means of tracking fiducial markers is by fitting a Gaussian to an 

intensity profile. This however is not absolute in fact there can be internal sources of error within 
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the sample itself such as dislocated fiducial markers or transient interactions between fiducial 

markers by labeled molecules passing in close proximity. We have tracked nanodiamonds, but 

we have found that the noise is not always Gaussian and polynomial fits don’t really work. We 

have found that estimating drift is neither precise (repeatable) nor accurate (close to true value). 

Despite the difficulty of these methods maximum likelihood methods to estimate drift have been 

developed to account for these and other similar sources of error (Colomb and Sarkar 2015).  

2.10.4 Localization Precision  

 The ability to precisely determine the location of molecules under investigation is a very 

important feature of any single-molecule study (Colomb and Sarkar 2015). To get an idea of how 

this might be determined we must look to our collection process, more specifically the detection 

surface of our camera. When photons from the emission of a single-molecule interact with the 

detection surface there will be pixel overlap of the event. Photon interaction events occur over a 

local area consisting of a group of pixels. By taking the data collected over the group of pixels 

involved in the interaction we can generate a two dimensional Gaussian curve over the data. The 

base of the curve is determined by the local data collection. The peak of this Gaussian curve is 

the intensity and is used to determine the localization accuracy by projecting the peak to the 

corresponding spatial coordinate on the collection area. We have collected throughput data on 

CdSe quantum dots at 96X magnification, which corresponds to a group of approximately 5-6 

pixels for one fluorescent dot as shown in Figure 2.12 for relative comparison. The uncertainty in 

the position can be determined by calculating the change in the spatial coordinate given as; 

!!
dx = λ / NA n( )  where !NA , λ , and !n  represent numerical aperture, peak wavelength of the 

emission, and the number of photons incident on the detector respectively (Colomb and Sarkar 

2015). The problem with this method is to convert grayscale values into the number of photons 

incident on the detector is not a trivial task. The better option then is to use fluorescent 

nanodiamonds as fiducial markers fixed to the slide then by imaging and tracking these we can 

determine localization precision provided all experimental conditions remain the same (Bumb et 

al. 2013). 

2.10.5 Objective Type TIRFM  

 Fluorescence-based single-molecule studies can be conducted using a similar method to 

prism-type TIRFM know as objective-type TIRFM. These two methods are identical in !
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Figure 2.12 Fluorescence shown as bright spots imaged by Andor camera during PLE 
experiment of CdSe quantum dots. 
 

functionality with respect to excitation of single-molecules by the creation of evanescence waves 

however, the approach regarding the setup is quite different. Referring back the chapter 2 in the 

section on excitation pathways it was mentioned that the excitation light coming out of the fiber 

on the microscope platform needed to be redirected back down to the rear of the camera. This 

light is what we will use to conduct objective-type TIRFM and is the reason for the flip-down 

beamsplitter in the light path on the microscope platform.  

This light being sent into the rear light port of the microscope base is purposely focused 

off center to enable total internal reflection. The purpose of this off axis input light is to take 

advantage of the lenses within the objective such to generate total internal reflection this can be 

seen in Figure 2.13. The optics used for this method are a Dichroic beamsplitter part number 

Di01-R405/488/532/635-25x36 and a notch filter part number NF01-405/488/532/635-25x5.0 

both from Semrock and mounted in an optics cartridge inserted in the fluorescence turret of the 

microscope base. The Dichroic is in place to reflect the excitation light up to the sample and then 

allow the desired emission light to pass through to the collection optics. The notch filter also 

helps filter out some of the return light to help remove the excitation light from the collection 

path. Some benefits of choosing the objective-type over prism-type method is simply to free up 

the space above the microscope slide. In doing this we can implement other microscopy 

techniques such as adding flow tubes to the slide for flushing protein through the flow channel of 
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the slide as one example. Another method we could employ is the use of magnets to manipulate 

molecules within the slide. In addition to these and other techniques, objective-type TIRFM also 

allows for a thicker sample bed within the microscope slide allowing for the study of larger 

molecules. 

2.10.6 Multichannel Detection and FRET 

 Often in fluorescence-based single-molecule studies the need arises to look at the 

interactions within or between molecules. The method best suited for this type of study is 

Fluorescence Resonance Energy Transfer (FRET) microscopy.  

 
Figure 2.13 Internal view of light propagation within the objective to generate TIRF for 
objective-type TIRFM. 
 

 This is the process of energy transfer from one excited fluorophore referred to as the 

donor to another fluorophore referred to as the acceptor (Sekar and Periasamy 2003). This 

interaction is a product of dipole-dipole coupling between molecules at a distance known as the 

Förster radius , which is on the order of !10−9 m. The energy transfer efficiency between 

interacting molecules can be calculated as 
!!
ε =1/ 1+ r /r

F( )6⎛
⎝

⎞
⎠  where r is the separation distance 

of the two molecules. As a requirement the emission spectrum of the donor fluorophore must 
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have a significant overlap over the absorption spectrum from the acceptor fluorophore 

(Elangovan, Day, and Periasamy 2002). This strong spatial dependence is largely used to study 

the dynamics of interactions between and within molecules. This method of FRET microscopy 

can be used to determine the separation between two fluorophore over a range from 3 to 10 nm 

with a 0.5 nm resolution (Deniz, Mukhopadhyay, and Lemke 2008, Cornish and Ha 2007, Andoy 

et al. 2009). When the distance variation is on the order of the Förster radius, resolution is at its 

maximum. The constraints of this type of microscopy are set by the collection of the 

fluorescence of the interaction. The collection of emissions from one interacting pair of 

fluorophore only provides spatial information between those two molecules. To broaden the 

collection of molecular properties we can collect multiwavelength emissions from a group of 

fluorophore to obtain information on the spatial separations of the entire group, which contain 

more useful properties when studying complex systems. From this constraint emerges the need 

for multichannel detection to separate the different spectra in a FRET study. We can achieve this 

by employing the Quad-View QV2 our multichannel imaging system. This device is designed to 

separate light that is very close in wavelength into four different channels simultaneously. 

Another feature of our microscope is alternating light excitations which allows alternate 

excitations of the donor and acceptor (Kapanidis et al. 2004). This combination of excitation and 

collection methods enables a more thorough analysis of the spatial dynamics of single-molecules 

2.10.7 Single Molecule Circular Dichroism Spectroscopy  

 Many different single-molecules can have a direct influence on the light that is used to 

excite them, such molecules are generally on the order of several µm such as protein and 

bacterium. The influence is an absorption of left polarized or right polarized light. Circular 

dichroism allows us to take advantage of these influential interactions to gain insight on protein 

geometry and orientation. This method is conducted by exciting single-molecules with circularly 

polarized light and measuring the fluorescence of the molecule based on the change of the 

fluorescent emission. Circularly polarized light can be decomposed into a left or right handed 

circularly polarized components. Circular dichroism is the differential absorptivity of right 

handed and left handed polarized light and depending on the molecule and its geometry it can be 

equally or unequally absorbed with respect to left or right handedness (Kelly, Jess, and Price 

2005).  The emission of such light is a process of the recombination of these left and right 
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polarities, if the molecule is equally absorbing then the emission is of the same polarization as 

was put in otherwise you get out an elliptical polarization.   

 We are using a motorized rotation mount from Thorlabs to rotate the linearly polarized 

light during experimentation. This will allow us to have a constantly changing signal where even 

if the molecule is optically inactive we will have a qualitative and quantitative view of the signal. 

 The thought here is that if the molecule is optically inactive meaning it is absorbing the 

right and left hand circular components of the excitation light equally and emitting the same 

polarization then we expect to get a sinusoidal response relative to the rotation speed of the 

rotation mount. Conversely if the molecule is optically active, absorbing the excitation light 

unequally with respect to left and right handed polarization, then the signal we would expect to 

get would the sum of a Fourier series. 

2.11 Enclosing the Microscope 

 Once all of the optics are in place and aligned we prepared a sample of quantum dots to 

test our setup. We prepared our sample, according to the section on experimental protocols for 

slide preparation, and then its placed on the stage of the microscope. With some adjustment we 

attained total internal reflection fluorescence, which shows up in the binocular eyepiece as bright 

specs of light. To make a clear distinction between the light reflections of a molecule and that of 

a dust particle we can analyze the intensity peaks an compare them to well known spectra. The 

data containing the peak intensities is collected on our EMCCD camera, the camera software 

also enables the visualization of the fluorescent spectra. With these known’s and our confidence 

in the sample preparation we can definitively say that we are indeed seeing total internal 

reflection fluorescence and thereby we can say our setup is properly aligned and in working 

order. We further reinforce our confidence in the following chapter on applications. From this 

point it becomes very important to preserve the microscope and all of the optics in this setup 

with an enclosure to prevent the buildup of dust and prevent tampering. An enclosure was 

carefully designed to allow for the access of key components such as lasers and optics on flip 

mounts. We used 25mm construction rails from Thorlabs to build a frame around the equipment. 

All of the optics on the main bench are enclosed together and the optics on the elevated platform 

on top of the microscope base are enclosed in a small framed box with an access door. The 

enclosure frame is filled with black ABS plastic around the sides and a clear acrylic plastic on 

the top.  
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Table 2.1 Specifications and characteristics of TIRF microscope 
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CHAPTER 3 

APPLICATION 

 With the microscope built and functioning we felt it would be appropriate to conduct a 

proof of concept experiment to show that we can look at the fluorescence of single-molecules 

individually. To do this we prepared a sample of CdSe quantum dots we received from a 

collaborator at Los Alamos National Laboratory.  

3.1 PLE of Individual CdSe Quantum Dots 

Quantum dots are very stable, bright, and well characterized and thus a good choice for 

this experiment. Our sample was prepared in solution with poly-L-lysine and then pipetted onto a 

slid and left to cure for over 16 hrs. After the sample was cured it was cleaned, dried and 

prepared with a flow cell of deionized water as per the instructions in the section on slide 

preparation in experimental protocols. Once the sample was ready we placed it on our 

microscope and began the experiment. To get TIRF we place a drop of deionized water on the 

lens of the objective then place the slide over the objective, cover slip facing down then a drop of 

immersion oil is placed on the slide and finally the prism is lowered into place. At this point it 

takes a bit of vertical adjustment with the objective to get the fluorescence to occur.  For this 

PLE experiment we used our supercontinuum laser to scan from 450 – 600 nm in steeps of 1 nm. 

Our exposure time was 100 ms with our camera set to full frame and an EM gain of 2. We used a 

bandpass filter FF01-615/20-25 from Semrock in the collection path to reject the lower 

wavelength range of the excitation beam. We ran this experiment a few different times to ensure 

all of our equipment was in working order. We finally collected data on this quantum dot sample 

for analysis in our proof on concept experiment.  

In this experiment we measured high throughput photoluminescence excitation spectra of 

individual CdSe quantum dots using our TIRF microscope. The heterogeneity of spectra have 

been quantified among the quantum dots in the field of view selected for this study. In some 

cases there are quantum dots that come to rest on the slide in to close in proximity to study 

individually, as can be seen in Figure 3.1 (b), and for this reason are neglected. Our approach 

provides an accurate identification of quantum dots due to their characteristic spectral features, 

which can be useful in single-molecule studies. We first collect spectral data on as many 

fluorescent spots that we can visibly see that are not over lapping. To do this we can isolate a 
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bright spot with our camera’s software and analyze the data for that selected region. We then 

normalize each spectrum to the area under the curve.                                      

 
Figure 3.1 Preliminary experiment to test the microscope using CdSe quantum dot: a) Field of 
view for CdSe quantum dot sample analyzed in experiment. b) Sample of spectra and their 
average. c) Histogram of peak intensities with 1 nm bin size. 
 

After we have a respectable number of normalized spectra we then hand select the peak 

intensity from each spectrum centered on the same wavelength. Figure 3.2 (a) shows a sample of 

the spectra and their normalized average over the total area under the curves. We then took the 

selected peak intensities and plotted a histogram with a bin size of 1 nm as shown in Figure 3.2 

(c). The error bars in the histogram were calculated as the square root of the number of counts in 

each bin. From these data and the closeness in peak intensity we can confidently conclude that 

we are indeed measuring individual quantum dots each with their own individual characteristics 

in peak emission intensity. 
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CHAPTER 4  

CONCLUSION AND FUTURE WORK 

 The single molecule biophysics laboratory at the Colorado School of Mines was 

established with the construction of this microscope. This leaves a seemingly endless amount of 

work going into the future. Some of the future work includes building more equipment to enable 

experimentation at the single molecule level. A few pieces of equipment have already been 

proposed and in the case of the following future projects are already underway.  

4.1 Conclusion  

I expect that the microscope will be used for a wide range of applications and by many 

departments throughout the Colorado School of Mines campus. A reliable and user-friendly 

single-molecule TIRF microscope platform will become an asset to the Mines community. Our 

technique not only allows detection of fluorescence from single-molecules, but also allows 

spectroscopic identification of the molecular species and localization of molecules of interest 

inside living organisms at the single-molecule level. I also expect that our microscope can be 

used in the characterization of surface defects and grain boundaries of materials. The microscope 

will enable identification of molecules of interest even if other molecules emit in the same 

wavelength range based on pixel-by-pixel spectroscopic analysis. We hope that our equipment 

will be useful to biologists and material scientists throughout the university.   

4.2 Future Work 

 We have many other projects that we are currently working on in the single molecule lab 

at the Colorado School of Mines for the purpose of studying single molecules. A few of these 

projects are additions to the TIRF microscope and for that reason are included in this chapter. In 

addition one other project we are working on is included to show another application of 

fluorescence-based single molecule techniques and also to demonstrate just one use of 

fluorescent nanodiamonds. 

4.2.1 Polarization Anisotropy 

Moving forward with new measurement techniques we are developing a device to 

implement polarization anisotropy. This type of microscopy technique is currently being 

performed however the capacity in which it is conducted is susceptible to a probabilistic error 

that can be challenging to obtain a reliable set of data. The idea behind this technique is to 
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capture the random polarized fluorescence from a molecule that is in motion. This is opposed to 

a molecule that is fixed on a slide where each instance of fluorescence is in the same polarization 

orientation, which can be collected to give some constant intensity. When a sample that is free to 

tumble in a flow cell is excited it will fluoresce in some orientation of polarization. This 

polarization will constantly change in a random pattern and can be detected with the use of a 

rotating polarizer. When the polarization of the fluorescence is aligned with the polarizer then 

the fluorescence will pass through the collection path. The fluorescence that passes through the 

collection path is the collected on our camera and the orientation of its polarization determines 

the intensity and peak position of the response on the collector.  

With this in mind we have designed a polarization anisotropy instrument to be 

incorporated into our microscope setup. This instrument will be placed between the fluorescence 

and objective turrets in the microscope base. The device will be mounted on a 1.5 inch post 

external to the microscope base so it can be swung into the collection pathway. The challenge in 

this is the limited space between the two turrets of the microscope, which is < 1 cm at maximum 

thickness. In this workspace we must be able to rotate a polarizer filter at a constant rate. To 

rotate the polarizer we will be using a stepper motor and a pulley and belt system on a rigid base 

plate. 

4.2.2 Fluorescence Correlation Spectroscopy 

Fluorescence correlation spectroscopy (FCS) is a TIRF method that allows for the 

simultaneous imaging of two fluorescent events. In some fluorescent-based single-molecule 

experiments such as diffusion coefficient measurements the emission is comprised a fluctuation 

in fluorescence intensities (Krieger, Tóth, and Langowski 2001). These fluctuations can be 

analyzed to determine how a molecule is moving in solution. Aside from diffusive properties 

other useful correlations can be made as well such as coefficients of mobility and local 

concentrations, additionally reactive rate constants can be determined within and between 

molecules labeled with fluorescent markers (Schwille 2006). 

As previously mentioned we placed a dichroic beamsplitter in the excitation path at the 

rear of the microscope where we excite for objective-type TIRFM. This dichroic is dual purpose 

one is to conduct objective-type TIRFM where it simply used as a reflective surface. The true 

purpose of this dichroic beamsplitter is to conduct fluorescence correlation spectroscopy (FCS). 
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This is an extended method of total internal reflection microscopy where the light is filtered 

down and split into two separate detectors as shown in Figure 4.1.  

4.2.3 Development of Handheld Scanner 

We have plans to develop a handheld background free imaging device for medical 

imaging of biomarkers that could be targeted using functionalized FND. The fluorescent 

nanodiamonds are very promising in the field of background free imaging with their resistance to 

photobleaching and photoblinking, their long fluorescent times and because their emissions can 

be modulated using a pulsed magnetic field. Fluorescence lifetime imaging devices have been 

recently developed and offer a noninvasive means to measure biomolecular processes labeled 

with fluorescent dyes (Cheng et al. 2014). The device we are planning to develop will be based 

on the fluorescent properties of the fluorescent nanodiamond (FND). Fluorescent nanodiamond 

are inert within biological organisms but have yet to be accepted by the FDA for use with human 

study.  

 
Figure 4.1 Excitation path at rear of microscope for objective-type TIRFM with proposed FCS 
collection optics integrated. 
 

Despite their lack of acceptance it is worth the effort to move forward solely based on the 

properties of FND’s, they do show a lot of promise in the biomedical field. FND’s have a 

fluorescent lifetime of ~ 15 ns where as a typical dye such as indocyanine green (ICG) currently 

in use has a fluorescent lifetime of ~ 5 ns (Tisler et al. 2009, Fu et al. 2007). The lifetime of ICG 

is very close to the lifetime of tissues and bio-fluids typically in contact with the fluorescent 
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marker (Resch-Genger et al. 2008, Koenig and Schneckenburger 1994). These fluorescence 

lifetimes give the FND an advantage in terms of reduced background noise. With the use of time 

gated circuitry we can design a collection process that will presumably eliminate the 

fluorescence of surrounding tissue. In addition we can further reduce any remaining background 

noise by modulating the fluorescent signal of the nanodiamond with the use of a pulsed weak 

magnetic field. We can lock in on this signal that we generated and by doing so we can remove 

all other signals from detection. An example of this is given in Figure 16 where lock in detection 

has been used to eliminate the background signal simulated by placing Alexa647 in a sample of 

nanodiamond. 

 To develop a handheld fluorescence detection device we will have to incorporate 

excitation as well as magnetic modulation and collection. To achieve this and still maintain ease 

of handling we propose to minimize the on board equipment in the actual handheld device and 

tether it to a control platform where we could maintain equipment and run data analysis. We are 

also considering the use of a fiber optical transport to bring the excitation light in from an 

external platform. As previously stated this device will be designed with the FND in mind 

however in the interest of developing a multipurpose tool we will also include the use of other 

fluorescent dyes and particles in our design. 

 
Figure 4.2 Lock in detection to remove background noise using FND’s modulated by a weak 
magnetic field. Change of emission of a 40 nm diamond: ~8% @ 100 Gauss and signal to noise 
improvement: > factor of 8. 
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APPENDIX 

 
Table A.1 Invoice of parts for the construction of TIRF microscope. 
 
Vendor Catalog# Description Qty. Price Each Total 
Olympus IX73P2F Microscope Frame With 2 Ports 1 $7,100.00 $7,100.00 

Olympus 4-U222 
IX3-SVL; Left Handle Stage Short 
Stalk 1 $2,605.00 $2,605.00 

Olympus 4-U290 
IX-CP50; Stage Plate Insert 50mm 
Diameter Open 1 $178.00 $178.00 

Olympus U-IT115-1 
IX3-Magnification Changer Deck 
Module 1 $1,829.00 $1,829.00 

Olympus U-R380 
IX3-D6RES; 6-Position IX 
Nosepiece Coded DIC 1 $800.00 $800.00 

Olympus 5-UR416-1 
IX3-RFACS-1-2; Coded IX3 
Fluorescence Turret 1 $1,200.00 $1,200.00 

Olympus 1-U2B720 

APON60XOTIRF; APO 60X 
TIRFM OBJ NA 1.49 WD:0.1mm 
CC BFP1 1 $9,193.00 $9,193.00 

Olympus 1-U2B893IR 

UPLSAPO60XWIR; U PL S-APO 
60X WIR OBJ NA 1.2 WD 0.28 
W/CC 1 $17,871.00 $17,871.00 

Olympus 3-U243 
U-BI90-1-2; IX BINOC 
Observation Tube 1 $879.00 $879.00 

Olympus 2-U1007 
WHN10X-1-7; 10X Eyepiece For 
BX IX HI Eyepnt Retshelf FN:22 2 $205.00 $410.00 

Olympus U-V3127 
U-CMAD3-1-7; C-Mount Camera 
Adapter for BX/IX2 1 $154.00 $154.00 

Olympus U-V1127 

U-TV1X-2-7; CDD Camer 
Adapter 1X Req Camer Mount 
BX/IX 1 $75.00 $75.00 

Olympus U-M710 
U-FF; Empty FL Cube for BX3 
Microscopes 8 $441.00 $3,528.00 

Olympus U-V260 
U-TVCAC; Video Magnification 
Changer 1X, 2X, 4X 1 $4,609.00 $4,609.00 

Photometrics 
OMAG-QV-
FC 

MicroImager: 4-Channel Quad 
Simultanes Images Req EM Filters 1 $16,100.00 $16,100.00 

Photometrics 
OMAG-
QV2CUSQ 

QV2-Cube-SQ; QuadView2 Cube 
for Square Detectors 1 $3,000.00 $3,000.00 

Photometrics 
OMAG-
QV2-Mount 

QV2-Mount; Mount Dichroic in 
QV2 Cube Cube not Included 1 $350.00 $350.00 

Semrock 
FF01-
533/SP-25 

533nm Brightline SWP Edge 
25mm 1 $299.00 $299.00 

Semrock 
FF01-
582/75-25 

582/75nm Brightline Bandpass 
Filters 25 1 $349.00 $349.00 
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Table A.1 continued 
 

Semrock 
FF02-
675/67-25 675nm Bandpass Filter 25mm 1 $345.00 $345.00 

Semrock 
FF01-
715/LP-25 

715nm Brightline LWP Edge 
Filter 25mm 1 $349.00 $349.00 

Semrock 

FF538-
FDI01-12.5-
D 

538 Bright Dichroics 12.5mm 
UnHoused 1 $429.00 $429.00 

Semrock 

FF640-
FDI01-12.5-
D 

640 Bright Dichroics 12.5mm 
UnHoused 1 $429.00 $429.00 

Semrock 

FF705-
FDI01-12.5-
D 

705 Bright Dichroics 12.5mm 
UnHoused 1 $649.00 $649.00 

Andor 
DU-897D-
CS0-#BV 

512x512 16um EMCCD BV 
10MHz -100C 1 $32,000.00 $32,000.00 

Andor CCI-24 
IXON PCI Express Controller 
Card 1 $1,395.00 $1,395.00 

Andor IQ CORE  IQ Core Software 1 $3,260.00 $3,260.00 
Andor IQ TRACK Motion Analysis Module 1 $1,240.00 $1,240.00 
ThinkMate VSX R4 510 Instrument Computer 1 $3,896.00 $3,896.00 
National 
Instruments 782351-01 

NI PCIe-6612 8 Channel 32 bit 
Counter Timer Device  40DIO 1 $800.00 $800.00 

National 
Instruments 183432-02 SH68-68-D1 Shielded Cable 2m  2 $187.00 $374.00 
National 
Instruments 782536-01 

SCB-68A Noise Rejecting 
Shielded I/O Connector Block 1 $322.00 $322.00 

Crystal 
Laser 

DL635-050-
O 

635(+/-
2)nm,50mW,Circular,M2<1.3,Low 
Noise,CW,Compact Laser and 
Power Supply 1 $3,190.00 $3,190.00 

Crystal 
Laser Option Ultra Stable Option 0.25% 1 $480.00 $480.00 
Crystal 
Laser Option 

Upgrade with CL2005 Variable 
Power Supply with Digital Display 1 $800.00 $800.00 

Crystal 
Laser 

CL532-050-
LO 

532nm,50mW,TEMoo,M2<1.1,Lo
w Noise,CW,DPSS Laser and 
Power Supply 1 $5,850.00 $5,850.00 

Crystal 
Laser Option Ultra Stable Option 0.25% 1 $880.00 $880.00 
Crystal 
Laser Option 

Upgrade with CL2005 Variable 
Power Supply with Digital Display 1 $800.00 $800.00 

Crystal 
Laser 

DL488-050-
O 

488(+/-
5)nm,50mW,Circular,M2<1.3,Low 
Noise,CW,Compact Laser and 
Power Supply 1 $7,480.00 $7,480.00 
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Table A.1 continued 
 
Crystal 
Laser Option Ultra Stable Option 0.25% 1 $1,122.00 $1,122.00 
Crystal 
Laser Option 

Upgrade with CL2005 Variable 
Power Supply with Digital Display 1 $800.00 $800.00 

Fianium 
WL SC400-
4-PP 

WhileLase Supercontinuum Fiber 
Laser 1 $45,000.00 $45,000.00 

Photo etc 

LLTF 
Contrast 
VIS-2 

Laser Line Tunable Filter 400-
1000nm Bandwidth 
(FWHM)<2.5nm  1 $23,125.00 $23,125.00 

Coherent 1133374 
S-1516 FieldMate & OP-2 VIS 
system kit *PLM.1133374.10538* 1 $990.00 $990.00 

Vincent 
Associates VMM-D4 

Four Channel Uni-stable Shutter 
Driver 1 $1,915.00 $1,915.00 

Vincent 
Associates LSR3S2T1 

3mm Uni-stable Shutter 3ms time 
to open 3 $930.00 $2,790.00 

Semrock 
LPD01-
488RS-25 

488 nm RazorEdge Dichroic laser-
flat beamsplitter (Tavg>93% 
499.2-756.4nm) 1 $389.00 $389.00 

Semrock 
LPD01-
532RS-25 

532 nm RazorEdge Dichroic laser-
flat beamsplitter (Tavg>93% 
544.2-824.8nm) 1 $389.00 $389.00 

Semrock 
LPD01-
633RS-25 

632.8 nm RazorEdge Dichroic 
laser-flat beamsplitter (Tavg>93% 
647.4-980.8nm) 1 $389.00 $389.00 

Semrock 

Di01-
R405/488/53
2/635-25x36 

405/488/532/635nm lasers 
BrightLine quad-edge laser-flat 
dichroic beamsplitter 2 $565.00 $1,130.00 

Semrock 
FF01-
615/20-25 

615/20 nm BrightLine single-band 
bandpass filter (Tavg>90% 605-
625nm) 1 $355.00 $355.00 

Semrock 
FF01-
673/11-25 

673/11 nm BrightLine single-band 
bandpass filter (Tavg>90% 667.5-
678.5nm) 1 $305.00 $305.00 

Semrock 

NF01-
405/488/532/
635-25x5.0 

405/488/532/635 nm StopLine 
quad-notch filter 2 $1,045.00 $2,090.00 

CVI Laser 
Optics 

PLBC-5.0-
79.5-SS 

Pellin Broca Prism, 11.0x20.0x6.4, 
Uncoated 1 $531.00 $531.00 

Kargile 
Scientific 206A2 

Microscope Slides, Ground Edges, 
Plain, 90 Corners, 3x1, (Pack 5) 1 $6.95 $6.95 

Cargille 16212 

Type FF non-drying Immersion 
Oil for fluorescence microscopy 
(for prism type TIRFM) 1 $10.75 $10.75 

Cargille 16245 

Type HF, non-drying Immersion 
Oil, Fluorescence microscopy(for 
objective type TIRFM) 1 $11.50 $11.50 
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ThorLabs T48W 

Nexus Optical Table, 4' x 8' x 
12.2", Sealed 1/4"-20 Mounting 
Holes 1 $5,805.59 $5,805.59 

ThorLabs PTS602 
Set of Four Active Legs, 600mm 
High  1 $2,995.00 $2,995.00 

ThorLabs PTA013 Air Filter 1 $72.90 $72.90 

ThorLabs PDA10A 
Amplified Si Photodetector, 
150MHz, 200-1100nm 1 $283.00 $283.00 

ThorLabs MT1 1/2" Translator Stage 2 $278.00 $556.00 
ThorLabs MT3 XYZ Translation Stage 1 $879.00 $879.00 

ThorLabs PT3 
XYZ Translation Stage (includes 
PT102) 2 $842.00 $1,684.00 

ThorLabs PRM1Z8 
ø1" Moterized Precision Rotation 
Stage 1 $873.00 $873.00 

ThorLabs 
NDC-50C-
4M 

Mounted Variable Circular ND, 
D=50mm, Continuous ND=0-4.0 1 $416.20 $416.20 

ThorLabs LB1 
Beam Block (Active Area: 0.7" X 
1.4"), Includes TR3 Post 2 $48.50 $97.00 

ThorLabs ID25 
Iris Diaphram 1" Aperature 
Mounted on a TR3 2 $53.00 $106.00 

ThorLabs KM100-E02 
KM100 Kinematic Mirror Mount 
with Visable Laser Quality Mirror 18 $103.50 $1,863.00 

ThorLabs M72L05 
ø200µm, 0.39 NA, FC/PC-FC/PC 
Fiber Patch Cable 5m 2 $84.00 $168.00 

ThorLabs 
PAFA-X-4-
A 

Achromat Fiber Port, FC/PC & 
FC/ACP, f=4.00mm, 400-700nm, 
Waist Dia. 0.75mm 4 $500.00 $2,000.00 

ThorLabs HCP L Bracket Fiber Port Mount 4 $75.00 $300.00 

ThorLabs LSB04-A 

D=25.4mm 35pc N-BK7 Plano-
CX, Plano-CC, Bi-CX, Bi-CC A 
Coat 1 $1,452.20 $1,452.20 

ThorLabs FW1AND 
6 Hole Filter Wheel w/Base 
Assembly & 5 NE Filters 1 $285.60 $285.60 

ThorLabs EBP1 
30:70 (R:T) Economy 
Beamsplitter, AOI=45deg, D=1" 2 $31.40 $62.80 

ThorLabs 
AC508-400-
A-ML  

Mounted AC508-400-A-ø2.0", 
efl=400mm 1 $130.46 $130.46 

ThorLabs 
AC254-100-
A-ML 

Mounted AC254-100-A-ø1.0", 
efl=100mm 5 $93.13 $465.65 

ThorLabs TR1-P5 
1/2" Dia. X 1" Length: Pack of 5 
Post  3 $22.55 $67.65 

ThorLabs TR2-P5 
1/2" Dia. X 2" Length: Pack of 5 
Post  4 $24.65 $98.60 

ThorLabs TR3-P5 
1/2" Dia. X 3" Length: Pack of 5 
Post  4 $25.75 $103.00 
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ThorLabs TR6-P5 
1/2" Dia. X 6" Length: Pack of 5 
Post  2 $32.15 $64.30 

ThorLabs PH1 
1" Post Holder with Spring-
Loaded Thumbscrews 12 $7.03 $84.36 

ThorLabs PH2 
2" Post Holder with Spring-
Loaded Thumbscrews 20 $7.70 $154.00 

ThorLabs PH3 
3" Post Holder with Spring-
Loaded Thumbscrews 20 $8.27 $165.40 

ThorLabs BA1S 
0079-001 Rev F, 002 Rev A 
Mounting Base 1x2.3x3/8 20 $5.20 $104.00 

ThorLabs BA1 
Mounting Base 1x3x3/8 0078-001 
Rev E & 002 Rev B 20 $5.60 $112.00 

ThorLabs BA2 
Mounting Base 2x3x3/8 0080-001 
Rev F & 002 Rev A 30 $7.30 $219.00 

ThorLabs RA90 Right Angle Post Clamp 12 $9.48 $113.76 

ThorLabs CL5 
0105-001 Rev E, Clamp 'L' Shape 
0.68" x 0.75" 10 $4.00 $40.00 

ThorLabs CL2 
Clamp 5/8 x 5/8 x 3 w/ 1/4-20 tap 
& slot 1/4 x 1-7 10 $6.50 $65.00 

ThorLabs R2T 
Thin Slip-On Post Collar For 1/2" 
Diameter Posts Pack of 5 Collars 2 $34.90 $69.80 

ThorLabs FM90 Flip Mount 2 $78.00 $156.00 

ThorLabs LMR1 
Lens Mount Ring For 1" Optic #8-
32 Mounting 12 $15.70 $188.40 

ThorLabs CM1-DCH 
Dichroic Filter Mount 30 mm 
Cage System 1 $150.00 $150.00 

ThorLabs KM100PM Kinematic Prism Mount 1 $69.00 $69.00 

ThorLabs FH2 
Filter Holder For 2" Optics, 
Stackable 2 $18.00 $36.00 

ThorLabs LMR2 
Lens Mount Ring For 2" Optic #8-
32 Mounting 2 $23.50 $47.00 

ThorLabs P1  1.5" Dia. Mounting Post x 1"  8 $19.50 $156.00 

ThorLabs P2 
Ø1.5" Mounting Post, 1/4"-20 
Taps, L = 2" 4 $26.00 $104.00 

ThorLabs P3  1.5" Dia Mounting Post x 3" 5 $33.00 $165.00 
ThorLabs P6 1.5" Dia Mounting Post x 6" 1 $49.00 $49.00 

ThorLabs P10 
Ø1.5" Mounting Post, 1/4"-20 
Taps, L = 10" 4 $68.00 $272.00 

ThorLabs P12 1.5" Dia Mounting Post x 12" 8 $79.00 $632.00 

ThorLabs PB2  
Mounting Post Base 2.400" Dia x 
0.500 High 2 $26.80 $53.60 

ThorLabs C1498 1.5" Post Clamp 2 $29.00 $58.00 

ThorLabs C1525 
Extra Large Mounting Post Clamp, 
4.5" x 4.5" Mouunting Surface 2 $90.30 $180.60 

ThorLabs MB4A 
Aluminum Breadboard 4.5" x 4.5" 
x 1/2", 1/4"-20 Threaded 2 $60.90 $121.80 
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ThorLabs CF125 
Short Clamping Fork, 1.24" 
Counterbored Slot, Universal 4 $8.75 $35.00 

ThorLabs MB1218 
6276-001 Rev D, Breadboard 
12x18x1/2 2 $208.70 $417.40 

ThorLabs MB424 
14040-001 Rev D Double Density 
4" x 24" x 1/2" 1 $164.22 $164.22 

ThorLabs MB1224 
Aluminum Breadboard 12" x 24" x 
1/2", 1/4"-20 Taps 1 $259.00 $259.00 

ThorLabs CP08 
SM1 Threaded 30 mm Enhanced 
Clamping Cage Plate, 0.35" Thick 2 $19.00 $38.00 

ThorLabs SM1M30 

SM1 Lens Tube Without External 
Threads, 3" Long, Two Retaining 
Rings Included 1 $16.75 $16.75 

ThorLabs ER3-P4 
Cage Assembly Rod, 3" (76.2mm) 
Long, Ø6mm, 4 Pack 1 $24.47 $24.47 

ThorLabs AS8E25E 

Adapter with Internal 8-32 
Threads and External 1/4"-20 
Threaded Stud 2 $4.10 $8.20 

ThorLabs HW-KIT5 4-40 Hardware Kit For Mini Series 1 $92.20 $92.20 
ThorLabs HW-KIT1 #8-32 Bolt Kit over 750 pieces 1 $53.60 $53.60 
ThorLabs HW-KIT3 #8-32 Set Screw Kit 1 $106.10 $106.10 
ThorLabs HW-KIT2 1/4-20 Bolt Kit over 1000 pieces 1 $106.10 $106.10 
ThorLabs HW-KIT4 1/4-20 Set Screw Kit 1 $94.30 $94.30 

ThorLabs SH25S038 
1/4-20 Stainless Steel Cap Screw 
3/8" Long Pack of 25 4 $7.50 $30.00 

ThorLabs SH25S075 
1/4-20 Stainless Steel Cap Screw 
3/4" Long Pack of 25 4 $8.50 $34.00 

ThorLabs SH25LP38 
1/4"-20 Low-Profile Channel 
Screws (100 Screws/Box) 1 $22.03 $22.03 

ThorLabs XE25L09 25 mm Construction Rail, L = 9" 12 $14.70 $176.40 
ThorLabs XE25L12 25 mm Construction Rail, L = 12" 20 $15.75 $315.00 
ThorLabs XE25L15 25 mm Construction Rail, L = 15" 6 $18.90 $113.40 
ThorLabs XE25L24 25 mm Construction Rail, L = 24" 6 $28.35 $170.10 
ThorLabs XE25L28 25 mm Construction Rail, L = 28" 4 $31.00 $124.00 
ThorLabs XE25L36 25 mm Construction Rail, L = 36" 8 $39.00 $312.00 

ThorLabs RM1G 
1" Construction Cube with Three 
1/4" (M6) Counterbored Holes 20 $16.80 $336.00 

ThorLabs RM1F 
1" Construction Cube with Six 
1/4"-20 Tapped Holes 20 $18.90 $378.00 

ThorLabs XE25CL2 Table Clamp for 25 mm Rails 8 $11.30 $90.40 

ThorLabs XE25A90 
Right-Angle Bracket for 25 mm 
Rails 18 $25.50 $459.00 

ThorLabs XE25H Hinge for 25 mm Rail Enclosures 6 $9.80 $58.80 

ThorLabs XE25T3 
Low-Profile T-Nut, 1/4"-20 
Tapped Hole, Qty: 10 4 $9.60 $38.40 
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ThorLabs TC3/M 
15 Piece Metric Wrench Kit with 
Stand 1 $84.10 $84.10 

ThorLabs TC2 20 Piece Wrench Set with Stand 1 $88.30 $88.30 

ThorLabs BD-3/16L 
Balldriver for 1/4-20 Socket Head 
Screws Long 1 $7.20 $7.20 

ThorLabs SPW602 Spaner Wrench for SM1RR 1 $26.00 $26.00 

ThorLabs MC-50E 
50 MC-5 Lens Tissue in a 
Closeable Box 2 $78.00 $156.00 

ThorLabs CA3 
Tech Spray Duster Aerosol with 
Plastic Nozzle 5 $12.00 $60.00 

ThorLabs T3283 BNC Strait Adapter (F-F) 2 $6.80 $13.60 
ThorLabs T3788 BNC Minigrabbers (F) Test Clip 2 $11.90 $23.80 
ThorLabs T17251 Power Cords, 110v AC, 5 Pack 1 $32.70 $32.70 

ThorLabs SP620 
Durable indoor metal power strip 
with 6 outlets 4 $29.90 $119.60 

ThorLabs MC8-L  
Large Powder Free latex gloves 
Qty: 100 gloves 2 $21.00 $42.00 

ThorLabs USB-C-72 
72" USB 2.0 High Speed 
Extension Cable, Black 2 $6.90 $13.80 

McMaster-
Carr 

8586K571 
(Black) 

Easy-to-Machine ABS Shapes, 
1/4" Thick, 36" x 36" 2 $101.16 $202.32 

McMaster-
Carr 

8586K371 
(Black) 

Easy-to-Machine ABS Shapes, 
1/4" Thick, 12" x 24" 5 $23.95 $119.75 

McMaster-
Carr 8560K226 

Optically Clear Cast Acrylic Sheet, 
7/32" Thick, 24" x 48" 2 $65.78 $131.56 

McMaster-
Carr 8560K225 

Optically Clear Cast Acrylic Sheet, 
7/32" Thick, 24" x 36" 2 $54.61 $109.22 

        Total $246,543.69 
 


