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ABSTRACT 

 

The ribosome is responsible for protein synthesis- a critical process in creating 

essential proteins for cell survival. Though bulk techniques yield valuable results about 

the structure of the ribosome, bulk techniques are not ideal in examining ribosomal 

dynamics and understanding kinetics involved in protein synthesis. On the contrary, the 

single molecule spectroscopy techniques are ideal in investigating the mechanisms of 

ribosome dynamics in real-time under equilibrium conditions. The latest advances in 

single molecule biophysics have opened numerous opportunities in the biological world 

to study the dynamics of molecules in real-time. Single molecule techniques such as 

Fluorescence Correlation Spectroscopy (FCS) have opened opportunities to study the 

ribosome as well as other ribosomal proteins. FCS is used to investigate diffusion 

coefficients, concentration, and kinetics of biological samples. In this thesis, we address 

the process of assembling an FCS system, as well as the design of a high-speed 

correlator. The high-speed correlator allows the software to handle the high data counts 

that can occur in single molecule experiments. A field-programmable gate arrays (FPGA) 

dual correlator and a multi-tau correlator are designed to handle the noise and high count 

rates that can dominate the signal. Also addressed in this thesis are ideal experimental 

conditions for successfully obtaining and troubleshooting results received from FCS 

curves. 
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1 Single Molecule Techniques to Study 

the Ribosome 

1.1 Introduction 

Protein synthesis is the process of making proteins for the body- an essential factor in 

producing proteins is the ribosome. The 70S E Coli ribosome (figure 1-1) acts as a large 

molecular machine- using external GTP hydrolysis to create proteins that are essential 

components of cell survival. The ribosome consists of two subunits- the small subunit, 

30S, and the large subunit, 50S. The ribosome is composed of proteins, as well as 

ribosomal RNA. The small subunit contains 21 ribosomal proteins (labeled S1-S21), and 

a 16S ribosomal ribonucleic acid (rRNA) strand where S1-S21 assemble. The small 
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subunit divides into the body (5’ domain), the platform region (central), and the head (3’ 

domain).  The large subunit contains 33 proteins (labeled L1-L36) and two rRNAs 

strands- the 23S and the 5S. Explained in detail later, the small subunit and the large 

subunit assemble to provide a platform for transfer RNAs (tRNAs) and messenger RNAs  

(mRNAs) to assemble or bind together.  

 

Figure 1-1 70S E Coli Ribosome. [1] The small subunit (30S) is shown in the 

blue/orange. The large subunit (50S) is shown in the red/green.  
Annual review of biochemistry by ANNUAL REVIEWS. Reproduced with permission of 

ANNUAL REVIEWS in the format Thesis/Dissertation via Copyright Clearance Center.  
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Protein synthesis can be broken down into three steps: initiation, elongation, and 

termination. In keeping, ribosome dynamics are key in protein synthesis. As 

demonstrated later, several studies have revealed the importance of understanding 

ribosomal dynamics, as each factor plays a role in ensuring that protein synthesis 

performs correctly. Errors in translation can be linked to diseases such as HIV. Therefore, 

the ribosome is seen as a therapeutic target. Antibodies have been designed to target the 

ribosome dynamics- causing it to lock into specific subunit conformations. [2, 3, 4] 

During protein synthesis, the ribosome interacts with mRNA, tRNA, and other non-

ribosomal cofactors to assure correct initiation, elongation, and termination of 

polypeptide chains. 

1.2 Overview of Protein Synthesis 

The ribosome contains three sites; the A-site, where the tRNA transports in the amino 

acid, the P -site, where the peptidyl tRNA forms, and the E-site, where the tRNA exits. 

The small subunit facilitates base-pairing – the translation of the genetic information 

delivered by mRNA. In accordance, the large subunit hosts the catalytic peptidyl 

transferase center (PTC), which is responsible for peptide bonding. Each tRNA collects 

the proper amino acids from the cytoplasm with the help of initiator factors and delivers 

them to the ribosome to begin protein synthesis. 

  At each step, the mRNA translocates through the ribosome reading nucleotides 

from the start codon (initiating codon) to stop codon (termination codon)- along the 

length of the open reading frame. Proteins known as initiation factors, IF1, IF2, and IF3, 

help guide and regulate the initiation step of protein synthesis- allowing for correct 

positioning of the reading frame. IF2 and initiator tRNA facilitates small subunit binding 
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to the large subunit. IF1 and IF3 allow for correct positioning of the reading frame- to the 

5’-AUG-3’ of the mRNA (AUG), forming a small subunit preinitiation complex (PIC). 

Base pairing between the mRNA-Shine Dalgarno (SD) and the small subunit anti-SD 

allow for the stabilization of the small PIC. [5, 6] 

 After GTP hydrolysis on IF2- IF2 dissociates from the ribosome complex and the 

ribosome begins the process of elongation. Elongation involves an iterative cycle of 

adding amino acids delivered by tRNA into a growing polypeptide chain. Just like the 

initiation process, elongation factors, EF-Tu and EF-G, help facilitate the elongation 

process. Each elongation cycle starts with a nascent polypeptide chain occupied in the P 

site. E-Tu loads the aminoacyl tRNA that carries the next amino acid into the A site of 

the ribosome. Next, tRNAs translocate from the A to P sites and from the P to E sites- 

carrying the mRNA along. [7] 

 As the peptide chain moves into the A/P site, ribosome dynamics come into action 

as the ribosome rotates spontaneously between the classical and hybrid states. The 

deacylated E-site tRNA leaves the ribosome, and the ribosome returns to the classical 

state. Next, EF-G-GDP leaves the ribosome, and the ribosome is ready for the next 

elongation cycle. The ribosome encounters a stop codon in the A site initiating the start of 

the termination step. Upon the binding of the release factors (RF), RF1 or RF2, the 

nascent polypeptide chain is disassembled from the ribosome complex. Hydrolysis of the 

nascent polypeptide deacetylates peptidyl-tRNA that is in the P site. Ribosome recycling 

factor (RRF) recognizes the post-termination ribosome complex and disassociates the 

small and large ribosomal subunits. [8] 
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Figure 1-2 The process of protein synthesis. The process begins with the joining of the 

two subunits with the help of initiation factors. Next, the elongation cycle begins by 

adding the amino acids delivered by the tRNA. The polypeptide chain grows until it 

encounters a stop codon. The termination process begins. Next, the ribosome is recycled, 

and the process of protein synthesis starts again.   

Annual review of biophysics by Annual Reviews. Reproduced with permission of 

Annual Reviews in the format Thesis/Dissertation via Copyright Clearance Center. 

[9] 

1.3 Why Single Molecule Techniques? 

The ribosome is studied at either the bulk level or the single molecule level. In 1995, 

Joachim Frank and Hogler Starks produced the first three-dimensional images of the 

ribosome using cryo-electron microscopy (EM) [9]. Later, Cryo-EM studies revealed the 

first conformational states of the ribosome, suggesting that the ribosome moved in a 
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ratchet-like state- this declaration was later confirmed by smFRET. [5, 10, 11] Around 

the year 2000, X-Ray diffraction revealed high-resolution structures of the 70S ribosome. 

[12]  

However, bulk techniques are not ideal in studying dynamics as movement can 

appear as a blur in the data collected, and the averaged information may mask out 

dynamic information. Single molecule methods have opened new opportunities for 

studying biological samples by achieving high sensitivity and high resolution while 

providing insight into the behavior of the individual molecules. [13]  

With the optimization of instrumentation, single molecule detection has increased 

in sensitivity – allowing for the ability to detect 1.66 𝑥 1024 mole of the sample. [14] 

This sensitivity has allowed researchers to overcome the disadvantages of ensemble 

averaging found in bulk techniques. Single molecule techniques provide a way of looking 

at systems under equilibrium conditions without the need for synchronization. Therefore, 

there has been an increased interest in using single molecule techniques- as single 

molecule techniques overcome shortcomings of the bulk technique and can serve as an 

approach to confirm bulk methods.  

On the contrary, shortcomings in single molecule detections are the limits of 

photostability of fluorescent molecules, i.e., bleaching of dyes. [15] Also, poor statistics 

can be a disadvantage as countrates from experiments are low. Therefore, instrumentation 

resolution and signal to noise is essential to obtain results. [12, 16, 15] Several single 

molecule techniques exist in studying ribosome dynamics. Fluorescence- and force-based 

tools are the two major branches of single molecule techniques. These techniques can be 

used to investigate dynamic and immobilized samples. [15, 14] 
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SINGLE MOLECULE INSTRUMENTS 

 

Immobilized Studies. Single molecule Forster resonance energy transfer (smFRET) is a 

distance-dependent fluorescence technique that uses surface immobilization of fluorescently 

tagged ribosomal proteins pairs to study distance-dependent dipolar interactions between the 

excited state of two dyes. TIRF (total internal reflection fluorescence) can be combined with 

FRET to help eliminate background noise. In biological applications, one molecule is represented 

as a donor, while the other molecule is the acceptor. The donor molecule is excited by a laser, and 

if the emission spectrum of the donor molecule overlaps the absorption spectrum of the acceptor 

molecule, then the energy is transferred to the acceptor molecule – releasing a photon. A FRET 

set-up is depicted in figure 1-3. Fluctuations in intensities from FRET measurements are detected 

by charge-coupled devices (CCD cameras). The images are taken from the CCD camera, and 

FRET histograms are built. The histograms are fit to a Gaussian distribution that yields 

conformational states, kinetic data, and lifetime distributions. [17] 

 

 

Force – Based Studies. Optical tweezers are a force base single molecule technique that is used 

to determine mechanical forces. Using optical tweezers, researchers can study the mechanistic 

folding and unfolding of molecules by applying a mechanical force. Laser light is tightly focused 

through a lens, allowing an object to become trapped in a microfluid sample chamber, where 

forces are applied to a bead. Scattering components of the force pushes a silicone bead that is 

attached to the end of a molecule. An electric stage is used to move the trap, causing the molecule 

to stretch under a known displacement. With the knowledge of the trap stiffness (measured 

through traditional calibrations, i.e., equipartition theorem) and the displacement, researchers can 

use Hooke’s law to measure the mechanical force. Various optical tweezers exist: single trap 

optical tweezers use a suction pipette and an optical trap at the other end; high- resolution dual 

trap uses optical traps; dual trap/fluorescence hybrid uses a dual trap design with a fluorescently 

labeled immobilized sample [18, 12]  

 

 

Diffusion Studies. Fluorescence Correlation Spectroscopy (FCS) is a diffusion-based pseudo 

single molecule technique that correlates the time that molecules diffuse through a confocal spot. 

It is known for single molecule detection and is frequently built with a confocal microscope set-

up. Home built FCS systems use the software, i.e., LabVIEW, to count fluctuations detected from 

fluorescently labeled proteins using avalanche photodiodes (APD). These fluctuations are 

correlated, and information such as binding activities, diffusion coefficients, and concentration 

can be determined through the analysis of the data. FCS is typically used to investigate binding 

molecules. 

 

Table 1-1 Brief summary of Single Molecule Instruments
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SINGLE MOLECULE TECHNIQUES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1-3 Different single molecule techniques.

b) FCS 

c) Optical Tweezers 

a)  FRET 
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1.4 Single Molecule Techniques to Investigate Ribosome 

Dynamics 

1.4.1 Dynamics of Initiator Factors and Ribosome Conformations   

Researchers have studied the role of initiator factors using optical tweezers and smFRET 

to investigate how each initiator factor contributes to the start of protein synthesis. To 

begin with, the presence of IF2 and IF3 promotes subunit joining. Rupture forces 

between small complexes were investigated using optical tweezers to gain an 

understanding of the order of binding of initiation factors. Once the mRNA binds to the 

small subunit through anti-codon – codon pairing, it is then dislocated during initiation at 

a weak force of 5.7 pN. Next, IF2 binds to the ribosome and recruits initiator tRNA, 

where a more significant force of 16.1 pN is measured to dislocate mRNA.  

This increase in force was linked to the codon-anticodon interactions that are 

found in the P site of the ribosome. The IF2/initiator tRNA complex then binds to the 

large subunit increasing the rupture force by 5 pN resulting in the stability of the 70S 

initiation complex. Stability of the mRNA is required for the successful pairing of tRNA 

anticodon and the mRNA codon. It was determined that the large subunit and IF2 plays a 

significant role in stabilizing the mRNA-ribosome interaction. [19]  

Furthermore, the effect of the stability of IF2 was monitored in the presence of 

IF1 and IF3. Wang varied the IF2 in the presence of IF1, IF3, and combined IF1/IF3. 

Labeled IF2-tRNA and various tRNAs were observed in different FRET states, showing 

that the dynamics changed in the presence of each varying factor. In continuing, 

dynamics were investigated in varying combinations of IF, 30 ICs, and codons. IF2 was 
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found to significantly destabilize in the presence of IF3, while it remained stabilized in 

the absence of IF3. [20]  

To understand more about the mechanism of subunit joining, Ling et al. used 

smFRET to monitor the dynamics of the L1 stalk of the large subunit during subunit 

association. Upon subunit joining- indicated by a 0.5 FRET state- the ribosome adopted a 

semirotated conformation, while the L1 stalk remains in a half-closed state. The presence 

of aa-tRNA, fMet-tRNA-fMet, and GTP bound IF2 shifted the ribosome into a 

semirotated state. Also, subunit rotation was observed in the presence of GTP-shifting the 

ribosome into a nonrotated confirmation. [21]  

IF2 is known to facilitate subunit joining in the presence of GTP, while IF1 and 

IF3 help ensure that the ribosome bind correctly- serving as a proofreading tool. Elvekrog 

et al. observed the dynamics of initiator factors in the presence of IF3 and small initiation 

complex (IC) with competitions of IF1, IF2, or IF1/IF2. Three conformation states were 

observed in the presence of a completed 30IC complex. In continuing, significant subunit 

rotation was observed in the presence of different codons and tRNA. Thus, a stabilized 

conformation of IF3 indicated a correctly assembled small IC. [22]  This study exhibited 

how IF3 is necessary in the correct formation of the 70S IC. Observed transitions 

between the zero FRET state and non-zero FRET state indicated a large subunit and small 

IC binding. [23] After IF3 binding, IF2 facilitates subunit joining by speeding up the rate 

of the process.  

1.4.2  Investigation of Mutant Models Versus Wild Type 

Investigation of the domain characteristics of labeled wild type IF2-GTP and labeled 

mutant (MT) IF2 were made in the presence of 30 IC and 30 IC MT, respectively. The 
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dwell times of the mutant models moved slowly between zero FRET and nonzero FRET, 

indicating that mutant models had a higher affinity compared to wild type. GTP was 

substituted for GDP and observed in the presence of the previous model. IF2 (GDP) 

bound complexes were more transient than the IF2 (GTP) complexes showing a ~30 fold 

larger Kd value. A major finding is that the conformations of domain III of IF2 domain I- 

domain III were found to contribute to the affinity of IF2(GTP) for the small IC. This 

result indicates that the specific domains of IF2 can be targeted for antibiotic treatment. 

[24] 

1.4.3 Dynamics of Ribosome Elongation 

Cornish studied ribosome intersubunit rotation during elongation- fluorescently labeled 

proteins S6 and L9 were observed using smFRET. A high FRET state corresponded to 

the non-rotated conformation of the ribosome, while the low FRET state corresponded to 

the rotated state of the ribosome- where the tRNA occupies the A/P and P/E states of the 

ribosome. [25] The ribosome was found to rotate from a classical state to a hybrid state in 

a ratchet-like motion, as the mRNA translocated throughout the ribosome. Moreover, the 

binding of EF-G was revealed to shift the conformation of the ribosome into the rotated 

state. [26] Additionally, a number of experiments investigated the ribosome dynamics in 

the presence of EF-G, GTP hydrolysis, and other structural dynamics using smFRET. 

[27, 28, 29, 30, 31, 32, 33, 34, 35, 36] 

1.4.4 Translation Errors  

Problems can occur during translation, such as frameshifting – a mechanism that can stall 

and shift the ribosome backward in the presence of structured mRNA. To investigate 
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frameshifting, fluorescently labeled E. Coli. proteins S6 and L9 were assembled on a 

short mRNA attached to structured RNA (dnaX hairpin) outside of the mRNA entrance 

of the ribosome. The dnaX hairpin was used as a “roadblock” to stall the ribosome during 

normal translation. smFRET results revealed a new conformational state in the presence 

of the hairpin with a FRET value of (~0.22), known as the hyper-rotated state. The hyper-

rotated state was discovered to rotate further than the distance estimated in the hybrid 

conformational state. This lower FRET state was observed in the presence of structured 

mRNA and, therefore, was not present in previous Cornish results during normal 

translation. [3] In some cases, the ribosome can even bypass or hop over sections of the 

mRNA during translation - scanning the mRNA for a landing codon before resuming 

translation [37]. 

1.4.5 Forces in Translation  

Forces occurring during elongation and protein folding provide evidence that the 

ribosome reads three nucleotides at a time. [38, 39, 40] Studies reveal that ribosomes 

translate in a series of pause cycles. Pause times observed in the data related to the 

ribosome reading one codon at a time, and the unwinding of RNA. [41]  Liu et al. 

observed how much force occurred during translocation. The forces were applied to the 

3’end of the mRNA and the small subunit (S16) using optical tweezers. The ribosome 

generates ~13 ± 2 pN of force- a force which is insufficient to unwind structured mRNA. 

In continuing, the ribosome jumps directly from one codon to the next during the mRNA 

translocation and does not move in smaller steps. Liu found that the stall forces correlated 

well with the amount of force to unwind structured mRNA; thus, the magnitude of both 

the RNA and stall force affects the rate of translation. [42]  
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1.4.6 Termination  

Dynamics of the ribosome were investigated using smFRET in the presence of ribosome 

release factors R1, R2, and R3. Sternberg et al. used smFRET to demonstrate how RFs 

move dynamically throughout the termination process.  Fluorescently labeled FRET pairs 

L1 ribosomes and tRNA were investigated to understand if tRNA induces dynamics in 

the A-site. A low FRET value of (0.2) determined that the tRNA did not induce a 

dynamic state during the deacylation of the peptidyl-tRNA. A high FRET value of (~.95) 

between RF1: tRNA indicates that the RF1 binds stably in the A site. A high FRET state 

of (~0.8) indicated that RF3 stabilized the ribosome during the release of the RF1.  

 Sternberg determined that dynamics during termination is an organized system, which 

rotates into different conformational states such as the classical and hybrid states during 

the elongation cycle. [8] Studies conclude how R1/R3/TP complexes assemble to the 

ribosome to promote the process of termination. [43]  

 In keeping, other recycling factors, such as YaeJ, were investigated to determine its’ 

role in ribosome recycling. YaeJ was found to stabilize the ribosome in the nonrotated 

state. [44] Conformational dynamics were monitored in the presence and absence of 

RRF- revealing that the ribosome rotated similar to the dynamics of elongation during 

termination. [45] 

1.5 Single molecule studies of ribosome assembly 

Ribosome biogenesis is the process of how the ribosome assembles. Nomura and 

Nierhaus studies yielded the first assembly maps of the small and large ribosome 

subunits, respectively. [46] At the time, it was thought that the ribosome binds in a 
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hierarchical order- where proteins bind in a specific order, and one protein cannot bind 

without the other preceding it. [47, 48, 49, 50, 51, 52].  

Recently, Ridgeway used Fluorescence Triple-Correlation Spectroscopy (F3CS) – 

an expanded version of FCS-to study ten small intermediate ribosomal proteins in 

assembly. F3CS is compatible in investigating multiple proteins and is therefore ideal in 

studying multiple binding events during assembly. Ridgeway studied the assembly of the 

head domain of the small subunit by partial reconstitution of the 16S rRNA and six 

proteins (S7, S9, S10, S13, S14, S19). Low diffusion times observed through 

measurements indicated that the proteins bind to each other.  Ridgeway discovered that 

the ribosome assembly did not bind in a hierarchical order, which contradicted with 

Nomura maps. However, it is considered that the Nomura maps were accurate in 

predicting the final position of the ribosomal proteins post assembly. [53] 

1.6 Aim 

In continuing, we would like to build on the theory of studying the ribosome using FCS, 

as it has opened new opportunities for exploring different avenues of dynamics. 

Therefore, the aim of this thesis is to design a confocal FCS system and high-speed 

FPGA software correlator to investigate ribosome dynamics. Chapter 2 provides a 

discussion of the fundamental theory of fluorescence and FCS. Chapters 3 gives a step by 

step description of how to build the microscope system and information about the design 

of our FPGA dual correlator software. Chapter 4 gives information about the validation 

of the system. Chapter 5 provides an outlook and further discussion about future projects.  
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2  Fluorescence Correlation Spectroscopy  

2.1 Introduction 

Fluorescence correlation spectroscopy (FCS) is a robust single molecule technique that is 

used to investigate diffusion coefficients, concentration, and kinetics of biological 

samples. FCS was established in 1974 [54, 55] and was used to examine the diffusion and 

the unwinding of DNA. [47, 48, 49] FCS first suffered from low signal-to-noise ratios 

(SNR) and low sensitivity, leading to experiments requiring high concentrations of the 

sample- which was not ideal for biological studies. Impurities from higher concentrations 

contributed significantly to the background noise.  

Twenty years later, Rigler improved the technique by combining FCS with a 

confocal microscope setup, therefore, enhancing the sensitivity of FCS by reducing the 
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noise that typically overwhelmed correlation results. [56, 57] The adaptation of the 

confocal setup allowed for a femtoliter observation volume, known as the detection 

volume- turning FCS into a single molecule technique. FCS was developed on the theory 

of diffusion and the theory of dynamic light scattering. [56, 58, 59, 60] 

2.2 Theory of Diffusion 

Diffusion is the process by which particles move from areas of high concentrations to 

areas of low concentrations. On the macroscopic level, Fick’s first and second laws 

describe the rate of the diffusion of a solute across an area. Fick’s first law gives a 

mathematical explanation of how diffusion works: 

 𝐽𝑥 =  −𝐷
𝜕𝐶

𝜕𝑥
 (2.1) 

where C is the concentration, x is the position, D is the diffusion coefficient, and Jx is the 

diffusion flux. Fick’s second law examines the rate of fluctuations in the concentration as 

they diffuse in and out of the specific volume with respect to time.  The concentration C 

in a volume element fluctuates as a result of molecules diffusing in and out of the 

volume:  

 
𝜕𝐶(𝑟, 𝑡)

𝜕𝑡
= 𝐷∇2𝐶(𝑟, 𝑡),         𝑤ℎ𝑒𝑟𝑒 ∇2=  

𝜕2

𝜕𝑥2
 +  

𝜕2

𝜕𝑦2
 +

𝜕2

𝜕𝑧2
 (2.2) 

where 𝐶(𝑟, 𝑡)  is the concentration, and D is the diffusion coefficient of the molecule.   

The focal volume is defined as a spatial function 𝜙(𝑟) that exists in the excitation 

volume, which leads to fluctuations in the concentration of a species. Molecules can 

travel throughout the confocal volume without changes in concentration. Ignoring any 

contributions from photophysical properties, detection electronics, etc., the 

concentrations of the fluorophores in the excitation volume at any point in time is: 
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 𝛿𝐹(𝑟,⃗⃗⃗ 𝑡)  =  ∫ 𝜙(𝑟)δC(𝑟, 𝑡)𝑑3𝑟 (2.3) 

where δC(𝑟, 𝑡) and represents the concentration fluctuations at location 𝑟 and time t, and 

𝜙(𝑟) presents the point spread function (PSF). The molecules diffuse through the shape 

of the confocal volume: 

 𝑃𝑆𝐹(𝑥, 𝑦, 𝑧)  = 𝐼0𝑒𝑥𝑝 [−2 (
𝑥2 + 𝑦2

𝜔2
𝑥𝑦

) +
𝑧2

𝜔2
𝑧
]  (2.4) 

𝜔𝑥𝑦 , 𝜔𝑧 is the transverse and axial waist. The size of the effective focal volume, 𝑉𝑒𝑓𝑓, is 

defined as  

 𝑉𝑒𝑓𝑓 = 𝜋3 2⁄ ∙ 𝜔2
𝑥𝑦 ∙ 𝑧0 (2.5) 

where 𝜔𝑥𝑦 is the width in the xy-plane and 𝑧0 is the z-direction of the confocal focus. 

[61]  

 

Figure 2-1 The PSF of the confocal volume. 
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On the microscopic level, Einstein considered the collective motion of Brownian 

motion by studying the impact of pollen particles in water as it travels in a given time. 

Einstein was able to determine that Brownian motion causes a random walk due to the 

particles colliding. Brownian motion leads to diffusion, which is the net movement of 

particles away from where it started. The displacement of the particles is proportionally 

related to the diffusion coefficient: 

Diffusion in 1-D ⟨∆𝑥2⟩ = 2𝐷𝑡  (2.6) 

Diffusion in 2-D ⟨∆𝑥2⟩ + ⟨∆𝑦2⟩ = 4𝐷𝑡 (2.7) 

Diffusion in 3-D  ⟨∆𝑥2⟩ + ⟨∆𝑦2⟩ + ⟨∆𝑧2⟩ =  6𝐷𝑡 (2.8) 

where D is the diffusion coefficient and ∆x, ∆y, ∆z are the displacements in one -, two-, 

and three-dimension, respectively. The diffusion coefficient ( units =  μ𝑚2 ∙ 𝑠−1) 

describes the speed of which the particle diffuses through a volume. 

Larger particles are more likely to collide into each other, causing the particle to 

diffuse more slowly- while the smaller particles are more mobile- allowing for faster 

diffusion. In short, the speed of diffusion is affected by the size or molecular mass of the 

particle in question. The Stokes-Einstein- equation relates the diffusion to the physical, 

measurable quantity of a molecule,  

 𝐷 =  
𝑘𝐵𝑇

6𝜋ŋ𝑟
 (2.9) 

where 𝑘𝐵 is the Boltzmann's constant (1.3806504 ∙ 10−23 𝐽/𝐾), T is the absolute 

temperature, r is the hydrodynamic radius of the diffusing molecules, and 𝜂 is the 

viscosity of the medium.  
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If the size of the volume and the diffusion coefficient is known, then the time it takes an 

object to diffuse through a volume, i.e., a cell can be calculated using the equation below:  

 𝜏𝐷  =  
𝜔2

𝑥𝑦

4𝐷
 (2.10) 

where D is the diffusion coefficient, 𝜔 is the width or size of the volume and 𝜏𝐷 is the 

diffusion time.  

 

Figure 2-2 On the bottom left: larger molecules cause a shift to the right in the diffusion 

time. On the top right: the amplitude of the correlation curve decreases as the 

concentration increases. 

 

The probability of randomly detecting a fluorophore in a confocal volume is 

based on Poisson distribution. 

 𝑃(𝑛, 𝑁) =  
〈𝑁〉𝑛𝑒−〈𝑁〉

𝑛!
 (2.11) 

𝑃(𝑛, 𝑁) is the probability of 𝑛 fluorophores being present in the confocal volume. 

Fluctuations in intensity occur as molecules diffuse in and out of the volume. The number 

τD 
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of fluorophores and intensity will change based on the speed of the diffusion. Therefore, 

if the diffusion is fast, the change in the occupation number and intensity of the 

fluorophores will increase - if the diffusion is slow, the fluorophores will move slowly 

out of the volume, and the intensity will decrease (figure 2-2). [62] 

The number of molecules in the focal volume and the concentration (C) are inversely 

related to the correlation amplitude (G), 

 𝐺(0) =  
1

𝑁
=

1

𝑉𝑒𝑓𝑓𝐶
   (2.12) 

 where N is the number of molecules and 𝑉𝑒𝑓𝑓 is the detection volume.  

As molecules diffuse in and out the confocal volume, tiny fluctuations occur due 

to the excited molecules in the confocal volume. These fluctuations are compared with 

themselves, providing an analysis of the self-similarity of the intensity signal (figure 2-3). 

The fluctuations are analyzed using the correlation of the fluorescence intensity: 

 𝐺(𝜏) =  
〈𝛿𝐹(𝑡)𝛿𝐹(𝑡 + 𝜏)〉

〈𝐹(𝑡)〉2
  (2.13) 

where G is the autocorrelation function, F(t) is the fluorescence intensity at time t, and τ 

is the lag time. The intensity at time 𝐹(𝑡) is compared with the intensity at time 𝐹(𝑡 +

 𝜏). The autocorrelation is given by the product of the intensity times over the 

measurement time T. The fluctuations around the time average represent the number of 

molecules in the volume. 

 𝛿𝐹(𝑡) = 𝐹(𝑡) −  〈𝐹(𝑡)〉  (2.14) 

is the function of fluctuations around the mean for F(t).  

The curves are fit to the Gaussian fit function: 

 
𝐺(𝜏) =

1

𝑁
(1 +  

𝜏

𝜏𝐷
)

−1

(1 +  
𝜏

𝑆2𝜏𝐷
)

−2

  
(2.15) 
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where S is the structure factor of the focal volume and 𝜏𝐷 is the diffusion time of the 

molecule. From the fit functions, the diffusion time, number of molecules, and the 

diffusion coefficient are extracted. [63, 64].  Other fitting models are shown in table 2-1.  

Cross-Correlation  

Fluorescence cross-correlation spectroscopy (FCCS) is an extension of FCS and is used 

to determine the degree of binding using equation 2.16. It was first established in 1989 by 

J. Ricka and Th Kinkert using scattered light from non-fluorescent scattered particles. 

[65] The technique gained popularity in 1997 when Schwille applied it to study DNA-

DNA renaturation. [66, 67] FCCS curves are calculated using: 

 Grg(τ)= 
〈δFr(t)δFg(t+ τ)〉

〈Fr(t)〉〈Fg(t)〉
 

 

(2.16) 

where Fr and Fg, represent the different wavelengths of lasers. Unlike FCS, FCCS is not 

dependent on the diffusion of the particle. FCCS can monitor the co-localization of two 

different molecules. [64, 68] 

Diffusion type Fitting Function 

3D diffusion 𝐺(𝜏)  =  
1

𝑁
(1 +

𝜏

𝜏𝐷
)

−1 1

√1 + 𝜔0
2 𝜏

𝜏𝐷

  

2D diffusion 𝐺(𝜏)  =  
1

𝑁
(1 +

𝜏

𝜏𝐷
)

−1
  

2D diffusion for elliptical Gaussian profile 𝐺(𝜏)  =  
1

𝑁
(1 +

𝜏

𝜏𝐷
)

−1
2⁄ 1

√1 + 
𝜏

𝑆2𝜏𝐷

  

2D diffusion with triplet 𝐺(𝜏)  =  𝐺(𝜏) [1 + 𝑇 (1 − 𝑇)−1𝑒𝑥𝑝 (
−𝜏

𝜏𝑇𝑟
)]  

2D diffusion with blinking 𝐺𝐵(𝜏) = 𝐺(𝜏) [1 +
𝐶𝑑𝑎𝑟𝑘

𝐶𝑏𝑟𝑖𝑔ℎ𝑡
𝑒−𝑘𝑏𝑙𝜏]  

2D diffusion with two-component 𝐺2𝐶(𝜏) =
1

𝑁𝑡𝑜𝑡

𝑞1
2𝑌1𝐺1(𝜏)+ 𝑞2

2𝑌2𝐺2(𝜏)

𝑞1𝑌1+ 𝑞2𝑌2
  

Table 2-1 Fitting models [69]
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Figure 2-3 Development of an autocorrelation curve. 
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2.3 Introduction to Fluorescence  

Provided that the FCS set-up is not time-dependent, the FCS measurements are sensitive 

to the fluctuations of the concentration and the photophysical properties of the 

fluorophores in the sample. [70] The Jablonski diagram shown in figure 2-4 describes the 

process of how absorption, fluorescence, and phosphorescence work. Fluorophores are 

excited by external radiation, which causes the molecules to transition from a ground 

state to an excited state. Singlet electronic states are identified in the graph as 𝑆0, 𝑆1, 𝑆2, 

and the triplet states are 𝑇1, 𝑇2 (the names refer to the number of electronic spins). Each 

electronic state is associated with a vibrational level.  

Once the molecule is excited by a wavelength, the photon goes into a vibrational 

relaxation, 𝑆1, or internal conversion before it enters a ground state. As this process 

occurs, energy is released in the form of emission- this phenomenon is called 

fluorescence. The energy released from the fluorophore is less than the energy of the 

wavelength absorbed. Excitation into a higher vibrational state is known as the Stokes-

shift. Some photons can go from the 𝑆1 into the 𝑇1 before relaxing into the ground state – 

this process is known as phosphorescence. 

  Phosphorescence occurs on the order of 10−4 up to seconds and is described as a 

delayed process. It is important to know that transitions of the electron states occur only 

for specific molecules and only if excited by a specific wavelength. Hence, proper dye 

and wavelength selection are key to perform fluorescence experiments. [71, 72, 73, 74] 
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Figure 2-4 The Jablonski diagram gives a visual description of the different energy levels 

that occur during the excitation of a fluorophore.  

 

2.4 Considerations in Performing FCS Experiments 

2.4.1 Dye Selection/Fluorophores 

The quality of FCS measurements depends on the signal to noise ratio (SNR); therefore, 

proper dye selection is important. The choice of dye is limited by the setup, i.e., the laser 

wavelength and filter sets that are available in your system. Each fluorophore has 

different spectrums of light that can be absorbed- this is called the absorption or 

excitation spectrum. For good signal to noise, it is crucial to select a photostable dye that 

is 1) bright, 2) has a high quantum yield, and 3) high extinction coefficient. While the 

correlation function is independent of the brightness, the SNR relies on the ability to see 

over the background. Ideally, a good dye survives 106 excitation cycles before it is 
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subjected to the process of photobleaching. Photobleaching is the process of the dye 

permanently losing the ability to fluoresce over time due to chemical damage. The 

quantum yield is related to the number of photons emitted divided by the number of 

photons absorbed. 

 𝑄 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
 (2.17) 

 

Though photobleaching is a concern frequently in immobile molecules, bleaching 

can still affect slower diffusing molecules and can impact FCS curves – usually in the 

millisecond range. Photobleaching can limit the statistical accuracy of the detection; 

therefore, it is important to choose a dye with a high quantum yield or decrease the 

exposure of light over time.  Longer exposure to light can induce photobleaching over 

time. [75]  

Photobleaching can affect the curve by decreasing the diffusion time, therefore, 

increasing the diffusion coefficient. Moreover, the high intensity of the laser can cause 

the emission to go into the triplet state. During this process, the dye goes into a dark state 

and cannot emit any fluorescence. Like photobleaching, the triplet state can limit 

emission, therefore, affecting processes that occur in the microsecond range. [76, 77, 78, 

79, 80] 

2.4.2 Sample Concentration 

Concentration is important in maintaining good SNR. Highly dilute concentrations for 

experiments range from ~10−10 M to ~10−6 M for a diffraction-limited volume. As the 

concentration increases, fluctuations become smaller in the observation volume, 
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decreasing the amplitude of the correlation function (figure 2-2). Because the amplitude 

of the correlation is inversely proportional to the number of molecules, it is important to 

maintain a small number of molecules in the confocal volume to observe a correlation 

with a significant amplitude. [48, 75, 81] However, successful attempts to monitor higher 

concentrations have been made at concentrations up to 38 μM [82, 83] . Increasing the 

concentration by a factor of R will increase the intensity by a factor of R. Also, it is 

important to note that high concentrations can cause saturation or damage to the detector.  

2.5 Signal to Noise by Time Scale 

It is essential to understand the contributions of errors in FCS measurements from 

systemic and random noise in order to understand the significance of the results. [58] 

Factors that can affect the signal to noise are detector afterpulsing, Poisson noise, and 

correlated fluctuation noise (figure 2-5). In order to capture the fluctuations, the 

correlator must run at a minimal sample time, i.e., small bin sizes. Understanding the 

origin of SNR will allow for optimizations in the FCS set up. 
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2.5.1 Nanosecond time scale (Region I) 

2.5.1.1 Photon antibunching 

 

Antibunching results from the dye lack of ability to emit photons. Therefore, it will take 

time to emit a second photon – leaving long gaps between photons. Antibunching is often 

observed as a dip in the amplitude of the correlation curve. However, relevant FCS time 

scales are in the microsecond timescale. Therefore, antibunching is often not observed in 

most FCS measurements. [84, 85] 

2.5.2 Microsecond time scale (Region II- III) 

2.5.2.1 Detector Afterpulsing 

 

Afterpulsing is a characteristic of the design of the photon detector and can affect the 

sensitivity and output of the detector. It arises from the feedback of events that occur due 

G
(τ

) 

Time lag τ (s) 

Figure 2-5 The areas at which noise can affect the curve overtime. Region I – 

rotation and antibunching, Region II – inter-molecular processes, Region III- 

triplet formation, Region IV- diffusion 
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to the nonlinearities of the detector. This feedback leads to an increase in the number of 

photons detected, thus, affecting the amplitude of the correlation curve. Therefore, it can 

be challenging to determine the average number of molecules in the volume. 

 Afterpulsing can be limited by using special circuits that reduce the bias voltage 

or by using cross-correlation of detectors. [86] Cross-correlation can lead to longer 

measurement time and alterations of the setup because two detectors will need to be 

aligned. Other groups have investigated eliminating afterpulsing using one detector using 

autocorrelation [87] Afterpulsing can also be corrected using a correction factor (equation 

2.18) and calibration method. [84, 88, 89]  

 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =  
1

1 −  (𝑡𝑑 × 𝐶𝑅)
 (2.18) 

where 𝑡𝑑 = module dead time and 𝐶𝑅 is the output count rate. 

2.5.2.2 Poisson Noise or shot noise 

 

Random errors can result from Poisson noise or shot noise, which can dominate the 

microsecond region. The SNR is dependent on the particle brightness and the size of the 

correlator binning, i.e., time resolution or sampling time. Curves dominated by Poisson 

noise can often be hard to fit. Shorter sampling times can introduce more Poisson noise; 

therefore, to decrease the amount of noise, it is suggested to use larger bin sizes.  

Although larger bin sizes will cause a loss in data, it allows the correlator to 

present smoother curves as Poisson noise is decreased with increasing τ. Correlators are 

often fixed to nanosecond bin sizes enabling the likelihood of Poisson noise; however, 

many FCS experiments are interested in the microsecond region because of the sample 

diffusion time. The SNR in this region is calculated by: 
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 (
𝑆

𝑁
) =

1
𝑚⁄

√𝑣𝑎𝑟(𝑔(𝑣))
=  𝜎√𝑇∆𝑡 (2.19) 

where m is the number of fluorophores,  𝜎 is the mean fluctuation, 𝑔(𝑣) is the 

correlation, T is the measurement time, and ∆𝑡 is the minimum sampling time. Therefore, 

the signal is dependent on the measurement time T and the sampling time ∆𝑡. At low 

concentrations, the signal to noise is equal to √𝑁. 

2.5.3 Millisecond time scale (Region IV) 

2.5.3.1 Correlated fluctuation noise 

 

On the millisecond to second scale, the correlation function decays due to lateral 

diffusion of the molecules. As the fluorophore brightness increases, the SNR will 

increase, which will allow for a high-count rate. Signal to noise depends quadratically on 

the dye brightness. To maintain the same SNR, as the excitation power is increased by a 

factor of R, the measurement time must increase by a factor of 𝑅2. [83] One can increase 

the laser power at the expense of possibly photobleaching the sample or saturating the 

detector.  

In keeping, decreasing the number of fluorophores will increase the amplitude of 

the correlation curve. Koppel presented an approximation of the standard deviation by 

assuming an ideal signal to noise situation, i.e., high particle count, negligible 

background count. Koppel concluded that particles emitted in consecutive dwell times 

would become correlated over time. [90] The signal to noise in this region is calculated 

by: 

 𝑆

𝑁
≈

𝑞√𝑁

√1 + 𝑞2
 (2.20) 
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where N is the number of time bins collected, q is the average number of photons 

collected from a single fluorophore, and N is the number of bins. Substituting 𝑁 ≈

√𝑇 ∆𝑡⁄  and 𝑞 =  𝜎∆𝑡, the signal to noise is: 

 
𝑆

𝑁
≈

𝜎√𝑇∆𝑡

√1 + 𝜎2∆𝑡2
 (2.21) 

 

In conclusion, particle brightness, sampling time, and the total measurement time are 

important in maintaining a suitable signal to noise. Proper assembly of the confocal 

system and correlator design are essential in producing quality FCS curves. [89, 91, 92] 

  



   

31 
 

3 Software Design and Confocal 

Microscope Assembly 

3.1 Introduction 

As stated in chapter 2, the signal to noise is vital in obtaining FCS curves. This chapter 

describes the methods that were used to optimize our setup by developing an FPGA 

correlator that can run a multi tau correlator and dual correlator, simultaneously. 

Assembly of the confocal system is discussed, as well.  

Calculations of the correlation curves are obtained either using a hardware or 

software correlator. Hardware correlators provide speed with the combined ability of 

real-time calculations. Software correlators are a more cost-effective option and offer the 
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flexibility of user design. There are several software correlators that are established with 

various algorithms. A simplified algorithm that is utilized by both hardware and software 

correlator is the multi tau technique, which was invented by Schtazel [93, 94, 95, 96].  

Multi tau correlators can calculate a full FCS curve by using a binning technique, 

which cuts down on the number of data points to calculate (roughly 178 data points). The 

correlator is based on multiple linear correlator blocks. Each block doubles in time 

resolution from the latter block. Other algorithms use various methods of binning 

techniques, such as exponential binning [97]. The multi tau technique has some 

disadvantages, such as a triangular averaging effect, and aliasing can occur. Because of 

aliasing, the multi tau correlator has difficulty acquiring data with single molecule 

techniques due to low concentrations that are used in experiments. Signal to noise varies 

based on the brightness and binning resolutions of the multi tau correlator. One solution 

to overcome these disadvantages is to use a linear correlator.   

Linear correlators maintain the same time resolution throughout the calculations 

of autocorrelation. The simple correlation histogram (SCH) created by Yang is a less 

complicated algorithm compared to the multi tau software. It calculates the correlation 

function on a linear scale. However, the disadvantage of this software is the number of 

resources it takes to calculate a full correlation curve. A correlator requires 107points and 

bin spaces to calculate an FCS curve. In continuing, SCH is often prone to overflows 

from high count rates of photons. Several dual correlator designs exist that provide both 

linear and multi tau techniques to overcome this disadvantage [2, 3].  

We present a Field Programmable Gate Array (FPGA) dual linear and multi tau 

software, which allows the user to select between bulk and single molecule experiments. 
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We use LabVIEW FPGA software, which allows pipelining and parallelism of our 

algorithm, to calculate correlation functions in real-time.  

3.2 Types of Correlators and Background of the Designs 

3.2.1 Multi Tau correlator 

 

 

Figure 3-1 The sampling time doubles for each linear correlator 1, 2, and 3. In short, the 

multi tau correlator is a series of linear correlators at different sampling times. Linear 

correlator 1 is sampled at 1μs, linear correlator 2 is sampled at 2 μs, and the correlator 3 

is sampled at 4 μs, etc. 

 

The multi tau correlator is a fast yet complex design that can calculate the 

autocorrelation over decades in just a few data points (figure 3-3). [98] The correlator can 

be divided into two parts: the scheduler and the correlation. The correlator is broken 

down into several blocks (k). Each of the blocks represents a linear correlator and are 

arranged in an assembly line fashion. The scheduler tells the correlator which linear block 

to execute. In short, each correlator block must operate twice before the latter block is 

executed. Therefore, the time resolution for each linear block is doubled, i.e. block 1 = 25 
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ns, block 2 = 50 ns, block 3 = 100 ns etc. Each linear block consists of 8 linear correlator 

channels, except the first block, which consists of 16 channels. The intensity is received 

at the first block, and the data is shifted in the linear bin channels to the right. The last 

two bins of the block are summed together and added to the first channel, l, of the next 

block (k+1).  

The data received at the first channel of each block is known as the zero-delay 

data. The zero-delay data is added to a direct monitor or the undelayed monitor, 𝑀𝑑𝑖𝑟,𝑘. 

Data that is shifted to the right of each channel is also added to what is called the delay 

monitor, 𝑀𝑑𝑒𝑙,𝑘,𝑙. The direct monitor and the delayed monitor are used for normalization. 

The autocorrelation function is calculated by multiplying the delay signal with the zero 

delay and accumulating the values. Once each block completes the set number of 

executions, the data is then sent to the computer. In short, the main steps of the multi tau 

algorithm are: 

 1 × ∆𝑡𝑘 +
1

2
∆𝑡(𝑘+1) +

1

4
∆𝑡(𝑘+2) + ⋯ (3.1) 

1. Input the value at zero delay into the first channel of the block 1 and into the 

direct monitor channel 

2. Add the zero delay value to the block preceding it 

3. Shift channel values to the right 

4. Sum the last two bins of each block and input it into the first channel of the block 

𝑘 + 1 

5. Multiply the value at zero delay, by the delayed value and sum the value into an 

accumulator. This will be your 𝐺𝑥. 
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3.2.2 Linear correlator 

 

Figure 3-2 In the linear correlator, the sampling time remains constant. Therefore, if a 

correlator has a sampling time of 1μs and the user would like to calculate up to 1 second. 

It would take 106 data points to calculate the correlation curve. 

 

Unlike the multi tau correlator, a linear correlator maintains the same time resolution 

throughout the calculation. We decided to use the Simple Correlation Histogram (SCH), a 

technique developed by Yang [99]. The SCH algorithm offers a more straightforward 

design. Instead of taking the intensity, the inter photon or delay times are used. The delay 

time is the time that it takes for a photon to arrive. Yang uses a lookup table to update the 

autocorrelation function.  

As the delay time enters the correlator, the autocorrelation is updated with a 1. 

Once the next delay time enters the correlator, that time is then added to the previous 

time, and that arrival time and correlation value are updated with a 1. This design will 

allow for the calculation of the full correlation curve. However, it is not necessary to 

calculate the full curve, and due to the number of data points, Yang eventually had to use 

a binning technique.  
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3.2.3 Dual Correlator  

Dual correlators combine linear and multi tau correlators together into one. The 

advantage of this design is that the linear correlator can calculate larger bin sizes and 

decrease the Poisson noise from the signal. Table 3-1 is a list of a few software and 

hardware correlators that are available.   
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Figure 3-3 Top: the design of the linear correlator. Bottom: The design of the 

multi tau correlator. The design of the dual correlator is the linear correlator 

combined with the multi tau correlator. The two correlators are run 

simultaneously.  
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Paper Software Time 

Resolution 

Sample 

Multiplexed multi-tau auto and cross correlators on 

FPGA [100] 

Multi Tau 100 ns W6/32 antibodies double-labeled with 

Alexa Fluor 488 and cy5 

10 ns software correlator for photon and FCS [101] Dual 10 ns 40 nm polystyrene spheres 

Vectorized triple correlation … [102] Multi tau 1μs Proteins 

A 4 ns hardware photon correlator [103] Multi tau 4ns Rhodamine 110 

FPGA implementation of a 32x32 autocorrelator array 

[104] 

Multi tau 10 μs Simulation/beads (100 nm, 40 nm) 

A fast, flexible algorithm for calculating correlations in 

FCS [105] 

Linear 12.5 ns DNA oligomers 

25 ns software correlator for photon and FCS [106] Dual 25 ns 73 nm polystyrene spheres  

High-throughput FCS using an LCOS spatial light 

modulator and an 8 × 1 SPAD array [107] 

Multi tau 50 ns Rhodamine 6g (Water/Sucrose) 

Fast calculation of fluorescence correlation data with 

asynchronous time-correlated single-photon counting 

[108] 

Linear 100 ns Bead solution 

F2Cor: fast 2-stage correlation algorithm for FCS and 

DLS [109] 

Dual 1μs TMR 

High countrate real-time FCS using F2Cor [110] Dual 1μs TMR 

Real-time data acquisition incorporation high-speed 

software correlator [99] 

Linear 25 ns RG6 in water 

Table 3-1 A list of available software correlators and the samples that were used to verify the systems.
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3.3 Dual FPGA Correlator Design 

3.3.1  FPGA 

A field-programmable gate array (FPGA) – known as the target- is used to acquire our 

data and calculate the correlation functions in real-time. The FPGA was selected for 

speed and parallelism- which allows the software to multitask. The FPGA hardware 

consists of a 40 MHz base clock which controls the time resolution of our software. The 

FPGA is also reconfigurable- allowing for the addition of other software applications. 

Programming on the FPGA helps decrease the processing load for the computer- known 

as the host. Our host side is used to display the correlation curves and handle other 

calculations that are not available on the FPGA.  

FPGA Terminology 

FIFO   a buffer that is used to transfer data throughout the software 

Memory where the FPGA stores data 

Target for this application is the FPGA card 

Host for this application is the computer 

C module 
a digital input/output module which interacts with the detector to send or 

receive a signal 

Table 3-2 FPGA terms 

3.3.2  Dual Correlator FPGA design  

Like Magatti and Schuab software, our design will allow for a linear correlator for the 

beginning of the curve, and a multi tau correlator for the latter part of the curve. [106, 

110] We use a NI 9155 Compact RIO Chassis, which features a Virtex-5 LX85 FPGA 

card [111]. The chassis offers flexibility to add up to eight C-modules for digital and 
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analog signals. We use the NI 9402 C module (figure 3-4) to receive the digital TTL 

(transistor-transistor logic) signal from the detector at the speed of 55 ns. 

 

Figure 3-4 NI 9402 C module receives the signal from the detector. 

In our design, we reserved a fixed 1024 bins and calculated the correlation 

function on the FPGA. Creating an array larger than 1024 elements required a lot of 

memory resources, however, from Schuab, Yang, and Magatti’s design, it appears that 

1024 bins will be substantial in calculating the correlation. The focus of our SCH FPGA 

design is to overcome the buffer overflows that occur due to the massive surge of photon 

counts. Therefore, instead of calculating the correlation on our host computer, we choose 

to calculate the correlation mainly on the target FPGA. This technique reduces the 
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amount of computer processing that would slow the display of the correlation, and 

therefore cause overflows. The delay times are transferred to another loop where the 

software calculates the correlation. 

3.4 FPGA Linear Design 

3.4.1 Target 

1. In the first loop, the Input module, NI 9402, receives the signal from the APD and 

calculates the delay times received.  

2. A FIFO reads the input delay times and sends it over to the second loop. 

3. The second loop is used to calculate the delay times. The delay times are read 

from the FIFO and are 1) checked to ensure that the value is not higher than the 

max time and 2) checked to ensure that the delay time is not 0. 

4. The first delay time is stored in the memory block as the first value 0 on channel 

0.  

5. A counter is used to count the number of correct delay times. This counter allows 

the software to keep track of what values to calculate. 

6. Other software checks include: 1) checking if the delay value is at maximum, 2) 

deleting that delay value that is over max value, i.e., setting that value to zero, and 

3) resetting the delay values. 

7. As the delay times are calculated, the values are delivered to a FIFO, where it is 

transferred to the third loop. 

8. The third loop is used to calculate the correlation function. A memory block is 

used as a simple lookup table. The delay values select the memory spot or time 

value to increment by 1.  
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9. Once the calculation is completed, the software resets all the delay times, 

correlation values, and empties any remaining delay times from the FIFOs. 

 

Figure 3-5 Flow of FPGA Linear Correlator 

 

A critical factor in the linear design is eliminating buffer overflows. Buffers on the 

FPGA are limited to 1024 values – a small amount. This limitation can cause errors in the 

calculations and a loss of photon delay times. Buffer overflows are caused by large bursts 

of data that are received at high speeds. Although the software runs at 25 ns, the time to 

calculate the delay times can cause a “traffic jam” in the data, because the loop is reading 

slower than the data is writing. The software resolution can be adjusted to a slower time 

scale to allow a steady flow of data. Though the resolution becomes slow, most FCS 

curves sample at 1 μs resolution- eliminating higher resolution values. This is due to 

afterpulsing from the detector and the triplet state from the dye that contributes to the 

noise at the beginning of the FCS curves. Therefore, the values are read into the buffer 

slower, allowing for the calculations to occur at 25 ns speed.  

Another factor that allows the linear software to eliminate buffer flow is 

calculating a short time range of the curve. The software can calculate 1024 correlation 

functions; however, the user can adjust the time range of values to calculate. For 
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example, a time resolution of 1 μs, with a max value of 150 μs, will allow only 150 

correlation functions to be calculated. Nevertheless, the most crucial factor is the time it 

takes a molecule to diffuse through a solution. Considering that biological molecules 

travel in the microsecond range, the software can handle the data flow. A software 

counter totals the number of buffer overflows and sends a warning to the user if any 

overflow occurs. 

In parallel, the multi tau algorithm receives the intensity or the number of photons 

counts over a given period. We patterned the design based on Moscar correlator, where 

we count the number of times the block has executed twice using a mod technique [100]. 

The software can detect whether an even number occurs, and the block counter is 

incremented. Data is received every other clock cycle, allowing the multi tau correlator to 

be calculated entirely on the FPGA. 

3.4.2  Host side 

Plotting and normalization of the correlation function occur on the host side. The data is 

normalized on the host side using equations 3.2-3.4 for the multi tau correlator: 

 𝐺𝜏𝑘,𝑙
=  

𝑇

2𝑘−1

𝐺𝑘,𝑙

𝑀𝑑𝑖𝑟,𝑘𝑀𝑑𝑒𝑙,𝑘,𝑗
 (3.2) 

 

 𝑀𝑑𝑖𝑟,𝑘 =  
1

𝑀
∑ 𝑛𝑗𝑛𝑗−𝑘

𝑀

𝑗=1

 (3.3) 

 

 𝑀𝑑𝑒𝑙,𝑘,𝑖 =
1

𝑀
∑ 𝑛𝑗

𝑀

𝑗=1

  (3.4) 
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The linear correlator is normalized by dividing by the count rate. Weights are 

applied to the normalization function to merge the linear curve with the multi tau curve. 

Linear data points from 1 μs to 150 μs are used, while data points greater than 150 μs are 

plotted by the multi tau correlator. This range has been successfully tested out by Magatti 

[106]. The linear correlator is normalized using equations 3.5-3.6: 

 𝐺𝑡𝑎𝑢 =  𝐺𝜏 +  1 (3.5) 

 

 𝐺𝑁 =  
𝐺𝜏

𝑐𝑜𝑢𝑛𝑡𝑟𝑎𝑡𝑒2
+  1 (3.6) 

where 𝐺𝑡𝑎𝑢 is the correlation values at delay time τ.  

The linear and multi tau correlators are merged into one dual correlator on the 

host side. In figure 3-5, the dual correlator shows smooth binning compared to the multi 

correlator. The dual correlator was able to handle count rates up to 100kHz. This outcome 

is explained in chapter 4.  
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Figure 3-6 Screenshot of the Dual correlator and the multi tau correlator. The dual correlator gives a smoother look to the 

curve because of the larger bins set to microseconds, while the multi tau correlator is sampled at 50 ns and is noisier because of 

the smaller bins. The yellow data points on the dual correlator represent information from the linear correlator, while the green 

data points are from the multi tau correlator. 
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3.5 Hardware Set-Up of Confocal Microscopy 

 

Table 3-3 List of Parts for the FCS Set-up

 

PARTS LIST 

M1 – M4 

M5- M6 

1-inch mirrors 

2-inch mirrors 

Laser Compass 215M-75 532 nm laser, 75 mW 

Half Wave (HWP) 

Beam Splitter (BS) 

Thorlabs Zero-Order Half-Wave Plate, 532 

PBS12-532 - 1/2" Polarizing Beamsplitter Cube, 532 nm 

 L1 LA1560-A - N-BK7  

Plano-Convex Lens f = 25.0 mm 

L2 Thorlabs, LA1509-A 

Plano-Convex f = 100.mm 

L3 Newport KBX076 N-BK7  

Bi-Convex Lens f = 200 mm 

L4 and L5 Thorlabs ACL1815-A - Aspheric Condenser Lens, f=15 mm 

Microscope Olympus IX50 

Objective lens (OBJ) Olympus UPlanSApo 60 x/1.20 W 

DM1 Filter Cube 

BP Filter Cube 

532 nm RazorEdge Dichroic laser-flat beamsplitter 

532 nm RazorEdge® ultrasteep short-pass edge filter 

Raman Filter (RF) Thorlabs 

DM 2 Chroma Beam Splitter, 630 DCXR 

Pinhole Thorlabs P10D, P25D, P50D, P75D 

6 mm Travel XY Translation Mounts 

Fiber P1-460A-FC-2 Single Mode Fiber Patch Cable, 2 m, 450-600 nm 

Thorlabs MBT613 - Single Mode Fiber Launch with FC-

Connectorized Fiber Holder 

Detector – APD 1 

and 2 

Perkin Elmer SPCM-AQRH-15 

FPGA NI 9155 Compact RIO Chassis 

Virtex-5 LX85 FPGA card 

NI 9402 Digital Input/Output 

Relay (APD switch) NI 9481 relay module and a 4-Slot, USB CompactDAQ Chassis 
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Figure 3-7 Layout of the FCS system. 
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Figure 3-8 Layout of the system. The image shows the full layout of the FCS system. The black box contains the emission pathway. The 

box is used to eliminate light that could interfere with the emission pathway.  
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3.5.1 Excitation Pathway 

A basic FCS setup is shown in figures 3-7 and 3-8. A one-photon excitation 75 mW 532 

nm laser is used for excitation. The beam is reflected onto mirror M1, which is mounted 

on a 45° mount. The beam is reflected at a 90° on to M2, where it is reflected on to M3 

and then M4. The beam is guided through a polarizing beam splitter which controls the 

laser power. An optical density filter can be used to vary the laser power. Next, the beam 

is guided into an objective and is coupled to a fiber optic. The fiber optic allows for the 

beam to be collimated. The objective lens of the fiber is mounted on a small stage, which 

is used to focus the beam into the fiber optic cable with the use of x-, y, and z screws. 

Fine adjustments are recommended as the alignment is sensitive to very slight changes in 

the x and y-direction. 

 

 

Figure 3-9 The image shows the alignment of the excitation pathway. 
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A telescope constructed from two lenses expands the beam. The focal lengths 25 

mm (L1) and 100 mm (L2) of the lenses expand the beam 4 times, allowing to overfill the 

back of the objective lens. Overfilling the back of the objective lens decreases the 

artifacts in the data and helps maintain a gaussian shape. [112] The beam is reflected off 

M5 and is directed into the back of the microscope. The excitation beam is separated 

using a long pass dichroic mirror that reflects the beam into a 1.2 W 60x UPlanSApo 

objective lens and allows emission light to be reflected through the microscope. The 

dichroic mirror (DM1) reflects a laser light of <532 nm into the objective lenses while it 

passes longer wavelengths. Next, the emission light passes through another bandpass 

filter (BF), which blocks any excitation light that may pass through the dichroic mirror. 

The emission beam is directed into a telescope. 

 

Figure 3-10 Image shows the placement of the objective lens, which is crucial for 

creating the confocal spot. 
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3.5.2 Emission Pathway 

To begin the alignment of the emission pathway, a filter is used to back reflect the laser 

light into the emission pathway. The emission pathway is aligned with the back reflection 

first and then aligned with a highly concentrated Rhodamine 6G dye sample. 

3.5.3 Alignment of the Pinhole 

The pinhole size is dependent on the size of the numerical aperture of the 

objective lens, the wavelength of the excitation laser, and the focusing tube lens. The 

pinhole is often set to the size of 1 Airy disk: 

 𝐴𝑖𝑟𝑦 𝐷𝑖𝑠𝑘 =
1.22 ∙ 𝜆

𝑁𝐴
 (3.7) 

In our set up, we are using a 532 nm (λ) laser, with a 1.2 NA objective lens. 

Therefore, the focal diameter of the objective lens is 0.541 μm. An “open” pinhole will 

allow more light to enter the emission pathway- helping to increase the signal. However, 

more out-of-focus light will enter the system.  

In accordance, closing the pinhole will increase sensitivity in the x-, y-, and z-

direction. The pinhole is roughly matched to the focal spot or the size of an airy disk 

(equation 3.7). [94] The microscope system is equipped with a 100 mm tube lens inside. 

The light is focused, and then the pinhole is positioned precisely in front of the collimated 

beam. The 100 μm pinhole is settled in a mount with an x,y,z micrometer. Slight 

adjustments can be made until the focused light is guided through the pinhole at optimal 

intensity. The procedure is repeated for pinhole sizes of  75 μm, 50 μm, and 25 μm until 

each pinhole position is centered at the focal spot. 
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Figure 3-11 The pinhole helps create the confocal volume by eliminating out of focus 

light from the focal point. The emission light passes through the pinhole and is then 

collimated with the 200 mm lens (L3). Collimation of the light helps keep the beam from 

diverging. The Raman filter eliminates the Raman signal from the signal. The filter can 

have some effect in eliminating the necessary signal since the emission light and the 

Raman light overlaps. 

 

The emission light is collimated with a 200 mm focal length lens and then guided 

through a Raman filter. A dichroic mirror (DM 2) is used to divide the signal if FCCS is 

needed. The light is collimated through a 15 mm focal length lens, where it is focused on 

the APD detector. Slight adjustments of the APD can be made using the micrometer to 

align the emission light onto the sensor (figure 3-11 and 3-12). 
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Figure 3-12 Emission pathway of the setup. The light is directed onto APD 1 and APD 2 

using a dichroic mirror. In the FCCS setup, the dichroic mirror will separate the two 

signals.  

 

The APD is connected to NI 9481 relay module and a 4-Slot, USB CompactDAQ 

Chassis, which is control by the LabVIEW software (figure 3-13). The software uses the 

relays to switch the APDs on and off (figure 3-14). Also, the software contains a safety 

switch, which triggers the relay to turn off the detectors if the count rate is too high.  
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Figure 3-13 The APD detector  

 

Figure 3-14 The NI 9481 is a relay that switches the APDs on and off. 
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4 Applications and Verification 

4.1 Calibration  

The confocal volume is calibrated using a Gaussian fit function (equation 2.15). First, 

various sample concentrations are studied to determine the optimal values for 

experiments. We decided to use Rhodamine 6G with a known concentration because it is 

popular in the calibration of FCS and has a published diffusion coefficient of 2.8 x 10-6 

cm2s-1. The count rate and concentration are compared in the graph shown in table 4-1. 

As the concentration increases, the count rate increases. Figure 4-1 was predicted to be 

theoretically linear; however, it has a nonlinear trend. This nonlinear trend is due to the 

afterpulsing from our APD detector. Since the APD deadtime is 35 ns, and the software 

sampling rate is at 25 ns, afterpulsing will influence our data. This afterpulsing trend was 
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observed in Schuab software [109, 113], and was corrected using a correction factor 

(equation 2.18). However, the correction factor is not applied in our correlator and, 

therefore, must be accounted for in the measurements for now. 

FCS curves at different concentrations with coverslips 

1 nM 94.583 Hz 

10 nM 262.23 Hz 

100 nM 31,328.5 Hz 

1 μM 632,351 Hz 

10 μM 4.15037∙ 106 Hz 

Laser at 60 μW, pinhole at 50 μm, 10 μL volume RG6 

 

Table 4-1 Comparison of the count rate to the concentration. 

 

 

Figure 4-1 The nonlinear trend in our count rate is shown. We conclude that the trend is 

due to the afterpulsing of the APD detector. This afterpulsing will be corrected in the 

future. 
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4.2 Photobleaching 

Photobleaching is observed in the presence of RG6 dye on coverslips. The data was fit to 

a linear fitting function resulting in a 𝑅2 = 0.8391. However, photobleaching was reduced 

in the presence of custom-made slides due to the increase in surface area.  Figure 4-2 

shows the rate of photobleaching of 100 nM RG6 with an excitation power of ≈ 1 mW. 

 

 

Figure 4-2 Photobleaching of the dye was observed in experiments that used coverslips. 

This is due to the sample being restricted to a small surface area. The samples that were 

made with slides, bleached less, and were more stable. 
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4.3 Concentration Selection 

Serial 1:10 dilutions of stock 100 μM RG6 were made to determine the best dye 

concentrations to use for experiments. Table 4-2 shows that 100 nM was the best 

concentration to calibrate the instrument. Higher concentrations of the sample led to 

software overflow and detector saturation. The recommended dye concentrations are 

roughly 100 nM. 100 nM concentration gave the best results by providing a reasonable 

count rate while not being too concentrated where detector saturation can occur. Also, it 

decreases the number of software overflows that could transpire. At concentrations of 1 

nM and 10 nM, the count rate was too low and allowed detector artifacts and background 

noise to dominate the signal. 

Laser Power vs. CPS 

Conc. 1 nM 10 nM 100 nM 1μM 10 μM 

10 μW 105.4 102.7 10,756 97,888 1.18 × 106 

50 μW 98 93.7 10,462 356,049 3.42 × 106 

100 μW 106 110 14,360 710,535 5 × 106 

200 μW 99 176 32,821.6 1.33 × 106 Not tested 

 

Table 4-2 The laser power was compared to the intensity values. CPS highlighted in 

orange represent count rates that caused software overflows for the dual correlator. 100 

nM was determined to be a good concentration to start calibrations. 

 

4.4 Correlator Test 

Comparisons of measurements were performed between the multi tau correlator and the 

dual correlator to see if there is any variance between the accuracies of the diffusion 

measurements and confocal volume.  
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The 𝑉𝑒𝑓𝑓 was calculated from equation 2.5. Though the detection width (𝜔𝑥𝑦) 

varied, we selected 396 nm for the 𝜔𝑥𝑦 to calibrate our system. We found this focal size 

to return consistent diffusion coefficients for both RG6 and bead samples. The diffusion 

coefficient for the dual correlator and multi tau were 2.1 and 2.80 x 10-6 cm2s-1, 

respectively. Diffusion times were 186 and 135 μs for the dual correlator and multi tau 

correlator, respectively. The 𝑉𝑒𝑓𝑓  was difficult to narrow down with values of 0.002 and 

0.007 fl for the dual and multi tau correlators, respectively.  

We believe this is from the Poisson noise and afterpulsing that can enhance 

fluctuations to our signal causing complications in fitting the data. In addition, dye 

aggregation can be another reason there are spikes throughout the curve. [114, 46] The 

dual correlator gave a smoother look to the curve, which provides a better fit to the data. 

This smoothness is due to the larger bins that the dual correlator uses. In the future, we 

plan to optimize the system to decrease the amount of noise, which will permit lower 

concentrations of samples to be studied.  

 

Fitted data – data that is fitted to the 

fitting model 

 

Plot 1 – Calculated curve 

Plot 2- fitting model 

Figure 4-3 Information about figure legend
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4.4.1 Rhodamine 6G Comparison 

 
 

Figure 4-4 RG6 dye on the dual correlator. Residuals show that the data fits better 

compared to the multi tau correlator. The first data point is an indication of detectors 

afterpulsing. 
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Figure 4-5 The multi tau correlator results show that the data is noisier compared to the dual 

correlator but gets smoother in the millisecond range. Spikes could occur from Poisson noise or 

aggregation of the dye.
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4.4.2 TetraSpeck beads 

Next, TetraSpeck beads were used to observed slower molecules to determine whether or 

not our software can estimate the correct hydrodynamic radius (equation 2.4). From the 

fits, we determined that the beads diffused at a rate of 4.3 and 4.7 x 10-8 cm2s-1 for the 

multi tau and the dual correlator, respectively. We were able to calculate a hydrodynamic 

radius of approximately 50 nm. This is approximately the size we would expect from 100 

nm diameter beads. Both correlators were able to produce smooth curves with the bead 

samples. This smoothness is due to the brightness of the TetraSpeck beads. Therefore, it 

can overcome noise from our system.  

 

 

Figure 4-6 Dual Correlator with TetraSpeck beads 
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Figure 4-7 Multi tau correlator with TetraSpeck beads. Results are like the dual 

correlator.  

In conclusion, we were able to calibrate the instrument using RG6 and a diffusion 

coefficient of 2.80 x 10-6 cm2s-1. The dual correlator and multi correlator both worked 

efficiently to retrieve the diffusion coefficients of the free dye and the 100 nm 

fluorescence beads. While the multi tau correlator struggled in the microsecond region 

with noise, the dual correlator was able to overcome the noise by using bigger bin sizes 

of 1μs.   

It may be necessary to use the dual correlator for volume calibration to calculate 

the size more efficiently. We suggest using the dual correlator for faster and smaller 

molecules such as free dye while using the multi tau for larger biological molecules, such 

as the ribosome.  A limitation of the dual correlator is that it has trouble with handling 
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count rates over 100 kHz (Table 4-3). We would suggest using the multi tau correlator for 

high count rates or lower the laser power to decrease the count rate.  

4.5 Acquisition Time 

The SNR was compared over time by taking 5, 10, 30, and 60-second measurements. We 

found that the SNR improves as the measurement time increases, as Koppel concluded in 

his data [115]. A sustainable count rate must be maintained throughout the experiment to 

ensure that the FCS curve has an excellent SNR and to maintain stability in the dual 

correlator data as the multi tau correlator must be stable to merge the linear correlator 

correctly. Over time, the fits to the FCS curves improved- this is determined from the 𝒙𝟐 

values observed in table 4-3. One-minute scans were determined to work in most cases as 

long as the count rate is high. For a lower count rate of <20kHz, acquisition times must 

be longer in order to build up statistics. 

 

Acquisition 

Time (s) 

𝝉𝒅 

(s) 

𝒙𝟐 Amplitude 𝒙𝟐 Diffusion Co 

 10−6 𝑐𝑚2 ∙ 𝑠−1 

𝝎𝒙𝒚 

(nm) 

5 1.15e-5 1.35 e-5 1.07e-2 5.34e-3 34.13 396 

10 1.72e-5 6.13e-5 4.20e-3 5.31e-5 2.28 396 

30 1.98e-4 3.78e-5 6.17e-3 4.0e-4 1.97 396 

60 1.86e-4 2.89e-5 5.95e-3 3.18e-4 2.10 396 

 

Table 4-3 Orange box represents the outlier in the data. The table shows how 𝒙𝟐 values 

get better as the measurement time increases. Indicating that the SNR gets better over 

time. 
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Figure 4-8 5 second measurements 

 

 

Figure 4-9 10 second measurements 
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Figure 4-10 30 second measurement 

 

 

Figure 4-11 60 second measurement 

 

However, the acquisition results will rely on the brightness of the dye. In the case 

of the bright TetraSpeck beads, the curve maintains good SNR throughout the 

measurement, and an FCS curve appeared immediately. We discovered that we must 

maintain the signal between 30kHz and 100kHz, depending on the brightness and 

quantum yield of the dye. 
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4.6 Applications to Biological Molecules 

4.6.1 27 base m91 DNA 

Since the diffusion coefficient of the DNA depends on the length [116], we were able to 

theorize that a 27 base length DNA should diffuse on the same magnitude of the RG6 

dye. Diffusions coefficients were obtained from the dual correlator and the multi 

correlator at 2.3 x 10-6 cm2s-1 and 2.4 x 10-6 cm2s-1, respectively.  

 

   

Figure 4-12 Dual correlator results from the DNA 
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Figure 4-13 Multi tau correlator results of the  DNA. 

 

4.6.2  Ribosome, mRNA, with labeled Alexa 546 DNA 

Next, we investigated the diffusion of the 70S ribosome in the presence of m291 RNA, 

and Alexa 546 labeled m91 DNA. Because the ribosome is large, ≈20 nm, longer 

measurement times are required for the experiment. The acquisition time was set to an 

arbitrary time of 1000 seconds. From our graph, we determined that there is a possible 

two-component fit, indicating that there is some inhomogeneity in the data. We used the 

Quick Fit software [117], which provided advanced fit functions to apply to our system. 

 



  

69 
 

 

Figure 4-14 Quick Fit results of the labeled DNA, mRNA, and ribosome sample. Two 

components were able to be fit from our curve. 

 

Upon fitting the data, we were able to get a double fit and observed that there is a 

faster and slower component. The slower diffusion coefficient was determined to be ≈ 4.1 

x 10-7 cm2s-1. We could speculate that the faster component is possibly free labeled DNA, 

while the slower component is the ribosome. However, we must keep in mind that the 

dye triplet state could be the fast component, and the slow component could be some 

fluctuation noise.  

In the past, diffusion coefficients were obtained at 1.7, 1.9, and roughly 2.1 x 10-7 

cm2s-1 for 10 mM Mg2+ and at temperatures between 0°C and about 40°C. Gabler 

investigated the diffusion of the 70S, 50S, and 30S ribosomes using laser spectroscopy. 

Results from Gabler agreed with results that were reported by Koppel [118, 119].  

Though we are on the same order of magnitude in diffusion time, more data must be 
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taken to determine if we see ribosome diffusion in the 100 μs region or if this data is 

dominated by noise. In the future, we will need to repeat the experiment in order to 

determine our hypothesis.  

4.7 Summary 

In conclusion, we have proven that our FCS instrument can calculate molecules of 

different sizes with the option of selecting between a dual correlator or multi tau 

correlator. In continuing it is imperative to know your sample as results can be 

misleading if the user is not aware of what diffusion times they should observe.  

It is best to: 

1. Have an idea of the hydrodynamic size of the molecules and be aware of the 

conformational state of your sample. Different conformations can change the 

length of your sample, therefore, affecting the hydrodynamic radius.  

2. Investigate published diffusion coefficients and diffusion times 

3. Calibrate the instrument before each experiment to ensure proper volume size for 

calculation. 

In the future, we will continue our optimization of the system to increase the SNR. We 

also hope to increase the sensitivity of the system so that we can use lower concentrations 

of the sample to perform more single molecule experiments. 

  



  

71 
 

5 Outlook 

Single molecule techniques prove essential in studying ribosome dynamics by offering 

advantages over bulk techniques. In keeping, this is just the beginning of studying 

ribosome dynamics using single molecule techniques, and there are still areas to explore 

and confirm. The goal of this study was to assemble a Fluorescence Correlation 

Spectroscopy (FCS) setup and design a flexible correlator to allow the user to study a 

variety of samples on different timescales. The system was designed with a confocal 

microscope to eliminate the out of focus noise that can overwhelm samples. The user can 

select two types of correlators from the software: dual correlator or a multi tau correlator. 

Each correlator has an advantage. It was discovered that the dual correlator works well 

with fast samples because of the large bins sizes that help decrease the Poisson noise that 
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enters the system. While the multi tau correlator can calculate correlations over several 

time scales using a high-speed binning technique. 

5.1 Corrections in the system 

In the future, several corrections can take place. 1) It can be beneficial to optimize the 

alignment of the confocal set up in order to gain sensitivity to lower concentrated 

samples. Although brighter dyes will help overcome the noise, it would be helpful to be 

able to detect lower concentrations of dyes, i.e., Rhodamine or Cy3, for single molecule 

experiments. Recalibration of the system could help with increasing the resolution. 2) A 

beam splitter can be used to cross-correlate the signal, or a correction factor (equation 

2.18) can be added to the software to decrease the effects of afterpulsing.  

5.2 Optimizations in the software 

In continuing, an extension of the dual correlator to include Fluorescence Cross-

Correlation Spectroscopy could be considered. Also, we will like to combine FCS with 

FRET to look at if there is a possibility that the diffusion coefficients can change based 

on the different FRET states of a sample. We plan to continue the FCS experiments on 

the ribosome in the presence of DNA and RNA to verify the results that we received in 

chapter 4. Other binding experiments will be looked at again to see if we get successful 

results from RNA/DNA samples and proteins S6/L9. 

5.3 Developments in the system 

Several ways to optimize single molecule experiments in the future are (a) expanding the 

number of samples to study and (b) combining techniques. The ribosome is very 
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complex; therefore, it would be interesting to investigate multiple motions that could 

transpire. New optimizations of the instrument could include expanding instrumentation 

to allow more detectors, faster time resolution, among other techniques. Optimizations 

can also include combinations of instruments that will allow observation of the molecules 

under the same environment and conditions, such as FCS-FRET. FCS-FRET could allow 

us to monitor distance changes with smFRET, while simultaneously understanding how 

fast the proteins bind or diffuse with FCS. [120]  
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