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Abstract 

The aim of this research is to describe the morphological properties of supramolecular 

polymers, in this case 1,3,5-benzenetricarboxamide (BTA) filaments. Total internal 

reflection fluorescence microscopy is used to acquire images of BTA filaments 

immobilized on a glass coverslip. From these images the flexibility of the filament is 

quantified by the persistence length. The persistence length is a mechanical property 

which is defined as the characteristic length over which correlations in the direction of 

the tangent are lost. Using an average cosine correlation fit to the angular correlation 

of the filaments the persistence length is obtained. The average found persistence 

length is 𝐿𝑝 = 2.6 ± 0.2 µm. The attempt was made to compare the persistence 

length of freely diffusing BTA filaments to the immobilized filaments. The purpose 

was to let fibers freely diffuse in two dimensions between two coverslips by 

minimizing the solution depth. Different coatings were used to investigate which one 

has the best anti-fouling effect. It was found that ethanolamine has a better anti-

fouling effect than bovine serum albumin (BSA) and (3-

aminopropyl)trimethoxysilane (APTES) for BTA filaments. The observed freely 

diffusing fibers mostly diffused in two dimensions, but also slightly in three 

dimensions. Due to absence of GLOX no images with high intensity could be 

captured, because adding GLOX to the solution resulted in the BTA sticking to the 

coverslips.  

The intensity of the immobilized BTA filaments in the captured images was also 

analyzed. It is found that certain filaments have brighter parts. The intensity of these 

brighter parts is found to be an integer multiple of the less brighter parts, which leads 

to the conclusion that sometimes multiple fibers overlap each other or even form 

bundles.   
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1 Introduction 

Supramolecular fibers are one-dimensional aggregates in which units are connected 

through non-covalent bonds. Biological supramolecular fibers are widely studied in 

biology and chemistry because they have many features and functions. Biological 

fibers, such as actin, are important in diseases [1]. For example, errors in the 

production of actin can cause muscular diseases, because actin is important in the 

contraction of myocytes (muscle cells) [2]. Biological fibers play important roles in 

controlling cell mechanical properties, 

migration and differentiation and biological 

supramolecular fibers also have applications in 

material chemistry medicine and molecular 

electronics [3]. As opposed to biological 

supramolecular fibers, synthetic 

supramolecular fibers are studied, because 

they have the advantage that one can 

determine their structure. Synthetic 

supramolecular fibers are found commonly in 

a variety of consumer products such as super 

glue. Synthetic supramolecular fibers are also 

used in food and cosmetics [4].  

For synthetic and biological filaments similar 

models are used to describe their morphology. 

1,3,5-benzenetricarboxamides (BTA’s, see fig. 

1.1), are a class of low-molecular weight 

compounds in supramolecular chemistry [3]. 

BTA monomers consist of three different 

segments. The central core is a benzene ring. 

At the 1, 3 and 5 position amide moieties are 

connected. At the end of these amide moieties 

different peripheral substituents can be 

connected. In this report the substituent 

consists of ten connected carbon atoms 

followed by 4 PEG’s and an amine group or 

fluorescent dye (cyanine-5). This peripheral 

substituent largely determines the solubility of 

the BTA filament. The monomers self-

assemble into nano- and microfibers in dilute 

solvents, such as methanol diluted with water 

in a bottom-up approach (see fig. 1.2). Here, 

the amide moieties form hydrogen bonds and 

the central cores connect by π-π stacking (non-

covalent bounds between aromatic rings). The 

binding energy D0 of π-stacking bonds (D0 ≈ 1 

kbT) is lower than the binding energy of hydrogen bonds (D0 ≈ 9 kbT per bond) [5, 7]. 

The water-soluble BTA filaments used in this research can reach lengths of more than 

ten  micrometers and have a diameter of approximately 6 nm. 

Because of the simplicity of the self-assembly, BTA’s have gained a lot of interest  in 

academic research. Due to thermal fluctuations monomers exchange between fibers  

Figure 1.2: Assembling of BTA monomers 

into a BTA filament in a bottom-up approach. 

(from [6]) 

Figure 1.1: Schematic Structure of a BTA 

monomer, with the central core in red, the 

amide moiety in blue and the peripheral 

substituents in black. (from [5]) 
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Figure 1.3: Schematic Structure of BTA-Cy5, BTA and BTA-Cy3 (top). The BTA+BTA-

Cy5 self-assembly into Cy5-labeled  filaments, the BTA+BTA-Cy3 self-assembly into 

Cy3-labeled filaments and next these filaments are mixed (bottom). (from [3]) 

Figure 1.4: STORM imaging of Cy3- and Cy5-labeled polymers at different mixing time points. 

After 24 hours every fiber contains both monomers.(from [3])  
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and models are made to describe the monomer exchange. In most biopolymers 

monomers only exchange at the ends of the filaments or through a fragmentation- 

recombination mechanism. However, a recent study [3] showed that monomer 

exchange occurs randomly over the whole fiber. For this study BTA molecules were 

prepared in two varieties: a dye-labeled variety BTA-Cy3 and a dye-labeled variety 

BTA-Cy5. Cyanine-3 and cyanine-5 are respectively green and red fluorescent 

molecules and these were chosen because of their high quantum efficiency and 

molecular similarity which minimizes the effect on the monomer behavior. Dissolved 

filaments of both BTA-Cy3 and BTA-Cy5 (5% labeling) were mixed (see fig. 1.3) 

and the monomer exchange is monitored using stochastic optical reconstruction 

microscopy (STORM) at different times after mixing (see fig. 1.4). Before mixing the 

filaments appear either completely red or green because no monomer exchange has 

taken place, but after one hour the Cy-3 labeled filaments show several red parts and 

vice versa. After 24 hours, it’s not possible to distinguish between red and green 

fibers, meaning that the labeled monomers have exchanged completely. This result 

shows that monomer exchange doesn’t only occur via polymerization-

depolymerization at the end of the filament or through fragmentation-recombination. 

This example shows that the behavior of the polymer is not easily derived from the 

behavior of the monomers. 

Monomer exchange has been observed to occur everywhere throughout the fiber [3]. 

This can be explained by defects in the supramolecular fibers. The monomers are not 

perfectly stacked. Little is still known about the exact nature of the defects. Molecular 

Dynamics (MD) simulations of BTA in water are carried out to investigate the 

disorder of the monomers [4]. The start configuration of the simulations is an ideally 

arranged supramolecular structure and then were further relaxed. The initial 

configurations and the configurations after 400 ns MD simulation time of the fibers is 

seen in fig. 1.5. The filaments show many complex irregularities and these 

irregularities will be very hard to quantify.  

These examples show that quite few is still known about how the properties of a 

material are related to the polymers and how the polymers are related to the 

monomers. This research is a small piece in this whole. The aim of this research is to 

investigate the morphology of supramolecular fibers, such as 1,3,5-

benzenetricarboxamides. The persistence length, which quantifies the supramolecular 

fiber’s flexibility and local variations in fluorescence intensity are investigated.  In 

this report supramolecular polymers are immobilized on glass and images are 

captured using total internal reflection microscopy (TIRFM). In chapter 2 the 

persistence length of the fibers is discussed. The persistence length is a mechanical 

property that quantifies the stiffness of a polymer [8]. In chapter 3 the experimental 

setup and analysis methods are discussed. In chapter 4 the results of the persistence 

length analysis and the intensity analysis are discussed and the report concludes with 

a conclusion and outlook in chapter 5, references in chapter 6 and an appendix.  
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Figure 1.5: Initially the fibers had a ideally arranged supramolecular structure (top figure). After 400 

ns of molecular dynamics simulation the fibers no longer have this ideal structure. The central cores of 

the BTA molecules are depicted in black and the peripheral substituents in grey. The cyan boxes depict 

water molecules. (from [4]) 
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2 Theory 

In this report the mechanical properties of BTA supramolecular fibers are 

investigated. From total internal reflection fluorescence (TIRF) images of BTA fibers 

immobilized on a glass coverslip and freely diffusing filaments, the persistence length 

and intensity over the contour length can be determined. In this chapter the theoretical 

background is discussed. The software for analysis is discussed in section 2.1 and the 

intensity analysis of the fluorescence images is discussed in section 2.2. 

 

2.1 Software for analysis 

In this section the software for analysis is discussed. In section 2.1.1 the persistence 

length is discussed. The fluorescence images have to be processed, which is discussed 

in section 2.1.2, in order to analyze the fibers, which is discussed in section 2.1.3. The 

determination of the persistence length is discussed in section 2.1.4. 

  

2.1.1 Persistence Length 

The flexibility of polymers is related to their ability to respond to mechanical stress. 

Flexibility varies significantly between different polymers depending on their 

function and can vary over the length of the polymer [9]. To quantify the flexibility, 

the persistence length Lp is introduced. The persistence length is defined as the length 

over which correlations in the direction of the tangent are lost [8]. The persistence 

length is a mechanical property of a polymer. If the contour length (see fig. 2.2) of the 

polymer is longer than the persistence length (L > Lp) the polymer is classified as 

flexible, while a polymer length shorter than the persistence length (L < Lp) means the 

polymer is classified as stiff.  

There are different ways to determine the persistence length. Methods used in earlier 

research are end-to-end analysis [10], analysis with the cosine correlation function [2] 

and bending mode analysis [11]. In the end-to-end analysis only the overall geometry 

of a single filament is considered so each filament represents a single data point. This 

means end-to-end analysis requires more filaments than the cosine correlation 

analysis to obtain a result with similar accuracy. Therefore the end-to-end analysis is 

most of the time less accurate than the cosine correlation analysis. The cosine 

correlation is also preferable to the bending mode analysis because it deals better with 

small filaments (L < Lp) [11]. 

In this report only the cosine correlation is used, because only single fibers are 

investigated. The cosine correlation is a method that determines the persistence length 

from the two-dimensional cosine correlation of tangent angles along a segment using 

the following formula [2, 9]: 

 

〈𝐶(𝑠)〉 = 〈𝑐𝑜𝑠[𝜃(𝑠) − 𝜃(0)]〉 = 𝑒−𝑠/2𝐿𝑝 , 

 

(2.1) 

in which Lp is the persistence length, s is the coordinate along the fiber and 𝜃 the 

tangent angle (see fig. 2.1). The angular brackets denote that the data is averaged over 

all configurations. When the persistence length in three dimensions is calculated using 
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the cosine correlation function, the denominator in the exponent term is replaced by 

Lp instead of 2Lp as the angular correlations become smaller [12].  

 

Figure 2.1: The tangent angle is at coordinate s along the fiber is defined with respect to the tangent at 

s = 0. 

 

Figure 2.2: Contour length and end-to-end length. The solid black curved line represents a fiber. The 

contour length is represented by the black dashed line and the end-to-end length is represented by the 

grey line. 

The averaged cosine correlation function is used to determine the persistence length 

Lp of BTA filaments from digitized filament images. The tangent angles, which are 

necessary for determining the persistence length, are determined using the freely 

available analysis software Persistence, written in Matlab script (The Mathworks Inc.) 

[9]. The analysis is explained in section 2.4. 
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2.1.2 Image processing 

The acquired fluorescence images are processed using the image processing software 

ImageJ (Wayne Rasband) to allow the Matlab software to recognize the fibers. In fig. 

2.3a an unprocessed image of fibers is shown. First background noise is subtracted 

and the contrast is enhanced. For background subtraction ImageJ uses a rolling ball 

algorithm. This algorithm is described in Biomedical Image Processing by Stanley 

Sternberg [13].  Next, the images are filtered using a Gaussian blur filter followed by 

thresholding. Finally, all images are skeletonized. For this, ImageJ uses an algorithm 

that reduces the filaments in the images to a thickness of one pixel, so only the 

backbone remains. A skeletonization also converts the image to a binary format, so 

the pixel values are either 0 (black) or 255 (white). Background subtraction and 

Gaussian blurring reduce the noise level in the images. Gaussian blurring is 

particularly important for noisy images as it effectively averages out background 

noise to a low enough level that it will not interfere with the skeletonization and final 

analysis. The processed image is shown in fig. 2.3b and can be compared to the 

unprocessed image in fig. 2.3a. The contrast enhancement, binary thresholding and 

skeletonization improve the efficiency of the software tracking filament shapes [9].  

The processed images show the backbone of the filaments. If fibers are branched the 

longest continuous filament is taken by manually removing branches after 

skeletonization. After skeletonization the images are compared visually to the raw 

images to check whether the auto-skeletonization is executed correctly. Images with 

skeletonized fibers which don’t match the raw images were discarded and not taken 

into account for analysis. Filaments showing kinks, aggregated bundles or other non-

fluent shapes were also discarded or only the part that doesn’t show non-fluent shapes 

was taken into account for analysis.  

 
 

Figure 2.3: Image processing. a) Unprocessed image of BTA- filaments. b) The same image of the 

BTA-filaments after processing. The pre-processing includes background subtraction, contrast 

enhancement, Gaussian blurring, binary thresholding and auto-skeletonization. The Persistence 

software is able to recognize the fibers from the skeletonized image.  
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2.1.3 Fiber reconstruction  

To be able to acquire quantitative information about the mechanics of the filaments 

the Matlab software developed by Graham et al. is used [9]. The software is called 

Persistence (see fig. 2.4). The raw and skeletonized images are loaded into the 

program. When multiple fibers are analyzed at the same time the software only 

supplies the average persistence length, so all filaments are analyzed one by one. The 

first step of the software is locating the filament ends, next the fiber is reconstructed 

by applying a tracking algorithm beginning at one fiber end using the skeletonized 

images. To reconstruct the fiber the software fits an average third-order Bézier spline 

along the pixels that represent the fiber backbone [14]. 

First the software calculates the distance between the first two points and the tangent 

angle θ(0). This tangent angle θ(0) serves as the reference tangent angle. Next 

Persistence calculates the distance and tangent angle θ(s) between the next two 

successive points and this procedure continues for the rest of the filament. At each 

coordinate along the fiber the cosine correlation cos[𝜃(𝑠) − 𝜃(0)] is calculated. Next, 

the first point from which the reference angle θ(0) is determined, is increased by one 

point, so the new segment length is twice the previous segment length. This procedure 

continues until the segment length equals the contour length. The software calculates 

the angular correlation data in both directions of the filament and supplies the raw 

cosine correlation data in an output file. Persistence averages the cosine correlation 

values for each segment length and provides this data in an output file. In other output 

files the contour length, end-to-end length, tangent angles at coordinates along the 

fiber and data for bending mode analysis are provided. Bending mode analysis is not 

included in the analysis in this report.  

 

Figure 2.4: The graphical user interface of Persistence. “Minimum number of pixels in a filament” 

defines the number of connected pixels required for polymer reconstruction. The minimum allowed 

value of “4” is chosen because fibers that contain less than 4 pixels usually have no detectable 

curvature. “Size of a pixel” is the size of a camera pixel under the magnification of the instrument. 

This depends on the microscope and camera set-up. “Maximum number of filaments to analyze”” is 

the number of filaments to be used for analysis. ‘Inf’(∞) can be entered to include all filaments. “Start 

frame of image stack” is the frame number of the image stack (if used) to begin loading images into the 

software. “Allowed branch length…” is the amount of pixels a branch may contain. In this report no 

branched filaments are analyzed. “Calculate the average and fit to data” should be set to “yes” if the 

averaged cosine correlation data is desired. “Analyze shapes you have already selected” should be set 

to “yes” if previously selected filament will be reanalyzed using the same input parameters. In this 

report this option is not used. “Construct filament manually” is set to “yes” in order to manually pick 

the filaments. “Select ends for filament…” is set to “yes” to manually select the ends of the fibers. Now 

a subset of fibers can be analyzed. “Confirm filament shape…” is set to “yes” to manually confirm the 

filament reconstructions by the software. “Allow a single pixel gap in filament reconstruction” is set to 

“no” so pixel gaps in the skeletonized images are not allowed. 
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2.1.4 Determining the persistence length from fluorescence images 

To determine the persistence length, first the averaged cosine correlation data is 

imported to Origin (Origin Lab Corporation) and plotted as function of the coordinate 

along the fiber s. The data is fit with an exponential decay function of the form 𝐴1 ∙
exp (−𝑠/2𝐿𝑝) to determine the persistence length Lp. (see fig. 2.5). According to 

equation 2.1  A1 should be equal to 1, but in an earlier paper [15], A1 is allowed to be a 

free parameter, so it is assumed that this will lead to better result. At high segment 

lengths s, the averaged cosine correlation values are based on less data points than at 

low segment lengths. This means for long segment lengths the averaged cosine 

correlation values have higher uncertainty and are less representative. This results in 

noisy correlation functions for long segment lengths. The correlation functions for 

long segments lengths are different for each filament. In order to obtain a good result 

of the persistence length for every fit the data points are masked from a point where 

the data points don’t behave as an exponential decay function anymore (see fig. 2.5). 

Now for every single fiber the cosine correlation data is obtained and the persistence 

length is calculated. 

 

Figure 2.5: Plot of the cosine correlation function of the fiber in the lower left corner. The black dots 

denote the points that are included in the fit and the red dots denote the masked points. For this 

filament at high segment lengths noisy correlation values are obtained. This filament has a contour 

length of 15µm. 
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2.2 Intensity Analysis 

Local variations in fluorescence intensity could learn us more about the morphology 

of the BTA fibers. The intensity of the BTA filaments is quantified along the filament 

length using a custom Matlab script (see Appendix). The raw image and skeletonized 

image together with the output files from the Persistence software (end-to-end length, 

contour length, the averaged cosine correlation data, the contour data, the coordinates 

along the fiber and the tangent angles) are imported into the Matlab script. First the 

intensity of the raw image is investigated at the filament’s backbone, which has 

subpixel values. The intensity at subpixel coordinates along the filament’s backbone 

is determined by taking the weighted average of the four surrounding pixels and in 

this way the intensity along the contour length is determined (see fig. 2.6). A 

background intensity is determined by a shift of the filament’s backbone ten pixels 

away from the filament and determining the intensity at this location (see fig. 2.7). 

The background intensity serves as an indication for the signal-to-noise ratio.  The  

intensity analysis reveals some interesting results. 

 

 

 

 

 

 

 

 

 

 

Intensity is shown as arbitrary units, since different exposure times, electron 

multiplying gain all influence the intensity. Also in the center of the image the 

excitation power is higher than at the edges due to a finite beam size. The EMCCD 

camera is 14 bit, meaning the intensity values vary between 0 and 214 – 1. The 

intensity units are normalized, resulting in values between 0 (black) and 1 (white). 

 

  

Figure 2.6: The backbone of the filament has subpixel values. The intensity is determined by taking 

the weighted average of the four surrounding pixels and is equal to (1 − 𝑎)(1 − 𝑏) ∙ 𝐼(𝑖, 𝑗) +
𝑎(1 − 𝑏) ∙ 𝐼(𝑖 + 1, 𝑗) + (1 − 𝑎)𝑏 ∙ 𝐼(𝑖, 𝑗 + 1) + 𝑎𝑏 ∙ 𝐼(𝑖 + 1, 𝑗 + 1), in which 𝐼(𝑖, 𝑗) is the intensity 

at pixel (𝑖, 𝑗) and  (𝑎, 𝑏) the coordinates at the pixel. 
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Figure 2.7: (a) Fluorescence image of a BTA filament. (b) Reconstructed filament (red line) including 

place of background determination (black line), the scale bar gives the fluorescence intensity in 

arbitrary units (a.u.). (c) Intensity (red line) and background intensity (black line) as a function of 

contour length. (d) Histogram of fiber intensity (red) and background intensity  (black). 
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3 Materials and Methods 

In this chapter the synthesis of the fibers, sample preparation and experimental setup 

are discussed.  

 

3.1 Synthesis of fibers 

The BTA molecules were supplied by the Institute for Complex Molecular Systems 

(ICMS), part of the Eindhoven University of Technology. The synthesis is described 

in the Supplementary Materials of a paper by Albertazzi et al. [16]. The BTA 

filaments have a positive net charge, due to the NH2 and Cy-5 groups at their side 

arms. 

 

3.2 Sample preparation 

First glass coverslips are submerged in acetone and sonicated for five minutes. 

Acetone is replaced with isopropanol and is again sonicated for five minutes. Next the 

isopropanol is replaced with MilliQ water followed by sonication for five minutes.  

The coverslips are submerged in a piranha solution for 15 minutes. Piranha solution is 

a mixture of H2SO4 and H2O2 in a 3:1 ratio (v/v). Since the mixture is a strong 

oxidant, most organic matter is removed. Next, the coverslips are again submerged in 

MilliQ water. After sonicating for five minutes the water is replaced with acetone and 

is again sonicated for five minutes. Finally, the coverslips are rinsed with methanol 

and finally the slides are dried under a N2-flow.  

In this report an oxygen scavenger system (GLOX = glucose oxidase + catalase + 

glucose) is used to decrease the amount of photobleaching. Photobleaching occurs 

when a fluorophore permanently loses the ability to fluoresce [17]. To counter 

photobleaching an oxygen scavenger is used. In this report a GLOX buffer is used. 

The GLOX buffer is prepared by mixing buffer A, consisting of 10 mM Tris (pH 8.0) 

and 50 mM NaCl, a catalase-solution (17 mg/ml) and glucose oxidase. For 250 μL 

GLOX buffer, 14 mg glucose oxidase is added to 50 μL catalase-solution and 200 μL 

buffer A. To dissolve the glucose oxidase the mixture is vortexed at 14000 rpm. 198 

µL of saturated glucose solution is added to 2 µL of GLOX buffer.  

In our experiments BTA fibers were immobilized on a glass coverslip and imaged 

using total internal reflection fluorescence (TIRF) microscopy. The microscopy setup 

consists of a Nikon Ti eclipse microscope with an inverted oil-immersion objective 

and a homebuilt total internal reflection light path. 20 μL of 5 μM BTA-Cy5 solution 

is dropcasted on the coverslip (see fig. 3.1). The fibers adsorb to the surface but are 

observed to be too crowded at the surface. The solution is diluted with GLOX buffer 

and dropcasted at another coverslip until the surface of the coverslip has an 

appropriate crowdedness. 
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Figure 3.1: Sample preparation of the immobilized fibers experiment. The solution(blue) consists of 

BTA dissolved in a methanol-water mixture diluted with GLOX-buffer.  

To study freely diffusing BTA in two dimensions, a droplet of the BTA molecules in 

solution is put in between two coverslips with anti-fouling coating.  It is unknown for 

BTA which anti-fouling product works best because of many different possible 

effects, such as electrostatic forces and the fact that BTA has a hydrophobic an 

hydrophilic part, so different anti-fouling coatings on glass coverslips are studied, i.e.  

bovine serum albumin (BSA), ethanolamine and (3-Aminopropyl)trimethoxysilane 

(APTES) to see which one has the best anti-fouling effect.  

To make BSA-coated coverslips, coverslips are first sonicated in methanol. Next the 

coverslips are incubated for five minutes in a 50 mg/ml (v/v) BSA solution. After 

incubating the coverslips are washed in methanol and dried in a nitrogen flow.  

To make the ethanolamine-coated coverslips, the coverslips first undergo the same 

piranha treatment as the coverslips used for immobilization of fibers. After the 

piranha treatment, the coverslips are washed in water-free dimethyl sulfoxide 

(DMSO) in a clean glass storage. Next a 5 M ethanolamine-hydrochloride in DMSO 

(water-free) solution is made by dissolving the ethanolamine in DMSO. The 

coverslips are stored in this solution for 24 hours. Next the coverslips are again 

washed with DMSO in clean glass storage and washed multiple times with water. 

Finally the coverslips are dried under a nitrogen flow.  

To make APTES-coated coverslips, coverslips are sonicated for 20 minutes in 

methanol, followed by UV/ozone cleaning for one hour. Next the coverslips are 

incubated for ten minutes in 5% (v/v) APTES in methanol solution. Finally the 

coverslips are washed with methanol and dried under a nitrogen flow.  

For the freely diffusing fibers experiment, 3 μL of BTA-Cy5 is dropcasted at the 

coverslips with the anti-fouling coating. Nail polish is used to seal the edges of the 

coverslip to prevent evaporation. Next, the second coverslip with the same anti-

fouling coating is placed on top of the other coverslip and pressed to down to let the 

fluid completely cover the space between the two coverslips (see fig. 3.2). The two 

coverslips are placed at the objective of the Nikon Ti eclipse microscope.  

 
Figure 3.2: Sample preparation of the freely diffusing fiber experiment. The solution(blue) consists of 

BTA dissolved in a methanol-water mixture diluted with GLOX-buffer. 
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3.3 Total Internal Reflection Fluorescence Microscopy  

A total internal reflection fluorescence 

microscope (TIRFM) can be used to 

observe a sample area with a low 

background compared to conventional 

microscopy techniques, such as epi-

fluorescence microscopy (see fig. 3.3). 

E. J. Ambrose was the first to describe 

this idea in 1956 [19]. This method is 

most used in cell and molecular biology, 

for example at cell adhesion, binding of 

cells by hormones, secretion of 

neurotransmitters and membrane 

dynamics [14]. TIRF is also used in 

biophysics for single-molecule 

fluorescence measurements [20, 21]. 

In this report TIRF microscopy is used 

to excite fluorescently-labeled 

supramolecular fibers bound with non-

specific interactions to a glass coverslip. When  fluorophores are exited and detected 

with a fluorescence microscope that illuminate the whole specimen, the fluorescence 

of the fibers results in a high background and a low signal-to-noise ratio (SNR). When 

total internal reflection fluorescence is used, only a restricted region of the specimen 

is illuminated. The incident light is totally internally reflected at the glass-water 

interface. Total internal reflection occurs when the angle of the incident light is 

greater than a certain critical angle θc, which depends on the refractive index of the 

two different media. For glass and water this angle is 61 degrees. When light is total 

internally reflected there is no light propagation into the sample. Instead an 

evanescent field is created, which exponentially decays into the sample. The 

penetration depth of the evanescent wave is typically around 100 nm [14]. 

A 647 nm laser is used to excite the cyanine-5 fluorophores (see fig. 3.4 for the 

spectrum of the emission of the laser and the absorption and emission spectrum of the 

cy-5 fluorophores). A dichroic mirror is used to pass the emitted light by the 

fluorophores and to prevent the laser light from entering the camera (see fig 3.5). Also 

an emission filter is used to prevent a small bundle of remaining laser light to enter 

the camera (see fig 3.4 for the transmission spectrum of the dichroic mirror and the 

emission filter). Using an Andor Ixon+ electron multiplying charge coupled device 

(EMCCD) camera and NIS elements software, the images of Cy5-labeled BTA fibers 

are captured . Exposure times of 100 ms and an electron multiplying gain of 350 are 

used. A 100x magnification 1.49 NA objective is used with an additional 1.5x 

magnification to capture the images. 

Figure 3.3: Total Internal Reflection Fluorescence 

(TIRF). The specimen (1), is placed on a glass 

coverslip (3).The evanescent wave range is denoted 

by (2). Immersion oil (4) is placed between the glass 

coverslip and the objective (5). The emission beam 

(signal) (6) is denoted by the green line and the 

excitation beam(7) by the red line. (from [18]) . 
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Figure 3.4: Absorption and transmission spectra. The blue area is the absorption spectrum of cy-5 and 

the red area is the emission spectrum of cy-5. The dark-red vertical line is the emission of the 647 nm 

laser, the green line is the emission of the dichroic mirror and the pink line is the emission of the 

emission filter.  

 
Figure 3.5: Experimental setup. The laser light enters the microscope via the laserbox and a glassfiber 

wire. At the microscope the samples are illuminated and the fluorophores are excited. The emitted light 

is captured by the camera and sent to the PC where the images can be captured. 
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4 Results and Discussion 

Fluorescence microscopy images are captured of immobilized BTA filaments to 

determine the persistence length for each filament. The determination of the 

persistence lengths is done for each filament. In the following paragraphs the 

determined distribution of persistence lengths is shown and discussed for the 

immobilized BTA filaments. Measurements on the freely diffusing BTA are also 

discussed. Next, the intensity along the fiber length of the captured images is analyzed 

and discussed. 

 

4.1 Persistence Length of Immobilized Fibers 

The persistence length of BTA fibers was determined using cosine correlation 

analysis of fluorescence images  (equation 2.1). The persistence length of a fiber 

cannot be determined from a single conformation, so the persistence length is derived 

from the statistical analysis of individual conformations. In equation 2.1 Lp is now the 

apparent persistence length of the corresponding conformation. Three filaments, 

shown in fig. 4.1, fig 4.2 and fig 4.3, are discussed in particular, as they show a stiff 

filament, a flexible filament and an intermediate one.  

 

Figure 4.2: (a) Fluorescence image of a BTA filament. (b) Cosine correlation of the filament in 4.1a, 

𝐿𝑝 = 9.7 ± 0.1 𝜇𝑚. The left part, which shows branches, is not taken into account for analysis. 

 

Figure 4.1: Fluorescence image of a BTA filament. (b) Cosine correlation of the filament in 4.2a, 𝐿𝑝 =

1.35 ± 0.04 𝜇𝑚.  
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In figures 4.1, 4.2 and 4.3 the fluorescence image of the BTA filament is shown in(a), 

(b) is the corresponding cosine correlation determined by the Persistence software. In 

order to obtain the persistence length the cosine correlation data is fitted in Origin and 

the parameter values are shown in table 4.1. For these filaments the apparent 

persistence lengths are 𝐿𝑝 = 9.7 ± 0.1 µm, 𝐿𝑝 = 1.35 ± 0.04 µm and Lp = 40 ±

1 µm for fig 4.1, fig 4.2 and fig. 4.3 respectively.  

This analysis has been performed on a total of 90 BTA filaments. A distribution of all 

determined apparent persistence lengths is shown in figure 4.4.  

 

Figure 4.4: Persistence lengths of 90 BTA filaments. On the x-axis the range of the persistence lengths 

is shown and the y-axis shows the frequency of these persistence lengths. 

Figure 4.3: (a) Fluorescence image of a BTA filament. (b) Cosine correlation of the filament in 

4.3a, 𝐿𝑝 = 40 ± 1 𝜇𝑚. 
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For persistence lengths, the histogram shows a Gaussian distribution with an average 

of 𝐿𝑝  =  2.6 ±  0.2 µm. From 𝐿𝑝 = 10 µm the frequency of the found persistence 

lengths decreases. 22 out of 90 investigated filaments have a persistence length higher 

than 𝐿𝑝 = 10 µm. These persistence lengths significantly differ from the average 

persistence length. The most probable reason for this is that when the BTA solution is 

dropcasted at the coverslip, a flow is induced. When a BTA filament binds to the 

glass during flow, one end binds and the flow will stretch the filament causing it to 

bend fully stretched. The fact that there are always multiple fibers aligned in the same 

direction is further evidence for this hypothesis (see fig. 4.5). A stretched-out filament 

will lead to a bias in the averaged cosine correlation values, which leads to a higher 

average persistence length. Because of some filaments stretch out due to flow ,it could 

be that the filaments with low persistence lengths also suffer from a small flow.   

The persistence length of the filament in fig. 4.1 is 𝐿𝑝 = 9.7 ± 0.1 µm. When this 

filament is inspected visually, it seems stiff but still has some curvature, which now is 

experimentally verified because its persistence length is above average. The second 

discussed filament (see fig. 4.2, 𝐿𝑝 = 1.35 ± 0.04 µm) has very high curvature when 

it’s visually inspected, so it seems to be a flexible polymer. It indeed is a flexible fiber 

because the persistence length is below average. The filament in figure 4.3 has low 

curvature and seems stiff when visually inspected. Because it seems very stiff on the 

eye, this filament is expected to have a high persistence length. Its persistence length 

is calculated, 𝐿𝑝 = 40 ± 1 µm, which is indeed far above average. This filament 

probably suffered from flow.  

 

 

Figure 4.5: Stretched-out filaments, most probably caused by a flow when dropcasted. 
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4.2 Freely diffusing fibers experiment 

The purpose of this experiment is to freely diffuse BTA fibers in two dimensions to 

rule out any surface effects. The depth of the solution is minimized order to let the 

filaments freely diffuse in two dimensions instead of three dimensions. A similar 

experiment with freely diffusing actin is done by McCullough et al [22]. A movie is 

captured and from each frame the persistence length of the conformation of a filament 

can be determined. So from a single filament the persistence lengths can be 

determined of all configurations. For the freely diffusing fibers experiment, first the 

BSA coated coverslips are used. Three different anti-fouling coatings were used to 

find the best one. Coverslips coated with BSA did not produce a good anti-fouling 

coating. The BTA fibers immediately bound to the glass when a droplet of BTA fibers 

in solution was put between the cover slips and no freely diffusing filaments were 

found. Figure 4.6 shows an image of a filament bound to the coverslip surface. The 

BTA filaments have a net positive charge while the BSA coating has a negative net 

charge in this experiment (depends on pH), so the reason filaments bind to the surface 

is probably mostly due to electrostatic attraction.  

 

 

Figure 4.6: A BTA fiber and some small BTA clusters bound to the surface of a BSA-coated coverslip. 

The second anti-fouling coating used is APTES. APTES has a positive net charge so 

there is electrostatic repulsion between the coverslips and the BTA fibers which might 

prevent the fibers from binding to the surface. However, the fibers also stick to the 

APTES-coated coverslip surface. Using APTES-coated coverslips no freely diffusing 

fibers were observed. It could be that the density of the coating was too low or there 

might be interactions between the coating and the BTA due to hydrophobicity. Figure 

4.7 shows an image of a BTA filament and some small BTA clusters stuck to the 

APTES-coated coverslip surface. 
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Figure 4.7: A BTA fiber and some small BTA clusters bound to the surface of an APTES-coated 

coverslip. 

Finally coverslips with an ethanolamine-coating are used for the freely diffusing 

fibers experiment. Ethanolamine also has a positive net charge so there is electrostatic 

repulsion between the coating and the BTA filaments with positive net charge, which 

might prevent the BTA filaments from sticking to the surface. At the ethanolamine-

coated coverslips very few BTA filaments were found stuck to the surface and most 

of the BTA was found freely diffusing. The observed BTA don’t completely move in 

two dimensions. Some parts of the filaments move slightly out of focus which means 

the filaments move a little in three dimensions. In this experiment no GLOX is used to 

prevent photobleaching. Due to the absence of GLOX the intensity of the images is 

too low for an appropriate skeletonization and for the Matlab program to recognize 

the filaments. Next the experiment with ethanolamine-coated coverslips is repeated 

but now with using GLOX. Now all filaments stick to the glass and no freely 

diffusing BTA is observed. Probably the BTA now binds to the glass due to the 

presence of GLOX, because the glucose oxidase in the GLOX has a negative net 

charge [23]. In order to succeed the freely diffusing fiber experiment another system 

could be used that counters photo bleaching, such as N2-bubbling. 
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Figure 4.8: A BTA fiber and some small BTA clusters bound to the surface of an ethanolamine-coated 

coverslip. Because of the absence of GLOX the intensity of the image is low. 

4.3 Intensity Analysis 

The intensity of the filaments is investigated to get knowledge about possible other 

interesting mechanics. Intensity histograms (see fig. 2.7) are made of all investigated 

filaments. Histograms with interesting properties are discussed. A few histograms 

show two peaks, of which the second peak is located at a multiple integer of the 

location of the first peak. Figure 4.9 and figure 4.10 show examples of a histogram 

with two intensity peaks. The corresponding filament clearly shows a brighter part. 

More filaments with brighter parts are found in the Appendix.  

 
Figure 4.9 (a) BTA filament with a brighter part. (b) Intensity histogram of this filament with two 

Gauss fits including background intensity. (c) Intensity along the contour length. 
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Figure 4.10: (a) BTA filament with a brighter part. (b) Intensity histogram of this filament (red) with 

two Gauss fits including background intensity (black). (c) Intensity along the contour length.  

In figure 4.9 the two intensity peaks are fitted in Origin with a Gauss function to 

investigate the locations of the peaks. The first intensity peak is located at 0.136 ± 

0.002 a.u., the second intensity peak at 0.237 ± 0.005 a.u. and the background is 

located at 0.0242 ± 0.0004 a.u., so the second intensity peak is located at around twice 

the first intensity peak after background subtraction. Also in figure 4.10 the two 

intensity peaks are fitted with a Gauss function to investigate the locations of the 

peaks. The first intensity peak is located at 0.104 ± 0.001 a.u., the second intensity 

peak at 0.309 ± 0.006 a.u. and the background is located at 0.0212 ± 0.0003 a.u., so 

the second intensity peak is located at around three times the first intensity peak after 

background subtraction. 

Two different reasons could explain the brighter parts of the BTA filaments. The first 

statement is a difference in labeling density along the filament. The second statement 

is a difference in monomer distribution along the fiber, which means that multiple 

filaments are closely located. Because brighter parts are seen at several filaments and 

monomer exchange occurs relatively fast and along the whole fiber (see introduction) 

it would be very coincidental if the brighter parts can be explained by a difference in 

labeling density, so the second statement seems much more likely. From the 

fluorescence images it cannot be concluded whether the filaments are on top of each 

other, next to each other or are strangled in a helix or something similar.  
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5 Conclusion 

Cosine correlation fits of the angular correlations from captured images of 

immobilized BTA filaments were performed to determine the persistence lengths of 

these filaments. 78% of the analyzed fibers had a persistence lengths below 𝐿𝑝 =

10 µm and showed a Gaussian distribution Some filaments had outlying persistence 

lengths, most probably due to flow during adsorption to the coverslip surface. 

Filaments with persistence lengths above 𝐿𝑝 = 10 µm are assumed to have suffered 

from flow and do therefore not represent the actual persistence length of the filament. 

Filaments that suffered from flow were often found together on the coverslip, aligned 

in the same direction. Because of some filaments were stretched out by flow, it might 

be that the filaments with lower persistence lengths probably also suffered from a 

smaller flow during adsorption to the glass surface. It could be that the persistence 

lengths of the more flexible filaments still is slightly lower than the measured values. 

The mean persistence length of the filaments with small or no flow (𝐿𝑝 < 10 µ𝑚) is 

𝐿𝑝 = 2.6 ± 0.2 µm.  

To investigate the effect of surface interactions a freely diffusing fiber experiment 

was performed. Dissolved fibers were put between two glass coverslips in order to let 

them freely diffuse in two dimensions and rule out any surface effects. Coverslips 

with different coatings, BSA, APTES and Ethanolamine, are used for the freely 

diffusing fiber experiment. In the experiments with the BSA-coated and APTES-

coated coverslips, the BTA fibers stuck to the glass, which means the BSA coating 

doesn’t have an appropriate anti-fouling effect for BTA molecules. The ethanolamine-

coated coverslips had a better anti-fouling effect for BTA. At the ethanolamine-coated 

coverslips BTA was observed freely diffusing. It was observed that the fibers didn’t 

completely diffuse in two dimensions. Some parts of the fibers sometimes diffused 

slightly in three dimensions. Unfortunately, due to absence of GLOX photobleaching 

occurred resulting in the intensity of the images being too low for appropriate 

skeletonization and for the Matlab program to recognize the fibers.  When GLOX was 

added to the BTA at the ethanolamine-coated coverslips, all filaments stuck to the 

glass. This is probably due to the glucose oxidase which has a negative net charge. 

The glucose oxidase can bind the ethanolamine-coating, which has a positive net 

charge, due to electrostatic attraction and next the positively charged BTA can bind 

the glucose oxidase at the surface. 

The intensity of the dye-labeled BTA fibers was investigated to gain more knowledge 

about interesting morphology aspects of the BTA filaments. Around 10% of the fibers  

had brighter parts when visually inspected. Intensity histograms were made of the 

intensity along the fiber and filaments with brighter parts showed a double Gaussian 

distribution. The second peak of these histograms was located at a multiple of the 

location of the first peak. This indicates that double or multiple fibers are bundled, lie 

next to each other or on top of each other.  

More experiments on immobilized fibers could improve the significance of the 

persistence length. Experiments where no flow is induced during the binding of the 

BTA to the glass would give best results. Because no freely diffusing fibers were 

observed, for future experiments it would be interesting to gain knowledge about the 

persistence length or maybe other interesting morphology aspects of freely diffusing 

BTA fibers, to compare these to the immobilized BTA fibers. Ethanolamine-coated 

coverslips could be used in combination with another anti-photobleaching system in 
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order to capture images with higher intensity. An example of another anti-

photobleaching system is N2-bubbling. It would be also very interesting to investigate 

the morphology of the fibers using Atomic Force Microscopy. From AFM 

measurements the bundled fibers can be related to the fluorescence images of 

filaments with brighter parts. From AFM measurements it can be investigated whether 

the fibers are next to each other, on top of each other or strangled. This can’t be 

investigated using fluorescence microscopy.   
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Appendix 

More filaments with brighter parts: 

 

Figure A.0.1: BTA filament with a brighter part.  

 

 

Figure A.0.2: BTA filament with a brighter part. 
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Figure A.0.3: BTA filament with a brighter part. 

 

Matlab script: 

clear all; close all; 

  
%% import parameters 

  
step=1/3; %step in pixels for width along fiber 
n=24; %number of values in width along fiber length (total width is 

n*step*2+1 pixels) 
um_pix=0.08666667; %size of pixel in um 

  
% position shifted background 
diff_LR=0; %shift in pixels in x-direction 
diff_TB=15; %shift in pixels in y-direction 
dir_LR='R'; %shift to left (L) or right (R); 
dir_TB='T'; %shift to top (T) or bottom (B); 

  
fit_histogram=1; %1 to fit histrograms, 0 no fit 

  

  
%% import data 

  
%import output data Persistence 
str='file_name'; 
Ave_Cs=importdata([str,'Nfils_ave_Cs.txt']); %cosine correlation data 
Contour=importdata([str,'Nfils_contours.txt']); %position map for all 

filaments 
End_contour=importdata([str,'Nfils_end_to_end_vs_contour_lengths.txt'

]); %end-to-end/countour information 
Tangent_angles=importdata([str,'Nfils_tangent_angles.txt']); %tangent 

angles for all filamens 
%number of filaments Nfils 
[Nfils col_dis]=size(End_contour); 

  
%import raw and skeletonized image 
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I_raw=imread('raw_image'); 
I_raw=im2double(I_raw); 
I_skel=imread('skeletonized_image.tif'); 
I_skel=im2double(I_skel); 
[Xpix Ypix]=size(I_raw); 

  
if Nfils > 1 
    fprintf('error: loaded data of more than one fiber into 

script\n'); 
    fprintf('script can only  handle Persistence output of a single 

analyzed fiber'); 
    break 
end 

  

  
%% end-to-end distance and contour length 

  

  
ContourLength=End_contour(1,1); 
EndToEnd=End_contour(1,2);     

  

  
%% brightness 
%number of coordinates 
[Nc col_cont]=size(Contour); 
%sort all data in Data(coordinate number, 
start=1; 
if dir_LR=='L' 
    shift_LR=-diff_LR; 
elseif dir_LR=='R' 
    shift_LR=diff_LR; 
end 
if dir_TB=='T' 
    shift_TB=diff_TB; 
elseif dir_TB=='B' 
    shift_TB=-diff_TB; 
end 
%write all data in Data array 
for l=1:Nc 
        m=l-start+1; 
        Data(m,1)=Contour(l,2)-2; %i 
        Data(m,2)=Contour(l,3)-2; %j 
        Data_shift(m,1)=Contour(l,2)-2+shift_TB; %coordinates and 

intensity of 'shifted fiber', to compare with bg 
        Data_shift(m,2)=Contour(l,3)-2+shift_LR;  
        

Data_shift(m,3)=WeightedVal(Data_shift(m,1),Data_shift(m,2),I_raw);     
        Data(m,3)=Tangent_angles(m,2); %s (um) 
        Data(m,4)=Tangent_angles(m,3); %tangent angle (rad) 
        Data(m,5)=WeightedVal(Data(m,1),Data(m,2),I_raw); 

%intensity(i,j) 
        for o=1:n 
        Data(m,5+6*o-

5)=round((Data(m,1)+o*step*cos(Data(m,4)+pi/2))*1000)/1000; 

%i_n+=i+n*step*cos(theta) 
        Data(m,5+6*o-

4)=round((Data(m,2)+o*step*sin(Data(m,4)+pi/2))*1000)/1000; 

%j_n+=j+n*step*cos(theta) 
        Data(m,5+6*o-3)=WeightedVal(Data(m,5+6*o-5),Data(m,5+6*o-

4),I_raw); %intensity(i_n+,j_n+) 
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        Data(m,5+6*o-2)=round((Data(m,1)-

o*step*cos(Data(m,4)+pi/2))*1000)/1000; %i_n-=i-n*step*cos(theta) 
        Data(m,5+6*o-1)=round((Data(m,2)-

o*step*sin(Data(m,4)+pi/2))*1000)/1000; %j_n-=j+n*step*cos(theta) 
        Data(m,5+6*o)=WeightedVal(Data(m,5+6*o-2),Data(m,5+6*o-

1),I_raw); %intensity(i_n-,j_2-) 
        end 
end 

  
%write Data to n*2+1 * Lc matric for analysis of Fiber width 
Fiber=zeros(n*2+1,Nc); 
for q=1:Nc 
        Fiber(n+1,q)=Data(q,5); %intensity of i,j 
        Fiber_i(n+1,q)=Data(q,1); %i coordinates 
        Fiber_j(n+1,q)=Data(q,2); %j coordinates 
    for r=1:n 
        Fiber(r,q)=Data(q,5+6*(n+1-r)); %intensity of i_n-,j_n- till 

i_1-,j_1- 
        Fiber_i(r,q)=Data(q,5+6*(n+1-r)-2); %i_n- coordinates 
        Fiber_j(r,q)=Data(q,5+6*(n+1-r)-1); %j_n- coordinates 
        Fiber(r+n+1,q)=Data(q,5+6*r-3);%intensity of i_1+,j_1+ till 

i_n+,j_n+ 
        Fiber_i(r+n+1,q)=Data(q,5+6*r-5);%i_n+ coordinates 
        Fiber_j(r+n+1,q)=Data(q,5+6*r-4);%j_n+ coordinates 
    end                
end 

         

         

  

  

  
%% plots 
%figure 1: raw image with coordinates fiber 
Fig1=figure(1);  
imagesc(I_raw); %plot image 
hold on 
plot(Data(:,2),Data(:,1),'r',Data_shift(:,2),Data_shift(:,1),'k'); 
hold off 
x0=Data(1,1);xL=Data(Nc,1); 
y0=Data(1,2);yL=Data(Nc,2); 
str1='0 \mum';str2=['L = ',num2str(round(Data(Nc,3)*100)/100),' 

\mum']; 
text(y0,x0,str1);text(yL,xL,str2); 
xsize=round(max(Data(:,1))-

min(Data(:,1))+20);xave=round((max(Data(:,1))+min(Data(:,1)))/2); 
ysize=round(max(Data(:,2))-

min(Data(:,2))+20);yave=round((max(Data(:,2))+min(Data(:,2)))/2); 
if xsize>=ysize 
    axis([round(yave-xsize/2) round(yave+xsize/2) 

round(min(Data(:,1)))-10 round(max(Data(:,1)))+10]) 
else 
    axis([round(min(Data(:,2)))-10 round(max(Data(:,2)))+10 

round(xave-ysize/2) round(xave+ysize/2)]) 
end 
xlabel('x (pix)');ylabel('y (pix)');title('Raw Image (Fluorescence 

Intensity (a.u.)'); %x,y labels + title 
colormap jet  
colorbar 
set(Fig1, 'Position', [12, 318, 490, 400]); 

  



34 

 

  
%figure 2: intensity vs. length 
Fig2=figure(2); 
plot(Data(:,3),Data(:,5),'r',Data(:,3),Data_shift(:,3),'k'); 
xlabel('s (um)');ylabel('Fluorescence Intensity 

(a.u.)');title('Intensity vs. Contour Length'); 
axis([0 max(Data(:,3)) 0 max(Data(:,5))+0.01]) 
set(Fig2, 'Position', [520, 428, 750, 290]); 

  

 
%figure 3: histogram of intensity 
bins=round(Nc/10); 
[HistI(:,2) HistI(:,1)]=hist(Data(:,5),bins); 
[HistBG(:,2) HistBG(:,1)]=hist(Data_shift(:,3),bins); 

  
Fig4=figure(4); 
subplot(1,2,1); 
hist(Data(:,5),bins); 
hI = findobj(gca,'Type','patch'); 
set(hI,'FaceColor','r','EdgeColor','r'); 
xlabel('Intensity (a.u.)');ylabel('Frequency');title('Histogram fiber 

intensity'); 
axis([min(HistBG(:,1))-0.01 max(HistI(:,1))+0.01 0 

max(HistI(:,2))+1]) 
subplot(1,2,2); 
hist(Data_shift(:,3),bins); 
hBG = findobj(gca,'Type','patch'); 
set(hBG,'FaceColor','k','EdgeColor','k'); 
xlabel('BG intensity (a.u.)');ylabel('Frequency');title('Histogram 

background intensity'); 
axis([min(HistBG(:,1))-0.01 max(HistI(:,1))+0.01 0 

max(HistBG(:,2))+1]) 

  
%export intensity vs contour length 
intensity_file=fopen([str,'_intensity_vs_contour_length.txt'],'w'); 
fprintf(intensity_file,'%s %s\n','s (um)','fluorescence intensity 

(a.u.)'); 
for v=1:Nc   
 fprintf(intensity_file,'%f %f\n',Data(v,3),Data(v,5)); 
end 
 fclose(intensity_file); 

  
 %export histogram of height and width 
histogram=fopen([str,'_intensity_histograms.txt'],'w'); 
fprintf(histogram,'%s %s %s %s\n','intensity (a.u.)','Frequency','BG 

intensity (a.u.)','Frequency'); 
for v=1:length(HistI(:,1))   
 fprintf(histogram,'%f %f %f 

%f\n',HistI(v,1),HistI(v,2),HistBG(v,1),HistBG(v,2)); 
end 
 fclose(histogram); 

  

  
%% fit histograms 
if fit_histogram==1;  
[sigmaI,muI,AI]=GaussFit(HistI(:,1),HistI(:,2)); 
[sigmaBG,muBG,ABG]=GaussFit(HistBG(:,1),HistBG(:,2)); 
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subplot(1,2,1) 
hold on 
plot(HistI(:,1),AI*exp(-(HistI(:,1)-muI).^2/(2*sigmaI.^2)),'k'); 
hold off 
subplot(1,2,2) 
hold on 
plot(HistBG(:,1),ABG*exp(-(HistBG(:,1)-muBG).^2/(2*sigmaBG.^2)),'r'); 
hold off 

  
disp(['Intensity is equal to ',num2str(muI),' +/- ',num2str(sigmaI),' 

a.u.']); 
disp(['Background intensity is equal to ',num2str(muBG),' +/- 

',num2str(sigmaBG),' a.u.']); 

  
 %export histogram of height and width 
% histogram_fit=fopen([str,'_histogram_fit.txt'],'w'); 
% fprintf(histogram_fit,'%s\n','intensity'); 
% fprintf(histogram_fit,'%s %s %s\n','average','stdev','A'); 
% fprintf(histogram_fit,'%f %f %f\n','muI','sigmaI','AI'); 
%  
% fprintf(histogram_fit,'%s\n','background'); 
% fprintf(histogram_fit,'%s %s %s\n','average','stdev','A'); 
% fprintf(histogram_fit,'%f %f %f\n','muBG','sigmaBG','ABG'); 
%  fclose(histogram); 
else 
    break 
end 

 

function [val]=WeightedVal(x,y,I)  
%inputvalues: x and y are the x- and y- coordinates of which a 

weighted 
%intensity/height value is required. I is the n x m array from which 

a 
%weighted Z value can be computed. 

  
i=floor(x);a=x-i; %separate x in integer value i and decimal value a 
j=floor(y);b=y-j; %separate y in integer value j and decimal value b 
val=(1-a)*(1-b)*I(i,j)+a*(1-b)*I(i+1,j)+(1-

a)*b*I(i,j+1)+a*b*I(i+1,j+1); 
end 

 


