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Super-resolution 3D imaging was achieved using newly synthesized photoactivatable 

quantum dot (PAQ dot) probes. Quantum dots were modified with a novel quencher system to 

make them photoactivatable. The unique properties of these PAQ dots enable single-fluorophore 

localization in three dimensions using a confocal microscopy optical sectioning method. Myosin 

and tropomyosin of rabbit myofibrilar bundles were specifically labeled with the newly 

synthesized PAQ dot. A sufficient number of single quantum dots were photoactivated, localized 

and reduced to their centroid and then reconstructed to a super-resolution image. The acquired 

super-resolution image shows a lateral and an axial sub-diffraction resolution and demonstrates 

ultrafine striations with widths less than 70 nm that are not evident by conventional confocal 

microscopy. The striations appear to be related to nebulin thin filament binding protein. This 

newly developed imaging system is cutting edge for its high resolution and localization as well 

its simplicity and convenience.  
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CHAPTER 1 

INTRODUCTION 

 

1.1       Muscle Contraction and Ultrastructure 

 Muscle is the primary contractile tissue of animals. There are three different types in the 

body: smooth, cardiac, and skeletal muscles. Under the microscope, skeletal and cardiac muscle 

show alternating light and dark bands, referred to as striations, which result from uniform 

arrangements of contractile proteins, whereas smooth muscle due to its irregular packaging, 

reveals no striation.  The focus of this study is on skeletal muscle ultrastructure as observed by a 

newly developed super-resolution light microscopy.  

Skeletal muscles contain many levels of organization. Skeletal muscle tissues are 

composed of subunits called fascicles. Fascicles in turn are composed of bundles of individual 

muscle fibers. Each muscle fiber cell contains numerous nuclei and mitochondria. Within each 

individual muscle cell, there are many parallel fibers called myofibrils. Myofibrils can span the 

whole length of the fiber and have a diameter of 1-2 µm. Myofibrils consist of linear arrays of 

sarcomeres, the basic contractile unit of myofibril. A sarcomere is composed of thick and thin 

filaments (Garrett et al., 2008). The major two proteins of thick and thin filaments are myosin 

and actin respectively. The dark and light bands of the skeletal muscles observed by electron 

microscopy are formed due to the denser myosin thick filaments and less dense actin thin 

filaments respectively. The dark region is denoted A-band (anisotropic), and light region as I-

band (Isotropic) (Goodson et al., 1993). In the middle of the I-band lay a small dark line called 

the Z discs. A sarcomere unit is defined as the area that falls between two neighboring Z discs. 

The H-zone refers to the light region that falls in the center of each A-band. This region is lighter 

than the rest of the A-band but darker than the I-band. Each H-zone contains a central M-line. 
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The dark region of the A-band is where the thick and thin filaments overlap, while the light 

region only contains thick filaments. The arrangement of these sarcomere units next to each 

other produces the striation observed by electron microscopy in skeletal muscle fibers. The 

typical length of a sarcomere is 2.2 µm at rest. The A-band has a constant length of around 1.8 

µm, while the length of the I-band changes during muscle contraction (Garrett et al., 2008). 

 Thin filaments are comprised of three major proteins actin, tropomyosin and troponin. 

Actin monomers polymerize spontaneously to form the F-actin filament, a right-handed helical 

structure. The filamentous actin (F-actin) helix has a pitch of 72 nm and a repeat distance of 36 

nm. It forms the backbone of the thin filaments, to which tropomyosin and troponin complex 

bind. Actin filaments are anchored to Z-disc and extend outward in a uniform manner. The two 

sets of actin filaments, between any two Z-discs, point in opposing direction (Garrett et al., 

2008). Tropomyosin is a ~ 42 nm coiled coil dimer arranged in head-to-tail fashion with 

periodicity of 38.5 nm and span 7 actin monomers on the F-actin filament (Gordon et al., 2000). 

Troponin complex is composed of three proteins troponin T (TnT), troponin I (TnI) and troponin 

C (TnC). TnT binds tropomyosin at the head to tail junction. TnI binds to actin about every 7 

actin monomers as well as to tropomyosin (Garrett et al., 2008).  

The principal protein of thick filaments is myosin. It is a large protein with six 

polypeptides: two heavy chains and two pairs of different light chains. The N termini of the two 

heavy chains have globular heads with ATPase (adenosine triphosphatase) activity that are 

responsible for interacting with the actin filament during muscle contraction. Each heavy chain is 

joined to a long α-helical segment known as a tail. These two tails intertwine forming a left 

handed coiled coil with a 2 nm diameter and 130-150 nm long. The myosin thick filaments are 

assembled in an opposite direction of the thin filaments i.e. they are anchored to the M-line and 
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extend toward the Z-discs (Garrett et al., 2008). The arrangement of the thin and thick filaments 

in a sarcomere unit of skeletal muscle is demonstrated in Figure 1.  
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Figure 1. The arrangement of thin and thick filaments in a sarcomere unit of skeletal 

muscle. Actin filaments are anchored to Z-disc and extend toward M-line, while myosin 

filaments extend from M-line toward Z-disc. Titin is mainly associated with thick filaments but 

interacts with thin filaments in I-band. Nebulin and tropomyosin are associated with thin 

filaments.  
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In addition to the previously discussed muscle proteins, titin and nebulin are important 

muscle proteins that will be examined here. Titin, a non-myosin component in the thick filament, 

is the largest known single polypeptide which is greater than 1 µm long. Titin spans half of the 

sarcomere from the sarcomeric Z-disc to the M-line (Figure 1). It is a multifunctional muscle 

protein that plays major roles in muscle elasticity and myosin assembly, sarcomere stability and 

maintenance, kinase activity and passive tension generation. The I-band and A-band regions of 

titin are responsible for titin elasticity and stiffness respectively. Major molecular structures in 

the titin A-band region contain repeating sequence modules composed of two types of protein 

domains, immunoglobulin (Ig) and fibronectin type III domains. In addition to these major 

structural domains, the titin A-band contains a kinase domain close to the carboxyl terminal. The 

titin M-line and Z- disc regions are composed of Ig domain and other unique sequences. Titin I-

band contains a region known as PEVK rich with the amino acids proline (P), glutamate (E), 

valine (V) and lysine (K). This region is responsible for titin elasticity and surrounded with Ig 

domains modules (Lee et al., 2007; Duan et al., 2006).  

Nebulin is a skeletal muscle protein associated with thin filaments. A single molecule of 

nebulin spans the entire length of thin filament length. Recent studies have suggested that 

nebulins have additional functions besides acting as a thin filament ruler. These functions include 

single transduction, myofibril force generation, and contraction regulation (McElhinny et al., 

2003). The nebulin polypeptide has a size ranging from 600 to 900 kDa and about 7000 amino 

acids organized in ~ 200 tandem copies of ~ 35 residues called modules that are classified into 7 

types. Most of these modules form 22 superrepeats of seven modules; each superrepeat is about 

245 amino acids. These superrepeats are arranged in large segments; six segments composed of 

adjacent homologues and one segment composed of eight modules of the similar type. The 35 
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amino acids repeats module are believed to be correlated with the number of actin monomers, 

and each superrepeat is associated with tropomyosin-troponin complex (Root et al., 2001). 

The mechanism of muscle contraction is explained with the sliding filament model. This 

model describes the shortening of the sarcomere during muscle contraction by the sliding motion 

that occurs at the two ends of a thick filament. This sliding motion of the myosin thick filament 

pulls the actin filaments on either side of the M-line inward.  The specific direction in which this 

sliding motion occurs is explained by the thin and thick filament’s directional character that was 

mentioned earlier. The sliding motion of the myosin is derived by the ATPase activity of the 

myosin heads. In resting muscle, the myosin heads bound with ADP (adenosine diphosphate) 

and Pi (inorganic phosphate ion) bound are disassociated from the actin filament. Once a signal 

for contraction presents, the myosin heads reach toward the thin filament to bind to actin. This 

binding stimulates the phosphate to be released followed by a conformational change in the 

myosin head, known as power stroke, and ADP disassociation. As the conformation of the 

myosin heads change to a lower energy level, the thick filaments move along the thin filament. 

In the last step, the myosin heads disassociate from actin once an ATP (adenosine triphosphate) 

molecule binds, and the ATP subsequently hydrolyzes. Myosin heads return back to their high 

energy conformation upon disassociation from actin. (Garrett et al., 2008) 

 

1.2 Fluorescence Phenomenon and Fluorescence Microscopy 

 Fluorescence is when an atom or a molecule, known as a fluorescent probe or 

fluorophore when conjugated to a larger macromolecule, absorbs light of certain wavelength and 

after a brief interval, related to the fluorescence lifetime, re-emits light with longer wavelength. 

In fluorescence, light emission occurs nearly simultaneously with the absorption of the excited 

light where there is only less than one microsecond between the two events. However, when 
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there is a longer delay between the light absorption and emission the phenomenon is called 

phosphorescence. (Herman, 1998) 

Absorption of light by a fluorescent molecule occurs between the closely spaced energy 

levels of the excited states. It occurs due to an interaction between the electrons in the 

fluorescent molecule and the light electric field vector. Each fluorescent molecule has several 

different electronic states. These states are described by Jablonski energy diagram (Figure 2) 

which explains how electrons in fluorophore are excited from the ground level energy state to a 

higher energy level and then relaxed back to the ground level by photon emission. Jablonski 

energy diagram illustrates the singlet ground state (S0) and two excited singlet states (S1 and S2) 

with stacks of horizontal bands. These horizontal bands resemble the different distinct 

vibrational energy states of each one of these three states. The amount of energy of each of these 

distinct vibrational energy states is different where the lower band of the stack resembles the 

lowest singlet excited state, whereas the highest band has the highest energy state. (Herman, 

1998) 

Light absorption occurs quickly, approximately in 10
-15

 second, and results in elevating 

the energy of the electron from the ground energy level (S0) to excited energy level (either S1 or 

S2). Absorption is followed by relaxation of electron to the lowest vibrational energy level of the 

first excited state (S1). This relaxation process is referred to as vibrational relaxation or internal 

conversion and occurs within 10
-14

 to 10
-11

 second. After vibrational relaxation, an excited 

fluorophore in the lowest singlet excited state resides in this level for about nanoseconds before 

relaxing back to the ground state (S0). The average time, around 10
-8

 seconds, the molecule stays 

in the excited state before emitting a photon is called fluorescence lifetime. If this relaxation is 

accompanied with emission of photons the process is named fluorescence. Fluorophores can 
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repeat this cycle hundreds to thousands of times before they photobleach. Fluorophore light 

absorption can occur in a specific range of wavelengths known as absorption bands. As 

mentioned earlier, the energy associated with photon emission is less than that of absorption. 

This causes a shift, known as stokes’ shift, of the emitted photons to longer wavelengths. Many 

factors contribute to this shift with the primary factor being the rapid relaxation of excited 

electrons to the lowest energy level of the first excited state (S1). Other factors include the fact 

that electrons that got excited from a lower vibrational energy levels of the ground state normally 

relax to higher vibrational energy levels of the same state causing a further energy loss. In 

addition, excited state reaction, resonance energy transfer, complex formation and solvent 

orientation effects play a role in Stokes Shift. Stokes shift is important in fluorescence 

microscopy because it allows the detection of low number of emitted photons separately from the 

excitation photons. (Herman, 1998) 

Two fundamental parameters are important when comparing and describing fluorophores. 

Fluorescent life time, as mentioned earlier, is the time the excited electron spends at the excited 

stated before relaxation to the ground state. This parameter is important in several applications 

such as resonance energy transfer and multicolor imaging. Quantum yield is a second parameter 

that indicates the emission efficiency of the fluorophore relatively to the other relaxation 

pathways and is expressed as the ratio of the emitted photons to the absorbed ones. These two 

parameters are critical when choosing a fluorophore for an experiment. (Herman, 1998) 
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Figure 2. Jablonski energy diagram. This diagram illustrates the singlet ground state (S0), two 

excited singlet states (S1 and S2) and excited triple state (T1) with horizontal bands. The thick and 

thin bands represent electron energy levels and vibrational energy states respectively. Absorption 

of photon is illustrated with red straight arrows where emission is illustrated with green straight 

arrows. Internal conversion, quenching, non-radiative relaxation are illustrated with yellow, light 

blue and pink arrows respectively. 
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Phosphorescence and quenching are another energy depleting processes that can compete 

with fluorescence emission (Figure 2). Phosphorescence represents another fluorescent 

mechanism, in which electrons in the lowest excited singlet state cross to the lowest excited 

triplet state (T1), known as intersystem crossing,  and then relaxing back to the ground state (S0) 

resulting in a longer lived emission. Also, transition from the triple excited state to the singlet 

state can occur before relaxing to the ground state resulting in delayed emission which known as 

delayed fluorescence. Quenching, on the other hand, is non-fluorescent mechanism meaning that 

relaxation occurs without emission of photons. This non-radiative relaxation can be caused by a 

variety of computing processes, one of which is collisional quenching. Collisional quenching is 

caused by a collision of the excited fluorophore with another molecule results in deactivation of 

the florescent probe. Several elements and compounds in a solution can behave as collisional 

quenching agents such as oxygen and water. These quenchers reduce the life time and quantum 

yield of the fluorescent molecule excited state. Static quenching, a second quenching 

phenomenon, arises from a quencher-fluorophore complex which limits absorption by depleting 

the fluorophores population that can be excited, with this type of quenching neither the life time 

nor the quantum yield of the fluorophore are affected (Herman, 1998). 

Photobleaching, an important quenching phenomenon, causes permanent loss of 

fluorescence signal. In contrast to other types of quenching, photobleaching occurs due to 

covalent modification and photon-induced chemical damage that cause the fluorophore to 

permanently lose its ability to fluoresce. At the time or relaxation from the excited state, 

fluorophore may make an irreversible covalent bond with another molecule. Fluorophores that 

cross to the triplet state have a bigger chance to photobleach due to the fact that this state is 

longed-lived state allowing the fluorophores a much longer time to interact with component in 
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the environment. One of the major molecules that the fluorophore could interact with is 

superoxide, a reaction which may permanently destroy fluorescence. As for reducing the 

photobleaching effect, evidence shows that shortening the exposure time of fluorophores to high 

intensity illumination can reduce the photobleaching rate. The mechanisms of this are not clear. 

However, in the case of photodynamic bleaching for example, it could be explain by brief pulses 

that limit the fluorophore interaction only to the nearest oxygen molecules. Another method to 

reduce the photodynamic effect is by deoxygenating the solution; however, it cannot be applied 

on living cells that require oxygen. Photobleaching is especially problematic in fluorescence 

signal because it can limit the imaging time frame. On the other hand, photobleaching can be 

used to improve signal-to-noise ratio by managing to quench auto-fluorescence. Also, it can be 

exploited to gain information that otherwise would be hard to obtain as in fluorescence recovery 

after photobleaching (FRAP) technique (Herman, 1998). 

Fluorescence phenomenon was initially observed in optical microscopy during the early 

part of the twentieth century, while the first fluorescence microscope was developed between 

1911 and 1913 and was used to observe auto-fluorescence in wide variety of organisms. 

However, the development of immunofluorescence by Albert Coons, a technique that employs 

fluorescence dyes for labeling antibodies, and the discovery of fluorescence green protein 

introduced a new era of fluorescence microscopy that contributed to the revolution in cell 

biology (Herman, 1998). Since then, fluorescence microscopy has become a major tool in 

biological studies due to its multiple advantages. The first advantage is its detection specificity, 

in which each fluorescent molecule has characteristic excitation and emission spectra. This 

enables the labeling of multiple targets which in turn allows the visualization of molecular 

interactions. In addition, the detection sensitivity of a small amount of fluorescence molecules is 
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an important advantage of fluorescence microscopy. Another major advantage is the capability 

of providing spatial resolution of specific single molecules of living cells that are labeled with 

specific fluorescent probe (Bates et al., 2007). 

 

1.3 Optical Microscopy Resolution and Diffraction Limit 

Light emitted from an infinitely single small point source in the specimen and transmitted 

through an objective lens is not focused to an infinite small point, but rather it is dispersed by the 

diffraction and results in a three dimensional blurred point, known as Point Spread Function 

(PSF). The PSF is considered as the fundamental unit of an optical image, when it is viewed in 

the x-y plane it appears as  a circular airy diffraction pattern consists of a center region of high 

intensity, known as airy disc, and its radius is called the Rayleigh distance, surrounded by high 

and low intensity rings (Figure 3). These diffraction patterns are a result of the fact that the 

objective lens only focuses a small portion of the emitted light to a corresponding point, while 

light waves interfere at the focal point producing the diffraction pattern with the high and low 

intensity (Patterson, 2009). 

Rayleigh limit is the most common criteria used to define optical resolution. According to 

Rayleigh limit, two objects in order to be distinguished must be separated by a distance that 

equal to or greater than the radii of the two airy discs. In the case where the distance equals the 

radii of the airy disc, the PSFs of the two objects are overlapped but the two objects still can be 

distinguished. In the other case where the distance is greater, the PSFs of two objects are not 

overlapped, and the two objects are resolvable (Figure 3). Once two objects are too close 

together, their PSFs will considerably overlap and cannot be resolved. Both the numerical 

aperture (NA) of the objective lens and the wavelength, λ, of light determine the size of the airy 
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diffraction pattern and the PSF. Accordingly, the Rayleigh limit of resolution can be define as  

d=1.22 λ/2NA, with d being the diameter of the airy disc (Patterson, 2009; Herman, 1998). 
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   a    b            c 

 

Figure 3. Airy disc (2D PSF) illustration. The airy disc consists of center region of high light 

intensity surrounded by high and low intensity rings.  (a) 2D PSF of a single point source object. 

(b) illustrates two point source objects where the distance between them is equals to their radii. 

In this case the two objects are resolvable. (c) illustrates the case where two objects are not 

resolvable because the distance between their two point source is smaller than their radii. 
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1.4 Subdiffraction  Resolution Methods 

The optical microscopy limit of resolution is a few orders of magnitudes above the 

typical size of cellular molecules. This limitation disables the imaging of ultrafine cellular 

structures, leaving many biological questions beyond the capability of optical microscopy.  

Consequently, one would refer to electron microscopy to resolve such structures. However, 

electron microscopy requires sample preparation that can cause structure alteration and does not 

enable imaging of live cells. Recently, the diffraction limit of far field optical microscopy has 

been surpassed by several different sub-diffraction techniques that were able to achieve a super-

resolution image in both the lateral and the axial direction. Some of these techniques were able to 

enhance the resolution by reducing the out of focus light that is coming from the out of focus 

plane; such techniques are confocal, I
n
M and 4Pi microscopy. More advanced super-resolution 

microscopy methods utilize non-linear microscopy techniques to avoid the restrictions of the 

diffraction of light. These techniques include nonlinear structured illumination, stimulated 

emission depletion (STED), Structure illumination microscopy (SIM), and localization 

microscopy. The later techniques achieved a significantly high resolution in which it can said 

that they break the diffraction limit where confocal microscopy only cross that limit 

(Heintzmann et al., 2006). 

Confocal microscopy slightly enhances both the lateral and the axial resolution of the 

conventional fluorescence microscopy by eliminating the light that is coming from the out of 

focus plan, reducing by that the resolution down to ~180 nm in the focal plane and ~500 nm in 

the optical axis (Heintzmann et al., 2006). In conventional fluorescence microscopy, the entire 

specimen is illuminated with the excitation light, and the emitted light coming from the entire 

specimen, including above and below the focal plane, is collected by the objective length. Due to 

the out of focus light, structural details are washed out resulting in low resolution image. 
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Confocal microscopy circumvents this problem by creating thin optical sections of 

approximately 0.5 µm, so that only the focal plane is excited.  The excitation light is focused to a 

diffraction limited spot at the focal plane reducing by that the out of focus interference. The 

elimination of the out of focus light is done by applying a  pinhole aperture that is place in the 

emission light pathway, so that only the emitted light from the in-focus voxel make it through the 

pinhole, whereas the emitted light both from above and below the focal plane will be eliminated 

by the pinhole. Although the improvement of confocal resolution is minor, it is an essential and 

widely used tool for its ability to reject out of focus light and for enabling 3 Dimensional (3D) 

imaging of thick specimen (Herman, 1998). 

Both I
n
M and 4Pi microcopies apply two objective lenses increasing by that the 

numerical aperture of the microscope and in turn significantly improving the axial resolution. In 

I
n
M both objectives lenses are focusing on the same plane of focus, so that the signals are 

recombined into the same path resulting in stronger signal. This technique reduces the axial 

resolution down to ~ 70-90 nm but does not improve the lateral resolution because the whole 

specimen at the field of view is evenly illuminated, while specific axial subsections are excited 

(Patterson, 2009). In contrast to I
n
M, in 4Pi the excited light from both lenses is focused on a 

common focal point doubling by that the illumination aperture. This generates an axial PSF that 

is 3-4 times sharper than in confocal microscopy; consequently, reducing the axial resolution 

down to ~100 nm (Medda et al., 2006). However, the improvement in resolution is restricted to 

the optical axis because the two lenses are perpendicular, so a maximal numerical aperture is 

obtained along the axial direction while small changes occur in the lateral direction (Heintzmann 

et al., 2006). 
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As was explained earlier, in order to achieve a major resolution enhancement in confocal 

microscopy, a pinhole smaller than the airy disc is required.  In this case, a focus emission light 

is rejected along with the unwanted out of focus light, reducing the fluorescence signal. As 

biological samples are usually weakly fluorescent, a pinhole larger than the airy disc is required 

to collect enough signal, then a little resolution enhancement is achieved. A technique known as 

Structure illumination microscopy (SIM) surpasses the diffraction limit of wide-field 

fluorescence microscopy by factor of two without discarding any emission light by using 

spatially structure illumination (Gustafsson, 2000). In SIM a sub-diffraction image is 

reconstructed from a series of images with different fluorescence emission pattern. As the 

fluorescence emission pattern depends on both the pattern of the excitation light and the spatial 

distribution of the fluorophores, controlling the excitation pattern by using different orientations 

of the excitation light generates a signal that manifests a Moire pattern. Since the excitation 

pattern is known, the different images collected at different orientations are processed by 

extracting the spatial information of the fluorescence distribution out of Moire pattern. This 

reduces the PSF size by expanding the frequency space that is detected by the microscope 

(Patterson, 2009). 

STED microscopy is the most successful non-linear technique that was able to extend the 

optical resolution significantly beyond the diffraction limit. It sharpens the PSF by utilizing the 

non-liner depletion of fluorophores, so it can selectively inhibit fluorophores surrounding the 

center of excited spot by stimulated emission (Heintzmann et al., 2006). STED relies on two 

synchronized laser pulses. A focused excitation laser beam excites the fluorophores to their 

excited state producing an ordinary diffraction limited PSF, immediately followed by another 

laser beam with wavelength that falls within the emission spectrum of the excited fluorophore 
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referred to as STED laser. The second laser beam is spatially arranged in doughnut mode, so it 

triggers only the excited fluorophore surrounding the excitation spot to relax back to the ground 

state. Consequently, the fluorescence emission is confined to a small region equals the size of the 

center of the doughnut, thereby sharpen the PSF and increasing the lateral resolution down to 

~20 nm (Bates, 2008). To increase the axial resolution, instead of depleting the excited 

fluorophores at the center of the PSF as in the lateral direction, the depletion is done at the top 

and the bottom of the PSF revealing an axial resolution of 30-40 nm. One advantage over the 

other linear methods is that STED obtains a direct scanned image without the need of image 

processing (Patterson, 2009). 

A more recent super-resolution imaging method is localization microscopy or also known 

as Single Molecule Localization. In the past few years, few different techniques were developed 

based on these methods. This study relies on this method to achieving super-resolution imaging 

in confocal microscopy. This method will be explained in depth in chapter 3. 

 

1.5 Semiconductors and Quantum Dots 

Quantum dots, or nanocrystals, are inorganic semiconductor particles, which are 

nanometric inorganic crystals that have an electrical conductivity. They are composed of 

periodic groups, such as II-VI, III-V, or IV-VI. The electrons in the semiconductors are 

organized around the nucleus occupying different energy levels. Each electron has different 

energy level; however, the electrons’ energy levels are so close that there is not much difference 

of energy, so they are called continuous energy levels. Semiconductors as well as insulators have 

an energy gap which is called bandgap where no electrons exist. Each semiconductor material, 

bigger than 10 nm, has a fixed bandgap due to continuous electron energy levels. The band 
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below the bandgap is the valence band, and the band above the bandgap is the conduction band. 

The semiconductor electrical conductivity can be altered by external stimulus. A stimulus cause 

an electron in the valence band to rise to the conduction band creating a positive hole in the 

valence band, this is known as exciton. The distance between the excited electron in the 

conduction band and the hole in the valence band is called Exciton Bohr Radius. The excited 

electron in the conduction band will return to the valence band while emitting radiation with a 

wavelength that corresponds to the difference of energy between the valence and conduction 

bands. Each semiconductor material has different bandgap, thus each emits radiation with 

different wavelength. This wavelength is fixed because the bandgap of the semiconductor is 

fixed.  (Evident Technologies) 

Quantum dots are very unique semiconductors that behave differently because of their 

small size that ranges from 2-10 nm. In semiconductors bigger than 10 nm, the dimensions of the 

semiconductor are larger than the Exciton Bohr Radius. However, when the size of the 

semiconductor is too small that it achieves the Exciton Bohr Radius, there is a small separation 

between the energy levels of the semiconductors, and they are no longer continuous but discrete. 

This regimen is called quantum confinement; semiconductors in this regimen are called quantum 

dots. The quantum confinement regimen of the quantum dots affects its optical properties 

providing it with unique optical and chemical characteristics (Farias et al.,2008).  Two of which 

are high brightness and photostability. These two characteristics are contributed by the close 

energy levels of the quantum dots. Brightness is contributed by the high absorption of the 

excitation light whereas photostability is due to the electron-hole pair being trapped in the 

closely spaced energy levels. Another unique property is tuning their emission spectra. Because 

the electron energy levels of the quantum dots are discrete, any addition or subtraction of few 
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atoms can alter the boundaries of the bandgap, this way the bandgap of the quantum dot can be 

controlled. As the bandgap of the quantum dot determine the emission frequency, it is possible to 

precisely control the emission wavelength of a quantum dot. In effect, the color of the quantum 

dot can be specify by tuning the bandgap of a dot. The larger the dot, the lower the energy the 

dot emits, and that is because large dots have more energy levels as well as more closely spaced. 

In addition, the size of the dots determines the dot fluorescence lifetime in which large dots have 

a longer fluorescence lifetime. The reason for that is that the electron-hole pair can be trapped in 

the closely spaced energy levels of the large dots. This property allows simultaneous excitation 

of several different Qdot colors at a common excitation wavelength and simultaneous resolution 

of the emitted wavelengths (Mauro et al., 2002).  

Due to their superior characteristics, quantum dots have applications in wide range of 

fields. The use of quantum dots in life science is relatively recent. Their properties surpass the 

traditional fluorophores, making them good candidates for molecular labeling for biological 

applications that require multi-target, sensitive and long term imaging such as live imaging. The 

quantum dot core is coated with several shells. The first shell is metallic molecular plating that 

enhances the photostability and brightness of the dot. The second shell is natural coating to allow 

water stability. This coating enables the inorganic quantum dot to be used in biological systems. 

The second shell can be further coated with a polymer shell to allow conjugation of biological 

molecules (Lee et al., 2004). 

 

 

 



21 
 

1.6 Objectives  

 In the recent years, several different imaging techniques have achieved sub-diffraction 

resolution that enables the imaging of cellular molecules with a size smaller than the diffraction 

limit. Most of these techniques were not capable of achieving 3D multicolor images. The only 

techniques that were capable of achieving such images were the techniques that rely on the high 

accuracy localization of individual fluorophore method, such as PALM and STORM. These 

systems were capable of extending super-resolution imaging to 3D multicolor imaging by 

utilizing a fluorescence microscope and a simple apparatus for 3D imaging. As localization 

accuracy and labeling density directly affect the resolution of localization microscopy, the type 

of fluorophores used play a major factor in achieving high super-resolution. The ideal 

fluorophore would have a high quantum yield to allow each localization to be performed with 

high accuracy, and low background fluorescence. None of the fluorophores that have been used 

in localization microscopy have the requirement that have mentioned. This fact limits the super-

resolution achieved especially in the axial direction. All the 3D super-resolution images were 

reported have depth limitation. In this study, a novel photoactivable probe with superior 

properties that competes those of conventional fluorescence probe is synthesized and used in 

localization microscopy. 

Semiconductor quantum dots that are known for their high brightness and photostability 

are engineered in the lab, so they are made photoactivatable to suit the localization microscopy. 

The photoactivatable probe contains Qdot as a fluorophore, quencher and photolinker that 

provides the photoactivatable aspect. Two different quantum dots were engineered, 525 and 655, 

and used to specifically label myosin and tropomyosin of myofibrillar bundles respectively. The 

labeled myofibrillar bundles were then imaged using a regular confocal microscope in which 



22 
 

thousands of activation cycles were performed. In the next step, the individual fluorophores were 

localized reduced to their center of mass, and the image was reconstructed after drift correction. 

The reconstructed image reveals a super-resolution image with a resolution few fold higher than 

the resolution of conventional confocal microscopy. Due to the brightness and photostability of 

the Qdots, it was possible to image 17 µm deep within the specimen. The achieved super-

resolution images demonstrate striations across the myofibrillar bundles that seem to be related 

to thin filament binding protein. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 Probe Synthesis 

CdSe-ZnS core quantum dots were engineered, so they become photoactivatable. Two 

different probes were synthesized in which each gives a different color. The two probes differ in 

their quantum dot and quencher. The first probe PAQ dot 525 contains quantum dot 525 

conjugated with anti-mouse secondary antibody and Black Hole Quencher 10 (BHQ 10), with 

maximum absorbance of 516 nm. The other probe is PAQ dot 655 contains Qdot 655, which 

conjugated with anti-rabbit secondary antibody, and quencher QSY 21, with maximum 

absorbance of 661 nm. Both probes were synthesized according to the same protocol with one 

difference in which the synthesis of probe 655 was done with 50% methanol because quencher 

QSY 21 is very insoluble. 

A polylysine with approximately 2000 lysine residues was used as the template to which 

the quencher binds. 0.1 mM polylysine was reacted with 0.1 mM quencher in 0.04 M sodium 

carbonate, 0.1 M sodium chloride pH 9.7 buffer for overnight. Any unbound quencher was 

removed by dialysis, and the polylysine labeling ratio was determined by amine titration using 

fluorescein isothiocyanate (FITC). The FITC fluorescence intensity was used to estimate the 

ratio of the free primary amines on the polylysine that were not labeled with the quencher. The 

labeling ratio was used to calculate the amount of crosslinker β-maleimidopropionic needed to 

react with the free amine groups on the polylysine. The labeled polylysine was reacted with 10 

fold β-maleimidopropionic for 30 minutes. In the next step, the sample was transferred to a 

dialysis tubing, and polyethylene glycol (PEG) was used to remove any free β-

maleimidopropionic. The sample was re-diluted by exchanging the buffer with 0.05 M, pH 7.8, 
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sodium phosphate buffer. Afterwards, a photolinker with 2 fold excess was added and left for 

overnight reaction. The excess photolinker was removed by dialysis, and the amine groups on the 

photolinker were converted to thiol groups using Succinimidyl-3-(2-pyridyldithio)-propionate 

and β-mercaptoethanol. Following this conversion, dialysis with 0.05 M sodium phosphate, pH 

7.8, buffer was performed to remove any un-reacted β-mercaptoethanol. As a following step, 

crosslinker β-maleimidopropionic was added to react with the thiol groups on the photolinker; 

any access was removed using the same method as previously described. The sample was re-

diluted with 0.04 M sodium carbonate, 0.1 M sodium chloride, pH 9.7, buffer. The final step was 

adding 5 µl of 1 M Qdot. The probe was then incubated in 4˚C until was used. Figure 4 shows 

the chemical structures of the substances were used.  
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Figure 4. The five different elements that compose the probe. (A) Polylysine provides the 

backbone of the probe. (B) Quencher binds to some of the polylysine free amines. It quenches 

the Qdot emission. (C) Crosslinker connects between the polylysine and the photolinker from 

one side and between the quantum dot and the photolinker from the other side. (D) Photolinker 

to be cleaved once illuminated with UV light. (E) Qdot, the fluorophore part of the probe 

conjugated with secondary antibody.  
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2.2 Myofibrillar Bundle Staining   

Rabbit myofibrillar bundles, stored in 50% glycerol at -20 °C, were labeled with their 

myosin and tropomyosin  using the PAQ dot 525 and PAQ dot 655 respectively. Fab fragments 

of antibodies were utilized to specifically label the myosin and tropomyosin (Figure 5). In the 

first step, 100 µl rabbit myofibrillar bundles were re-suspended in 0.1 M sodium chloride, 0.001 

M magnesium chloride, 0.05 M NaPi, pH 7, buffer, and then 5 µl MF20 anti-myosin antibody 

and 5 µl polyclonal anti-tropomyosin antibody were added to the myofibril solution and 

incubated for one hour. The last step was adding 80 µl PAQ dot 655 and 40 µl PAQ dot 525 to 

the myofibril solution.  
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Figure 5. Myosin and tropomyosin immunofluorescence labeling. (A) Illustration of the 

myosin molecule labeling. The primary MF20 anti-myosin antibody binds to its eptitope next to 

S2/LMM hinge (shown in green). The anti-mouse secondary antibody on the surface of the Qdot 

binds to the primary antibody. (B) The primary polyclonal anti-tropomyosin antibody binds to its 

eptitope (shown in green), and anti-rabbit secondary antibody on the surface of the Qdot binds to 

the primary antibody. 
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2.3 Chamber Construction 

As a long acquisition is required to collect enough data, a tight chamber is constructed to 

minimize sample evaporation during the acquisition and to minimize thermal and mechanical 

drift. A cover slip is used to cut small rectangular strips. These strips are glued as a box on the 

center of a standard microscope slide. A volume of 10 µl of the labeled myofibrillar bundles is 

applied to the center of the chamber and covered with a cover slip.  

 

2.4 Image Acquisition 

A confocal microscope with a centerpiece of Zeiss 200M inverted optical microscope that 

has a maximum xy resolution of about 200 nm, and a piezo stage with a z axis resolution of 1.5 

nm was used for image acquisition.   

The sample was excited with Argon laser, and the emission filter was set in a way that it 

switches between the 525 and the 655 Qdots emission. A z-section image acquisition with 100 

nm Z interval and exposure time of 0.5 second for red (PAQ dot 655-tropomyosin) and 2 

seconds for green (PAQ dot 525-myosin) were set. The acquisition was run for a few days and 

683 stacks were collected. Each stack is composed of 175 optical z-sections images. The 

effective pixel size of the image was 70 nm and 100 nm in the lateral and axial direction 

respectively. 
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2.5 Image Processing  

 In the first step, the 683 files were converted from cxd files to TIF files, so they can be 

processed with ImageJ. The next step was using ImageJ 1.43g to localize the individual Qdots. 

For that purpose, any background and camera noise were removed in order to enhance the 

localization process. Kalman filter was used to remove camera noise followed by background 

subtraction. Once the image quality of the stacks was enhanced, an automatic threshold was set 

on triangle dark setting and “analyzed particles” function was performed and the results were 

automatically saved. Based on the xy coordinates and the slice number received from the 

localization, the center of mass of each individual Qdot was localized using an algorithm written 

by Dr. Lon Turnbull. 

 

2.6 Drift Correction and Image Reconstruction 

 Before reconstruction the image to a super-resolution image, there was a need to correct 

for drift. Both thermal and mechanical drift affect the specimen during the acquisition time. The 

drift correction in the x and y direction was done using a modified version of StackReg Plugin by 

Philippe Thévenaz. StackReg aligns a stack of image slices in which each slice is used as the 

template with respect to which the adjacent slice is aligned (ImageJ, NIH). In order to apply 

StackReg, a stack of 683 slices was created from the original stacks by “flatten” each stack from 

2D to 3D stack using the z project command. Afterwards, StackReg was applied and the drift 

values were saved. For drift correction in the z axis, MultiTracker Plugin by Jeffrey Kuhn was 

used. By applying this Plugin, the movement of multiple objects in a binary or threshold stack is 

tracked using ImageJ’s particle analyzer (ImageJ, NIH). This Plugin was applied on each of the 
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683 stacks, and the drift coordinates were saved. The saved drift value files were further 

analyzed, so that the average drift of each stack is calculated.  

 The obtained x, y and z drift values, from StackReg Plugin and MultiTracker Plugin, 

were composed in one file, and the original confocal image was reconstructed to a super-

resolution image by plotting the calculated center of mass of each individual Qdot while 

adjusting the drift based on the calculated drift values. 
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CHAPTER 3 

EXPERIMENTAL STRATEGY 

 

3.1 Single Molecule Localization Techniques 

Conventional fluorescence microscopy techniques can precisely localize only molecules 

that the distance between them does not exceed the Rayleigh limit (~200 nm). However, 

distances smaller than 10 nm can be measured by spectroscopic techniques such as fluorescence 

resonance energy transfer (FRET). As a result, distances that fall between 10-200 nm are left 

immeasurable (Gordon et al., 2004). It was suggested that the position of single molecule can be 

localized in nanometer accuracy when a sufficient number of photons are detected. Yildiz et al. 

demonstrated fluorescence imaging with one-nanometer accuracy (FIONA). Unfortunately, the 

achieved localization accuracy cannot be directly translated to high resolution image as the 

diffraction limited PSFs of molecules in close proximity overlap. This barrier was addresses in 

part by several different approaches including, differences in emission wavelength, sequential 

photobleaching, and stochastic blinking. These approaches successfully localized several closely 

spaced fluorophore with high precision, but failed to achieve the same precision when more than 

5 fluorophores present within diffraction limited area (Rust et al. 2006). On 2004, Gordon et al. 

presented the single-molecule high-resolution imaging with photobleaching (SHRImP) 

technique. This technique utilizes the photobleaching property of fluorescence molecules to 

resolve the PSF of two overlapped fluorophores in the x and y plane separated by distances of 10 

nm. In SHRImP, The overlapped PSF of two fluorescence molecules are imaged continuously 

forming a series of images. Then the single molecule is precisely localized by plotting the 

intensity of the combined PSF and fitting the PSF of the unbleached fluorophore to Gaussian 

distribution. The early bleached fluorophore is localized by computing the distribution from one 
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image before the photobleaching and another after the photobleaching (Gordon et al., 2004). 

After the publication of Gordon et al., several super-resolution imaging techniques were 

developed using this single molecule localization concept. These techniques were able to isolate 

a large number of emitters within a single diffraction limited region without being limited to the 

number of fluorophores presented within the diffraction limited area. 

The diffraction limited PSF images of fluorescence molecules overlap, revealing by that 

diffraction limited image. To achieve a sub-diffraction resolution in a high molecular density 

specimen, there is a need to distinguish the fluorescence signal of one fluorophore from nearby 

fluorescent emitters, so that single fluorophore can be precisely localized. To achieve that, 

probes with a capability of being switched on and off are used, so that not all the fluorophores in 

the densely labeled specimen are photoactivated at the same time. The imaging process, of a 

specimen labeled with such probes, consists of a series of activation cycles creating a “movie”. 

In each activation cycle different fluorophores are photoactivated, so there are no overlapped 

PSFs. The activation cycles are repeated until a sufficient number of fluorophores photoactive. In 

the next step, the single molecules are precisely localized, and their center of fluorescence 

emission was determined. The diffraction limited PSF of each molecule can then be reduced to 

its center of mass, circumventing by that the diffraction of light. In the last step, a super-

resolution image is reconstructed from the centroid of the localized single fluorophores. 

In 2006, three different research groups independently developed super-resolution 

imaging using the concept of single molecule localization method, and named Stochastic Optical 

Reconstruction Microscopy (STORM), Photoactivated Localization microscopy (PALM), and 

Fluorescence Photo-activation Localization Microscopy (FPALM). The different probes used in 

single molecule localization allow maintaining low density of activated molecules, but they 
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differ in their activation mechanism. Both PALM and FPALM use photoactivatable fluorescent 

protein (PA-FP) to image target proteins near the surface of the coverslip. PA-FP molecules that 

are initially weakly fluorescence (off state) are photoactivated by one excitation wavelength and 

then visualized with a second wavelength. This will stochastically photoactivate (on state) a 

small number of the PA-FP molecules which are separated by a distance larger than the limit of 

resolution (~200 nm). These photoactivated molecules are then localized and photobleached. 

This process of photoactivation, localization and photobleaching is repeated until a sufficient 

number of molecules are localized. The centroids of the localized molecules are then determined 

and used to create 2D super-resolution imaged of the target molecule (Betzin, 2006 & Hess, 

2006). A lateral resolution of lower than 20 nm was achieved by both PALM and FPALM. 

STORM, on the other hand, utilizes the photoswitching phenomenon that several cyanine dyes 

have, such as Cy5, Alexa 647 etc. These photoswitchable conventional fluorescence molecules 

demonstrate the photoswitching phenomenon when located less than 2 nm from each other. One 

imaging cycle of STORM imaging process starts with switching all the fluorophores to the dark 

state by a strong red laser beam. Next, a green laser beam is used to turn on a small portion of the 

fluorophores. Under red illumination, the activated fluorophore emit fluorescent light until they 

are switched off. After recording sufficient cycles, as in PALM and FPALM, the position of the 

single fluorophores is determined, and a super-resolution image is reconstructed. STORM 

demonstrated single molecule localization precision of less than 8 nm, corresponding to image 

resolution of approximately 20 nm (Rust et al., 2006). 

Lateral super-resolution imaging achieved with the previously explained techniques only 

requires a standard fluorescence microscope, low power laser, and sensitive cooled coupled 

device (CCD) camera. However, this optical setting was not capable of achieving 3D super-
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resolution imaging. On 2008, 3D STORM was launched by the same research group who 

developed the original STORM. 3D imaging was achieved using astigmatism imaging method in 

which a cylindrical lens was added to the original STORM imaging path, causing the image of 

the PSF of the fluorophore to skew as its position in the z axis changes. The z coordinate is then 

determined from the width of the PSF in x and y (Huang et al., 2008). FPALM, as well, was 

further developed to achieve 3D super-resolution imaging; it was named Biplane FPALM. A 

double-plane detection scheme is combined with the original FPALM enabling 3D sub-

diffraction resolution. According to this method, the image of a single molecules is projected at 

two focal planes, each focal plane will have different image of the same molecule. By analyzing 

both focal planes and using a fitting algorithm, the axial position can be determined (Juette
 
et al., 

2008). Last, interference PALM (iPALM) the 3D version of PALM utilizes juxtaposed 

objectives and photon interference to determine the axial resolution (Shtengel et al., 2009). 

 

3.2 Photoactivatable Quantum Dots (PAQ Dot) 

Utilizing quantum dots in biological imaging provides numerous advantages over 

conventional fluorescence molecule and fluorescence proteins. Quantum dots properties surpass 

those of conventional fluorophore for their high photostability, high brightness, broad spectral 

excitation band, and narrow but tunable emission spectra. Lidke et al. takes advantage of the 

blinking property of the quantum dot to localize single molecules. However, as mentioned earlier 

this method is not capable of localizing single molecules in a densely labeled specimen. In this 

study, super-resolution imaging of densely labeled specimen is achieved using quantum dot to 

label target proteins. This study relies on the concept of single molecule localization used in 



35 
 

STORM, PALM and FPALM, but uses confocal microscopy as the optical system and quantum 

dots as fluorophores. 

Labeling a specimen with Qdots would reveal a regular diffraction limited image. Qdots 

are not photoswitchable, so they cannot be utilized for the single molecule localization method, 

unless they are made photoactivatable.  In this study, Qdots are made photoactivatable by 

engineering them using a novel quencher system. This system includes polylysine, quencher, 

photolinker, Qdot and crosslinker. Polylysine provides the backbone to which the rest of the 

probe will bind as well as the quencher. Quencher binds to a fraction of the polylysine free 

amines. It quenches the fluorescence emission of the Qdot when they are in close proximity. 

Qdot is the fluorescent part of the probe, and the photolinker is the element that enables the 

control over the photoactivation of the Qdot. It cleaves once illuminated with UV light. The 

crosslinker connects between the polylysine and the photolinker from one side and between the 

quantum dot and the photolinker from the other side. 

In the first step (Figure 6A), polylysine is reacted with quencher. The quencher used is 

succinimidyl ester, so it reacts with the primary amines on the polylysine. Any unbound 

quencher is removed to prevent any interference or undesirable reactions in the next steps. It is 

important that the quencher does not occupy all the primary amine groups and leaves a good 

fraction available for the other part of the probe to bind. Any unbound quencher was removed by 

dialysis, and the polylysine labeling ratio was determined by amine titration using Fluorescein 

isothiocyanate (FITC). The labeling ratio was determined based on the fluorescence intensity of 

the FITC. Calculating the labeling ratio is important for two reasons. First, it confirms the 

availability of free primary amines on the polylysine, and second, used to calculate the amount of 

the crosslinker need to be added. Primary amine groups cannot directly react with the 
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photolinker been used. Therefore, the crosslinker is used to connect between the free primary 

amine group on the polylysine and the photolinker. The crosslinker has two active groups 

melamine and succinimidyl ester group. The succinimidyl ester group reacts with the free 

primary amine group on the polylysine (Figure 6B) in a similar fashion as quencher- polylysine 

reaction. The crosslinker has a short life of few hours. Therefore, dialysis is not applicable for 

removing any unbound crosslinker. For that purpose, polyethylene glycol (PEG) was used to 

remove any excess. In the next step, the sample was re-diluted by exchanging the buffer with 

lower pH buffer (pH 7.8) to fasten the reaction between the amine group and the thiol group 

(Figure 7A) on the photolinker. The photolinker was added to react with the crosslinker followed 

by dialysis to remove the unbound photolinker. At this point the photolinker has a free primary 

amine group that can bind to the succinimidyl group of the second crosslinker that will be added 

in the next step. The problem that arises is that the Qdot used in this study has primary amine 

groups on the surface. Therefore, it will react with the succinimidyl group of the second 

crosslinker, so the succinimidyl group will not be available to bind the free primary amine group 

of the photolinker. To solve this problem, the free primary amine groups of the photolinker are 

converted to thiol group, so it can react with the melamine group of the crosslinker. The 

conversion is done in two steps: first, photolinker is reacted with Succinimidyl-3-(2-

pyridyldithio)-propionate (SPDP), yielding a pyridyldithiopropionyl mixed disulfide. In the next 

step, the mixed disulfide reacted with reducing agent, β-mercaptoethanol, to cleave the disulfide 

bond (Figure 7B). Once the free amine group of the photolinker is converted to thiol group, the 

second crosslinker is added to react with the thiol group through its melamine group (Figure 8A). 

In the last step of the probe synthesis, Qdots are added to the solution, so the amine group on the 

surface of the Qdot reacts with the free succinimidyl group of the second crosslinker (Figure 8B).  
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Figure 6. Probe synthesis reactions part I (A) polylysine-quencher reaction. Succinimidyl 

group of the quencher reacts with primary amine group on the polylysine. (B) crosslinker-

polylysine reaction. Succinimidyl group of the crosslinker reacts with primary amine group of 

the polylysine. (For clarity, only the two reacted molecules are shown) 
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Figure 7. Probe synthesis reactions part II (A) first crosslinker-photolinker reaction. 

Melamine group of the crosslinker reacts with thiol group of the photolinker. (B) Conversion the 

amine group of the photolinker to thiol group. (For clarity, only the two reacted molecules are 

shown) 
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Figure 8. Probe synthesis reactions part III. (A) thiol group of the converted photolinker 

reacts with the melamine group of the second crosslinker. (B) Amine groups on the surface of 

the Qdot react with the succinimidyl group of the second crosslinker. (For clarity, only the two 

reacted molecules are shown) 
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3.3 System Optimization and Probe Testing 

The synthesized photoactivatable Qdot (PAQ dot) is quenched by the quencher when 

they are in a close proximity. It remains quenched until the photolinker is cleaved by UV light 

and the quencher diffuses away. PAQ dot cannot be switched off. Thus, once they are 

photoactivated, they stay on until they photobleach. Therefore, it is important that not all the 

photolinker cleave at the same time because then all the Qdots will turn on at the same time, and 

it would be impossible to separate closely spaced emitters. The observations of this study show 

that different photolinker molecules respond differently to UV light in which some molecules 

cleave after the first illumination, but the majority require to be illuminated several times in order 

to cleave.  Therefore, the chance that most of the photolinkers will cleave at the same time is 

very low. This is evident throughout the image acquisition of the dual labeled myofibrillar 

bundles, in which few photoactivations were observed during the early frames and increased 

with the progression of the image acquisition. This observation is particularly important for the 

separation of single molecules.  

Another challenge that needs to be addressed arises from the high photostability and slow 

photobleaching of Qdots. In densely labeled specimen, one diffraction-limited area will contain 

hundreds of PAQ dots. To avoid the overlapping of the PSF of the closely spaced PAQ dots, it is 

important that one molecule photobleaches before its neighbor turns on. This can be solved by 

optimizing the system in a way that the photoactivation rate equals the photobleaching rate. For 

that purpose, the behavior of the newly synthesized PAQ dot was examine under different laser 

types as well as different laser powers. For conducting the behavior of the PAQ dot under 

different laser types, a small volume of PAQ dot 655 solution was applied to a microscope slide 

and was imaged with a confocal microscope with three different laser types Diode (405 nm), 
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Argon (488 nm) and DPSS (532 nm). The results in Figure 9 show that the photoactivation rate 

of the PAQ dot is wavelength dependent with negative correlation, in which faster 

photoactivation rate occurs when specimen illuminated with short wavelengths close to UV light. 

This can be explained by the sensitivity of photolinker to UV light. This is particularly important 

for the optimization of the super-resolution microscopy image acquisition. Fast photoactivation 

would make it impossible to resolve the PSF of two adjacent fluorophores. Also, Figure 9A 

shows that photobleaching does not appear to be depend as sharply on the wavelength as the 

photoactivation. Next, the effect of different laser power on the photoactivation rate was tested. 

Using an inverted confocal microscope in this study, allows different magnifications to be used 

as different laser power. Therefore, a specimen of the PAQ dot probe was imaged with five 

different magnifications 20X, 36X, 40X, 63X and 100X. The magnifications were converted to 

laser power, and the photoactivation rates were calculated. As shown in Figure 10, 

photoactivation rate has a positive relationship with laser power in which the higher the laser 

power the faster the photoactivation. These observations suggest that image acquisition should 

be performed at longer wavelength in order to match the rate of photoactivation with that of 

photobleaching. Also advantageous are high laser intensities that can help speed the acquisition 

rates. Based on these observations, the image acquisition parameters were set for Argon laser and 

magnification of 63X. 
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Figure 9. The relationship between PAQ dot photoactivation and wavelength. The 

photoactivation of the PAQ dot probe 655 is wavelength dependent. (A) Photoactivation rate is 

slower at longer wavelength. On the other hand, photobleaching does not show a strong 

correlation. (B) Photoactivation rate has a negative correlation with the wavelength of the 

excitation light. 
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Figure 10. PAQ dot photoactivation and laser power relationship. The photoactivation rate 

of the PAQ dot 655 has a positive correlation with laser power. Higher photoactivation rate can 

be achieved by illuminating the specimen with higher laser power.  
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As an initial test, the ability to photoactivate single Qdots was tested by imaging the 

probe by itself. The photoactivation of single Qdots was successfully accomplished in this test 

and their behavior was observed. Qdots blink as intrinsic property. This property was utilized to 

confirm that the viewed emitters are single Qdots. Figure 11A is a single image out of an image 

series where photoactivation of single Qdot can be observed. In this image series “movie” 

hundreds of blinking Qdot were observed. This blinking confirms that the observed spots are 

individual Qdots. This is compared to other observations where clusters of Qdots are 

photoactivated as in Figure 11B. In such situations no blinking is observed. 

Intensity and life time are two factors that can be used to learn the behavior of Qdot. 

Here, intensity is used as function of time to observe the photoactivation, blinking and 

photobleaching of a single Qdot. The typical behavior of single Qdot is shown in Figure 12, 

where Qdot reaches its maximum intensity right after it photoactivates; demonstrated by the very 

first peak in the graph. Blinking is when the intensity drops quickly and increases back to the 

initial intensity. The Qdot maintains the photoactivation state relatively for a long period of time 

before it starts photobleaching. This demonstrates the long photostability of Qdot which is very 

important in this study for enabling 3D imaging as will be explain later. 
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Figure 11. Photoactivation of single PAQ dot. The single spots seen in (A) are individual 

Qdots. These individual Qdots blink in the actual “movie”. Image (B) shows cluster of Qdots 

where blinking is not observed. 
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Figure 12. The typical behavior of a single Qdot. The first beak is the photoactivation peak 

followed by blinking peak and ends with photobleaching. Random fluctuation separates blinking 

and photobleaching. 
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3.4 Dual-color 3D Myofibril Imaging 

 Multicolor imaging is a major advantage of fluorescence microscopy, enabling the 

interactions, organization and subcellular distribution of biomolecules to be visualized. Quantum 

dots are good fluorophores for multicolor imaging for two reasons, one, as mentioned earlier, 

they have broad spectral excitation band, and narrow but tunable emission spectra. Second, they 

can be found in different color, based on their core size. The broad excitation band allows 

different Qdot colors to be simultaneously excited at a common wavelength, while the very 

narrow emission band allows simultaneous resolution of the different colors.  

 Myosin and tropomyosin of myofibrillar bundle of rabbit are the molecules of interest of 

this study. For this purpose two different PAQ dot 655 and 525 were synthesized using the same 

method as previously explained. Quenchers used for each PAQ probe were chosen based on their 

maximum absorption peak to ensure maximum quenching.  Quenchers used for Qdot 525 and 

655 were BHQ 10 with maximum absorbance of 516 nm and Qdot 655, QSY 21, with maximum 

absorbance of 661 nm respectively. Figure 13 illustrates both absorption and emission spectra of 

Qdot 525 and 655. They have a very wide excitation band, allowing them to be simultaneously 

excited with the same wavelength, but at the same time their emission bands are distinctive, so 

they can to be resolved.  

 Immunofluorescence labeling technique is used to label the molecules of interest. Mouse 

anti-myosin primary antibody and rabbit anti-tropomyosin primary antibody are used against 

myosin and tropomyosin respectively. Qdot 525 is conjugated with anti-mouse secondary 

antibody, and Qdot 655 is conjugated with anti-rabbit secondary antibody. 
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Figure 13. Absorption and emission spectra of Qdot 655 and Qdot 525. (Source - 

http://www.invitrogen.com/site/us/en/home/support/Research-Tools/Fluorescence-

SpectraViewer.html?fileId1=QD655SA) 
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 As was explained earlier, 3D super-resolution imaging was achieved with several 

different techniques. However, the optical systems used to achieve super-resolution in the lateral 

direction were not capable of achieving the same resolution in the axial direction. Consequently, 

additional apparatus were added to the systems in order to achieve such a high resolution in the 

axial direction. Despite this achievement, these techniques were only capable of imaging few 

microns deep inside the specimen. The super-resolution imaging system developed in this study 

take advantage of the Qdots high photostability and the optical sectioning capability of the 

confocal microscopy to achieve multicolor 3D super-resolution imaging with capability of 

imaging the specimen 17 µm deep. Achieving such result using conventional fluorophores would 

not be possible because their low photostability and fast photobleaching does not enable imaging 

deep inside the specimen. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Results  

Myosin and tropomyosin of rabbit myofibrillar bundles were labeled with the newly 

synthesized PAQ dot probes as described in the Material and Methods section. Before starting 

the image acquisition, a differential interference contrast (DIC) image of the labeled myofibrils 

was performed for reference. The image acquisition was then performed under the condition 

mentioned earlier until the sample dried out, after five days of continuous acquisition. 682 stacks 

of 175 frames were collected during the image acquisition, and the specimen was imaged 17 µm 

deep. In the DIC image (Figure 14), individual myofibrils can be visualized in which they 

extend from the top to the bottom of the image. In addition, light and dark bands perpendicular to 

the myofibrils are observed. An estimation of the sarcomere length yields ~ 1.9 µm which 

indicates that the sarcomeres are strongly contracted or even over-contracted. The length of the 

dark bands is shorter than the length of the A-band but longer than the Z-disc; an observation 

that supports the conclusion that the sarcomeres of the myofibrils are fully contracted. The raw 

confocal image acquired from the dual-color image acquisition (Figure 14) is a conventional 

confocal image that is limited by the diffraction of light. The two color channels look blinded 

and no details can be resolved.  
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Figure 14. Raw myofibrillar bundle confocal images. (Top) DIC mean projection image of the 

dual labeled myofibrillar bundle. (Bottom) Confocal mean projection image of the dual labeled 

myofibrillar bundles.  

9 µm 

9 µm 
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The raw stacks were processed in which the individual Qdots were localized and their x 

and y coordinates were determined as explained earlier. Based on the initially obtained x, y 

coordinates, the z coordinate was determined using a related algorithm. Once the x, y and z 

coordinates of all the individual Qdots were determined, the image was reconstructed with 70 nm 

and 100 nm pixel size in the lateral and axial direction respectively. Images C and D in Figure 15 

are mean projection of the achieved super-resolution images of the tropomyosin and myosin 

stains respectively. These images show some improvement in resolution compared to the 

confocal images, in which single Qdots that can been resolved in the super-resolution images 

cannot be identified in the confocal images. However, the acquired images did not achieve the 

anticipated resolution due to stage drift that occurred during image acquisition. To improve the 

resolution of the achieved super-resolution images, the stage drift in the x, y and z directions was 

determined and the x, y and z coordinates of the individual Qdots were adjusted accordingly. 

Next, the image was reconstructed again revealing myosin and tropomyosin super-resolution 

images shown in Figure 15 images E and F respectively. The acquired images show sub-

diffraction resolution in both lateral and axial direction. In addition, these images demonstrate 

ultrafine striation in the staining pattern with width less than 70 nm in axial and lateral 

dimensions that are not evident in the confocal images. Quadrants of the image were further 

reconstructed with smaller pixel size of 35 nm laterally and 50 nm axially. 3D images of 

tropomyosin and myosin staining (Figure 16) shows a clearer view of the striation in which they 

can be viewed both in the lateral and the axial direction. In Figure 17, an isosurface image of part 

of the tropomyosin staining demonstrates the striation as well. As can be seen in the images, 

these striations are perpendicular to the myofibril in a similar fashion as the I and A bands of the 
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sarcomere structure. However, these striations do not demonstrate the sarcomeric I and A band 

because they are much thinner than the width of either the I or the A band.  
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Figure 15. Mean projection images of the dual-labeled myofibrillar bundles. Images A and 

B are the diffraction limited confocal images of the tropomyosin and myosin of the dual-labeled 

myofibrillar bundles respectively. Images C and D are the super-resolution before drift 

correction. Image E demonstrates the super-resolution image of the tropomyosin staining pattern 

with the fine striation after drift correction. The super-resolution image of myosin staining after 

drift correction demonstrated in F also shows ultrafine striations. The plotted pixel size in all 

these images is 70 nm in x and y and 100 nm in z. 
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Figure 16. 3D super-resolution images. (A) 3D image of the myosin stain plotted with 70 nm 

and 100 nm in the lateral and axial direction respectively. (B) A quadrant of the 3D tropomyosin 

image plotted with 35 nm and 50 nm in the lateral and axial direction respectively.  

22 µm 

12 µm 
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Figure 17. Tropomyosin 3D isosurface image. An isosuface image of a portion of the 

tropomyosin staining. Striations are observed in the lateral and axial directions. 
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The observed striation might be related to thick and thin filament binding protein such as 

titin and nebulin which might prevent the antibodies from binding to their epitopes at certain 

location on the myosin and tropomyosin. This might be due to the heterogeneity of the nebulin 

and titin polypeptides. To test this hypothesis, the distances between these striations were 

determined using Fourier analysis. Random frames of the constructed images of tropomyosin 

and myosin were transformed to Fourier plots revealing peaks mostly at 5 pixels and lower 

which equals ~ 300 nm (Figure 18). This result suggests that most of the striations observed in 

the super-resolution images are approximately 300 nm apart. To determine whether this staining 

pattern may be related to nebulin structure, a dot plot of the nebulin sequence was obtained by 

self-comparison of the complete nebulin amino acid sequence (Figure 19A). The dot blot was 

then transformed to Fourier plot as shown in Figure 19B. Superrepeats of ~245 residues are 

observed in the nebulin dot plot correspond to the major peaks in the Fourier plot that appear 

every ~ 42 pixels, indicating the nebulin superrepeat every seven repeat motif. The nebulin 

Fourier plot seems to show consistency with the super-resolution image Fourier plot where the 

strength of the repeats is in the first five repeats (~300 nm) which correlate with the major peak 

in the super-resolution image Fourier plots. This consistency supports the hypothesis that the 

epitopes on the tropomyosin and myosin at certain locations are not accessible due to nebulin 

binding.  
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Figure 18. Myosin and tropomyosin super-resolution image Fourier plots. Fourier plot of 

tropomyosin and myosin transformed from the reconstructed super-resolution image frames 242 

and 139 respectively. Both plots show a highest frequency around 5 pixels and lower. This 

corresponds to ~ 300 nm intervals. 
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Figure 19. 9ebulin repeats analysis. (A) Nebulin dot plot demonstrate superrepeats of 245 aa 

and detects repeating motifs out to as much as about 3675 aa intervals corresponding to ~ 477 

nm. Antheprot program with window of 15 and threshold of 5 was used.  (B) Nebulin Fourier 

plot transformed from the nebulin dot plot shows 8 major peaks that correspond to ~ 422 nm. 



61 
 

To further test whether titin contributes to the striation pattern observed in the super-

resolution images, a dot plot of titin was created in a similar fashion as nebulin. However, due to 

the long sequence of titin, the sequence was divided into two parts and plotted separately. The 

first part includes the PEVK region where titin interacts with thin filaments, whereas the second 

part includes titin A-band where most of the titin-myosin interactions occur. The dot plot of both 

halves (Figure 20B and 21B) shows few repeats of ~ 154 aa and detects repeating motifs out to 

as much as about 5000 aa intervals.. The transformed Fourier plots (Figure 20B and 21B) does 

not correlate with the microscopy Fourier plot in which it does not show strong repeats with 

length close to 300 nm. The strong repeats observed falls around 250 pixels which equals ~ 123 

nm. 

 With both nebulin and titin extending the whole thin filaments length (~ 1 µm), the 3675 

aa intervals of nebulin would show extension of ~ 0.13 nm/aa which corresponds to ~ 477 nm 

between some repeating motifs. Titin, on the other hand, shows extension as low as 0.029 nm/aa, 

corresponding to 145 nm between its longest repeating motifs. Thus, titin shows repeats shorter 

than the intervals observed in the microscopy images (~ 300 nm), whereas nebulin repeats could 

extend up to as much as 520 nm. Consequently, the observed striation in the myofibrils super-

resolution images could be explained by nebulin repeats, while titin does not seem to be related 

to these striations.  
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Figure 20. Titin part I repeats analysis. (A) Titin dot plot of the first half of the sequence. Few 

repeats of 154 aa are observed. Antheprot program with window of 15 and threshold of 5 was 

used (B) Titin Fourier plot transformed from the titin dot plot.  
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Figure 21. Titin part II repeats analysis. (A) Titin dot plot of the second half of the sequence 

demonstrates repeats of about 154 aa and detects repeating motifs out to as much as 5000 aa 

intervals corresponding to ~ 145 nm between its longest repeating motifs. Antheprot program 

with window of 15 and threshold of 5 was used. (B) Titin Fourier plot transformed from the titin 

dot plot. The strength of repeats is around 250 pixels equals ~ 123 nm. 
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4.2 Discussion  

The diffraction limited lateral and axial resolution of a typical conventional fluorescence 

microscope was substantially enhanced with several different techniques, but each has its own 

limitations. Techniques that rely on spatially non-uniform illumination such as 4Pi, I
5
M and 

structured illumination achieved relatively a significant axial resolution improvement but not 

major improvement in the lateral resolution. These techniques are complicated and expensive. 

Techniques that utilize non-liner optical effects, such as STED, were capable of achieving 

unprecedented lateral and axial resolution. However, these techniques use high-intensity laser 

beam, which can damage the specimen (Lidke et al., 2005). In the past few years, the ability to 

precisely localize a single molecule was turned into sub-diffraction resolution by PALM, 

FPALM and STORM. These techniques achieved sub-diffraction resolution of few nanometers 

without being restricted with the limitations that the other techniques have. However, the 

resolution achieved with techniques that rely on localization of single fluorophores has its own 

limitations. This limitation is caused by several factors, including localization accuracy, labeling 

density, and the size of the fluorophores (Bates et al., 2008). The localization accuracy is 

depended on the number of photons collected from single fluorophore. It is important for the 

fluorophore to have a strong signal, so it can be detected especially when there is a strong 

background. Conventional fluorophores have relatively a weak signal and low quantum yield, 

affecting by that the localization accuracy. In addition, the low photostability of conventional 

fluorophores disable 3D imaging because they photobleach before allowing the specimen to be 

scanned deep along the axial direction. In addition, the method used to localize and determine 

the centroid of each individual fluorophore can affect the localization accuracy. In order to fully 

map out the details of the imaged structure, it is important to have a sufficient fluorophore 
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density, and to successfully localize sufficient number of these fluorophores. The physical size of 

the fluorophore becomes an important factor that affects resolution only when the achieved 

resolution approaches the true molecular size.   

 In this study, a 3D multicolor super-resolution image of myofibrillar bundles was 

achieved with no specialized apparatus required apart from a confocal microscope and sensitive 

CCD camera. The developed PAQ dot achieved a high localization accuracy of less than 3 nm, 

detected by tracking individual PAQ dot in successive stacks, as well as images with resolution 

that surpass the resolution of conventional confocal microscopy in which PAQ dot separated by 

less than 35 nm were successfully resolved.  

The acquired myofibrillar bundle images demonstrate striations with less than 70 nm in 

width that are not evidence by confocal microscopy. These striations show ~ 300 nm intervals 

that are consistent with nebulin superrepeats. This suggests that nebulin might prevent the 

antibodies from binding to their epitopes at these 300 nm intervals while being accessible to 

other sites revealing < 70 nm striations. These striations along the entire length of the myofibril 

demonstrate heterogeneity along the thin filament that could be defined by the nebulin sequence. 

The importance of this heterogeneity remains obscure but might be related to the regulation of 

muscle contraction and force generation. 

The interaction between nebulin superrepeat and tropomyosin- troponin complex as well 

as myosin heads support the notion that nebulin might play a role in muscle regulation. Root et 

al. have shown that nebulin fragments located near the I-A junction inhibit actin from sliding 

over myosin by inhibiting the ability of actin to activate myosin S1 head ATPase activity. 

Calmodulin abrogates this effect in the presence of calcium. This was interpreted by that nebulin 

regulates muscle contraction by preventing cross-bridge formation in the absence of calcium. 
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This observation raises several questions, some of which are whether this capability is restricted 

to these specific fragments, and whether it is related to nebulin and thin filament heterogeneity. 

Lukoyanova
 
et al. have had an interesting observation shows that each actin subunit has multiple 

nebulin binding sites. This can further suggests that nebulin binding pattern to actin can vary 

throughout the entire length of the thin filament, which may account to functional differences 

between different actin fragments. Testing this notion might provide more information about thin 

filaments heterogeneity and its role in muscle contraction under different degrees of thin and 

thick filament overlap. 

Nebulin knock out studies have revealed new insights into the functions of nebulin 

besides being a thin filament ruler including muscle contraction and force generation. In several 

different nebulin knock out studies, muscle force generation was dramatically reduced indicating 

the important role nebulin plays in increasing force and efficiency of contraction (Bang et al., 

2006; Chandra et al., 2009). Bang et al. in a different study have suggested nebulin to be 

responsible for force generation by having a direct role in promoting strong interactions between 

actin and myosin. This might be important in muscles where the actin myosin overlapping is 

high and/or in muscles where a high force and power is needed, but all these questions remain 

unanswered. 

Utilizing Qdots as fluorescence molecule in this study provided several advantages. First, 

the high quantum yield and high photostability of Qdot enabled long acquisition, so that a 

sufficient data to reconstruct a full image was collected.  In addition, labeling myofibrillar 

bundles with Qdots enabled imaging the sample with an unprecedented depth of 17 µm. In 

comparison with conventional fluorophores, Qdots have a higher photon flux and lower 

background, the thing that enhances the localization accuracy.  
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When resolution achieves the molecular-scale, Qdots exhibit disadvantage comparing to 

the conventional fluorescence molecule. A typical Qdot size ranges between 10 - 20 nm, while 

some conventional fluorescence molecule has size of 1 – 5 nm. The final probe size includes the 

size of the antibody used for targeting the biomolecules. The Fab fragments of antibodies used to 

label myosin and tropomyosin have an approximate size of 5 nm. Consequently, the resolution 

achieved with the PAQ dot probe developed in this study cannot go beyond the size of the probe 

of around 15 nm. Other factors that affect the ultimate resolution of this study include imperfect 

drift correction that can be substantially enhanced by developing a more efficient drift correction 

method, and imperfect centroid algorithm, improving this algorithm can contribute to a higher 

resolution.  

As mentioned earlier the achieved images were reconstructed with 70 nm and 35 nm 

pixel size. Finer and more informative details can be extracted from the achieved myofibril 

images by reconstructed the images with a smaller pixel size. However, this requires a large 

memory to display the complete image that was not available during this study. Also, using this 

imaging technique on less contracted or stretched muscle can reveal more information.  

In summary, the newly developed PAQ dot super-resolution technique provides several 

advantages over existing methods: 

1.      It enables 3D multicolor imaging with a resolution many times higher than confocal 

microscopy. 

2.      It achieves high resolution imaging of the specimen with an unprecedented depth of 

at least 17 µm. 

3.      The PAQ dot enables the localization of single molecule with very high accuracy of 

less than 3 nm. 
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4.      The simplicity, convenience, and low cost make the technique easy to use. 
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