
ABSTRACT 

WADDINGTON, MICHAEL PATRICK. Design and Synthesis of Spectrally Distinct BODIPY 

Dyes for Spectroscopic Single-Molecule Localization Microscopy (Under the direction of Dr. 

Yang Zhang). 

 

Spectroscopic single-molecule localization microscopy (sSMLM) uses a transmission 

grating to disperse light emitted from single fluorescent molecules into the 0th and the 1st  orders 

of diffraction to concurrently provide the spatial information and full emission spectra of 

individual molecules. Taking advantage of this feature and pairing it with photoswitchable 

fluorophores, sSMLM allows simultaneous sub-diffraction optical imaging of multiple 

biomolecules within a single cell. The single-molecule spectral discrimination allows the 

determination of the specific dye of different colors regardless of their spectral overlap. 4,4-

Difluoro-4-bora-3a,4a-diaza-s-indacene (referred to as BODIPY) is a family of strong visible-

light absorbing and emitting fluorescent dyes that have been used in single-molecule localization 

microscopy. Structural modifications to the core chromophore of the BODIPY can change its 

visible light emission spectrum, while the phenol moiety, linked to the meso-position of the 

BODIPY core, adapts a perpendicular conformation respective to the BODIPY core thus not 

interfering with the emission spectrum. By attaching orthogonal targeting ligand to this meso 

position and modifying the chromophore structure of the BODIPY at the 3- and 5- positions 

using indolenine and styryl auxochromes, these BODIPYs can be spectrally differentiated among 

each other (and therefore can target different proteins of interest using orthogonal labeling 

approaches) using sSMLM thus enabling spectrally-resolved multi-color super-resolution 

imaging. Six new BODIPY structures have been designed to impose distinct emission spectral 

peaks in the red and the far-red spectral regions with about ~15 nm shifts among each other 

within each spectral region by introducing combinations of 2,3,3-trimethyl-3H-indole, 5-



methoxy-2,3,3-trimethyl-3H-indole, styryl, and 4-methyl styryl groups to the BODIPY, 

respectively. The structural identities of these new dyes were characterized by nuclear magnetic 

resonance spectroscopy and high-resolution mass spectrometry. Further ensembled and single-

molecule spectroscopic and imaging studies have been performed to report their fluorescence 

quantum yields, single-molecule spectral heterogeneity properties, and live-cell imaging 

outcomes.   
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Chapter 1: Purpose of Research and Research Objectives 

1.1 Purpose of Research 

When observing the detailed subcellular structures using a microscope at the nanoscopic 

level, a problem occurs with the diffraction limit that disrupts the visualization of these structures. 

In 1873, Ernst Abbe formulated the Abbe equation which he used to theorize the concept of 

diffraction limit in optics that defines the smallest resolvable details in an optical system1. The 

diffraction limit arises from the wave nature of light and is associated with the phenomenon of 

diffraction, which occurs when light encounters an obstacle or passes through a small aperture. It 

states that the minimum resolvable separation between two-point sources of light is determined by 

the wavelength of the light and the numerical aperture of the optical system1. In simpler terms, the 

diffraction limit represents the inherent blurring or spreading of light as it passes through an 

aperture, leading to a limit on the system's ability to distinguish fine details. This limit is often 

described by the Rayleigh criterion, which states that two-point sources can be considered just 

resolvable when the central maximum of the diffraction pattern of one source coincides with the 

first minimum of the diffraction pattern of the other source2. This limit is what sets the spatial 

resolution of conventional scanning microscopes around 200 nm (lateral direction) and 600 nm 

(optical axis) for visible light3. 

The diffraction limit is a significant factor in designing and understanding the performance 

of optical instruments, and it influences the resolution achievable in various imaging systems. 

Advanced techniques, such as super-resolution microscopy, have been developed to overcome or 

bypass the diffraction limit and achieve resolutions beyond what is conventionally possible. These 

techniques rely on the precise localization of individual fluorescent molecules attached to 
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structures of choice. These techniques activate and deactivate fluorophores in a controlled manner 

and then precisely determine their positions. Single-Molecule Localization Microscopy (SMLM), 

enables the reconstruction of super-resolution images past the diffraction limit with a spatial 

resolution < 10 nm4. However, due to the complexity of cellular components and the need for a 

comprehensive study of more than one structure in the cell at a time, the development of 

multiplexing has been undertaken.5 

Multiplexing is particularly important in biological research because it allows scientists to 

study various cellular components or molecules concurrently, providing a more comprehensive 

understanding of cellular structures and interactions. Multiplexing, in the context of SMLM, refers 

to the ability to simultaneously visualize and distinguish multiple targets or structures within a 

biological sample. This is achieved by utilizing different fluorophores or markers, each emitting 

light at distinct wavelengths6,7. In SMLM, different fluorophores are often used to label specific 

targets of interest. By employing a combination of fluorophores with different emission 

wavelengths, individual fluorophores or structures labeled with different colors can be 

distinguished in one picture. This enables the simultaneous imaging of multiple targets in the same 

biological sample. 

With the use of a branch of SMLM called spectroscopic single-molecule localization 

microscopy (sSMLM), which allows the concurrent localization of individual fluorescent 

molecules and the capture of single-molecule emission spectra of switchable fluorescent dyes that 

are stochastically emitting, multiple dyes can be introduced into a sample and imaged at once 

regardless of their spectral overlap8. The issue with using this method is the limited stock of 

spectroscopically distinct dyes9. The scope of this research is to impose statistically resolvable 

emission spectral peaks at the single-molecule level from a scaffolding fluorescent dye structure 
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known as Boron Dipyrromethene herby referred to as BODIPY. In summary, our goal is to design 

a palette of bright and spectrally distinct BODIPY dyes for simultaneous multiplexed sSMLM 

imaging of subcellular structures. 

1.2 Research Objectives 

1.2.1 Synthesis of BODIPY Scaffolding for Probe Attachment 

BODIPY dyes exhibit a variety of great properties that make them ideal for the creation of 

a scaffold in the development of new dyes for sSMLM10. These general properties include the 

exhibition of strong and intense fluorescence signals where the detection of single molecules is 

crucial, and the brightness of the fluorophore is highly beneficial for sSMLM10. Excellent 

photostability, where the ability to withstand prolonged exposure to light prevents rapid 

photobleaching and ensures reliable and extended imaging sessions10,11. The narrow and well-

defined emission spectra are often associated with BODIPY dyes10. This property is advantageous 

for sSMLM as it helps in reducing spectral overlap and allows for the simultaneous imaging of 

multiple fluorophores with minimal crosstalk. Derivatives of BODIPY often are biocompatible, 

making them suitable for labeling and imaging biological structures in live cells and tissues11–13. 

Lastly, BODIPY dyes can be easily synthetically functionalized with different chemical groups, 

allowing for the tailoring of their structures for spectral differentiation10. These properties and ease 

of functionalization make BODIPY dyes well-suited for sSMLM applications, where the precise 

localization of single molecules is a key requirement and the creation of a new set of spectrally 

distinct dyes. 

1.2.2 Spectroscopic Analysis of Developed Probes for Spectral Differentiation 

It is essential to measure the absorption and emission spectra of each dye. This process is 

crucial for ensuring the effective separation of emissions between different fluorophores, thereby 
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avoiding spectral overlap during the imaging stage of experiments. Accurate measurements of 

these spectra are necessary to determine the characteristics of each dye and to choose fluorophores 

with well-separated emission spectra, minimizing crosstalk and enabling reliable multicolor 

imaging. It will also be used to determine the merit of developed dyes for continued synthesis of 

the other structures once two are confirmed to have distinct emissions. 

Additionally, the quantification of the fluorescence quantum yield is an important aspect 

when assessing the brightness of synthesized molecules. The quantum yield represents the 

efficiency of a fluorophore in emitting photons upon excitation14. By measuring the quantum yield, 

the brightness of fluorophores can be evaluated, ensuring that they provide strong and intense 

fluorescence signals for precise localization in SMLM. This information contributes to the overall 

optimization of experimental conditions, enhancing the performance and reliability of the SMLM 

technique. 

1.2.3 Subcellular Imaging and Single-Molecule Spectral Heterogeneity Measurements of 

Developed Dyes 

In multiplexing, the aim is to distinguish and visualize multiple targets simultaneously. 

However, the frequently observed single-molecule fluorescence spectral heterogeneity known as 

smFLUSH of all fluorescent dyes measured at the single-molecule level can cause significant shifts 

in the wavelengths of their maximum emission as well as changes in spectral shapes, hindering 

this function in sSMLM.15 To categorize and avoid overlap with other developed dyes, it's essential 

to acquire the heterogeneity of each dye to prevent future imaging overlap. Once the BODIPY 

Probes are completed, a spectral heterogeneity test will be conducted to determine the standard 

deviation of each developed BODIPY dye's spectral shift from its maximum under sSMLM 

conditions. Once spectral distinct BODIPY dyes are confirmed, imaging of the dye in its 
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untargeted state will discover its natural accumulation within cells, thereby assessing its 

subcellular localization and potential cytotoxicity. 

1.3 Research Questions 

1. Does Structure 1a, functionalized with 2,3,3-trimethyl-3H-indole, 5-methoxy-2,3,3-

trimethyl-3H-indole, styryl, and 4-methoxystyryl groups, have distinct spectral 

emission spectra to allow multiplexing for sSMLM? 

2. Does functionalized Structure 1a have adequate brightness (quantum yield) to achieve 

accurate localization for sSMLM? 

3. What is the smFLUSH of the newly developed BODIPY dyes? 

4. Where do the developed BODIPY dyes naturally aggregate in the cell? 

1.4 Limitations 

Limitations from this work include: 

1. Penetrating thick samples, such as tissues, can be challenging due to increased light 

scattering and absorption, limiting its applicability in certain biological contexts. 

2. Universal Point Accumulation in Imaging Nanoscale Topography abbreviated to 

PAINT, a typical way to enable single-molecule fluorescence switching we planned 

to implement for the BODIPY dyes for sSMLM, is susceptible to background noise 

from non-specific interactions or unbound fluorophores reducing the accuracy of 

localization. 

3. The separation of spectral and localization data from the fluorophore reduces the 

overall resolution of the system. 



   

6 

 

 

Chapter 2: Review of Literature 

2.1 Introduction to SMLM and sSMLM 

2.1.1 History of Super-Resolution Imaging Technologies 

 Since the works of Ernst Abbe, it wasn’t till the end of the 20th century that Stefan W. Hell 

and Jan Wichmann published the groundbreaking paper “Breaking the diffraction resolution limit 

by stimulated emission: stimulated-emission-depletion fluorescence microscopy (STED)”16,17. In 

this paper, Hell and colleagues explain a method for surpassing the diffraction limit by fluorescent 

localization. This is obtained by coaligning the Gaussian excitation beam of a scanning microscope 

with a second beam, called the STED beam, which is tuned in wavelength to de-excite 

fluorophores via stimulated emission and is engineered in phase and/or polarization to create a 

doughnut-shaped focal intensity distribution with ‘zero’-intensity point in the center17,18. To put 

simply the excitation beam causes the fluorescence in the molecule while the depletion beam 

prevents the interference of the Point Spread Function (PSF) from undesired fluorophores to 

overlap with the desired fluorophore PSF allowing for a much more precise localization compared 

to a conventional scanning microscope approach. The overall spatial resolution of the technique is 

below 50 nm allowing for well-defined images though the processing time for imaging is long due 

to the small field of view for imaging3. 

Along with this technique came Structured Illumination Microscopy (SIM) which 

enhances the spatial resolution of conventional widefield microscopy. Pioneered by Rainer 

Heintzmann and Mats Gustafsson, it achieves a higher resolution by projecting a pattern of 

illumination onto the sample, typically a grid pattern of stripes or grids, and acquiring multiple 

images with different phases or orientations of the pattern. These moiré patterns that contain high-
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frequency information beyond the diffraction limit are then computationally processed to 

reconstruct a high-resolution image with a twofold increase in resolution using conventional 

fluorophores,19–21. Although the spatial resolution is larger around 100 nm compared to 50 nm and 

below with that of STED it allows for a much broader view of a sample and a faster imaging time 

compared to that of STED3,20.  

Using principles from the stochastic activation of fluorophores shown in STED and the 

computational cumulation of imaging from SIM, Eric Betzig, concurrently, created the method of 

SMLM for precise localization of individual fluorophores, often using photo-switchable or photo-

activatable molecules22. The benefits of this super-resolution microscopy are in its spatial 

resolution of 10-20 nm allowing for substantially better localization compared to the previous 

methods22,23. Many different types of SMLM have since been developed since Betzig et al paper. 

These include Photoactivated Localization Microscopy (PALM), Fluorescence Photoactivation 

Localization Microscopy (F-PALM), Stochastic Optical Reconstruction Microscopy (STORM), 

Direct Stochastic Optical Reconstruction Microscopy (D-STORM), PAINT, and lastly sSMLM 

which the latter will be focused on in the scope of this research22,24–27. 

2.1.2 The Methodology of SMLM 

As mentioned previously the principle behind SMLM is the detection and precise 

localization of individual fluorophores by activating them sequentially or stochastically. The 

positions of these localized molecules are then used to reconstruct a super-resolved image23. To 

break this down the process first involves the introduction of fluorophores into a sample that targets 

specified structures based on their chemical composition. When this sample is illuminated, the 

fluorophores are excited and detected by the camera with a PSF (Figure 1a) that, generally, creates 

an ariary pattern from the center point of the fluorophore23. SMLM relies on the fundamental 
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principle that the precise spatial coordinates of individual fluorescent molecules can be accurately 

determined when their PSFs do not overlap (Figure 1b)23. The structure depicted here is the 

Nuclear Pore Complex (NPC), a vital protein assembly spanning the nuclear envelope that 

regulates molecular passage into and out of the nucleus at the single-molecule level28. When there 

are subpixel shifts in a fluorophore's coordinates, it results in predictable changes in pixel 

intensities, allowing for the computation of its exact location (Figure 1c)23. The precision of 

localization is a measure of the dispersion of localizations one would obtain if a molecule were 

imaged and localized multiple times. Importantly, this precision is inherently limited by the signal-

to-noise ratio (SNR) rather than the wavelength of light or pixel size (see Figure 1d)23. 

To prevent PSF overlaps between individual molecules, the fluorescent emissions of each 

fluorophore are temporally separated. The most employed method for achieving this temporal 

separation involves leveraging the phenomenon of photoswitching. In photoswitching, fluorescent 

molecules can transition between an active 'ON' or 'bright' state, where they emit fluorescent light 

upon excitation, and one or more inactive 'OFF' or 'dark' states in which they don’t fluoresce 

(Figure 1e)23. By taking advantage of fluorophores photoswitching randomly upon activation of 

an activation beam, a collection of frames can be obtained with nonoverlapped PSFs which can be 

localized (Figure 1f-i)23. After a significant amount (thousands) of frames have been accumulated 

they are overlapped together to reconstruct a single super-resolved image (Figure 1j-l)23. 
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Figure 1: Principle of single-molecule fluorescence microscopy. (a) A fluorescence image of one 

fluorescent molecule and (b) a fluorescence image of a nanosized nuclear pore complex labeled 

with 8 fluorescent molecules as shown in the green schematic; (c) point spread function of two 

different fluorophores; (d) photon count of fluorophores localized with higher count providing 

greater localization; (e) fluorophore on and off visualization; (f-j) process of detection, 

localization, and compiling of fluorophores excitations to produce a final image; (k-l) mapping 

and production of final image; This figure was reprinted with permission from Ref. 22, 

Copyright 2021 Springer Nature.23 
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The common approach in various forms of SMLM involves sequentially imaging random 

subsets of fluorophores and determining their positions. However, there are multiple variations 

based on the choice of fluorophore and the methods employed to induce their transition between 

ON and OFF states. For instance, fluorescence photoactivated localization microscopy (PALM) 

utilized fluorescent proteins initially activated by ultraviolet (UV) illumination 22. On the other 

hand, stochastic optical reconstruction microscopy (STORM) and related methods rely on 

synthetic fluorophores (dyes) capable of photoswitching in the presence of suitable imaging 

buffers23,25. 

Choices of how you implement these systems, such as the choice of fluorophore and the 

optical system, will have an impact on the quality of SMLM imaging. These impacts include 

spatial and temporal resolution, the ability to perform imaging in two or three dimensions, in one 

or multiple excitation spectra, or in fixed/live cell applications. Other parameters that can be 

adjusted are labeling strategies (STORM vs. PALM), sample preparation workflows (for example, 

whether and how samples are chemically fixed and what buffer is used to promote 

photoswitching), the method for acquiring imaging sequences, the laser power, and the use of 

appropriate software to computationally detect, localize and, possibly, track single molecules with 

high fidelity23,25. SMLM can suffer from numerous artifacts such as sample drift or overlapping 

PSFs that must be addressed to ensure high-quality images29. 
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Figure 2: A simple setup for SMLM. The SMLM is made up of three major parts. First on the 

left is the laser which provides the excitation beam that is directed through a series of lenses to 

the dichromatic mirror. Next, the laser is reflected into the objective where it excites the samples 

and causes them to emit. From there the emission proceeds to the camera for detection. This 

figure was reprinted with permission from Ref. 2930 

 

Figure 2 shows a simple setup of a simple SMLM imaging system. The key technical 

requirements consist of three major elements that allow for the visualization of samples. The first 

is the high-power continuous wave laser to induce photobleaching in most fluorophores while 

selectively activating a small fraction of thinly scattered individual fluorophores30. Second is the 

utilization of a high numerical aperture (NA) and high-magnifying (e.g. 100x) objective lens to 

effectively capture the restricted number of photons emitted by a single molecule30. For numerical 

aperture, the NA is defined as NA = n sinθ, where n is the refractive index in the image space and 

θ is the highest angle measured from the rim of the objective lens concerning the optical axis, 

provides a measure of the spatial resolution power of the objective31. In optical microscopy, these 

high-NA objectives produce tightly focused optical fields as probes to interrogate the sample 

properties within the focal volume and generate the contrast for imaging31. This allows for the 
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efficient collection of photons emitted by fluorophores. Last is the implementation of scientific 

cameras characterized by high quantum efficiency and minimal noise to capture images from 

individual fluorescent emitters with a superior SNR30. Common examples of such are an electron-

multiplying charge-coupled device (EM-CCD) or a scientific complementary metal-oxide 

semiconductor (sCMOS) camera though other, less robust, cameras have been explored in 

literature as well30,32,33.  

Additionally, it is worth mentioning three dimentional (3D)-SMLM since biological 

structures have a depth to them that can be observed. The principle behind 3D-SMLM comes in 

two methods, the first uses engineered PSFs to exploit that a 2D image of a fluorescent molecule 

depends not only on its lateral (x,y) coordinates but also on its axial coordinate z. By analyzing its 

2D image pattern, the z coordinate can be estimated along with normal localization. In this way, 

3D super-resolution images can be reconstructed from 2D images by changing the microscope 

focus23,34. The other is known as biplane detection which can be seen in Figure 3. Biplane 

detection works by capturing two distinct focal planes simultaneously to improve the accuracy of 

three-dimensional (3D) localization of fluorescent molecules. This method enhances the z-axis 

(depth) information in SMLM imaging. The two distinct PSFs generated by the biplane imaging 

system result in different shapes for in-focus and out-of-focus fluorophores. Analyzing these PSFs 

enables the precise localization of the fluorophores along the z-axis. The differences in the shapes 

of the PSFs provide information about the axial position of each fluorescent molecule35,36.  
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Figure 3: Example of Multiplane 3D-SMLM Setup. Lasers are coupled into a conventional 

microscope for widefield activation and excitation of photoactivatable fluorescent molecules. 

Collected fluorescence is divided by a 50:50 beam splitter, creating two separate image planes 

on the same CCD camera. D, dichroic beamsplitter; FP, focal plane; F, bandpass filter. Figure 

was reprinted with permission from Ref. 34, Copyright 2008 Springer Nature 35 

 

A final aspect of interest for SMLM to be discussed is the idea of multiplexing with 

multiple structures of interest in a sample and the challenges associated with it in the context of 

SMLM. Since SMLM only collects the localization data of fluorophores, the use of multiple 

fluorophores or different targeting ligands on fluorophores to image a sample will not achieve any 

difference in the data collected. To determine separate fluorophores or different targeting of the 

same fluorophores three different methods have been developed to overcome this limitation with 

a SMLM variant named DNA-PAINT. The first, seen in Figure 4, involves the sequential delivery, 

imaging, and washing of fluorophores in a sample with multiple variations of the technique being 

shown in literature5,6,23,37,38. The one specifically in Figure 4 has different molecular targets that 

are simultaneously labeled with distinct orthogonal DNA docking strands (explained more in 

fluorophore labeling and requirements)39. Once imaged with its complementary orthogonal DNA 

imager strand attached to the fluorophore, the reserve of fluorophores in the sample will be washed 
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away and another or the same fluorophore with another orthogonal DNA imager strand will be 

introduced that can attach to a different docking strand39. There are drawbacks to excessive 

washing that include the loss of target molecules in the sample that are washed away along with 

the fluorophores, disruption of the structural integrity of cells and tissues, degradation of enzyme 

activity present in the sample, drying effect if cell or tissue is allowed to dry causing damage, pH 

change affecting structures and biological processes, and lastly the possibility of membrane 

permeability degradation. 

Figure 4: Multiplexed Single-Molecule Localization Microscopy with Exchange-PAINT. 

Exchange-PAINT implements sequential imaging of multiple targets by DNA point accumulation 

in nanoscale topography (DNA-PAINT) with different imager strands labeled with the same dye. 

The sample is labeled with orthogonal docking strands P1 and P2 before the first imager strand 

species P1* — complementary to docking strand P1 — is introduced and a DNA-PAINT image 

of P1 is acquired. Next, the P1* imager strands are washed out, imager strands P2* are 

introduced and a DNA-PAINT image of P2 is acquired. This goes on for n cycles. b | 

Pseudocolour DNA-PAINT images of origami structures displaying the digits 0–9. This figure 

was reprinted with permission from Ref. 22, Copyright 2021 Springer Nature23 

 

The second method is called spectral demixing which is the use of algorithms or optical 

components to mathematically separate the overlapping signals of multiple fluorophores in a 
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sample, allowing the identification of individual fluorophores based on their unique spectra which 

can be seen in Figure 5 below. 

Figure 5: Spectral Demixing Workflow. (a) A single laser line (e.g., 647 nm) excites all dyes 

(ATTO-655/700), producing mixed emission (yellow) which is then split into "short" (green) and 

"long" (red) wavelength channels via a dichroic mirror (DM) and 100% mirrors (M) before 

reaching a single camera. (b) A custom "pair-finding" algorithm identifies corresponding 

localization pairs, excluding random unpaired localizations. (c) Channel-specific intensity 

values of localization pairs are plotted into a 2D intensity histogram, with color-specific masks 

minimizing crosstalk and maximizing localization inclusion. Each localization is assigned to a 

color channel based on the masks. (d) An example of a dual-color SD-DNA-PAINT image 

displaying microtubules (cyan) and clathrin-coated vesicles (magenta). Figure was reprinted 

with permission from Ref. 39, Copyright 2022 Springer Nature40 

 

 

2.1.3 sSMLM 

sSMLM is a branching method of SMLM that combines the principles of SMLM with 

single-molecule spectroscopic information. Previous methods have produced high spatial 

resolution; however, they have faced challenges in distinguishing closely spaced molecules with 

similar spectral properties during multiplexing. As mentioned previously sSMLM can overcome 

this limitation due to obtaining both the spectroscopic signature of a molecule along with the 

localization data. It similarly does this to spectral demixing, but instead of splitting into long and 

short wavelengths the fluorescent emission was divided at a 1:3 ratio between the zeroth 

(localization data) and the first (Spectral data) diffraction orders41. These diffraction orders are 
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then further separated using the labeled L1 and L2 mirrors in Figure 6 to avoid crosstalk and using 

an EMCCD Camera the data is obtained42. 

Figure 6: Basic sSMLM Setup. Obj.: objective lens; DM: dichroic mirror; BPF: band-pass 

filter; LP: long-pass filter; TL: tube lens; M: mirror; S: slit; G: diffraction grating; L: lens; 

Similar in SMLM the sample is fluoresced and imaged by an EMCCD camera depicted here. The 

difference is with the addition of a slit and diffraction grating which splits between the spatial 

image data and spectral image data which can be seen in the figure. The spectral image depicts 

the light as it is collected along the visible light spectrum while spatial gives localization data. 

Figure was reprinted with permission from Ref. 40, Copyright 2021 Springer Nature 42 

 

Crosstalk in this context refers to the undesirable interference or contamination of signals 

between different fluorophores or channels during the imaging process. This arises due to the finite 

precision of the imaging system, overlapping emission spectra, and inefficient filtering43. This can 
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lead to inaccuracies in the reconstruction of super-resolved images, as the localization or spectral 

data of molecules may be attributed to the wrong fluorophore or channel. 

The significance of this method lies in its capacity to multiplex a greater number of dyes 

compared to traditional SMLM multiplexing. In standard SMLM, achieving spectral separation 

between two distinct fluorophores requires ensuring no overlap within their approximately 100 nm 

spectral emission ranges. This limitation is confined to the visible spectrum from a range between 

400 nm and 750 nm, thereby restricting the number of dyes that a sample can hold up to three. In 

contrast, with sSMLM, the complete spectral data of each fluorophore is captured simultaneously 

with the localization data, allowing for the unique "fingerprinting" of each fluorophore. The 

reduced separation to prevent overlap is now around 10 nm as opposed to the 100 nm in the 

conventional method27. There is still possible overlap from the smFLUSH of the dyes which can 

be described as the standard deviation or fluctuation of fluorophores excitation emissions44. This 

increases the theoretical number of dyes that can be introduced into a sample at a time to 

approximately 70 dyes (though more realistically the number will be between 40 and 50). 

Although this method has the significant advantage in the number of fluorophores one can 

introduce to a single sample there is the drawback from the photon budget must be separated 

between both the spectral and localization channels42. This splitting causes a reduction in the 

overall spatial resolution that this method can achieve, specifically doubling the spatial resolution 

and therefore lowering the overall resolution of the image. 

2.1.4 Fluorophore Labeling 

In SMLM, various fluorophore types can be employed to label a sample, along with 

specific labeling strategies to target the structure of interest. These fluorophores can consist of both 
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dyes and proteins which both exhibit fluorescent properties. For this research, only dyes will be 

explained in detail followed by an overview of various labeling strategies.  

Photoswitchable fluorophores, as illustrated in Figure 7a, experience reversible transitions 

between their ON and OFF states, allowing a single fluorophore to undergo multiple 'blinking' 

events. Notable photoswitchable dyes encompass carbocyanine dyes like Cy5 and Alexa Fluor 

647, as well as rhodamine and oxazine dyes found in various Alexa Fluor and ATTO dyes45. The 

shift between ON and OFF states is triggered by irradiation at specific wavelengths and involves 

the utilization of a photoswitching buffer comprising phosphate-buffered saline (PBS), 10–

100 mM of a thiol such as mercaptoethylamine, and, if necessary, an enzymatic oxygen 

scavenger23. 

Photoactivatable fluorophores (Figure 7b) undergo an irreversible transition from an OFF 

to an ON state, either spontaneously or upon exposure to UV light (λ = 405 nm) in aqueous 

conditions. Since these fluorophores start in the OFF state, the use of UV light is typically 

necessary to activate. To achieve single-molecule localization, it is crucial to photobleach the 

photoactivated species through irradiation at a longer wavelength before activating new 

fluorophores. Examples of synthetic photoactivatable dyes include photochromic rhodamine 

amides, azetidinyl rhodamine PA Janelia Fluor® 549, silicon rhodamine PA Janelia Fluor® 646, 

and bridged carbocyanine Cy5B46. While they are highly membrane permeable and suitable for 

live-cell SMLM, they do require longer total acquisition times, often exceeding several hours. 
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Figure 7: Fluorophore Types and Labeling Strategies in Single-Molecule Localization 

Microscopy. Fluorophores compatible with single-molecule localization microscopy (SMLM) are 

categorized into five classes: photoswitchable (a), photoactivatable (b), photoconvertible (c), 

spontaneously blinking (d), or temporarily binding (e), exemplified with activated fluorophores 

(red dots) and freely diffusing fluorophores (pale pink discs). Various fluorescent labeling 

methods are shown in order of decreasing linkage error, including immunolabeling, nanobody 

labeling, protein tag labeling, direct dye conjugation, and genetic code expansion with unnatural 

amino acids. Figure was reprinted with permission from Ref. 22, Copyright 2021 Springer 

Nature 23 
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Photoconvertible fluorescent proteins (Figure 7c), such as Eos and its derivatives, 

Dendra2, and mMaple, undergo an irreversible transition from one color state to another upon 

irradiation9. For instance, Eos can be shifted from green to red through UV irradiation at λ = 405 

nm, with excitation occurring at λ = 488 nm and λ = 561 nm in the green and red states, 

respectively. The fluorescence captured at the shorter wavelength is utilized for sample focusing 

and obtaining a diffraction-limited image before the photoconversion process. To prevent PSF 

overlap with newly converted fluorophores, activated fluorophores need to be photobleached post-

conversion, and the photobleaching duration can be regulated by adjusting the irradiation intensity. 

Photoconvertible fluorescent proteins are also advantageous for live-cell SMLM. 

Fluorophores that exhibit spontaneous blinking behavior (Figure 7d) leverage a reversible, 

pH-dependent chemical reaction to facilitate SMLM under defined pH conditions in an aqueous 

solution, eliminating the need for a photoswitching buffer47. Examples of such dyes include the 

silicon rhodamine dye HMSiR, HEtetTFER, and FRD48. These fluorophores demonstrate 

outstanding photon yield and possess partial membrane permeability, making them suitable for 

use in live-cell SMLM experiments. Spontaneously blinking fluorophores display immediate 

blinking right from the start of an SMLM experiment, with ON-state lifetimes varying within the 

range of 10–300 ms. The blinking kinetics remain unaffected by the irradiation intensity and are 

predominantly governed by the pH of the aqueous buffer. 

Before delving into the specifics of the next method, due to its uniqueness; there are three 

primary approaches for attaching fluorophores permanently to the sample23. The foremost and 

most widely adopted technique for synthetic dyes involves immunolabeling, where in direct 

immunolabeling an antibody that selectively binds to the protein of interest is chemically linked 

to a synthetic dye. In indirect immunolabeling, a dye-coupled secondary antibody targets an 
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unlabeled primary antibody23. This strategy offers advantages such as amplifying the fluorescent 

signal through the binding of multiple secondary antibodies to a single primary antibody. 

Additionally, unlabeled primary antibodies often exhibit superior epitope binding affinity 

compared to those modified for fluorescent labeling, thereby reducing background noise. 

However, a notable drawback of immunolabeling for SMLM lies in the size of commonly used 

IgG antibodies, leading to elevated linkage errors of approximately 10 nm (or up to around 20 nm 

for indirect immunolabeling)49. Immunostaining intracellular proteins necessitate permeabilization 

of cell membranes, rendering it largely unsuitable for live-cell imaging unless targeting 

extracellular or membrane proteins. In the latter scenario, it has the potential to influence biological 

functions. 

Biorthogonal peptide motifs or self-labeling protein tags, such as FlAsH tags, lipoic acid 

ligase, SNAP-tags, and Halo-tags, offer a means for precise labeling with minimal linkage error23. 

These tags are genetically fused to the target protein and form a covalent bond with their respective 

reagent or ligand, directly connected to a fluorophore. Integrating genetic expression with the 

outstanding photophysical properties of synthetic dyes, these labeling methods significantly 

reduce linkage errors to a few nanometers. Moreover, they are applicable for live-cell imaging 

experiments, provided that the dye substrate demonstrates membrane permeability. 

Certain biological structures can be marked using dye-conjugated small peptides or drugs, 

like the bicyclic heptapeptide phalloidin targeting actin and the taxane paclitaxel targeting 

microtubule filaments50. Despite their compact size and minimal linkage error, these labels often 

compromise biophysical function and function as biological modulators. Furthermore, certain 

modified fluorophores, such as organelle trackers or altered lipids, can be seamlessly incorporated 

into the biological structure itself51. Achieving the smallest possible linkage error with peptide 
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labeling involves site-specific labeling of a single amino acid. Genetic code expansion facilitates 

the incorporation of synthetic amino acids, such as TCO*-lysine, directly coupled to functionalized 

synthetic dyes through fluorogenic click reactions52. This process doesn't disrupt biological 

functionality and allows for live-cell imaging. 

2.1.5 PAINT-Based SMLM Imaging and its Subtypes 

In contrast to other methods and labeling, Point Accumulation for Imaging in Nanoscale 

Topography (PAINT) operates without the need for fluorophore ON/OFF photoswitching. Instead, 

it utilizes dyes or dye-labeled ligands that freely diffuse until they engage with targets of interest 

through either permanent or transient binding (Figure 7e). Due to the rapid diffusion of free dyes 

across multiple pixels during the acquisition of a single image frame, they only manifest as a 

blurred background without localization, while bound dyes appear as a PSF and are localized53. 

This approach effectively separates the ON and OFF states switching from the photophysics of the 

dye, making PAINT unaffected by photobleaching23. The fluorophore reservoir can be 

replenished, and bright, photostable fluorescent dyes, such as Cy3B, Cy5, and ATTO-647N are 

compatible with PAINT. 

Over the years since PAINT was introduced, in Hochstrasser’s and Sharonov’s paper, 

multiple subtypes of PAINT have been introduced due to its enticing ability to have unlimited 

fluorescence probes to refresh photobleached ones. These have different applications and 

advantages that give PAINT a wide range of applications and uses for SMLM imaging. The most 

common type of paint, known as universal PAINT or uPAINT, involves continuously targeting a 

sample with fluorescent probes present in the buffer solution surrounding the sample. The flux of 

molecules interacting with the sample is determined by the diffusion coefficient and concentration 

gradient of the probes and fluorescent signals manifest as diffraction-limited spots on the object 
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when a label binds to it and becomes immobilized54. This signal is eliminated when the label 

dissociates from the object or undergoes photobleaching. In general, it is unnecessary to specify 

the nature of the binding, whether arising from specific or nonspecific interactions. Lastly, the 

collision rate of probes with a single object is easily controlled as it linearly depends on the 

concentration of the probes. The advantages of such are the simplicity of this method to implement, 

only needing a dye receptor or ligand/ligand-receptor combination to adhere to the sample target 

allowing for a more straightforward and faster imaging process. It also has live cell imaging 

capability for the outer membrane of the cell55. 

The second most common, and rapidly advancing type is known as DNA-PAINT. This 

process involves the dynamic binding and dissociation of short fluorescently labeled DNA 

oligonucleotides to single-stranded docking strands that have been bound to targets in the sample56. 

First, the docking strand attaches to the molecule of interest, usually with a targeting ligand or 

protein, and then a fluorophore is injected into the cell that has the complementary DNA strand, 

called an imager strand, to the docking strand attached to it. Once this strand encounters the 

docking strand it will then transiently bind together and cause the creation of the PSF for SMLM 

image construction. This method is superior compared to uPAINT due to its strong, and specific 

interaction with a complementary strand, based upon sequence identity. Additionally, with a 

diameter of ~2 nm, a helical pitch of ~3.4–3.6 nm, and a persistence length of approximately 50 

nm, it is highly suited for construction on the nanoscale57. The advantage of such is the even greater 

precision of localization on targets due to the specificity of the docking and imaging strands. 

Unlike uPAINT, DNA PAINT requires permeability to allow these to enter and therefore it 

disrupts the interior proteins of a live cell and makes it not viable for interior cell imaging58. 
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To overcome this, two new methods called peptide PAINT and LIVE-PAINT were 

developed. Peptide PAINT uses a heterodimeric peptide pair that was designed to have micromolar 

affinity and exhibit transient binding kinetics59,60. There are docking stands and complementary 

imaging strands just as with DNA PAINT and binding events generate fluorescence from coil-coil 

interactions. LIVE PAINT involves a similar process to peptide PAINT with a slight deviation, 

instead of the docking peptide directly attaching to the target it is instead connected to a protein 

which will attach to the target instead. After a fluorophore (protein) with a corresponding peptide 

will be introduced and attached to the docking peptide to fluoresce. The greatest advantage of these 

two is their specificity and their live cell imaging however their large size hampers their labeling 

efficiency. 

Although there are some branch-off methods from these main methods, such as resPAINT 

(derived from uPAINT) and Action PAINT (derived from DNA-PAINT), for the context of 

PAINT those methods are supplementary and generally add additional functions to the original 

methods61,62. They show promise as future methods but currently, more research into their use of 

them needs to be done to determine their effectiveness. 

2.1.6 Application of SMLM 

Introduced in 2006, SMLM has transformed the landscape of biological imaging, providing 

an unparalleled level of detail in visualizing subcellular organization. Over the last 18 years, 

SMLM has been employed to explore the arrangement, interactions, stoichiometry, and dynamics 

of molecular machinery within cells and tissues, yielding significant and novel biological 

insights63. With these abilities, super-resolution imaging has provided new insights into numerous 

cellular structures and even led to discoveries of previously unknown cellular structures, such as 
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the membrane-associated periodic skeleton (MPS) in neurons64. Figure 8 illustrates the outcomes 

of these experiments. 

In Figure 8A, the ESCRT complex aids in HIV budding, while CatSper influences sperm 

activity by organizing calcium signaling along the sperm tail. Super-resolution imaging reveals 

unique cytoplasmic structures like the ParA/ParB system in bacteria and focal adhesions. 

Membrane organelles show dense tubular structures in ER sheets (Figure 8A(v)), ring structures 

of Bax on apoptotic mitochondria (Figure 8A(vi)), and synergistic interactions between 

mitochondria and purinosomes (Figure 8A(vii)). Additionally, super-resolution imaging offers 

insights into RNA distributions and interactions, exposing intriguing nuclear organizations such 

as TRF2-dependent telomere loop formation (Figure 8A(viii)) and cell-type–dependent 

nucleosome arrangements (Figure 8A(x))65. 

SMLM imaging methods have been applied to quantifying, for example, the number of 

proteins in flagellar motors, receptor complexes, kinase complexes (Figure 8B, i), and secretion 

machinery (Figure 8B, ii), as well as the number of lipid binding sites in endocytic vesicles 

(Figure 8B, iii)65. 

The STED beam's drastic reduction in fluorescence emission region allows the detection 

of membrane nanodomains smaller than 20 nm, revealing diverse lipid diffusion properties 

(Figure 8, i). Super-resolution imaging enhances single-particle tracking (SPT) in live cells, 

surpassing the limitations of traditional SPT by enabling higher molecular concentrations. 

Techniques like PALM, STORM, and PAINT enable SPT at near-endogenous expression levels, 

facilitating the study of gene expression, protein-nucleic acid interactions, and membrane 

dynamics. MINFLUX achieves unprecedented spatiotemporal resolution, tracking ribosomes in  
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Figure 8: Quantitative Biological Insights from Three Directions of Applications of Super-

Resolution Imaging. (A) (i) STED and PALM images reveal distinct Env protein distribution in 

mature and immature HIV-1 particles alongside CD4 receptor labeling. (ii) 3D STORM imaging 

showcases linear domains of CatSper1 along sperm flagella and ParA ATPase distribution in 

bacterial cells coordinating chromosome segregation. (iii) PAINT and STED capture ER 

structures, revealing tubular features undetected in diffraction-limited images. (iv) Bax ring 

structures in apoptotic mitochondria and STORM images of mitochondrial interactions with 

purinosomes are shown. (v) Telomeric DNA organization with and without TRF2 is compared 

using STORM. (B) (i) PALM images demonstrate cRAF clustering induced by KRASG12D 

expression and molecular cluster formation of PrgH near bacterial membranes. (ii) STORM 

reveals endocytic vesicle size and PI3P content variations. (C) (i) Lipid trapping in nanodomains 

is monitored by STED-FCS and single-molecule tracking in plasma membranes. (ii) MINFLUX 

tracks 30S ribosomal subunit proteins in bacterial cells. (iii) Time-lapse STED images of living 

mouse somatosensory cortex neurons show dendritic spine dynamics. (iv) STORM captures 

mitochondrial fission and fusion events, including intermediates with thin tubular structures. 

Figure was reprinted with permission from Ref. 64, Copyright 2018 Science65 
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bacterial cells with localization precision under 50 nm and time resolution around 100 μs 

(Figure 8C, ii)65. 

Overall, single-molecule localization microscopy (SMLM) has emerged as a 

transformative tool in the field of biological imaging over the past decade. Through its ability to 

surpass the diffraction limit, SMLM has provided unprecedented insights into the intricate spatial 

organization and dynamics of cellular structures at the nanoscale. The diverse range of labeling 

techniques for fluorophores has enabled researchers to visualize specific molecular targets with 

increased spatial and temporal resolution This versatility, coupled with continued advancements 

in fluorophores and imaging technologies, has facilitated the exploration of diverse cellular 

processes, including the organization of cytoskeletal structures, membrane organelles, and 

molecular assemblies. 

2.2 BODIPY Dyes 

2.2.1 History and General Properties of BODIPY 

BODIPY dyes, or 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene, are known as compact 

molecules that emit fluorescence with sharp peaks, high fluorescence quantum yields, and high 

extinction coefficients. They exhibit a degree of insensitivity to the polarity and pH of their 

surroundings and possess reasonable stability under physiological conditions. Minor adjustments 

to their structures allow for the customization of their fluorescence characteristics, making them 

popular choices for labeling proteins and DNA. They were first discovered in 1968 by Treibs and 

Kreuzer where they synthesized the BODIPY using a one-pot, multicomponent reaction, 

involving the Lewis acid-catalyzed condensation of 2 equiv. of 2,4-dimethylpyrrole with 1 equiv. 

of acetic anhydride, followed by boron chelation of the nitrogen atoms with boron trifluoride 

diethyl etherate to form the BODIPY core (Figure 9)66. Although the core was synthesized in the 
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intermediate step it so far has not been seen in literature which has been theorized to be because 

none of the pyrrole-based carbons are blocked from electrophilic attack making it unstable. 

Figure 9 shows a depiction of the "BODIPY core" and its IUPAC numbering system. The α 

designation is occasionally used for the 3,5-positions. Typical BODIPYs feature two fluorine 

atoms attached to the boron atom at the 4-position and functionalization can potentially occur at 

positions 1–8 with carbon 8 also known as the meso position in literature. 

Figure 9: Structure of the BODIPY core. Each number represents a spot on the core that can be 

functionalized to obtain a new compound. 

 

From their inception, BODIPY dyes have become more common in research with it being 

applied to many different fields including Dye-Sensitized Solar Cells67,68, living cell imaging69,70, 

photodynamic therapy71,72, and photosensing73,74. Building upon the initial research by Treibs and 

Kreuzer, numerous BODIPYs have been synthesized using four comparable methods. First is the 

condensation of two pyrrole molecules with one activated ester molecule. Because of their 

chemical instability referred to earlier, the dipyrromethenes are generally not isolated. Instead, 

they are directly chelated with boron trifluoride diethyl etherate in the presence of an amine base, 

typically Et3N or i-Pr2NEt to form the product75. The second is the creation of symmetrical 

BODIPYs through the condensation of two molecules of pyrrole with one molecule of 

thiophosgene. For the formed dipyrrolthioketones, they can be converted into the corresponding 

8-thiomethyl-substituted BODIPYs through treatment with an alkylating agent followed by boron 
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chelation under standard conditions. This approach demonstrated that both substituted, and even 

unsubstituted pyrrole react with thiophosgene to form thioketones without substantial formation 

of higher-order condensates products. Further alkylation with MeI and boron chelation under 

standard conditions formed the 8-thiomethyl-substituted BODIPY in good overall yield76. The 

third involves the use of an orthoester, in place of the acid chloride, as the electrophilic component 

of the condensation reaction, followed by chelation with boron under standard conditions to form 

the BODIPY with an open meso position77. Although this method is limited by the number of 

orthoesters currently available commercially. Lastly and most popular for synthesis is an acid-

catalyzed condensation between an aldehyde (typically an arylaldehyde) and two α-substituted 

pyrroles that form a symmetrical dipyrromethene. Following this is an oxidation using either p-

chloranil or 2,3-dichloro-5,6-dicyano-1,4- benzoquinone (DDQ) and amine-mediated boron 

chelation to form the desired 3,5-dimethyl-8-aryl-substituted BODIPY seen in Figure 10. When 

using this method, α-substituted pyrroles are typically employed to prevent the formation of 

higher-order condensates, such as porphyrins78. 

While ongoing synthesis efforts aim to enhance yield and minimize byproducts, there are 

currently few reported synthesis pathways showing reduction with these byproducts and, 

consequently, decreasing the overall yield of BODIPY dyes.75 To highlight the extensive 

functionalization capabilities of BODIPY, the following section describes some of the diverse 

modifications that have been applied to BODIPY since its introduction. 
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Figure 10: General BODIPY Reaction Scheme. Example reaction of two molecules of pyrrole 

with acetyl anhydride using the one pot method developed by Treibs and Kreuzer. One created 

boron chelation of the nitrogen atoms with boron trifluoride diethyl etherate forms the final 

BODIPY  

 

2.2.2 Functionalization of BODIPY 

Due to the robustness of the BODIPY Core mentioned earlier, many aromatic substitutions 

can be introduced to the meso position on the core. This has provided many avenues of dye 

synthesis for a large range of applications. Some of these aromatic substitutions are showcased in 

Figure 11.  
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Figure 11: Meso-modifications for BODIPY .Meso-modifications for BODIPY molecules are 

tailored to function as (a) specific sensors for distinct redox-active molecules, (b) pH indicators, 

(c) metal-binding agents, and (d) linkers for biomolecule conjugation. Figure was reprinted with 

permission from Ref. 10, Copyright 2007 American Chemical Society10 

 

One important aspect to note for meso substitution is the impact of electron transfer 

between nonplanar segments of fluorescent molecules on their fluorescence intensities. Nagano et 

al explore the role of nonplanar fluorescent molecules, considering them as highly fluorescent 

groups with less fluorescent substituents79. Depending on their oxidation potential relative to the 

excited state of the BODIPY core, these substituents can act as electron donors or acceptors. 

Electron transfer diminishes fluorescence when the fluorescent group in its excited state is reduced, 

representing reductive-PeT or acceptor-PeT (both mean the same). Conversely, if the excited state 
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of the fluorescent group can donate electrons to the substituent LUMO, oxidative-PeT (d-PeT) 

occurs. Both aspects can be visualized in Figure 12 with the feasibility of electron transfer being 

evaluated based on the change in free energy (ΔGPeT) using the Rehm-Weller equation. The study 

refined ideas to explain observations in fluorescence changes for various compounds, emphasizing 

the impact of substituent nature on the reduction potential of the BODIPY core. They concluded 

this by acknowledging weaknesses in combining theoretical calculations and electrochemical data 

but highlighting the approach's utility in dispelling common assumptions about fluorescent probes 

at that time. 

Figure 12: Fluorescence diminishment from reductive and oxidative PeT. The meso-substituent 

provides (a) no significant electronic perturbation, (b) electrons to the excited state, and (c) a 

low lying LUMO to accept electrons from the excited state. Figure was reprinted with 

permission from Ref. 10, Copyright 2007 American Chemical Society10 
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Various electrophilic substitution reactions on BODIPY dyes have been performed 

throughout the years with sulfonation, nitration, halogenation, and potential for other electrophilic 

substitutions having been explored. Mesomeric considerations suggest that the 2 and 6 positions 

of the BODIPY core are most susceptible to electrophilic attack10. Sulfonated BODIPY dyes found 

in literature exhibit strong fluorescence in water and/or methanol without significant changes in 

absorption or emission maxima80. Nitration with nitric acid reduces the fluorescence quantum yield 

and few nitration BODIPY’s have been reported in literature81–83. Other halogenations of 

BODIPY, specifically bromination and iodination, cause redshifts in UV absorption and emission 

maxima, influencing fluorescence84,85. Attaching a heteroatom to another site other than the 2 and 

6 on the BODIPY or just one has been proven difficult due to the affinity electrophilic attack. 

There have been studies on the susceptibility of BODIPY dyes to electrophilic aromatic 

substitution (SEAr) chemistry, particularly focusing on regioselectivity. SEAr reactions 

preferentially occur at the 2,6-positions of the BODIPY core, but functionality can be introduced 

at 3,5- and 1,7-positions through steric blocking once the 2,6 positions have been occupied75. 

Recent advancements include milder halogenation conditions using N-halosuccinimide (NXS) 

reagents, copper(II) bromide under oxidative conditions, and acetylation under Vilsmeier–Haack 

conditions allowing for selective halogenation of the 2 or 6 positions with sulfonation, nitration, 

and other halogens86–88. Thiocyanation and alpha-functionalization of dipyrromethene are also 

another alternative strategy for BODIPY synthesis allowing selective halogenation of the 2 or 6 

position89. It's worth noting that the routes to 3/5-substituted BODIPYs can be unpredictable due 

to the spontaneous in situ formation of dipyrromethene by-products, either through oxidation by 

atmospheric oxygen or the electrophile. This complicates the reaction outcome, as 

dipyrromethenes also participate in SEAr reactions with regioselectivity shifting to the β-positions. 
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Since intermediate dipyrromethanes are often directly transformed into BODIPYs without 

isolation, this can lead to lower yields and complex separation in the final step75. 

A common method for introducing substituents at the 3- and 5-positions of the BODIPY 

core involves de novo syntheses with appropriately substituted pyrroles. Through the development 

of a nucleophilic substitution on the 3,5-dichloro-BODIPY called nucleophilic aromatic 

substitutions (SNAr), it achieves the same outcome as the de novo synthesis. Nucleophiles such 

as alkoxides, amines, thioalkoxides, and the diethyl malonate anion have been used to create 

monosubstitution or disubstitution products making it valuable for accessing asymmetric and 

symmetric, hetero-substituted BODIPY dyes90,91. Spectroscopic studies on BODIPY compounds 

with electron-donating groups at the 3- and 5-substituents show significant effects on absorption 

and emission spectra, leading to bathochromic shifts and changes in fluorescence quantum 

yields10. Starting materials like 8-(ˆ-haloalkyl)-BODIPY dyes are versatile, serving as precursors 

for various compounds, including fluorescent electrophiles, disulfides for chemoselective labeling, 

fluorescent amino acids, and chemosensors for metal ions92. 

One quick mention is the synthesis of BODIPY dyes via palladium-mediated C-H 

functionalization93. This method offers a direct method to extend the conjugation of the BODIPY 

core without the need for halogenated or metalated intermediates. This approach yields highly 

fluorescent mono- or disubstituted dyes. 

The synthesis of aryl BODIPYs involves condensing pyrroles with acyl chlorides94. 

Pyrroles are prepared via Suzuki couplings of N-tert-butoxycarbonyl-2-bromo-pyrrole and the 

removal of the BOC-protecting group yields the desired aryl pyrroles, which decompose rapidly 

under acidic conditions. 3,5-Diaryl BODIPY dyes obtained from these pyrroles via a two-step 

process involving 4-iodobenzoyl chloride, extend the conjugation of the BODIPY systems and 
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shift their absorption and emission maxima to longer wavelengths. It's important to note that the 

fluorescence of BODIPYs in solution can be reduced due to intermolecular stacking, resulting in 

two geometrically distinct forms: H- and J-dimers10. 

BODIPY dyes containing methyl substituents at the α-positions can be synthesized through 

condensation reactions involving commercially available pyrroles such as 2,4-dimethyl pyrrole or 

2,4-dimethyl-3-ethyl pyrrole. Subsequently, these 3,5-dimethyl-substituted BODIPYs can 

undergo functionalization via Knoevenagel-type condensation chemistry, where the methyl groups 

are replaced with alkenyl groups, thereby altering their photophysical characteristics. This method, 

initially developed by Glossman et al.95, has become widely utilized to produce functionalized 

BODIPYs. One application involves the synthesis of styryl-BODIPY derivatives by condensing 

3,5-dimethyl-BODIPYs with aromatic aldehydes96. The outcome of this reaction varies depending 

on the specific aldehyde used, with a p-dialkylaminobenzaldehyde favoring single condensation 

and a 4-alkoxybenzaldehydes yielding mixtures of one and two condensations. These condensation 

processes lead to BODIPY derivatives exhibiting red-shifted fluorescence, with their spectral 

properties, including UV absorption and fluorescence emissions, being influenced by solvent 

polarity. Additionally, the presence of amino substituents in styryl systems can further affect the 

spectral properties, with protonation having an impact on fluorescence behavior. 

Another aspect worth mentioning is the concept of Energy Transfer Cassettes, which some 

upcoming BODIPYs are involved in. These refer to molecular systems where two fluorescent 

entities are combined within the same molecule. One of these entities, known as the donor, 

efficiently absorbs radiation at a specific excitation wavelength and transfers this energy to the 

second fluorescent moiety, referred to as the acceptor, which emits light at a longer wavelength. 

This process can occur through different mechanisms, including through-space energy transfer, 
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where the energy is transferred without direct molecular contact, or through bonds in the molecule. 

Such cassettes, especially those incorporating BODIPY dyes, are useful for DNA sequencing, 

where four distinct fluorescent outputs are required using only one excitation wavelength97. The 

efficiency of through-space energy transfer depends on factors like spectral overlap, donor-

acceptor distance, orientation, and alternative de-excitation modes. Despite their utility, cassettes 

described in this context lack a clear mechanism for energy transfer through bonds. 

Functionalization extends beyond the carbon atoms within the BODIPY ring, 

encompassing substitutions of both the fluoride atoms within the boron complex and the boron 

itself. Regarding fluorine substitution, five significant alterations are possible. The first involves 

the introduction of alkyl groups. Numerous dialkyl-B BODIPY compounds have been synthesized 

via reactions involving dipyrromethenes and various boron-containing reagents such as 

bromodimethylborane, dibutyl boron triflate, or 9-BBN triflate10. The steric bulkiness at the boron 

atom in these compounds was found to be inversely correlated with their fluorescence quantum 

yields. While substituents at the meso-position had minimal impact on UV absorption and 

emission spectra, the fluorescence quantum yields were significantly influenced by the nature of 

the aryl group. The imposition of steric constraints on the aryl ring increased quantum yield, as 

observed in specific compound comparisons10. 

The second involves the use of Aryl Grignards that can replace fluoride in the boron 

difluoride entity of BODIPY dyes. At 0°C, even with excess Grignard reagent, only 

monosubstituted products were obtained, while disubstituted products were formed by adding the 

Grignard reagent at room temperature. Conversely, the reaction with aryl lithium reagents was 

much faster, yielding only disubstituted products, even with just one equivalent of anion added. 

The resulting new dyes are highly fluorescent in solution, with absorption maxima showing slight 
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redshifts in more polar solvents due to the minimization of interactions with the B-aryl groups. 

Also, the fluorescence emission maxima are red-shifted relative to the parent BF2 structures. The 

aromatic substituents' UV absorbance in these compounds suggests their potential as energy 

transfer cassettes98. If the B-Ar groups exhibit high extinction coefficients, this property could hold 

significance. However, at present, there is no immediate application for this effect. 

The next method involves Aryl Grignards, which possess the ability to displace fluoride in 

the boron difluoride core of BODIPY dyes. At 0°C, despite an excess of Grignard reagent, only 

monosubstituted products were obtained, while disubstituted products resulted from the addition 

of the Grignard reagent at room temperature. In contrast, the reaction with aryl lithium reagents 

proceeded much faster, exclusively yielding disubstituted products, even with just one equivalent 

of anion added. These newly formed dyes exhibit high fluorescence in solution, with absorption 

maxima displaying slight redshifts in more polar solvents, attributed to reduced interactions with 

the B-aryl groups. Furthermore, fluorescence emission maxima are shifted towards longer 

wavelengths compared to the parent BF2 structures10. 

Third is acetylide anions serving as effective nucleophiles for displacing fluoride from the 

boron difluoride core of BODIPY dyes. Complexes such as pyrromethene dialkynyl boranes were 

synthesized from 4-lithioethynyltoluene and 1-lithioethynylpyrene, resulting in distinct BODIPY 

and ethynylaryl components in the absorption spectra as the BODIPY core and ethynylaryl are not 

in conjugation with each other10. These complexes emit strongly with high fluorescence quantum 

yield upon excitation, indicating efficient energy transfer from the pyrene to the indacene moiety. 

Trimethylsilylacetylide can be added to displace fluoride from BODIPYs, followed by desilylation 

and Sonogashira coupling with the terminal alkyne99. Terminal alkynes can also undergo oxidative 

dimerization to yield butadiynes99. Additionally, dyes based on diisoindolodithienylpyrromethene-
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dialkynyl borane complexes exhibit long-wavelength emissions, with efficient energy transfer to 

the central dipyrromethene core observed upon irradiation of the pyrene and perylene units100. 

The fourth type involves alkoxide groups, which were generated by reacting the 

corresponding BF2 compound with sodium methoxide in methanol. The altering of the B-

substituents had little effect on the electronic states of the boroindacene core, indicated by similar 

absorption and emission spectra to the initial material101. These methoxy-substituted products had 

enhanced water solubility compared to their BF2 counterparts. Another investigation into B-OR 

BODIPYs was able to be synthesized by treating the corresponding BODIPY with various alcohols 

in the presence of aluminum trichloride, examining a broader array of alcohols, encompassing 

simple alkoxy, aryloxy, and diol-derived systems102. Minor alterations to the absorbance and 

emission spectra across this series were found with dialkoxy-BODIPYs displaying superior 

fluorescence quantum yields compared to diaryloxy ones, while binaphthol- and catechol-derived 

systems exhibited notably poor quantum yields. Also, De la Moya et al. recently reported the 

synthesis of a series of BODIPY dyes where the fluorine atoms were replaced with enantiopure 

BINOL ligands in the presence of aluminum trichloride103. Using (1R)-BINOL or (1S)-BINOL, 

homochiral BODIPYs were synthesized from a commercially available dye, resulting in efficient 

emitters of circularly polarized light (CPL) upon irradiation. 

Lastly is the substitution of fluorine atoms in BODIPY dyes with heavier halogens like 

chlorine or bromine to yield BCl2- or BBr2-chelated BODIPYs which enhance the substitutability 

of boron centers enabling diverse synthetic pathways for boron-substituted BODIPYs75. Lundrigan 

and Thompson demonstrated the straightforward conversion of BF2-chelated BODIPYs to BCl2-

BODIPYs using BCl3, which could further react to produce various derivatives. De la Moya et al. 

utilized BCl2-BODIPY intermediates to synthesize N,N,N,N-BODIPYs by introducing electron-
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withdrawing bidentate sulfonamide ligands, while other researchers employed similar strategies 

with Lewis acid activation to access a range of boron-functionalized BODIPYs104,105. Additionally, 

BBr2-BODIPYs were synthesized through the reaction of BF2-chelated BODIPYs with BBr3, 

albeit further research on the chemistry of these derivatives is needed106. 

The BODIPY core is defined by its boroindacene unit, although certain dipyrromethene 

anion complexes involve alternative metals and display notably strong fluorescence. When free 

base dipyrrins interact with various metal salts, they form the corresponding metal complex, but 

their fluorescence properties have been relatively underexplored and typically assumed to be 

nonfluorescent. The initial discovery of fluorescent properties without a boroindacene unit came 

in 2003 with zinc complexes107. These complexes demonstrate mild fluorescence, with one 

exhibiting enhanced emission due to constrained rotation of the meso-phenyl group. Additionally, 

porphyrin or phthalocyanine complexes of group 13 metals can emit fluorescence, prompting the 

synthesis of fresh dipyrromethene compounds from gallium(III) and indium(III), which emit green 

light when dissolved in hexanes108. Nanoarchitectures have also been engineered using zinc, 

cobalt, nickel, and copper with dipyrromethene-based ligands, robust fluorescence is solely 

observed in zinc complexes109. The fluorescence emission peaks differ based on the solvent, with 

no emission detected in acetonitrile likely attributable to particle aggregation. Fluorescence 

emission at a submicron scale was detectable in particles derived from Zn-bridged dipyrromethene 

oligomers. This finding is noteworthy since quantum dots formed from clusters of inorganic 

compounds are notably larger10. 

One last mention of BODIPY modification is the creation of Aza-BODIPY dyes. Aza-

BODIPY dyes have the BODIPY core meso-position carbon replaced with nitrogen causing 

narrowing of the HOMO-LUMO band gap and shifting spectral bands towards the near-infared 
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(NIR) region10,110. This narrowing does reduce the quantum yields of such dyes making them 

significantly lower compared to more standard BODIPY dyes. The synthesis of these dyes is 

generally carried out through three separate pathways. First, O’Shea’s method is a Michael 

addition of chalcones with nitromethane, cyclization of resulting 1,3-diaryl-4-nitrobutan-1-one to 

form aza-dipyrromethenes and subsequent complexation with boron trifluoride111. Second, 

Carreira’s method is cyclizing 2,4-diaryl-pyrroles followed by boron trifluoride complexation112. 

Last, Lukyanets’ method, is the reaction of phthalonitrile and aryl Grignard reagents, followed by 

boron trifluoride complexation113. 

Overall BODIPY dyes offer a versatile platform for functionalization and utility for SMLM 

due to their molecular structure having high reactivity and photophysical properties. The rigid 

backbone of BODIPY provides stability and rigidity, allowing for precise modification at various 

positions without compromising its core structure. Functional groups can be introduced onto the 

BODIPY scaffold through synthetic strategies such as direct substitution, nucleophilic addition, or 

metal-catalyzed coupling reactions. These functionalizations enable fine-tuning of the 

photophysical properties, such as absorption and emission wavelengths, flourecence quantum 

yields, and molar extinction coefficients, making BODIPY dyes highly customizable for specific 

applications. Furthermore, the ability to attach targeting ligands, reactive moieties, or biomolecules 

onto BODIPY scaffolds facilitates their use in a wide range of fields including fluorescence 

imaging, photodynamic therapy, sensor development, and molecular probes.  

2.3 Single-Molecule Fluorescence Spectroscopy Heterogeneity 

Single-molecule fluorescence spectral heterogeneity (smFLUSH) refers to variations in the 

spectral properties of same types of fluorophores used for labeling biological samples during 

single-molecule emission15. Each sample will have a deviation from the highest emission spectral 



   

41 

 

peaks or intensity-weighted spectral centroid and the statistical variation of the spectral signatures 

typically follows a normal distribution. The smFLUSH is quantified as the standard deviation of 

this normal distribution, which ranges from 1-15 nm, or translates to a spectral shift up to 100 nm 

at the single-molecule level. The degree of smFLUSH is critical for understanding the 

fluorophore’s performance for their sSMLM multiplexed imaging capability. To determine this 

standard deviation each dye is introduced onto a bare cover glass and measured under sSMLM 

conditions to collect spectral data to determine a dye's spectral heterogeneity. 

As for what causes this phenomenon and the properties behind how it works it is still being 

studied and no root cause has been identified yet. Trends however have been observed, for instance 

in rhodamine dyes it is generally observed that their heterogeneity is high in SMLM since the late 

20th century15,114,115. Only recently with the creation of sSMLM and the need for closely related 

spectrums to be distinctly separated has more research and development been dedicated to spectral 

heterogeneity studies. The latest research to dive into the heterogeneity problem and the core 

relationships has been by Yang Zhang et al15. They introduced an approach for high-throughput 

single-molecule spectroscopy utilizing sSMLM by reducing the slit width of the spatial image to 

a narrow 50 µm. This technique optimizes molecular sparsity and implements line scans across 

the field of view, thereby extending measurement capabilities to include non-blinking 

fluorophores. Fluorophores from the Rhodamine family were chosen as the model system for their 

experiments, with minor molecular conformation differences mimicking intramolecular 

coordinate variations. Through experimentation, they collected approximately 5,000 single-

molecule emission spectra for each fluorophore species. Subsequent statistical analyses quantified 

spectral variations among individual single-molecule spectra, enabling the measurement of 

smFLUSH. By correlating smFLUSH with the distinct structural features of these fluorophores, 
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they investigated potential origins associated with polarity, structural, and conformational changes 

within Rhodamines. 

Their findings through quantifying smFLUSHs from nine structurally relevant 

fluorophores on various substrates, including glass and PS, found that single-molecule spectral 

diffusion and environmental polarity changes were not the primary causes of smFLUSH. It was 

also found that the rotational flexibility of N,N-dialkylated amino groups contribute significantly 

to smFLUSH, with a 2.5 nm increase in standard deviation (STD) and accounting for 47% of the 

overall smFLUSH variance. Despite observing high smFLUSH in structurally rigid fluorophores, 

it was hypothesized that remaining smFLUSH could stem from variations in Stokes shift and other 

uncommon nuclear coordinate changes. Other than this paper, nothing has been explored on the 

relationship between the structure of the dye and its spectral heterogeneity. Although there is no 

structural indication, rhodamine dyes, in which BODIPYs are included, have been known to have 

high heterogeneity. 

 



   

43 

 

Chapter 3: BODIPY Synthesis 

3.1 BODIPY Structure Reasoning 

For the BODIPY structure being developed for sSMLM, the ideal properties to be achieved 

were spectrally distinct molecules with high quantum yields for visualization and separation of 

interactions to the BODIPY core with ligand attachment. Previous literature states that the addition 

of a phenol ring on the meso-position of the core and sterically hindering methyl groups on the 1 

and 7 positions of the BODIPY core cause a perpendicular alignment of the phenol from the 

BODIPY core116. This alignment brings anything attached above the phenol out of planarity and 

resonance with the rest of the chromophore, effectively separating the spectroscopic properties of 

the BODIPY dye from the phenol.  

The other aspect of BODIPY dye is the spectral shift, previous literature has also 

determined that the addition of indolenine and benzene causes large redshifts to the BODIPY by 

extending the conjugation with the shift approximately adding 50nm for each117. With the addition 

of auxochromes to the BODIPY on these extended conjugation chains, smaller redshifts can be 

introduced. Found in literature, the addition of a methoxy group to the para position of the benzene 

ring and the carbon on the six-membered ring carbon closest to the nitrogen will cause a red shift 

adding approximately 10-15 nm to the absorption and emission max of the molecules. 

By combining these two properties, the BODIPY dyes developed would have theoretical 

spectroscopic properties allowing for their use in sSMLM (pending heterogeneity) with enough 

spectral separation. With the ability to functionalize the phenol on top of the BODIPY without 

impacting the spectral properties, a click reaction site can be added providing an area for ligand 

attachment for imaging use with PAINT-based methodology for SMLM. These designs are 

reflected below in Figure 13. 



   

44 

 

Figure 13: Structures of Proposed BODIPY Probes. Probes 1a and 1b show the precursors of 

probes 2a-2d. Probes 2a and 2b show the addition of indol group approximating an initial shift 

of ~50 with 2a and an extra ~15 for 2b due to the addition of a methoxy group. 2c and 2d also 

have the indol group with another addition of the toluene group further increasing the spectrum 

shift to the right by ~60 and the extra ~15 for 2d from the addition of the methoxy group. 
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3.2 BODIPY Synthesis Methodology and Characterization 

Chemicals were purchased from commercial sources and used as received. For the 

synthesis of 1a, BODIPY’s 2,4-Dimethyl-3-ethyl pyrrole (0.31g (0.34 ml), 2.5 mmol) at 2 

equivalence was combined with 1 equivalence of 4-Hydroxylbenzaldehyde (0.171g, 1.4 mmol) 

and approximately 20ul of trifluoroacetic acid in dichloromethane to form the intermediate 4-

(bis(4-ethyl-3,5-dimethyl-1H-pyrrol-2-yl)methyl)phenol after two hours (Figure 10). Without 

separation, the intermediate is oxidized with chloranil (0.331g, 1.3 mmol) for two minutes, and 

then subsequent treatment with N,N-Diisopropylethylamine (1.163g, 9 mmol) and the addition of 

Boron trifluoride etherate (1.99g (1.7ml), 14 mmol) formed the final mixture. This mixture was 

then concentrated under vacuum and subsequently purified by column chromatography [SiO2, 

hexanes/AcOEt (70:30, v/v)] to give 1 (315 mg, 63%) as an orange solid; 1H NMR (CDCl3): δ 

7.06 (2H, d), 6.88 (2H, d), 4.98 (1H, s), 2.45 (6H, s), 2.23 (4H, q), 1.28 (6H, s), 0.91 (6H, t). 

Synthesis of 1b consisted of a degassed solution of 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ, 240 mg, 1.06 mmol) in tetrahydrofuran (10 mL) was added dropwise to a 

solution of 1a (100 mg, 0.25 mmol) in tetrahydrofuran (15 mL) and H2O (0.15 mL) maintained at 

0 °C under Ar. The mixture was allowed to warm up to ambient temperature, stirred for a further 

12 h under these conditions, diluted with AcOEt (30 mL), and washed with H2O (2 × 20 mL). The 

organic layer was dried over Na2SO4, and the solvent was distilled off under reduced pressure. 

The residue was purified by column chromatography [SiO2, hexanes/AcOEt (95:5 → 80:20, v/v)] 

to give 1b (43 mg, 42%) as an orange/red solid; 1H NMR (CDCl3): δ 10.42 (1H, s), 7.17 (2H, d, J 

= 8.5 Hz), 7.02 (2H, d, J = 8.6 Hz), 5.25 (1H, s), 2.73 (3H, q, J = 7.5 Hz), 2.67 (3H, s), 2.73 (3H, 

q, J = 7.5 Hz),  2.67 (3H, s), 2.38 (3H, q, J = 7.6 Hz), 1.46 (3H, s), 1.37 (3H, s), 1.05 (6H, td, J = 

7.5, 2.3 Hz). 
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Synthesis of 2a was conducted with a solution of 2 (100mg, 0.3 mmol), 2,3,3-

Trimethylindolenine (50 μl, 0.3 mmol), and tetrahydrofuran (100 μl, 1.3 mmol) dissolved in 

ethanol. This solution was heated for 24 hours under reflux conditions. After the solution was 

concentrated under vacuum and dissolved in dichloromethane (20 ml). Subsequent washing with 

saturated NaHCO3 (2 x 20 ml) and drying with Na2SO4 occurred. The residue was purified by 

column chromatography [SiO2, hexanes/AcOEt (75:25 → 65:35, v/v)] to give 2a (71mg, 43%) as 

a purple/blue solid. MALDI/TOF: m/z = 552.336 [M + H]+ (m/z calcd. for C34H36BF2N3O = 

552.292); 1H NMR (CDCl3): δ 10.42 (1H, s), 7.17 (2H, d, J = 8.5 Hz), 7.02 (2H, d, J = 8.6 Hz), 

5.25 (1H, s), 2.73 (3H, q, J = 7.5 Hz), 2.67 (3H, s), 2.73 (3H, q, J = 7.5 Hz),  2.67 (3H, s), 2.38 

(3H, q, J = 7.6 Hz), 1.46 (3H, s), 1.37 (3H, s), 1.05 (6H, td, J = 7.5, 2.3 Hz). 

Synthesis of 2b was conducted with a solution of 1b (113mg, 0.28 mmol), 5-methoxy-

2,3,3-trimethyl-3H-indole (157mg, 0.83 mmol), and tetrahydrofuran (87 μl, 1.13 mmol) dissolved 

in ethanol. This solution was heated for 24 hours under reflux conditions. After the solution was 

concentrated under vacuum and dissolved in dichloromethane (20 ml). Subsequent washing with 

saturated NaHCO3 (2 x 20 ml) and drying with Na2SO4 occurred. The residue was purified by 

column chromatography [SiO2, hexanes/AcOEt (70:30 → 50:50, v/v)] to give 2b (99mg, 61%) as 

a violet/blue solid. MALDI/TOF: m/z = 582.323 [M + H]+ (m/z calcd. for C34H36BF2N3O2 = 

581.303); 1H NMR (700 MHz, Acetone) δ 8.06 (d, J = 17.1 Hz, 1H), 7.35 (d, J = 8.4 Hz, 1H), 7.11 

– 7.09 (m, 2H), 7.04 (d, J = 17.1 Hz, 1H), 6.97 – 6.94 (m, 2H), 6.78 (dd, J = 8.4, 2.5 Hz, 1H), 4.98 

(s, 1H), 3.73 (s, 2H), 2.56 (q, J = 7.5 Hz, 2H), 2.47 (s, 2H), 2.28 (q, J = 7.6 Hz, 2H), 1.39 (s, 5H), 

1.35 (d, J = 3.0 Hz, 5H), 1.05 (t, J = 7.6 Hz, 3H), 0.90 (t, J = 7.6 Hz, 3H). 

Synthesis of 2c was conducted with a solution of 2a (57.5mg, 0.1 mmol), Benzaldehyde 

(20.4 μl, 0.2 mmol), piperidine (145 μl), and acetic acid (153 μl) all dissolved in toluene. This 
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solution was heated for 24 hours with a Dean-Stark trap and reflux condenser for reflux conditions. 

After the solution was concentrated under vacuum and dissolved in ethyl acetate (20 ml). Drying 

with Na2SO4 occurred and the residue was purified by column chromatography [SiO2, 

hexanes/AcOEt (90:10, v/v)] to give 3c (13mg, 20%) as a blue solid. MALDI/TOF: m/z = 640.340 

[M + H]+ (m/z calcd. for C41H40BF2N3O2 = 639.323). 1H NMR (700 MHz, Acetone) δ 8.27 (d, J = 

17.1 Hz, 1H), 7.89 (d, J = 16.9 Hz, 1H), 7.71 (d, J = 7.5 Hz, 1H), 7.52 – 7.48 (m, 1H), 7.29 (d, J = 

8.4 Hz, 1H), 7.13 (d, J = 8.4 Hz, 1H), 6.94 (d, J = 2.5 Hz, 1H), 6.93 (d, J = 2.5 Hz, 1H), 2.34 – 

2.31 (m, 1H), 2.31 – 2.28 (m, 1H), 1.54 (s, 1H), 1.53 (s, 1H), 1.43 – 1.35 (m, 7H). 

Synthesis of 2d was conducted with a solution of 2b (35.5 mg, 0.06 mmol), Benzaldehyde 

(13 μl, 0.12 mmol), piperidine (88 μl), and acetic acid (93 μl) all dissolved in toluene. This solution 

was heated for 24 hours with a Dean-Stark trap and reflux condenser for reflux conditions. After 

the solution was concentrated under vacuum and dissolved in ethyl acetate (20 ml). Drying with 

Na2SO4 occurred and the residue was purified by column chromatography [SiO2, hexanes/AcOEt 

(90:10, v/v)] to give 3d (10mg, 25%) as a blue solid. MALDI/TOF: m/z = 670.346 [M + H]+ (m/z 

calcd. for C42H42BF2N3O2 = 669.334). 1H NMR (700 MHz, CDCl3) δ 8.13 (d, J = 17.4 Hz, 1H), 

7.82 (d, J = 16.8 Hz, 1H), 7.65 (d, J = 7.5 Hz, 1H), 7.59 (d, J = 8.4 Hz, 1H), 7.46 (t, J = 7.6 Hz, 

1H), 7.39 – 7.36 (m, 1H), 7.30 (s, 1H), 7.19 (d, J = 8.4 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 6.94 (d, 

J = 2.4 Hz, 1H), 6.91 (d, J = 2.5 Hz, 1H), 6.90 (d, J = 2.5 Hz, 1H), 5.32 (s, 1H), 2.68 – 2.64 (m, 

2H), 1.45 (s, 1H), 1.42 (s, 1H), 1.19 (dt, J = 11.6, 7.6 Hz, 3H). 
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Figure 14: 1H NMR of BODIPY 1a 
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Figure 15: 1H NMR of BODIPY 1b 
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Figure 16: 1H NMR of BODIPY 2a 

 

Figure 17: [M + H]+ Mass Spectrum of 2a 

 



   

51 

 

Figure 18: 1H NMR of BODIPY 2b 

 

Figure 19: [M + H]+ Mass Spectrum of 2b 
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Figure 20: 1H NMR of BODIPY 2c 

 

Figure 21: [M + H]+ Mass Spectrum of 2c 
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Figure 22: 1H NMR of BODIPY 2d 

 

Figure 23: [M + H]+ Mass Spectrum of 2b 
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Chapter 4: Spectroscopic Analysis 

4.1 BODIPY Absorption Data 

All the data from both absorption and emission was taken on a Horiba Duetta fluorescence 

and absorption spectrometer. The absorption of each of the dye molecules was collected with 

emphasis on the absorption rating being below 0.1 AU. This is because the reabsorption effect can 

interfere with these measurements at values above 0.1 AU. Reabsorption effects, also known as 

self-absorption or self-quenching, occur in fluorescence when the emitted photons from a 

fluorophore are absorbed by a nearby molecule of the same type before they can escape the sample, 

leading to a reduction in the fluorescence intensity. This reduction can affect the accuracy of 

fluorescence measurements, particularly in densely labeled samples where  

Figure 24: Normalized Absorbance Spectrum of BODIPY Dyes 2a-2d (Orange, Blue, Grey, and 

Yellow curves respectively). The graph below shows the absorbance of all synthesized BODIPY 

derivatives absorption normalized to 1 AU. 
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fluorophores are in proximity to each other. The likelihood of reabsorption events depends on the 

distance between fluorophores, with closer distances increasing the probability.118 Each 

measurement was also blanked to remove background interference and the excitation beam during 

emission. Above, Figure 22 provides the absorbance spectrums of BODIPY dyes 2a-2f 

normalized. 

4.2 BODIPY Emission Data and Quantum Yield 

The emissions data was collected and normalized to provide Figure 23. As expected from 

BODIPY dyes, the emission from each is a narrow range of effectively 50nm for the indolenine 

functionalized dyes 2a-2b highest emission area, while the ones functionalized with both the 

indolenine and the benzaldehyde have a larger emissions curve at a 10-15nm increase in the 

spectrum curve length in comparison the indolenine lonely functionalized. This is due to the 

conjugated pi systems becoming larger, causing the energy gap for the HOMO LUMO pie-pie* 

transition to become increasingly narrow, and the wavelength of light absorbed correspondingly 

becomes longer.  

Figure 25: Normalized BODIPY Fluorescence Emission Spectra of 2a-2d (Orange, Blue, Grey, 

and Yellow curves respectively). 
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The emission of each dye was taken at separate excitation energy as to avoid excitation 

overlap in the emission regions. As expected, with the addition of the methoxy group in the 

indolinone and benzene, the emission peak of each dye was red-shifted approximately 10-15 nm 

which can be seen clearly in Table 1.  

Table 1: BODIPY Dye Spectroscopic Profile Table. Absorption and emission wavelength of the 

highest AU and intensity from the spectrum for each dye are provided below. The excitation 

wavelength for each dye used in emission measurements is provided. Quantum Yield 

measurements for each dye are also provided. 

Dye Highest 

Absorbance 

Intensity Peak 

(nm) 

Excitation 

wavelength 

(nm) 

Highest emission 

intensity wavelength 

(nm) 

Quantum 

Yield 

(Φ) 

2a 590 540 602 0.54 

2b 596 550 615 0.44 

2c 650 625 665 0.12 

2d 658 640 678 0.04 

 

Table 1 shows the overall data acquired by each of the dyes with the maximums from 

emissions and absorbance already explained. One other aspect of importance is the quantum yield 

measurement. Using the equation 𝛷𝑓,𝑥 = 𝛷𝑓,𝑠𝑡 ∙
𝐹𝑥

𝐹𝑠
∙
𝑓𝑠𝑡

𝑓𝑥
∙
𝑛𝑥
2∗(𝜆𝑒𝑚)

𝑛𝑠𝑡
2 (𝜆𝑒𝑚)

 where Φ represents the quantum 

yields of both the standard (f,st) and the molecules being studied (f,x)119. This equation measures 

the quantum yield, excitation wavelength absorption, and the area of emission of a standard that 

has similar spectral absorption and emission as the measured molecule to give the quantum yield 
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of the fluorescent molecule being measured. For dyes 2a and 2b Cresyl Violet Perchlorate was 

used as a standard due to the properties mentioned above and good quantum yields of 0.54 and 

0.44 were measured as a result. As for dyes 2c and 2d the standard used was Alexa Fluor 647 

which calculated 0.12 and 0.04 for the dyes. Although relatively small, the large molar absorption 

of the BODIPY dyes offset this value still allowing for the use of these molecules in sSMLM 

though with high laser power which may affect the cell’s interactions that are being measured. 
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Chapter 5: Single-Molecule and Subcellular Imaging 

5.1 Microscope Setup and Imaging Methods 

The detailed setup of our sSMLM system is reported below. The excitation sources were 

the 561nm from photonic solution’s LaserBoxx LCX-561L (1a, 2a-b), and 640nm LaserBoxx 

LPX-640L (2c-2f) continuous-wave laser with maximal power of 220 mW and 520 mW 

respectively. The power densities of the laser output measured at the back port of the microscope 

are ~50-200 W cm-2. The samples were mounted on a Nikon Eclipse TiE2 microscope stage and 

imaged under a Total Internal Reflection Fluorescence (TIRF) objective (Nikon CFI apochromat 

× 100, 1.49 numerical aperture). The collected fluorescence photons were passed through a blazed 

dispersive grating (100 grooves per mm, STAR100, Panton Kawskely Education Ltd.). The image 

was then split into a non-dispersed zero-order image and a spectrally dispersed first-order spectral 

image. Both the zero-order and the first-order images can be collected by an sCMOS camera 

(Prime 95B, Teledyne) simultaneously. A calibration curve was obtained by fitting the wavelength 

information provided by a fluorescence calibration source (OttLite 24W LED) with distinct 

emission peaks at 436.6, 487.7, 546.5, 611.6 nm and the corresponding zeroth-order to first-order 

pixel location with a linear polynomial function. The spectral dispersion of the system was also 

determined to be ~ 3 nm/pixel from the slope of a calibration curve. The single-molecule emission 

spectra were calibrated using the single-molecule locations in the spatial channel as references and 

further interpolated to each wavelength unit from 500-800 nm. The cCMOS camera acquired 

images at an exposure time of 100 ms. 

Once calibrated the samples are prepared for heterogeneity testing on the microscope. To 

prepare each sample 10ul of an original sample is diluted in methanol to create a standard for later 
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measurements if necessary. The first sample is serial diluted three times at a factor of 100 to make 

each fluorophore dispersed enough on the cover glass to not interfere with each other’s signals. 

The second and third serial dilutions are then taken and sonicated for 5-10 minutes to prevent 

aggregation and promote dispersion throughout the solvent. Once sonicated, 200ul of the dilution 

was dispersed onto a glass cover and placed into an EZ4 spin coater to centrifuged for one minute 

at 2000 rpm. This process removes excess solvent and fluorophores on the cover glass allowing 

for the best possible separation for visualization. The samples were then placed onto the 

microscope stage with oil immersion between the objective and the sample. 

When the sample is on the stage, the initial step involves opening the NIS Elements 

software (super-resolution imaging program) to begin imaging the sample. The sample is then 

brought into focus, ensuring clarity for subsequent single-molecule imaging. Following this, the 

Perfect Focusing System (PFS) imaging mode was activated to prevent defocusing during the 

movement of the microscope. A scan for 5000 frames at one frame per 20 ms is conducted to 

capture a comprehensive dataset for analysis. To prevent aggregation imaging and ensure the 

acquisition of single molecule spectral data, the stage is manually maneuvered, guaranteeing 

optimal positioning for accurate and detailed examination of the individual molecules. 

After data acquisition, the data was processed with MATLAB. The processing gives the 

following: the weighted average spectral emission data including the emission maximum and 

standard deviation, the photon count, and emission intensity. 

5.2 smFLUSH Results 

As mentioned earlier, smFLUSH refers to variations in the spectral properties of 

fluorophores used for labeling biological samples creating a standard deviation. To determine the 
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smFLUSH each dye was introduced onto a blank cover glass and measured in sSMLM conditions 

under the microscope to determine the spectral heterogeneity of the BODIPY dyes 2a-d. 

For Figures 24-31, each set (such as Figures 24 & 25) shows a pair of heterogeneity 

measurements taken for dyes 2a-2d respectively. Looking at Figures 24 & 25 show the 

heterogeneity data collected for dye 2a. To break down these figures, the far-left side of Figure 24 

shows the 230 single-molecule spectral data collected by our sSMLM system. The y-axis denotes 

the number of events or single molecules that have been acquired during the measurement while 

the x-axis shows the wavelength of which these events occurred over acquiring its single-molecule 

emission spectrum. Also of note is the color each of these events produces indicating the relative 

intensity of the emission event at that particular wavelength (the brighter red, the higher intensity). 

They range from bright to dark with the intensity being the number of photons emitting from that 

molecule. This is how intensely the single molecule is emitting or more specifically the number of 

photons it is emitting during the acquisition. 

For the rest of the figure, the graphs are connected by the main data in the upper middle 

graph. This graph displays events categorized by both the number of emitted photons and the 

maximum wavelength emitted. The photon count represents the number of photons detected from 

a single molecule during emission acquisition by the camera. Events with a photon count below 

500 are omitted due to background fluorescence and noise originating from various sources on the 

glass cover, such as molecules producing faint fluorescent signals or random electronic signals. 

This calculation forms the basis for the standard deviation measurement depicted in the subsequent 

Figures 25, 27, 29, and 31, allowing for an understanding of the target’s smFLUSH. The average 

photon count is indicated at the top of this graph. Below, in the lower section is a histogram of the 

probability distribution that an event will occurr at a specific wavelength. This measurement 
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involves a three-nanometer bin range, collecting the number of events within that range against 

the total number of acquisition events. The right graph illustrates the frequency of single molecules 

emitting at different photon count levels based on the acquired data. On the x-axis, the photon 

count ranges from a minimum set of 500 photons to the maximum observed, while the frequency 

records the number of each event that occurred at that level. In Figure 25, the averaged single-

molecule spectrum among all 230 recorded individual spectra is shown and is consistent with the 

shape and wavelength measured in the solution measurement. This information gives the basis for 

the calculation of the full smFLUSH measurements seen in Table 2. 

Table 2: Heterogeneity Properties 

Dye Average Highest 

Emission Spectrum 

 smFLUSH Average Photon 

Count 

2a 622 8.93 ± 0.515 734 

2b 619 6.44 ± 0.652 640 

2c 667 6.08 ± 0.925 716 

2d 677 5.54 ± 0.124 749 
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Figure 26: smflush data for Dye 2a 

 

Figure 27: Spectrum and Standard Deviation of Dye 2a 
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Figure 28: smflush data for Dye 2b 

 

Figure 29: Spectrum and Standard Deviation of Dye 2b 
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Figure 30: smflush data for Dye 2c 

 

Figure 31: Spectrum and Standard Deviation of Dye 2c 
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Figure 32: smflush data for Dye 2d 

 

Figure 33: Spectrum and Standard Deviation of Dye 2d 
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Figures 24-31 are similar measurements for dye 2b-2d and all single-molecule properties 

are summarized in Table 2. Particularly, from the data in Table 2 the values of 2b, 2c, and 2d are 

as expected with spectrums being within proximity to their values from spectroscopic 

observation in the Duetta. Along comes with good standard deviations below 7 which can allow 

for the introduction of dyes in close spectral proximity. Unusual though, is the values produced 

from measurements of 2a. The average spectrum from multiple measurements produced an 

emission of 622 which is far from the observed emission of 602 in the Duetta. Multiple 

measurements were taken on different days and confirmed with a known standard confirming 

that there was no setup error. Also, the dye was both purified and checked on the Duetta the 

same day as one of the measurements to confirm this observation. 

5.3 Imaging of Untargeted BODIPY Dyes 

In addition to assessing smFLUSH, BODIPY dyes (1a, 2c) were introduced into live human 

model cell line (U2-OS) to determine their respective attractions within the cellular environment, 

using the non-ligand functionalized and nonfunctionalized variants. 
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Figure 34: Brightfield Image of BODIPY (Dye 1a) Stained Cells. 

 

Figure 35: Excitation Image of Cells Stained with BODIPY Dye 1a 
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Figure 36: Brightfield Image of Cells Immersed in Dye 2c 

 

Figure 37: Excitation Image of Cell Stained with BODIPY Dye 2c 
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Figures 32 & 34 above show the brightfield cell image under normal light to ascertain cell 

structure, while Figures 33 & 35 show an unfunctionalized version of the BODIPY dye 

accumulated in the cell. BODIPY Dye 1a in Figure 33 was observed to be deposited into 

lysosomes upon introduction into the cell which compared with the white image shows 

accumulation away from the nucleus of the cell. The functionalized version in Figure 34 shows a 

similarity in the accumulation area that was observed for dye 1a. From this, it can be stated that 

the functionalized BODIPY versions have no change of accumulation target in the cell. 
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Chapter 6: Conclusions and Future Work 

6.1 Conclusions 

Overall, the development of four spectrally distinct dyes were created with an untargeted 

affinity towards the lysosomes of cells. Each dye can be further functionalized at a later stage to 

target specific sites on a cell without impacting the spectral properties due to the addition of the 

phenol group bringing the targeting portion of the dye out of planarity with the chromophore core. 

The spectral analysis confirmed the distinctiveness of each dye's spectral properties, each being 

approximately 15nm apart along with quantum yields being sufficient to obtain single molecule 

imaging. The spectral heterogeneity experiments showed that each dye had a heterogeneity lower 

than 10 with the best being dyes 2c and 2d which may have some correlation with extended 

conjugation decreasing both heterogeneity and quantum yield as it increases. Further development 

of these dyes can be undertaken with the addition of ligand targeting to the phenol, further 

functionalization of the BODIPY dyes with changes or additions to the benzene ring and the 

indolinone moiety, and the categorization of fluorescence lifetime experiments to obtain greater 

individualistic characteristics for each dye. 

6.2 Future Work 

6.2.1 Ligand Targeting 

The attachment of ligands to the dye is an important aspect of the targeting of organelles 

of the cell. To facilitate this, the phenol group was added to the top of the BODIPY to both allow 

the functionalization of a Click Reaction site and the removal of spectral interference from the 

ligand attachment. The Click Reaction, also known as the Huisgen cycloaddition, involves the 

coupling of azides and alkynes to form 1,2,3-triazoles, typically catalyzed by copper(I) ions. The 

reaction is highly efficient, selective, and bioorthogonal, making it valuable for a range of 
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applications, including drug discovery, materials science, and bioconjugation120. Its versatility 

and compatibility with a variety of functional groups allow for the attachment of various ligand 

groups to the dyes without complications. 

The click reaction site can be created through esterification with an alkyne onto the 

hydroxyl group of the phenol. This can then be clicked with a ligand that has the receiving azide 

group, creating the finalized dye. Examples of possible binding units can be found in literature 

such as the mitochondria binding ligand triphenyl phosphate or the endoplasmic reticulum with 

the addition of a chlorine group121–123. However, the kinetics of these bindings will need to be 

fine-tuned to allow for optimal conditions for PAINT. 

6.2.2 Further BODIPY Functionalization 

In literature, as mentioned through this work, BODIPY dyes have a vast amount of 

functionalization that can be achieved. The major aspects of this work involve the addition of 

indolenine and benzene to the BODIPY to extend conjugation and the addition of an electron 

donating group and the para position of the benzene and 5 position of the indole. The change in 

spectral properties can be further explored with the addition of various electron-donating and 

withdrawing groups to the indole, benzene, and even the BODIPY core itself to see the changes 

that this may cause on the spectral properties. 

As a reference to the functionalization of the indole, Jian Wen and Zhuangzhi Shi’s paper 

on Innovative Strategies for Site-Selective Functionalization of Indole C−H Bonds provides some 

of the possible functionalization that can be added to the BODIPY’s indole124. The paper outlines 

additions of halogen groups to different carbons which can act as electron-withdrawing groups 

on conjugation and spectral emission, phenol groups added to carbon seven of the indole ring 
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allowing for extended conjugation and therefore larger shift in the spectrum, and many other 

modifications. 

6.2.3 Fluorescence Lifetime Experimentation 

Along with the spectral property aspect of distinguishing these BODIPY dyes, there is the 

fluorescence lifetime of the dyes that can help distinguish between multiple fluorophores. 

Fluorescence lifetime refers to the average time it takes for an excited fluorophore to return to its 

ground state after being excited by light. The time it takes for this process to occur can vary, and 

fluorescence lifetime measures this duration. Below in Figure 36 is the microscope setup for 

fluorescence lifetime and SMLM combined:  

“ The pulsed 640 nm excitation light is converted to circular polarization with a quarter 

wave plate (QWP), passes through a single mode fiber (SMF), is reflected by a dichroic mirror 

(DM) into a galvanometric laser scanner and focused by the objective. The collected fluorescent 

emission from the sample is descanned, passes the DM, and is focused on the pinhole (PH) and 

then on the single-photon detector (APD) using the lenses (L1, L2, and L3). The long-pass filter 

(LP)and the band-pass filter (BP) are blocking scattered excitation light. (b) The scanning 

SMLM data analysis from raw data to reconstruction was done in an extended version of 

TrackNTrace125. ” 
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Figure 38: Fluorescence-Lifetime Confocal Laser-Scanning Microscopy SMLM Measurement 

and Data Evaluation. (a) Schematic of the confocal setup: The pulsed 640 nm excitation light is 

converted to circular polarization with a quarter wave plate (QWP), passes through a single 

mode fiber (SMF), is reflected by a dichroic mirror (DM) into a galvometeric laser scanner and 

focused by the objective. The collected fluorescent emission from the sample is descanned, 

passes the DM, and is focused on the pinhole (PH) then on the single-photon detector (APD) 

using the lenses (L1, L2 and L3). The long pass filter (LP) and the band-pass filter (BP) are 

blocking scattered excitation light. (b) The scanning SMLM data analysis from raw data to 

reconstruction was done in an extended version of TrackNTrace. Figure was reprinted with 

permission from Ref. 125, Copyright 2020 American Chemical Society  125 

 

With the addition of fluorescence lifetime acquisition, assuming the BODIPY dyes 

developed have differential lifetimes, it will allow more dyes to be included in sSMLM even if 

they have overlapping spectrums due to differing fluorescence. 
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