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ABSTRACT 

Fluorescence microscopy is a versatile technique for studying biological structures in 

their native environment.  The live cell imaging ability of this technique enables the study of 

dynamic processes in biological systems. Fluorophores play an important role in fluorescence-

based cellular imaging. Development of cell permeable, non-toxic, small organic molecules with 

specific targeting ability is advantageous for imaging of live cellular organelles. Two coumarin-

based compounds were developed to selectively target the endoplasmic reticulum (ER), which is 

the largest organelle in most mammalian cell types. Unlike the commercially available ER 

targeting probes, the coumarin-based compounds can be used to image the ER in both live and 

fixed cells. The simple synthetic procedure, bright emission in the blue region, narrow emission 

profile, low toxicity, and the specificity contribute to the utility of these probes for imaging the 

dynamic events of the ER.  

The spatial resolution the traditional optical microscopy is limited by the diffraction of 

light. Subcellular organelles are in the nanometer size range, and the majority of the biological 

phenomena happen in the nanoscale. Therefore traditional light microscopic techniques have 

limited capability of studying these systems. Super-resolution microscopic techniques that were 

developed in the past decade to overcome this issue. Single molecule localization microscopy 

(SMLM) is based on the activation and excitation of subsets of fluorophores, followed by their 

localization with nanometer spatial resolution to generate a super-resolution image. Traditional 

SMLM fluorophores have the drawbacks of requiring two high power lasers including lasers 

emitting in the ultra-violet range. Also, the requirement of harsh chemicals in the imaging 

medium limits the ability to image live cells. A BODIPY-based photoactivatable probe is 

developed as a promising probe for SMLM. A single low-power visible laser is utilized without 
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requiring harsh conditions in the imaging medium to make this probe exceptionally useful for 

imaging in biological systems. The probe can be simply linked to nucleophile-containing 

targeting groups to image specific cellular components. Super-resolution images of in vitro and 

in vivo microtubules are generated using paclitaxel attached probe.  

Membrane receptors are one of the major components that contribute to the control of 

cellular function. Interactions of receptor proteins with extracellular ligands, other membrane 

constituents, and intracellular components result in the activation of intracellular signaling 

mechanisms. These dynamic interactions are governed by the lateral diffusion of membrane 

components. RAGE is a multi-ligand receptor responsible for various pathological diseases. 

Amyloid beta 1-40 and 1-42 peptides react with RAGE protein to stimulate neuronal dysfunction 

and are also responsible for Alzheimer's disease. The effects of these peptides on RAGE 

diffusion is not yet known. The fluorescence-based single particle tracking method is used to 

measure the effect of amyloid beta ligands for the lateral diffusion of the receptor for advanced 

glycation endproducts (RAGE) at the single receptor level. Both of the peptides altered the 

RAGE membrane diffusion, but to a different extent. Activation of the p38 MAPK pathway is 

observed for the treatment of RAGE with amyloid beta 1-42 ligand. The effect of different 

oligomeric forms of these two peptides on the RAGE diffusion and signaling is further studied.  
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DISSERTATION OVERVIEW 

This dissertation is categorized into 5 chapters. Chapter 1 contains an introduction to 

optical methods to measure the nanoscale organization and dynamics of biological systems. 

Chapter 2 describes the development of coumarin-based fluorophores to selectively image the 

endoplasmic reticulum in mammalian cells. In Chapter 3, the development of a BODIPY-based 

photoactivatable probe and its utility for localization-based super-resolution imaging is 

described. The work presented in Chapter 4 targeted to measure the effect of amyloid beta ligand 

on RAGE lateral diffusion using single particle tracking method. General conclusions and 

possible future insights are summarized in Chapter 5.  
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CHAPTER 1.    GENERAL INTRODUCTION 

 OPTICAL IMAGING OF THE NANOSCALE STRUCTURE AND DYNAMICS OF 

BIOLOGICAL MEMBRANES 

Modified from a review article published in Analytical Chemistry 

Chamari S. Wijesooriya, Charles K. A. Nyamekye, Emily A. Smith
*
 

Department of Chemistry, Iowa State University, Ames, Iowa 50011 USA 

 

 

1.1 Introduction 

 Biological membranes serve as the fundamental unit of life, allowing the 

compartmentalization of cellular contents into subunits with specific functions. The bilayer 

structure, consisting of lipids, proteins, small molecules, and sugars, also serves many other 

complex functions in addition to maintaining the relative stability of the inner compartments.  

Signal transduction, regulation of solute exchange, active transport, and energy transduction 

through ion gradients all take place at biological membranes, primarily with the assistance of 

membrane proteins. For these functions, membrane structure is often critical.  The fluid-mosaic 

model introduced by Singer and Nicolson in 1972 evokes the dynamic and fluid nature of 

biological membranes.
1
 According to this model, integral and peripheral proteins are oriented in 

a viscous phospholipid bilayer. Both proteins and lipids can diffuse laterally through the two-

dimensional structure. Modern experimental evidence has shown, however, that the structure of 

the membrane is considerably more complex; various domains in the biological membranes, 

such as lipid rafts and confinement regions, form a more complicated molecular organization. 

The proper organization and dynamics of the membrane components are critical for the function 

of the entire cell. For example, cell signaling is often initiated at biological membranes and 

requires receptors to diffuse and assemble into complexes and clusters, and the resulting 
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downstream events have consequences throughout the cell. Revealing the molecular level details 

of these signaling events is the foundation to understanding numerous unsolved questions 

regarding cellular life.  

Optical imaging methods have substantial utility in revealing information about 

biological materials. They offer simple sample preparation, the ability to noninvasively image 

samples in situ and in vivo, the ability to simultaneously image several different properties, and 

compatibility with many other imaging techniques. The earliest applications of optical imaging 

to measure cellular membranes revealed their basic structure and their dynamic properties at the 

ensemble level. Many important molecular assemblies in biological membranes occur in the 

nanometer scale; thus, diffraction-limited optical techniques are unable to resolve them. The 

development of super-resolution optical imaging techniques has accelerated the study of 

biological membranes, sometimes one molecule at a time. Within the past few years, multimodal 

and multicolor imaging approaches were developed to facilitate multivariable imaging of 

membranes, primarily with fluorescence contrast. Recent advances in Raman scattering 

techniques have paved the path to obtain chemical information at the nanoscale level. The 

introduction of novel and highly selective probes, advanced light sources, novel detectors with 

fast detection rates and high quantum yields, and modifications to optics that provide optimized 

signals as well as recent big data efforts have all helped improve image quality and analysis and 

have thus led to a better understanding of membrane-related phenomena. 

This review summarizes the optical imaging instrumentation that has recently been 

developed or is being developed in order to measure membrane organization and dynamics as 

well as some of the key applications of these instruments for membrane studies. The 

developments and applications of fluorescence and Raman-based imaging methods are covered. 
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Atomic force microscopy, mass spectroscopy, and electron microscopy methods are useful for 

revealing complementary details about membrane structure and dynamics, but will not be 

covered herein, nor will studies of model membranes, such as those using supported lipid 

bilayers.    

1.2 Fluorescence Microscopy Techniques 

Fluorescence techniques have been valuable tools for the study of biological membranes 

for many decades. They have the advantages of allowing live cell imaging with fast time 

resolution and the sensitivity to measure single fluorescent molecules or probes. Recent 

developments in subdiffraction or super-resolution fluorescence-based techniques have expanded 

our knowledge of membrane structure and dynamics. In many cases, these super-resolution 

imaging techniques have been used in combination with well-established fluorescence 

techniques to reveal information about membrane nanostructure and dynamics that cannot be 

measured using a diffraction-limited analysis volume.  

The well-established fluorescence imaging techniques that have been used for biological 

membrane studies include: fluorescence lifetime imaging (FLIM), fluorescence resonance energy 

transfer (FRET), fluorescence recovery after photobleaching (FRAP), single particle tracking 

(SPT), and fluorescence correlation spectroscopy (FCS). FLIM is widely used to measure 

protein-protein interactions, protein conformational changes, and lipid domains within plasma 

membranes.
2,3

 The fluorescent probe’s lifetime is used to generate the image, which has the 

benefit of being independent of probe concentration. FRET is also used to elucidate membrane 

protein interactions and conformational kinetics,
4-9

 and is exquisitely sensitive to a separation 

distance of less than 10 nm.  FRAP,
10-14

 SPT
15,16

 and FCS
17,18

 are well suited to measure 

membrane dynamics. FRAP is an ensemble technique in which the target is linked to a 

fluorescent probe and a selected region is photobleached with a high-power laser beam. 
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Fluorescence recovery over time at the bleached region is used to analyze the diffusion 

properties of the labeled target. In SPT, a membrane component is tagged with a photostable 

fluorescent probe (e.g., quantum dots) and the movement of the probe is recorded over time to 

generate the trajectory of the biomolecule. The statistical analysis of the trajectories can provide 

information about heterogeneous populations and rare populations that may be averaged out of 

the ensemble FRAP signal. FCS is based on the statistical analysis of the fluorescence intensity 

fluctuations of a small number of fluorescent probes. All factors that alter the fluorescence 

fluctuations such as dynamics, molecular kinetics and photophysical properties of the probes 

(dark and triplet states) can be measured using FCS.  

Total internal reflection fluorescence microscopy (TIRFM) and light sheet microscopy 

(LSM) are two illumination geometries that have been widely used to image cell membranes and 

their components. These techniques image thin optical sheets of less than a couple hundred 

nanometers (TIRFM) and a couple of micrometers (LSM) and reject the extensive background 

from the bulk of the cell. This is important in order to image the 6 to 10 nm thick biological 

membrane with a high signal-to-background ratio. Recent applications of TIRFM include 

imaging membrane protein clusters,
19,20

 the structure and dynamics of membrane transporters,
21-

25
 and lipid rafts.

26,27
 LSM has been recently used to image the dynamics and organization of 

membrane proteins
28

 as well as to study the changes of membrane dynamics in dividing cells.
29

 

Although these techniques provide signal selectivity in the axial direction (i.e., perpendicular to 

the focal plane), in the lateral direction they are inherently diffraction limited and by themselves 

are not well suited for measuring the nanoscale structure and dynamics of membranes.  

1.2.1 Single Molecule Localization Microscopy (SMLM) 

SMLM techniques such as photoactivated localization microscopy (PALM) 
30,31

 and 

stochastic optical reconstruction microscopy (STORM)
32,33

 have gained widespread use for 
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imaging biological membranes. PALM uses photoactivatable fluorescent proteins and was first 

independently introduced by Betzig et al.
30

 and Hess et al.
31

 (wherein it was termed fluorescence 

photoactivation localization microscopy, FPALM). STORM uses organic molecules as SMLM 

probes and was first introduced by the Zhuang group.
32

  

 The SMLM techniques rely on the sequential activation of sparse subsets of fluorescent 

probes and the time-resolved localization of these probes with nanometer precision. An order of 

magnitude better spatial resolution can be achieved with SMLM techniques compared to 

diffraction-limited optical imaging techniques. Typical SMLM instrumentation consists of an 

epi-fluorescence microscope, lasers for activation and excitation of the fluorophores, and an 

array detector with high sensitivity and fast acquisition rates. The lasers are focused at the back 

focal plane of a high-numerical-aperture oil-immersion microscope objective to produce a broad 

(global) illumination profile at the sample plane. The very low read noise of electron-multiplying 

charge-coupled device (EMCCD) cameras or scientific complementary metal oxide 

semiconductor cameras allows for efficient signal collection from single molecules. The signal 

detected from a single emitting probe is fit to a Gaussian profile or similar function to localize 

the emitter position with precision in the nanometer range. Controlling the on and off state 

switching of the probe is crucial to maintaining a low number of emitters in each frame of the 

collected data. This is generally achieved with relatively high-power lasers and using additives 

such as thiol, phosphates, and oxygen scavengers in the imaging medium. For techniques that 

require the acquisition of images over time, as required for SMLM, drift correction is commonly 

required to extract accurate information from the images. 

Photoactivatable, photoconvertible, or reversibly photoconvertible fluorescent proteins 

have been used for PALM.
34

 Light irradiation converts the photoactivatable probes from the 
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nonfluorescent form into the fluorescent form. Photoconvertible and reversibly photoconvertible 

probes are converted from one fluorescent state into another fluorescent state (i.e., emitting one 

color to another color). This cycle can be repeated many times in reversibly photoconvertible 

fluorescent proteins. These proteins are genetically encoded and are coexpressed with the target, 

which leads to specific labeling and a high expression density suitable for PALM. This super-

resolution technique is able to image the spatial distribution of membrane proteins and lipid-

enriched nanodomains in cell membranes.
35-42

  

Dual color PALM has the ability to image the nanoscale coassociation of two cell 

membrane components.
43-45

 The downstream signaling molecules of T cell antigen receptor
44

 and 

the effects of ethanol and naltrexone on the distribution of glycosylphosphatidylinositol and mu-

opioid receptor
45

 were studied using dual color PALM, where the sequential activation of two 

fluorescent proteins was achieved by altering the activation laser irradiance. Gabor et al. showed 

the colocalization of the cytokine receptor family members with Caveolin-1 protein using 

simultaneous activation of Dendra (λex of 490 nm and λem of 507 nm, before photoactivation; λex 

of 553 nm and λem of 573 nm, after photoactivation) and PAmCherry (λex: 564 nm; λem: 595 nm) 

fluorescent proteins.
43

 Signal from these proteins were simultaneously detected by separating the 

emission signal into two paths using appropriate dichroic mirrors and emission filters prior to 

directing the signal onto an EMCCD camera. Localized molecules were identified using a ratio 

of signal in the red channel divided by the intensity in both channels (0.55-0.64 for Dendra and 

0.68-0.75 for PAmCherry). 

PALM combined with single particle tracking (sptPALM) enables the study of 

heterogeneity in the dynamics of membrane components with high spatial and temporal 

resolution.
46,47

 In contrast to traditional single particle tracking methods, sptPALM generates a 
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higher density of single-molecule trajectories in the membrane of a single cell. The lateral 

dynamics and nanoscale organization of purinergic receptor P2X7 in neuronal membranes were 

imaged with sptPALM. Two receptor populations were detected, a rapidly diffusing fraction and 

a clustered fraction (the clusters were ~ 100 nm in diameter), were detected.
48

 Two color 

sptPALM with spectrally resolved PATagRFP (λex: 562 nm; λem: 595 nm) and PAGFP (λex: 475 

nm; λem: 517 nm) was used by Verkhusha and coauthors to image the dynamics of two 

transmembrane proteins in the plasma membrane of COS-7 cells.
49

  

PALM is a versatile technique capable of imaging nanoscale features, but it does require 

transfected fluorescent proteins that are linked to the target; thus, the study of endogenous 

membrane components is not possible. The linked fluorescent protein can be bulky and may also 

alter the dynamics of the targeted biomolecules depending on the cloning location. 

STORM is based on switching organic fluorophores between the on and off fluorescent 

states to achieve the stochastic activation of a small subset of these molecules. In order to 

achieve accurate single molecule localization, only a small fraction of fluorophores can be 

activated at the same time, leading to one or fewer excited molecules within a diffraction-limited 

area. The fluorophores are converted into a long-lived triplet state called a dark state using a high 

irradiance excitation laser and/or using additives in the imaging medium. Oxygen scavenging 

buffers with mercaptoethylamine or β-mercaptoethanol are commonly used. The distribution and 

clustering patterns of several receptor proteins were imaged in cell membranes using STORM.
50-

58
 

Similar to dual color PALM, dual color STORM can measure the nanoscale 

coassociation of membrane components using two spectrally distinct fluorophores tagged to the 

membrane components. Sparse populations of both fluorophores are simultaneously activated 
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and excited, and the emission from both fluorophores is directed onto the detector using a dual-

channel image splitter with the appropriate filters (or multiple detectors).
59-63

 Dual color STORM 

with Atto 565 and Atto 647N revealed the clustering of two different cell antigen receptors in 

spatially distinct areas in B cell membrane.
61

Activation of B cells reduced the cluster size for 

both receptors, and the activation of one receptor had a minimal effect on the clustering of the 

other receptor.  

A combination of PALM and STORM techniques has also been used to simultaneously 

image multiple components within the cell membrane.
64-73

 “Ordered” and “disordered” lipid 

domains as well as the localization of clustered B cell receptor into ordered domains were 

measured in mouse B lymphoma cell membranes using this approach (Figure 1).
69

 The 

combinations of fluorescent probes in this study were Atto 655 with Alexa Fluor 532 (i.e., dual 

color STORM) to localize ordered and disordered lipid domains and Atto 655 with mEos3.2 

fluorescent protein (i.e., PALM/STORM) to measure colocalization of B cell receptors into 

ordered domains. The latter probe pair required three lasers: 647 nm solid-state laser, 561 nm 

solid-state laser (excitation of mEos3.2), and a 405 nm diode laser (photoactivation of mEos3.2). 

Laser irradiances were adjusted between 5 and 20 kW/cm
2
 to achieve favorable conditions for 

single molecule/protein localization, and the emission was separated into two channels prior to 

reaching the detector.  

A recent combined PALM/STORM study by Bernhem et al. measured the effect of 

protein overexpression on the cell membrane of HEK293a cells during transient transfection.
72

 

The endogenous and exogenous membrane protein distributions of Na,K-ATPase were 

quantified and revealed there was a competition between endogenous and exogenous expression 

during the transient transfection state. The exogenous population was measured by PALM 
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whereas the endogenous versus exogenous population was quantified with STORM.   Forty one 

hours post-transfection, the total plasma membrane concentration of Na,K-ATPase increased by 

63% over the concentration measured prior to transfection, and the amount of Na,K-ATPase 

attributed to endogenous expression was only 16%. Alexa Fluor 647 was used for STORM 

imaging with a 405 nm activation laser and 642 nm excitation laser. PALM imaging was 

achieved with mMaple3 fluorescent protein using a 405 nm activation laser and 561 nm 

excitation laser.   

In another study utilizing PALM/STORM, the organization of Nipah virus proteins on 

the plasma membrane was detected.
73

 Nipah is a biosafety level 4 human-to-human transmitted 

virus. The results showed clusters of virus proteins, such as attachment glycoproteins and fusion 

glycoproteins, were randomly distributed on the mammalian PK13 cell membrane regardless of 

whether virus matrix proteins were present or absent. This contradicts the previously proposed 

models developed using electron microscopy and biochemical methods, which show matrix 

proteins assist in the arrangement of glycoproteins into assembly sites at the plasma membrane. 

The PALM and STORM data were acquired sequentially; GFP was used for PALM with 488 nm 

excitation, and Alexa Fluor 647 and Cy3B were used for STORM with 639 and 532 nm 

excitation lasers, respectively. A 405 nm laser activated the probes. To facilitate photoswitching, 

-

metcaptoehanol. 

The photophysical properties of the probes are critical to SMLM techniques. Assuming 

the noise is constant, the larger the number of detected photons, the better are the localization 

precision and the spatial resolution of the reconstructed image. Longer dark states help to 

maintain low duty cycles so that a small subset of probes can be activated and reduce multiple 
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detection events for the same probe. Alexa Fluor, Atto, and cyanine dyes are commonly used as 

STORM probes. Photoactivatable organic probes, wherein a structural rearrangement occurs 

upon photoillumination at a specific wavelength to generate the on state, have also gained 

interest for SMLM imaging. Reactivation and photoswitching of these probes are negligible due 

to the irreversible nature of the photoactivation. The photoactivatable probes cage 500 and cage 

552 were used as SMLM probes to image the oligo/dimerization of G protein-coupled receptors 

with approximately 8 nm resolution.
74

 A 390 nm laser was used for activation; 491 and 561 nm 

lasers were used to excite the activated cage 500 and cage 552, respectively. BODIPY-based 

photoactivatable compounds are also promissive SMLM probes for the study of membrane 

components.
75

 These probes can be activated and excited using low power visible (~500 nm) 

light, and live cell imaging of membrane components is possible. Huang and co-workers 

introduced blinking carbon dots as SMLM probes due to their low duty cycle (~0.003), high 

photon count per switching event (~8000), and a high resistance to photobleaching, which is a 

common problem for small molecule SMLM probes (e.g., Alexa Fluor 647 and Cy5).
76

 They 

used blinking carbon dots to image the distribution and the clustering of chemokine receptor 

CCR3 on the HeLa membrane. 

Sharonov and Hochstrasser developed the technique called points accumulation for 

imaging in nanoscale topography (PAINT) as another approach to obtain the on and off 

switching required for SMLM probes.
77

 The technique does not require a photoactivation step to 

generate the on state. In PAINT, fluorescent probes are freely diffusing in the imaging medium. 

The probes continuously and stochastically bind and unbind from the imaging target. The signal 

is obtained when the probe immobilizes on the target, and then disappears when the probe 

dissociates from the target or photobleaches. The first demonstration of PAINT took advantage 
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of the photophysical properties of Nile Red, which is not fluorescent in aqueous solutions but is 

highly fluorescent in the hydrophobic membrane environment. 
77

 Numerous probes have 

subsequently used. The binding rate is easily managed by controlling the probe concentration. 

Since the probes dynamically bind and unbind to the target over the course of the experiment, all 

of the target molecules have the potential to be imaged, even if the target density is high and 

simultaneous binding of the probe to all targets is prohibited.   

As first described, PAINT was limited to short analysis times and single molecules could 

not be tracked over long times. This problem was overcome with universal PAINT (uPAINT) 

developed by Giannone and Hosy, which enabled the real-time dynamic imaging of live cell 

membrane components.
78

 This method involves the use of oblique illumination of the imaging 

target with diffusing fluorescent ligands in the solution. Long single-molecule trajectories are 

obtained with high densities that reveal the local diffusion properties of target components. Dual 

color uPAINT with two different fluorophores (one bound to the ligand epidermal growth factor 

and another bound to a specific antibody, panitumumab, that prevents ligand activation by 

blocking the binding site) was combined with FRET to study the nanoscale localization and 

ligand activated dimerization of epidermal growth factor receptor (Figure 2).
79

  The authors 

found that the activated dimers were preferentially located at the edge of the cell, and note that 

they were able to image the receptor moments after ligand binding occurred (i.e., the event that 

generated the signal), which would not have been possible with SMLM techniques that require 

photoswitching.  

DNA-PAINT takes advantage of the reversible binding kinetics of DNA 

hybridization.
80,81

 The docking DNA strand is bound to a primary or secondary antibody specific 

to the imaging target, and the imager DNA strand is bound to a fluorescent probe. DNA-PAINT 
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elucidated the distribution of single ryanodine receptors in cardiac myocytes.
82

 The random and 

unconstrained arrangement of ryanodine receptors as well as the stoichiometry of the coclusters 

of ryanodine receptor and the regulatory protein junctophilin-2 were quantified. In another study, 

the nonhomogeneous distributions of five types of receptor tyrosine kinases in the plasma 

membrane were identified with five different fluorescent probes bound to different DNA imager 

strands.
83 

SMLM techniques including PALM and STORM provide nanoscale resolution with 

simple instrumentation compared to many other super-resolution microscopies, but they require 

postcapture processing and image reconstruction. Other disadvantages include slow data 

acquisition due to the large number of acquired frames for each reconstructed image, and the 

often required high irradiances are not ideal for many cellular studies. Simultaneous activation of 

multiple probes in a diffraction limited spot, insufficient or incomplete target labeling and 

limited probe accessibility due to high target packing density may all underestimate the quantity 

of target biomolecules.  Overestimation of the probes is also possible and may result in imaging 

artificial clusters that do not exist in the membranes.
84

 These artifacts are attributed to high 

photoswitching rates as well as high emitter densities. In multicolor studies, and particularly in 

PAINT studies, different affinities of the probes for their targets also affect the image quality of 

different targets. Therefore, the quantification of densely packed membrane components using 

SMLM techniques may not always be reliable.  

1.2.2 Super-Resolution Optical Fluctuation Imaging (SOFI)  

Super-resolution optical fluctuation imaging (SOFI)
85

 developed by Dertinger et al. 

generates nearly background-free high-contrast super-resolution images with a short acquisition 

time of around a few seconds. This method also requires the stochastic switching of the probe 

between two different emission states but uses higher-order statistical analysis to measure the 
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intensity fluctuations over time. Contrary to STORM or PALM, SOFI can be used when multiple 

probes are simultaneously emitting within a diffraction-limited area.
86,87

 High-resolution SOFI 

images are constructed by using spatiotemporal cross-cumulants.
88

 The brightness, 

concentration, and emitting state lifetimes can be extracted by analyzing several cumulant orders 

of the same data set.
89

 Balanced SOFI (bSOFI) was used to quantify the distribution of CD4 

glycoprotein and mutant variants in the plasma membrane of Jurkat T cells (Figure 3).
90

 bSOFI-

based cluster analysis calculations do not depend on molecular localization coordinates, nor any 

of the user-defined parameters that are required for SMLM-based cluster analysis. Also, bSOFI 

is not subject to measuring artificial clusters that arise in SMLM images due to multiple blinking 

events from the same probe. Although this method allows for a biased-free analysis of cluster 

formation, membrane dynamics cannot be revealed due to the need to image fixed cells.  

Zhang and co-workers introduced photochromic SOFI (pcSOFI), which enables 

nanoscale imaging of events in live cells using the advantage of strong intensity fluctuations 

generated by reversible photochromic probes.
91

 As a proof of concept for imaging cell membrane 

components, a protein that targets sphingolipid and cholesterol enriched microdomains (Lyn 

kinase protein) was tagged with Dronpa fluorescent protein and imaged using pcSOFI with ~120 

nm resolution.
91

 The same group recently introduced a new class of fluorescent biosensor for 

pcSOFI imaging called fluorescence fluctuation increase by contact (FLINC).
92

 In these 

biosensors, the fluorescence fluctuation is controlled by the proximity of two fluorescent 

proteins. The resulting single molecule fluorescence fluctuations are recorded over time; then, 

the pcSOFI values at sub-pixel resolution are calculated using pair wise cross-cumulants with 

suitable pixel pairings. Nanoscale activity maps are generated using the collected pcSOFI values. 

This technique was used to image protein kinase A activity in nanodomains in the plasma 
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membrane of HeLa cells. Although the best reported resolution of SOFI techniques has not yet 

reached the levels achieved with PALM or STORM, fast image acquisition rates and the ability 

to use a wide range of fluorescent probes are advantages of SOFI techniques.  

1.2.3 Stimulated Emission Depletion Microscopy (STED) 

Similar to SMLM and SOFI techniques, STED is also a far-field super-resolution 

imaging technique that requires specific photophysical properties of the fluorescent probe.
93

 

STED was introduced by Hell and Wichmann in 1994. With reported lateral resolution levels 

better than 10 nm,
94-96

 STED is a promising tool to study membrane components. In a STED 

experiment, the lateral resolution is improved by reversibly depleting the signal from 

fluorophores around the periphery of the observation spot. This requires two laser wavelengths. 

The excitation beam is spatially overlapped with a red-shifted doughnut-shaped depletion 

beam to eliminate spontaneous fluorescence from molecules within the doughnut profile. 

Only molecules within the center of the excitation profile contribute to the spontaneous 

fluorescence signal. When the laser beams are scanned over the sample (or vice versa), a 

subdiffraction image is produced. The axial resolution can also be improved with at least three 

different approaches: using a bottle-shaped focused beam to axially confine the fluorescence,
97

 

combining STED with 4Pi microscopy,
98

 or combining STED with selective plane illumination 

microscopy.
99

 The principles of STED microscopy and its biological applications have been 

broadly discussed.
100-102

 The earliest applications of STED for imaging biological membranes 

include studies of membrane protein clusters, lipid nanodomains, and their interactions.
103-108

 

In a recent study, the spatial colocalization within the membrane of mortalin, a mitochondrial 

chaperon protein that is overexpressed in cancer, with the complement membrane attack 

complex C5b-9 was imaged with 35 nm lateral spatial resolution using two color STED.
109

 As 

is common for many scanning imaging techniques, fixed cells (human leukemia cells) were 
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studied. The specific labeling of the target was achieved using antibodies, and the fluorescent 

probes were ATTO 594 and Abberior Star 635p. Both represent common classes of 

fluorophores used in STED imaging. Two excitation beams of 590 and 640 nm were used to 

simultaneously image the signal from ATTO 594 and Abberior Star 635p, respectively. A 

single depletion laser beam of 775 nm was suitable for both probes. Two acousto-optic 

modulators switched the excitation lasers sequentially, resulting in a quasi-simultaneous 

signal acquisition of two channels at the single pixel level. The resulting signal was spectrally 

resolved using dichroic mirrors and optical filters and was directed to two single photon 

counting devices. The ImageJ program “Linear unmixing” was used to remove the spectral 

cross-talk between the two detection channels.  

STED was used by Shin et al. to image the fusion pore behaviors in live cell 

membranes.
110

 Single-color, two-color and three-color STED imaging were achieved using a 

tunable white-light excitation laser and hybrid detectors. A 592 or 660 nm depletion beam 

was used depending on the probe. Scanning in both the lateral and axial directions generated 

STED images with ~60 nm lateral resolution and ~150-200 nm axial resolution. 

Lang and co-workers used STED microscopy to determine the packing density of the 

Alzheimer’s disease-related amyloid precursor protein on fixed neuron-like human cell 

membranes.
111

 Amyloid precursor protein and membranes were labeled with antibody-

coupled Alexa Fluor 594 and Fast-DiO, respectively. They found that most amyloid precursor 

proteins that are associated with the plasma membrane are organized into structures 

containing 20 to 30 molecules confined within a region of 65 to 85 nm in diameter. Nine 

amyloid precursor proteins were measured per micrometer squared. The same group studied 

syntaxin 1A protein clustering on human liver cancer cell (HepG2) membranes using 
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continuous wave and pulsed STED techniques (Figure 4).
112

 They identified a hierarchy in 

membrane protein clustering, where “loose” clustering is due to the forces acting on the 

transmembrane segment and “tight” clustering is due to cytoplasmic interactions. They also 

reported that the size of the protein cluster does not necessarily scale with the number of 

proteins it contains. 

The combination of STED with fluorescence correlation spectroscopy (STED FCS) can 

analyze a wide range of dynamic membrane processes with improved spatial resolution (Figure 

4). Typically, the analyzed area in a FCS experiment is diffraction limited. In STED FCS, the 

fluctuations in fluorescence intensity are detected and statistically analyzed to study the diffusion 

properties or binding interactions of the fluorescent species within a subdiffraction volume. The 

analyzed area is reduced to a few or tens of nanometers. This allows nanoscale heterogeneities to 

be measured that would otherwise be averaged out of a confocal analysis volume. Lipid 

dynamics have been measured in model membranes using STED FCS
113

 and gated STED FCS 

wherein the detected signal is time-gated to optimize the spatial resolution.
114

 Time-correlated-

single-photon-counting photon filtering removes the background that is produced from 

incomplete depletion within the doughnut profile and enhances the spatial resolution. The 

molecular organization and the diffusion properties of fluorescent lipid analogs and 

glycophosphatidylinositol-anchored proteins in live PtK2 or CHO cell membranes and cell-

derived giant plasma membrane vesicles (GPMVs) were analyzed using STED FCS.
115

  

STED has also been coupled with scanning FCS (sSTED FCS) by Bizzarri and co-

workers.
116

 In this combination technique, the signal was rapidly recorded along a line or a 

circle. Heterogeneity in lipid and protein diffusion was mapped with sSTED FCS in live cell 

membranes with 60 nm spatial resolution and submillisecond temporal resolution. This method 
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has advantages over single-point STED FCS because molecular trajectories can be 

simultaneously detected at different positions on the membrane, and heterogeneous behaviors 

can be measured with nanoscale resolution. Moreover, single point FCS measurements require 

precise knowledge of the analysis volume to obtain accurate diffusion properties, whereas 

scanning FCS overcomes this requirement. Fluorophore photobleaching and background are also 

problematic in single point STED FCS experiments, but the faster dwell times of scanning FCS 

reduce the photobleaching that may lead to false diffusion properties.
117

 A disadvantage of 

sSTED FCS also comes from the faster dwell times per pixel, which leads to decreased signal-to-

noise ratios in the correlation curve. The method, however, was shown by Eggeling and co-

workers to be suitable to measure the diffusion dynamics of fluorescently labeled phospholipids, 

cholesterol, and sphingolipids in PtK2 cell membranes.
118

 The spatiotemporal mapping of 

Atto647N-labeled phosphatidylethanolamine and sphingomyelin in PtK2 cell membranes as well 

as the quantification of cholesterol dynamics in different cell lines as a function of growth time 

were also measured using sSTED FCS.
119

 Additionally, the dynamics of Atto647N-labeled 

sphingomyelin and phosphatidylethanolamine in Cos-7 cell membranes were mapped.
117

 The 

authors report there was a lot of heterogeneity in the signal measured between and within cells, 

which was not captured by other STED FCS techniques, and that the inversely correlated 

diffusion coefficient and local dye concentration were an indicator that the lipid species become 

temporally trapped, for example, by the glass substrate on which the cells were spread or an 

unknown cellular component.  

In contrast to SMLM techniques that require a series of images to be collected over time, 

fast data acquisition rates have been reported with STED. In a STED experiment, neither 

postimage processing nor special imaging buffers are required. While the high laser irradiances 
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generally limit the choice of fluorophore to the most photostable fluorophores, there is a wide 

selection of excitation wavelengths available for STED. Live cell membrane imaging is possible 

using lower irradiances, generally at the expense of spatial resolution. Continuous wave STED 

enables fast imaging and is thus suitable for live cells, but the achievable resolution is limited 

compared to pulsed STED when using the same irradiance. Overall, the STED instrumentation is 

more complicated than most SMLM setups.   

1.2.4 Super-Resolution Structured Illumination Microscopy (SR-SIM) 

SR-SIM is a wide-field imaging technique that uses a structured pattern of the 

illumination light to excite the florophores in the sample. An overlay of two grids with different 

mesh sizes or at various angles generates moirѐ fringes that reveal subdiffraction spatial 

information. Using nonlinear responses, resolution lower than 100 nm is achieved. The sample 

preparation methods used with standard imaging techniques are compatible with SR-SIM, and 

any fluorophore with reasonable resistivity to photobleaching is suitable. SR-SIM is also suitable 

for live cell imaging due to its use of relatively low excitation irradiances and fast imaging 

capabilities. Multicolor imaging of up to four colors has been reported.
120

 Several studies have 

reported the use of SR-SIM to evaluate the relationship between the plasma membrane 

organization and cytoskeleton components.
121-125

  

SR-SIM was also combined with other super-resolution imaging techniques such as 

SMLM to study biological membranes. STORM imaging results in a better spatial resolution 

than SIM, but SIM avoids the clustering artifacts in STORM images. SIM combined with 

STORM imaged the distribution of T-cell receptors in lymph nodes (Figure 5)
126

 and 

acetylcholine receptors in postsynaptic membranes.
127

 In the latter study, Alexa Fluor 647 was 

used to label the acetylcholine receptors and 3D-SIM was used to identify their stripe-like 

distribution pattern at the neuromuscular junctions. The enhanced resolution of STORM imaging 
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revealed the receptor localization around the openings of junction folds (invaginations of the 

postsynaptic muscle membrane). In another study, a combination of SMLM and SIM revealed 

the correlation of the flows of plasma membrane and cortical actin in live T-cell synapses.
121

 The 

nanoscale actin distribution was imaged in fixed cells using SMLM. Dual-color live-cell SIM 

images using a spatial light modulator to produce the structured illumination pattern were 

collected in TIRF mode. The SIM image series was analyzed using spatio-temporal image 

correlation spectroscopy, which measures the diffusion properties as well as the velocity vectors 

(magnitude and direction) of the imaging target.  

Instant structured illumination microscopy (iSIM) improves the spatial resolution 

compared to diffraction-limited imaging without affecting the temporal resolution and enables 

dynamic events to be imaged in live cells with higher acquisition speeds.
128

 Information from 

excitation and emission point spread functions are optically combined to sharpen the image 

instantly. TIRF combined with iSIM was used to image plasma membrane components in U2OS 

cells with ~115 nm lateral resolution and with frame rates up to 100 Hz.
129

 

SR-SIM techniques are superior to SMLM or STED techniques for live cell imaging 

when low light irradiances and fast imaging speeds are required. This technique, however, has 

not yet reached the spatial resolution that can be achieved with SMLM or STED techniques. 

Ongoing advances such as fast detectors, superior adaptive optics, and advanced image 

reconstruction algorithms are expected to improve the resolution to a level that is suitable for 

imaging many dynamic membrane events on the nanoscale. 

1.2.5 Fluorescent Probes for Membrane Studies 

The photophysical properties of probes play a major role in the quality of a fluorescence 

image. Genetically encoded fluorescent protein labels are widely used, although the fluorescent 

protein may affect the natural function and/or dynamics of the biomolecule. The resulting data 
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may not represent the properties of the endogenous pool of biomolecules. Immunolabeling with 

fluorescently labeled antibodies targets specific membrane components, such as receptors, but 

this requires an available antibody to the target. Epitope tags (e.g., His, HA, FLAG, c-Myc) with 

the antibody corresponding to the tag are useful to label a specific target. They do not require a 

specific antibody for each membrane component, but genetically encoded epitope tags also 

eliminate the possibility of studying endogenous components. Nile red, Laurdan, DiI, DiD, DiO, 

and fluorescent lipid analogs are widely used lipid mimetic probes for imaging membrane lipids. 

While these conventional probes are generally useful for imaging biological membranes, new 

minimally invasive membrane probes with targeting specificity are needed. In addition to the 

specific photophysical properties required for each super-resolution imaging technique, 

membrane targeting probes should have solubility in imaging buffers, photostability to ensure 

imaging for long analysis times without signal loss, low toxicity, and biocompatibility. A range 

of emission wavelengths is also desirable for multicolor imaging. 

Several novel probes were recently introduced to image the lipid fraction of biological 

membranes. A permeabilization-tolerant membrane imaging probe was developed by linking 

three species: cholesterol-polyethylene glycol, fluorescein isothiocyanate, and amine-rich glycol 

chitosan.
130

 This probe was used to simultaneously image cell membranes with intracellular 

components in fixed cells. N-[[40-N,N-Diethylamino-3-hydroxy-6-flavonyl]-methyl]-N-methyl-

N-(3-sulfopropyl)-1-dodecanaminium was synthesized as an environment sensitive probe.
131

 

This probe had dual emission peaks based on the lipid order in its surrounding environment; 

thus, it can be used as a ratiometric probe for imaging the ordered and disordered lipid domains 

in membranes. A two-photon activatable red emitting styrylpyridine-based small molecule rotor 

was developed to image cell membranes.
24

 The membrane affinity of this probe is due to the 
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amphipathic nature of the molecule. The high membrane viscosity limits free molecular rotation 

and results in enhanced fluorescence, whereas fluorescence is low when the probe is outside the 

membrane.  

Another newly developed membrane probe consisting of three linked components: 

cholesterol, phospho-D-thyrosine, and 4-nitro-2,1,3-benzoxadiazole fluorophore, was used to 

image the real time dynamics of cell membranes.
132

 GPI-anchored enzymes in lipid rafts activate 

the probe by cleaving the phosphate group, and the activated probes self-assemble on the plasma 

membrane. A membrane-targeting two-photon-excitable nitric-oxide probe was developed by 

attaching a quaternary ammonium compound and a long alkyl chain into 4-amino-1,8-

naphthalimide.
133

 This bipolar structure is specifically localized in the plasma membrane. 

Initially, it has a negligible fluorescence, but upon binding with nitric oxide, its fluorescence is 

enhanced. Jiao and co-workers developed a conformationally induced off-on probe by linking 

hexamethylenediamine with sunitinib and pyrene to target and image the tyrosine kinase receptor 

protein in cell membranes.
134

 The TLSHalo probe was developed to image the potassium ion 

transportation in cell membranes.
135

 This probe specifically targets Halo-tag expressing proteins 

on the cell membrane and is fluorescent upon binding with potassium; the reported selectivity 

over sodium is high.  

Fluorescent conjugated-polymer nanoparticles have advantages as imaging probes due to 

their high quantum yield, photostability, biocompatibility, and ease of surface modification. 

Although for some applications, their larger size may alter the membrane properties. Conjugated 

polymer nanoparticles with poly(fluorene-co-phenylene) linked to the drug plerixafor were used 

to target CXCR4, a G protein-coupled receptor in the cell membrane.
136

 The blue-emitting 

nanoparticles showed good water solubility, selective membrane targeting, and a low toxicity 
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that is suitable for live cell membrane imaging. Red-emitting conjugated-polymer nanoparticles 

with two photon absorptivity were also developed as membrane probes.
137

 The membrane 

selectivity is due to the hydrophobic interactions of the polymer’s aliphatic chains with 

membrane lipids. A cationic polythiophene derivative, poly((3-((4-methylthiophen-3-

yl)oxy)propyl)triphenylphosphonium chloride) was introduced as an imaging agent for 

adenosine triphosphate in cell membranes.
138

 Qian and co-workers developed lectin-

functionalized lanthanide-doped upconversion nanoparticles to image the glycan molecules 

within the cell membrane.
139

 They used this probe to identify cancer cells by imaging the glycan 

distribution pattern in cell membrane. Gold nanoparticles bioconjugated with rationally designed 

peptides were developed for integrin selective imaging on cell membrane.
140

 This probe is 

excitable with two photons and enables the quantification of integrin expression on the cell 

membrane. Semiconductor quantum dots labeled with phenylboronic acid were developed as 

imaging probes to detect sialic acids in membranes.
141

 This probe enabled the imaging of 

sialylated glycoproteins in live PC12 cell membranes. These novel probes that report on a 

specific endogenous membrane component or membrane function are promising for future use 

with super-resolution imaging techniques. 

1.3 Raman Imaging 

Raman imaging is a chemically specific label-free technique that allows the simultaneous 

imaging of multiple membrane components. The fundamental details of Raman scattering as 

well as the previous applications of Raman techniques for biomaterial analysis,
142

 including 

membranes and lipid-rich organelles, have been previously discussed.
143

 The low cross section of 

spontaneous Raman scattering, and the resulting weak signals, generally mean that signal 

enhancement techniques are required in order to image membrane components at relevant 
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cellular concentrations. Surface-enhanced Raman spectroscopy (SERS) and tip-enhanced Raman 

spectroscopy (TERS) have been used to image cell membranes.   

1.3.1 Surface-Enhanced Raman Spectroscopy (SERS) 

In SERS, the Raman scattering is greatly enhanced for molecules in close contact with a 

nanostructured plasmonic substrate consisting of metals such as gold, silver, or copper. Since the 

membrane is the organelle in closest proximity when cells are spread on a SERS substrate, 

membrane selectivity can be achieved. SERS spectra of lipids, amino acids, and carbohydrates in 

live red blood cell membranes were recorded using nanoclustered silver as the plasmonic 

substrate (Figure 6).
144

 Raman peaks corresponding to membrane components could not be 

identified by spontaneous Raman spectroscopy due to the large signal from bulk hemoglobin 

within the cell. Fogarty et al. suggest spectral mapping of the endothelial plasma membrane with 

a silver-intensified gold plasmonic substrate (gold-core silver-shell nanoparticles) showed 

evidence of a heterogeneous distribution of membrane components.
145

 The positively charged 

gold plasmonic nanoparticles were linked with the net negatively charged glycocalyx (the 

glycoprotein and glycolipid enriched covering around the endothelial cell membrane) and were 

evenly distributed across the glycocalyx. A 100-fold signal enhancement of the spectral signal 

from the membrane was observed.  

 In order to image a specific membrane component with SERS, a targeting label must be 

added to the SERS substrate. Lipid raft membrane domains were imaged by incorporating a ring-

opened alkyne steroid-analogue probe into the cell membrane.
146

 This analogue formed 

microdomains that resemble the lipid rafts in membranes. Alkyne tags are commonly used 

because they have a unique Raman peak at ~2120 cm
-1

 and enable the imaging of biomolecules 

over long times with minimal effects on their intrinsic properties. Alkyne tags have also been 

used to image membrane proteins such as folate receptors and luteinizing hormone-releasing 
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hormone receptors in HeLa cells.
147,148

 In these HeLa cell studies, 4-ethynylbenzenethiol 

derivatives were modified with various substituents to introduce the ability for multiplexed 

imaging. These alkyne reporters were encapsulated into polyallylamine-containing gold-silver 

nanoparticles with a thiol-gold bond. By incorporating the appropriate ligand, specific receptors 

were imaged.  

In a recent study, wide-field Raman imaging was combined with SERS for bioimaging of 

phosphatidyl serine in human colon (LoVo) cell membranes.
149

 The spatial resolution of wide-

field Raman imaging was improved to 100 nm using standing-wave total-internal-reflection 

microscopy with narrow band-pass filters. Similar to the SIM technique discussed above, the 

spatial resolution was enhanced by using spatially patterned light to illuminate the sample. Total 

internal reflection mode reduced the illumination depth, which enhanced the signal-to-

background ratio. SERS was used to enhance the Raman scattering. The SERS substrate 

consisted of a metal core coated with a polymer that was subsequently modified for covalent 

attachment of Annexin V antibody.  

SERS enables imaging with enhanced signals compared to spontaneous Raman 

scattering, but the routine sensitivity is still not as good as what can be commonly achieved with 

fluorescence. Single molecule SERS experiments with biological membranes remain a challenge, 

and as a result, SERS measurements provide an average signal of many biomolecules. In 

addition, all molecules can potentially contribute to the Raman signal, so as mentioned 

previously, selective measurements often do require a label. Reproducible SERS measurements 

also remain a challenge to be solved. While many SERS measurements use low laser irradiances, 

photodamage of the SERS substrate or sample is still possible with prolonged acquisition 

times.
150-152
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1.3.2 Tip-Enhanced Raman Spectroscopy (TERS) 

Tip-enhanced Raman spectroscopy (TERS) combines the chemical sensitivity of SERS 

and the nanoscale spatial resolution of scanning probe microscopies and permits molecular level 

imaging of membranes. Scanning probe techniques such as scanning tunneling microscopy, 

atomic force microscopy, sheer force microscopy, and scanning near-field optical microscopy 

have been used in TERS. The concept of TERS was introduced by Wessel in 1985.
153

 In 2000, 

four groups independently reported TERS results that proved the applicability of the 

technique.
154-157

 TERS uses focused laser illumination on a metal or metal-coated tip, which 

creates a localized, strongly enhanced electromagnetic field at the tip apex. While scanning the 

tip in close proximity to the sample (a separation distance equal to roughly the wavelength of 

light), enhanced Raman scattering is measured from molecules close to the tip. Spatial resolution 

in the tens of nanometer range or less is achieved. Multiple studies reported subnanometer spatial 

resolution with TERS.
158-160

 The fundamentals of the technique and recent advances beyond the 

measurement of cell membranes are discussed in several reviews.
161-165

 The earliest applications 

of TERS for membrane studies include imaging model cell membranes (i.e., lipid bilayers)
166-169

 

and bacterial
170,171

 and viral surfaces.
172-174

  

In a recent study using TERS, Gram positive and negative bacterial species were 

differentiated on the basis of the Raman signal of their membranes.
175

 Gold nanoparticles with a 

100 nm diameter were used at the apex of the TERS tip, and Raman data were collected with an 

upright microscope. The outer membrane of Gram negative bacteria consists of a lipid bilayer 

whereas the outer layer of Gram positive bacteria consists of a peptidoglycan cell wall. When the 

TERS tip was in contact with the Gram negative cell surface, the Raman signal was enhanced 

compared to the signal when the tip was out of contact. There was no difference in the ‘tip in’ 
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and ‘tip out’ signals on Gram positive bacterial surfaces. Based on these spectral differences, 

Gram negative and positive bacterial types were distinguished.  

Deckert and co-workers used TERS with silver-coated AFM tips to image plasma 

membrane components in human dermal-derived keratinocyte cells
167

 and human colon cancer 

cells.
176

 In the latter study, fixed cells were imaged with five second acquisitions to collect TERS 

data from up to a 270 × 162 nm area. Data collection was combined with multivariate data 

analysis to measure nanometer-sized lipid-and-protein-enriched domains in cell membranes. 

Lipid-enriched domains were measured primarily using phosphate bands and ranged from 10 × 

40 nm to 20 × 20 nm in size, whereas protein enriched domains were measured using amide 

bands and were 10 × 30 nm to 30 × 70 nm in size. The exact protein composition within the 

domains could not be measured.  

Alexander and Schultz imaged antibody-conjugated nanoparticles bound to fixed cell 

membranes using TERS.
177

 A gold nanoparticle was also immobilized on the AFM tip and top 

illumination was used for TERS. In another study, the same group used ligand functionalized 

nanoparticles to chemically characterize αvβ3 integrins in the intact cell membrane of fixed 

human colon cancer cells using TERS.
178

 The plasmonic interaction between the functionalized 

gold nanoparticle and the TERS tip selectively enhanced the amino acid signals from the 

nanoparticle-bound receptors on the membrane. Using the same technique, two integrin types on 

human colon cell membranes were identified and differentiated based on the spectral differences 

that result from slightly different ligand binding sites on these receptors (Figure 7).
179

 

TERS is a valuable technique for measuring the nanoscale structure of the cell 

membrane; however, membranes are highly dynamic, and TERS studies have been limited to 

imaging fixed cells. Live-cell imaging may also be problematic due to the need for imaging 
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buffers. Emerging applications of TERS using a liquid medium
180-182

 and improvements in the 

data acquisition speed by Van Duyne and co-workers
183

 will make this technique a promising 

tool for imaging structural and dynamic events in live cell membranes.  

1.3.3 Raman-Based Techniques being Developed for Membrane Studies 

There are Raman techniques that are still in their infancy but have promise for providing 

both the chemical information inherent in Raman scattering and the spatial resolution of super-

resolution fluorescence imaging. While SERS and TERS require the use of plasmonic materials 

in close contact with the sample, the emerging Raman techniques do not have this requirement.  

Therefore the sample preparation is easier, and the potential of altering the membrane structure 

and dynamics during the imaging process is limited.   

Sub-diffraction femtosecond stimulated Raman spectroscopy  

Nonlinear Raman spectroscopy such as coherent anti-Stokes Raman scattering 

spectroscopy (CARS) has been used for lipid bilayer studies. Frontiera and co-workers combined 

the concept of STED with nonlinear femtosecond stimulated Raman spectroscopy (FSRS) to 

achieve subdiffraction Raman imaging (Figure 8).
184

 In this method, vibrational coherences in all 

Raman active modes are generated by overlapping two Gaussian-shaped picosecond and 

femtosecond beams. A doughnut-shaped decoherence pulse interferes with the FSRS signal and 

selectively eliminates the signal at the edge of the focal spot. The FSRS signal is generated only 

in the center where the decoherence beam has no intensity, which produces subdiffraction 

images. Bacteriorhodopsin proteins in purple membrane sheets isolated from Halobacterium 

salinarum were imaged as a proof-of-concept for imaging biological membranes. Ongoing 

advancements to this technique are promising, particularly those that allow the use of reduced 

laser irradiances and further improvements to the spatial resolution. 
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Total internal reflection (TIR) Raman spectroscopy 

As with TIRF imaging, TIR Raman imaging provides signal from molecules within a couple 

hundred nanometers away from a substrate and can be used to provide enhanced signals from 

membrane components with a reduced contribution from the bulk of the cell. TIR Raman 

spectroscopy was first demonstrated by Ikeshoji and co-workers in 1973
185

 using a carbon disulfide 

sample on a glass substrate. Under TIR, an evanescent wave with a decaying electric field is produced 

near the substrate. One to two orders of magnitude enhancement in the Raman signal may result from 

the enhanced electric field produced under TIR. Monolayer sensitivity has been achieved using 

various TIR Raman formats (Figure 9).
186-189

 While the TIR enhancement is typically less than the 

SERS enhancement, the TIR Raman signal is very reproducible and well modeled and does not 

require a roughened metal substrate. Also, the TIR Raman signal is collected over a longer distance 

than is possible with SERS, so the entire membrane and associated cytoskeleton can be probed.  In 

addition, by varying the incident angle of light, the distance over which the Raman signal is collected 

can be varied, and tens of nanometer axial resolution is possible.
190,191

 To demonstrate the 

compatibility of this technique with biological samples, a thin layer of bovine serum was imaged with 

a high signal-to-noise ratio.
192

 As a proof-of-concept for membrane studies, a model planar supported 

lipid layer was imaged with the TIR Raman technique.
193

 In contrast to epi-illumination, the Raman 

signal of cells collected with TIR illumination is expected to reduce signals arising from cytosolic and 

nuclear compounds; thus, the plasma membrane could be imaged with a high signal-to-background 

ratio. While these developing Raman techniques are still in their infancy in regard to membranes 

studies, they are promising tools for future membrane studies.  

 



29 

 

1.4. Summary and Outlook 

Biological membranes are highly heterogeneous and exhibit specific structural and 

dynamic properties that guide numerous cellular functions. Remarkable advances in optical 

techniques have enabled imaging with nanoscale spatial and fast temporal resolution. This 

review reports the advances in fluorescence and Raman-based nanoscale imaging techniques and 

their recent applications to study the organization and dynamics of biological membranes. 

Localization-based super-resolution techniques including PALM and STORM enable high 

spatial resolution generally at the cost of temporal resolution. In contrast, STED and SIM 

generally offer faster acquisition rates with lower spatial resolution. Raman imaging techniques 

reveal spatially resolved chemical information, although they have not yet reached the superior 

performance for membrane studies that has been demonstrated for fluorescence techniques.  

Even with many recent advancements, membrane imaging has not yet been optimized to 

solve some of the most crucial questions related to membrane biology. These complex questions 

may not be addressed with a single imaging (or analytical) technique, and future developments in 

multimodal instrumentation are promising. For instance, whole cell studies using combinations 

of diffraction-limited and super-resolution imaging as well as optical imaging combined with 

nonoptical imaging, such as atomic force microscopy, electron microscopy, and mass 

spectroscopy, will enable information to be measured over multiple length, temporal, and 

chemical contrast scales. Of course, instrument developments, such as detectors with improved 

sensitivity, high quantum yields, larger pixel areas, and faster response, will enhance the 

temporal resolution and facilitate the capturing of fast membrane dynamics. Advances in 

analysis techniques will facilitate the fast and improved data processing and image generation 

and may eliminate the colocalization and clustering artifacts generated during the data 

processing, particularly in SMLM. 
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Improved sample preparation techniques and probes are also important for achieving the 

best imaging quality. The majority of the cell membrane components are sensitive to fixation 

procedures; thus, they may not be detected accurately in fixed cells. Fluorescent probes with high 

quantum yields, small size, good selectivity, and controllable photophysical properties also need 

continual development. Bright white-light lasers make it possible to provide a range of 

wavelengths for multicolor imaging, yet suitable spectrally resolved fluorophores, particularly 

those that report on a specific component or function, are not always available. Additional 

environmental sensitive fluorophores would be beneficial to image various membrane processes 

such as ion transportation, variances of pH, and electric potential.  

Raman-based imaging approaches are commonly performed in fixed cell membranes due 

to lengthy imaging times (i.e., resulting from long acquisition times or scanning), which limits 

the dynamic information that can be measured. For the Raman techniques that have the best-

reported spatial resolution to date, developing sensitive, reproducible, and biocompatible 

plasmonic SERS substrates and advances in TERS tip fabrication have the potential to provide 

selective imaging of single membrane components. Extension of TERS for compatibility with 

liquid medium would be highly advantageous for imaging membranes in live cells. Emerging 

Raman techniques may also be beneficial for noninvasively imaging biological membranes 

without the use of SERS substrates or TERS tips.  

While the nature of the cell membrane may seem to not warrant the need for super-

resolution 3D (three -dimensional) imaging techniques, they will permit the imaging of 

membrane processes and related intercellular signaling pathways as well as membrane topology 

and curvature. Visualization of the formation of exosomes from the cell membrane and their 

regulation by specific proteins is also possible. 3D optical methods are also helpful to image the 
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membrane interactions of adjacent cells and interactions with extracellular materials, for 

example, viral or bacterial pathogens.  
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1.6 Figures 

 

 

Figure 1.1 Two-color SMLM images collected using a combination of PALM and STORM 

showing the colocalization of B cell receptor clusters (magenta color) within ordered membrane 

domains (green color) in CH27 B cells. Images were collected using cells fixed (left) 1 min or 

(middle) 5 min after receptor clustering and (right) live cells. The receptor was labeled with an 

organic fluorophore, and receptors were clustered with a biotinylated anti-body followed by 

(multivalent) streptavidin binding. Ordered membrane domains were labeled with lipidated 

peptide anchored to the inner membrane leaflet (PM peptide) and mEos3.2 fluorescent protein. 

Cross-correlation analysis was used to show colocalization. Reproduced from Stone, M. B.; 

Shelby, S. A.;    ez, M. F.; Wisser, K.; Veatch, S. L. Protein sorting by lipid phase-like 

domains supports emergent signaling function in B lymphocyte plasma membranes. eLife 2017, 

6, e19891. (ref 69), with permission from Creative Commons Attribution license, copyright 

2017. 
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Figure 1.2 uPAINT super -resolution images of endogenous epidermal growth factor receptor 

(EGFR) in COS7 plasma membranes. (a) Schematic showing the principle behind signal 

generation from the stochastic binding and unbinding of a fluorescent species. Reconstructed 

images from (b) 1.6 × 10
5
 localizations with simultaneous incubation with 0.4 nM EGF-Atto 532 

ligand (shown in the schematic) or (c) fluorescently labeled ligand-binding-inhibitor 

panitumumab-Atto 647N. The illumination thickness (green shaded area in a) is approximately 2 

μm. Reprinted with modifications by permission from Springer  ature: SCIE TIFIC 

REPORTS, Winckler, P.; Lartigue, L.; Giannone, G.; De Giorgi, F.; Ichas, F.; Sibarita, J.-B.; 

Lounis, B.; Cognet, L. Identification and super-resolution imaging of ligand-activated receptor 

dimers in live cells. Scientific Reports 2013 , 3 , 2387, 1−5 (ref 79 ). Copyright 2013. 
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Figure 1.3 Representative steps in balanced SOFI data analysis using higher order statistics. 

First, a series of images of stochastically switching emitters is acquired in a similar fashion to 

SMLM experiments. The images are corrected for drift, for example using gold nanoparticle 

fiducial markers, which is problematic for super resolution imaging techniques that require 

collecting data over time with a microscope. The series of images is then divided into sub-series, 

each with a smaller number of frames than the total, which is necessary to account for 

photobleaching in the subsequent analysis. The SOFI analysis defines 2
nd

 order and higher 

cumulants for each sub-series, the cumulants are averaged across each sub-series, and the 

averages are used to generate density maps that show the number of emitting fluorophores per 

pixel. Thresholds are applied to the density maps, and then regions of interest are analyzed for 

each threshold to define the number of “high density regions”. The resultant image does not 

contain background and has a reduced noise level. The spatial resolution depends on the highest 

order cumulant, which can be increased with a larger data series consisting of more images (at 

the expense of collection time and additional photobleaching). At right is a bSOFI image 

collected with total internal reflection (TIRF) illumination showing CD4-mEos2 fusion protein 

clustering in a Jurkat T cell. Reprinted with modifications by permission from Macmillan 

Publishers Ltd:  ATURE COMMU ICATIO S, Lukeš, T.; Glatzová, D.; Kvíčalová, Z.; Levet, 

F.; Benda, A.; Letschert, S.; Sauer, M.; Brdička, T.; Lasser, T.; Cebecauer, M.,  ature 

Communications 2017, 8, 1731, 1-7 (Reference 90). Copyright 2017.  
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Figure 1.4 Examples of how STED can be used to measure (top) nanoscale organization of 

membrane components and (bottom) nanoscale dynamics. Syntaxin clusters imaged in the cell 

membrane of HepG2 cells using (a) confocal and (b) STED microscopy. Syntaxin is a SNARE 

protein that plays a role in vesicle fusion. (c) Magnified area of the white boxed area in image b. 

Reproduced from Merklinger, E.; Schloetel, J. G.; Weber, P.; Batoulis, H.; Holz, S.; Karnowski, 

N.; Finke, J.; Lang, T. The packing density of a supramolecular membrane protein cluster is 

controlled by cytoplasmic interactions. Elife 2017, 6 , e20705 (ref 112),with permission from 

Creative Commons Attribution license, copyright 2017. (d) Information about membrane 
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dynamics can be measured using STED FCS wherein a region represented by the blue circle is 

analyzed. STED FCS reveals details about modes of membrane diffusion that are averaged or not 

measured by confocal imaging using a diffraction-limited imaging area represented 

by the green circle. When the diffusion coefficient is measured across analysis regions of varying 

size (i.e., diameters), Brownian “free” diffusion can be differentiated from diffusion associated 

with a transient immobile or slow species, hop diffusion that may result from, for example, 

membrane components that form compartments by anchoring to the actin cytoskeleton (black 

lines), and localization into a nanodomain that may be formed from different membrane 

compositions. The small analysis regions that are required to differentiate these modes of 

diffusion are generally not achieved with diffraction-limited imaging techniques,—but are 

generally achievable by STED. In STED FCS, the area of the analyzed region can be varied 

using different STED laser irradiances. Reproduced from Schneider, F.; Waithe, D.; Clausen, M. 

P.; Galiani, S.; Koller, T.; Ozhan, G.; Eggeling, C.; Sezgin, E. Mol. Biol. Cell 2017, 28, 

1507−1518. (ref 115), with permission from Creative Commons Attribution license, copyright 

2017. 
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Figure 1.5 SIM images of the nanoscale distribution of the T-cell receptor in lymph-node-

resident T cells. (A−C) before and (D−F) after in vivo T-cell activation. The images show that 

there is a change in the nanoscale organization after in vivo activation. B and E are magnified 

areas of the white boxes labeled in images A and D, respectively. Areas labeled with white boxes 

in B and E are enlarged in images C and F, respectively. The authors used SIM to ensure their 

reported SMLM images (specifically STORM) were not reporting artificial clusters, although the 

spatial resolution of the SIM images was not as good as what was achieved in STORM. 

Reproduced with permission from Proceedings of the National Academy of Sciences USA Hu, 

Y. S.; Cang, H.; Lillemeier, B. F. Superresolution imaging reveals nanometer- and micrometer-

scale spatial distributions of T-cell receptors in lymph nodes. Proceedings of the National 

Academy of Sciences 2016, 113, 7201−7206 (ref 126). Copyright 2016 National Academy of 

Sciences of the United States of America. 
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Figure 1.6 Comparison of membrane-selective SERS imaging and confocal Raman imaging. (A) 

An inverted confocal microscope was used to collect the Raman signal from red blood cells 

coated on a glass substrate (confocal) or SERS substrate. (B) The SERS signal measured 

molecules with a 0.8 μm focal depth, and provided better axial resolution and selectivity for the 

cell membrane compared to confocal Raman imaging. (C) The confocal Raman spectrum had 

peaks that are characteristic of intracellular species (i.e., hemoglobin) whereas the (D) SERS 

spectrum showed peaks that were characteristic of membrane lipids and also proteins. The laser 

irradiance was approximately 2 orders of magnitude lower, and the acquisition time was 

approximately 10-fold faster for the SERS measurement. Reproduced 

from Zito, G.; Rusciano, G.; Pesce, G.; Dochshanov, A.; Sasso, A. Surface-enhanced Raman 

imaging of cell membrane by a highly homogeneous and isotropic silver nanostructure. 

Nanoscale 2015, 7, 8593−8606 (ref 144), with permission of The Royal Society of Chemistry. 

Copyright 2015 The Royal Society of Chemistry. 
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Figure 1.7 (Top) TERS measurements of two arginine−glycine−aspartate -binding integrin 

receptors (α5β1 and αvβ3) on fixed SW480 human colon cancer cells. The TERS tips consisted 

of a cyclo-(arginine−glycine−aspartic acid−phenylalanine−cysteine)-coated gold nanoparticle to 

tag the integrin receptors. Integrins were identified using multivariant curve resolution (MCR) 

analysis. The middle panel of extracted spectra corresponds to α5β1 integrin, and the bottom 

panel corresponds to αvβ3 integrin. Differences in the extracted spectra enable the selective 

imaging of these two different types of integrins. Reproduced with modifications from Xiao, L.; 

Wang, H.; Schultz, Z. D. Anal. Chem. 2016, 88, 6547−6553. (ref 179). Copyright 2016 

American Chemical Society. 
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Figure 1.8 Femotsecond stimulated Raman spectroscopy (FSRS) imaging with a doughnut-

shaped decoherence pulse to improve the spatial resolution. (Top) The picosecond pump and 

femtosecond probe pulses generate vibrational coherence and the FSRS signal. The coherence is 

removed around the periphery of the pump and probe pulses with a doughnut-shaped 

decoherence beam. The resulting FSRS signal is collected from a subdiffraction region. (Middle) 

The collected Raman signal from a diamond sample with a step edge with the decoherence beam 

(i) on or (ii) off. (Bottom) Signal cross sections showing that the spatial resolution is improved 

when the decoherence beam is on. The inset shows an optical image of the diamond sample with 

the step edge. Reproduced with modifications from Silva, W. R.; Graefe, C. T.; Frontiera, R. R. 

Toward Label-Free Super-Resolution Microscopy. ACS Photonics 2016, 3, 79−86 (ref 184). 

Copyright 2016 American Chemical Society. 



52 

 

 

 

Figure 1.9 (A) A representative experimental setup of the total internal reflection illumination 

geometry wherein a laser propagates through a high refractive index material (η1) to a lower 

refractive index material (η2/η3) at an angle greater than the critical angle. Using a prism/sample 

interface allows a larger range of incident angles to be achieved compared to sending the laser 

through the microscope objective off the optical axis. Under total internal reflection conditions, 

Raman scattering is generated from molecules located within the evanescent wave that is 

confined to approximately the wavelength of light or less from the prism interface. (B) In 

scanning angle Raman imaging, the incident angle (θ) of light is scanned at angles above the 

critical angle while simultaneously collecting the Raman spectra. Different axial thicknesses can 

be measured by scanning the incident angle of light, as demonstrated using a homogeneous 

solution of benzonitrile to acquire Raman spectra at selected incident angles: (1) 37.47°, (2) 
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38.43°, (3) 41.31°, (4) 42.67°, and (5) 58.67°. With increasing incident angle, the Raman signal 

decreases due to the reduced volume over which the signal is collected from the homogeneous 

sample. Reprinted from McKee, K. J.; Smith, E. A., Review of Scientific Instruments 2010, 81 

(4), 043106 (ref 190), with the permission of AIP Publishing. Copyright 2010 The American 

Institute of Physics (AIP) Publishing. (C) Plot of the Raman signal as a function of Raman shift 

and incident angle for a self-assembled monolayer of thiophenol adsorbed on smooth planar gold 

film. The maximum Raman scattering intensity is observed at the surface plasmon resonance 

angle (35.56°), where surface plasmons are generated in the metal film and the reflected light is 

maximally attenuated. Reproduced from Nyamekye, C. K. A.; Weibel, S. C.; Bobbitt, J. M.; 

Smith, E. A. Analyst 2018, 143 (2), 400−408 (ref 189), with permission of The Royal Society of 

Chemistry. Copyright 2018 The Royal Society of Chemistry. 
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2.1 Abstract 

 Developing improved fluorescent probes for imaging the endoplasmic reticulum (ER) is 

necessary for structure-activity studies of this dynamic organelle. Two coumarin-based 

compounds with sulfonamide side groups were synthesized and characterized as ER-targeting 

probes. Their selectivity to target the ER in HeLa and GM07373 mammalian cells was shown 

with co-localization experiments using commercially available probes that localize in the ER, 

mitochondria, or lysozymes. The hydrophobicity of the coumarin-based probes was comparable 

to known probes that partition into the ER membrane. Their cytotoxity in mammalian cells was 

low with IC50 values that range from 205-252 µM. The fluorescent quantum yields of the 

coumarin-based probes when excited with 400 nm light were 0.60, and they have a much 

narrower emission spectrum (from 435-525 nm in methanol) than that of the only commercially 

available ER probe that is exited with 400 nm light (ER-Tracker
TM

 Blue-White DPX). Thus, the 

coumarin-based probes are more useful for multicolor imaging with yellow and red emitting 

fluorophores. In addition to the above benefits, ER labeling was achieved with the coumarin-
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based probes in both live cells and fixed cells, revealing their versatility for a wide range of 

cellular imaging applications.  

2.2 Introduction 

The endoplasmic reticulum (ER) is the largest organelle in most eukaryotic cells (1, 2). It 

consists of a network of tubules and sacs enclosed with a continuous single lipid membrane that 

constitutes approximately half of the total area of lipid membranes in the cell (3). The ER plays a 

vital role in maintaining cellular processes, including posttranslational processing, folding and 

trafficking of proteins into other organelles (4) and synthesizing lipids (5). It is also responsible 

for stabilizing the intracellular calcium concentration (6). There are two structurally and 

functionally distinct components of the ER. Processes related to protein modification occur in the 

rough ER, which is a stacked sheet-like structure located in the perinuclear region of the cell. 

The smooth ER consists of a tubular component extending from the rough ER throughout the 

cytoplasm and is involved in lipid metabolism (1).  

Several physiological conditions such as oxygen deficiency, altered glucose and calcium 

levels, excessive acidity as well as some pathological conditions can alter protein folding in the 

ER (7). This results in the accumulation of unfolded or misfolded proteins in the ER lumen and 

generates stress, which alters the size of the ER structure.  Specially, the sheet-like structures 

expand (8). Visualizing this dynamic organelle is important to understand the relationship 

between its structure and biological activity (9).  

Fluorescence imaging is a non-invasive and versatile technique for imaging cellular 

organelles, including the ER. The commercially available ER targeting probes (ER-Tracker
TM

 

Blue-White DPX, ER-Tracker
TM

 Green/BODIPY
TM

 FL Glibenclamide, and ER-Tracker
TM

 

Red/BODIPY
TM

 TR Glibenclamide) shown in Figure S1 contain the sulfonamide group in their 
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structures, and are targeted to the sulfonylurea receptors on the ER membrane (10). Several 

recently reported ER-targeting probes contain a sulfonamide linker attached to a fluorophore (11-

13). Due to the lower cholesterol composition in the ER membrane (14), moderately lipophilic 

fluorescent probes such as ER Thermo Yellow (15) and BODIPY Nile Red (16) have been 

identified to selectively accumulate in the ER. Carbocyanine fluorophores such as DiOC6 and 

DiOC5 also have also been reported to target the ER membrane (17), but they are not selective 

for ER imaging because they are also retained in other cellular organelles (18). Developing ER 

probes emitting at different wavelengths is important for multicolor imaging (e.g., dual labeling). 

Among the currently available commercial ER probes, ER-Tracker
TM

 Blue-White DPX is 

excited around 400 nm (19, 20). This probe, however, has a very broad emission profile ranging 

from 430-640 nm, and is not very useful for multicolor imaging with other fluorescent probes. 

Another disadvantage of commercial ER probes is their high cost due in part to their complex 

synthesis procedures. 

Herein we introduce two coumarin-based compounds as ER-selective fluorescent probes 

(Figure 1, Compound 1a and 1b). Previous studies showed that the methoxy group attached to 

the sulfonamido side group had a higher membrane permeability than the methyl group attached 

at the same position (21). Therefore, we studied compounds 1a and 1b with methyl and methoxy 

groups attached to the sulfonamide side group, respectively. The synthesis of the probes involves 

a simple two-step process based on an inverse-demand hetero-Diels-Alder reaction. The probe 

has low toxicity in HeLa and GM07373 mammalian cell lines. Its excitation is around 400 nm 

and it has a narrower emission range (from 435-525 nm in methanol) compared to ER-Tracker
TM

 

Blue-White DPX.  These coumarin-based probes will be valuable imaging tools for tracking the 
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ER structure over time due to their selectivity, low cytotoxicity, bright emission in the blue 

region and the simple synthetic procedure. 

2.3 Materials and Methods 

2.3.1 Synthesis 

  7-Diethylamino-3-formylcoumarin, methyl trimethylsilyl dimethylketene acetal, 

sulfonamides and solvents were purchased from Sigma-Aldrich and Acros and used without 

further purification. 7-Diethylamino-3-formylcoumarin (1) (0.5 mmol), sulfonamide (0.6 mmol) 

(p-methyl or p-methoxy sulfonamide), pyridinium p-tolunesulfonate (PPTS) (0.1 mmol), 

molecular sieves (MS4Å), and toluene (5 mL) were added to a 25 mL round bottom flask. The 

flask was then equipped with a condenser, and the reaction was heated to reflux in an oil bath. 

After approximately 18-24 h the reaction was cooled to room temperature and then to 0 ˚C. The 

resulting bright red solid was filtered off and was then immediately transferred to a new 25 mL 

round bottom flask. Dichloromethane (2 mL) and THF (2 mL) were then added followed by 

methyl trimethylsilyl dimethylketene acetal (2.5 mmol) and Y(OTf)3 (0.1 mmol). The reaction 

was stirred at room temperature for 20-30 min until it was deemed complete via monitoring by 

TLC. The reaction was quenched on a pad of silica (~1g), the solvent was evaporated and the 

crude mixture was purified via column chromatography (30% EtOAc/70% hexanes ramped to 

100% ethyl acetate).  

  
1
H-NMR were recorded on a Bruker Advance 400 MHz instrument (Figure S2). 

Chemical shifts are reported in parts per million (ppm) down field from TMS, using residual 

CDCl3 (7.27 ppm) as an internal standard. Data are reported as follows: Chemical shift, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of 

doublet, bs = broad singlet), coupling constant and integration. 
13

C-NMR was recorded on a 
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Bruker Advance 400 MHz (100 MHz) instrument using broadband proton decoupling (Figure 

S3). Chemical shifts are reported in parts per million (ppm) downfield from TMS, using the 

middle resonance of CDCl3 (77.0) as an internal standard. Infrared spectra were recorded on a 

Thermofisher IR100 FTIR instrument using NaCl pellets. Absorption peaks are given in 

wavenumbers (cm
-1

). Flash chromatography was performed using a CombiFlash® Companion 

(Teledyne-Isco) chromatography system with RediSep® (Teledyne-Isco) disposable flash 

chromatography columns. High resolution mass spectra were collected using the Agilent QTOF 

6540 (Santa Clara, CA) mass spectrometer, equipped with an Agilent LC 1200 series HPLC 

system (Figure S4). 

2.3.2 Characterization of the Optical Properties of Compound 1a and 1b 

 Absorbance and fluorescence spectra of Compound 1a and 1b (3 μM) in different 

solvents were obtained using the Agilent 8453 UV-vis spectrophotometer (Santa Clara, CA) and 

FluoroMax-4 spectrofluorometer (Jobin Yvon Horiba), respectively. Emission spectra of 

Compound 1a and 1b in HeLa cells were measured using a Nikon Eclipse Ti microscope 

(Melville, NY) operated in a wide-field, epi-fluorescence mode with a Kymera 193i adaptive 

focus imaging spectrograph and Newton CCD camera (Andor, Belfast, UK).  

 Coumarin 153 was used as the standard (Фfl =0.53, ethanol) to measure the fluorescence 

quantum yields of Compound 1a and 1b. A series of concentrations of Compounds 1a and 1b 

(0.05 µM- 0.5 µM) and coumarin 153 (0.05 µM- 0.5 µM) were prepared in ethanol and the 

absorbance spectra and the fluorescence spectra at 400 nm excitation were determined. 

Calibration curves were prepared by plotting the integrated fluorescence intensity vs absorbance 

at 400 nm, and were fit using a linear least squares regression. The slope of the fit line was used 

to calculate the fluorescence quantum yield using the following equation. 
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Where the subscripts x and std represents the test compound and standard, respectively and Ф is 

the fluorescence quantum yield. 

 A home-made, time-correlated, single-photon counting (TCSPC) instrument with a SPC-

630 TCSPC module (Becker & Hickl GmbH) was used to collect the fluorescence time-resolved 

data (22).   Scattered light at the center excitation wavelength of 400 nm was collected (without 

the 450-nm long-pass emission filter used to collect the fluorescence lifetimes) to measure the 

instrument response function (IRF). Generally, the full-width at half-maximum of the IRF was 

approximately 50 ps.  The TCSPC data were collected in 1024 channels (bins), with a time 

resolution of 98 ps/channel, and a full-scale time window of 100 ns. The peak-channel counts 

were set to 65,535. Data were fit with both a single and double exponential curve, and the fit 

with the lowest chi-square value was considered to be the best fit. 

2.3.3 Cell Culture 

 HeLa (Human cervix epithelial cell line) and GM07373 (Bovine endothelial cell line) cell 

lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 

fetal bovine serum, 12.5 mM streptomycin, and 36.5 mM penicillin (Fisher Scientific, Pittsburgh, 

PA) and incubated in a humidified incubator with 5% CO2 at 37 
o
C (Thermo Scientific, 

Waltham, MA).  These cell cultures were sub-cultured every two days using a 0.25% (w/v) 

trypsin-EDTA (Life Technology, Carlsbad, CA) solution.   
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2.3.4 Cell Viability Assay 

 The viability of cells treated with Compound 1a or 1b was determined using the MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. HeLa cells (4 x 10
4
 cells 

/mL) or GM07373 cells (7 x 10
4
 cells /mL) were treated with concentrations of Compound 1a or 

1b from 3-1600 µM in complete DMEM medium in a 96 well plate and incubated for 24 h at 

37
o
C. After a 24 h incubation period, MTT in a PBS (5 mg/mL) solution was added to the wells 

and incubated at 37
o
C for 3 h. Then the medium was removed from the wells and the formazan 

crystals were solubilized using a solubilization solution (16% (w/v) sodium dodecyl sulfate 

(SDS) in 40% (v/v) dimethylformamide (DMF) and 2% (v/v) glacial acetic acid, pH = 4.7). 

Absorbance was measured at 570 nm to determine the amount of produced formazan in each 

well. The percent viability was calculated based on the following equation. 

                  
                                             

                                    
     

The IC50 value (i.e., the concentration of a drug that is required for 50% inhibition of cell 

viability) was calculated by fitting the dose response curve with the Hill equation (23). 

2.3.5 Preparation of Cells for Microscopy Studies  

 HeLa and GM07373 cells were plated on custom-made glass-bottom culture dishes and 

incubated overnight before performing microscopy experiments.  On the day of the microscopy 

experiment, the growth medium was replaced with 2-5 µM Compound 1a or 1b in Hank’s 

Balanced Salt Solution (HBSS) and incubated for 1 h at 37 
o
C.  Cells were rinsed with HBSS 

medium and microscopy experiments were performed in HBSS medium. GM07373 cells were 



61 

 

incubated with Compound 1a or 1b in HBSS medium for 1 h at 37 
o
C then fixed with 4% 

paraformaldehyde for 10 min. After fixation, they were rinsed and imaged in PBS medium. 

2.3.6 Microscopy Experiments 

 Wide-field imaging experiments were performed on a Nikon Eclipse TE2000U 

microscope (Melville, NY) operating in wide-field epi-fluorescence mode and equipped with a 

100× Apo 1.49-numerical-aperture oil-immersion objective. Cell samples were illuminated with 

a mercury lamp (X-Cite 120 PC, EXFO Photonic Solutions Inc., Mississauga, Ontario, Canada). 

Compound 1a and 1b were excited using a 365 ± 35 nm filter and the signal was collected with a 

470 ± 50 nm filter from Omega Optical (Brattleboro, VT). Fluorescence images were collected 

using a PhotonMAX 512 EMCCD camera (Princeton Instruments, Trenton, NJ) with acquisition 

times that ranged from 0.4 s to 2 s. Images were further analyzed with ImageJ software (National 

Institute of Health). 

 A Leica SP5 X MP inverted confocal microscope was used to collect confocal images. A 

405 nm laser was used to excite Compounds 1a and 1b. ER-Tracker
TM

 Red was excited with a 

white light laser passing 580 nm. Emission of Compounds 1a and 1b was collected in the range 

from 460 to 480 nm and that of ER-Tracker
TM

 Red was collected from 610 to 630 nm. 

2.3.7 Co-localization Experiment for Organelle-Specific Fluorophores 

 GM07373 cells were simultaneously incubated with Compound 1a (1 µM) and the 

organelle-specific fluorophore in HBSS medium for 30 min at 37 
o
C. The organelle-specific 

fluorophores were: 1 µM ER-Tracker
TM

 Red (Invitrogen, Carlsbad, CA), 0.5 µM MitoTracker
TM

 

Green FM (Invitrogen, Carlsbad, CA), and 50 nM LysoTracker
TM

 Red DND-99 (Invitrogen, 

Carlsbad, CA). Then the cells were rinsed and imaged in HBSS medium. Excitation/emission 
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filters passed 365 ± 45 nm/470 ± 20 nm (Compound 1a), 562 ± 40 nm /629 ± 56 nm (ER-

Tracker
TM

 Red), 500 ± 20 nm/535 ± 35 nm (MitoTracker
TM

 Green FM), and 562 ± 40 nm/629 ± 

56 nm (LysoTracker
TM

 Red DND-99). 

2.4 Results and Discussion 

2.4.1 Synthesis and Characterization 

 Compounds 1a and 1b were synthesized using a simple, two step reaction (Scheme 1) 

and the chemical yields were 47% and 53%, respectively. These compounds were characterized 

using 1H NMR (Figure S2), 13C NMR (Figure S3), and high-resolution mass spectrometry 

(Figure S4). The high-resolution mass spectra of positive ions of Compound 1a and 1b 

confirmed the molecular masses of the structures (Figure S4). The observed mass for Compound 

1a was 501.2060 and the calculated mass was 501.2054. The observed and calculated masses for 

Compound 1b were 517.2002 and 517.2003, respectively. 

 

  Scheme 1: Synthetic procedure for Compound 1a and 1b. 

The excitation spectra of Compound 1a and 1b had a λmax of 410 nm, and the emission 

spectra had a λmax of 486 ± 1 nm in water (Figure 1). For both compounds, the full-width at half-

maximum was 62 ± 1 nm for the fluorescence spectrum, and fluorescence quantum yields were 
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measured as 0.60 using coumarin 153 as a standard. Compounds 1a and 1b had extinction 

coefficients of 29,530 M
-1

cm
-1

 and 25,100 M
-1

cm
-1

, respectively. 

 

2.4.2 Cell Viability Assay 

 The cytotoxicity of Compounds 1a and 1b in GM 07373 and HeLa cells was evaluated 

using an MTT assay (Figure S5). The half maximal inhibitory concentrations (IC50) were 

detected as 215 ± 2 μM (Compound 1a) and 252 ± 2 μM (Compound 1b) for GM 07373 cells. 

The IC50 of Compound 1a and 1b for the HeLa cell line were 205 ± 2 μM and 239 ± 1 μM, 

respectively. These IC50 values were significantly higher than the concentrations of the probes 

used for imaging studies (0.5-5 μM), indicating the compounds exhibit negligible toxicity at 

concentrations relevant for imaging experiments within these tested cell lines. Trypan Blue 

exclusion assays were used to check the cell viability in HBSS medium over the timescales 

relevant for the imaging experiment (Supplementary page 3). The results (Table S1) show there 

is no significant difference between the cell viability of 1a or 1b treated cells and the control 

cells. The low cytotoxicity under imaging conditions means these probes are applicable for live 

cell studies.  

2.4.3 Microscopy Experiments Showing Localization to the ER 

 Based on the presence of the sulfonamide group and the coumarin structure, Compounds 

1a and 1b were hypothesized to be ER-targeting fluorescent probes. In order to test this, HeLa 

and GM07373 cells were incubated with 2 µM Compounds 1a or 1b, and live cells were imaged 

using a wide-field microscope. Both compounds penetrated the cell membrane and produced a 

fluorescence signal that was mainly observed in the perinuclear region of the cells, targeted to a 
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tubular structure (Figure 2). As a control experiment, HeLa and GM07373 cells were incubated 

with 2 µM 7-diethylamino-3-formylcoumarin and live cells were imaged. As shown in figure S6, 

the fluorescent signal was observed inside the cell but did not localized into any specific 

intracellular structure. This observation supports the hypothesis that the sulfonamide side group 

in Compound 1a and 1b is essential for targeting the probe into the ER.   

 Co-localization experiments were performed using commercially available organelle 

trackers to identify the intracellular location of Compound 1a (Figure 3). The GM07373 cell 

images corresponding to the emission signal of ER-Tracker
TM

 Red and that of the Compound 1a 

were well overlapped and the Pearson’s correlation coefficient was 0.94. Images of cells labeled 

with MitoTracker
TM

 Green FM and LysoTracker
TM

 Red DND-99 fluorophores were not well 

overlapped with the images corresponding to Compound 1a and the Pearson’s correlation 

coefficients were 0.37 and 0.29, respectively.   

 The results for Compound 1b were consistent with Compound 1a (Figure S7). Confocal 

microscopy images, which have improved axial spatial resolution compared to wide-field 

microscopy, also indicate that Compound 1a and 1b colocalize with known ER probes within the 

cells (Figure S8 and S9). A movie of a live GM07373 cell treated with Compound 1a is provided 

in the supplementary information, and highlights the ability to visualize the dynamics of the ER 

structure with this probe.  

 We further examined the compatibility of these compounds with fixation protocols. The 

fluorescence signal corresponding to Compound 1a and 1b were detected in the ER region even 

after fixation with 4% formaldehyde (Figure 4).  
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2.4.4 Effects of Solvent Polarity on Optical Properties 

 The absorption and emission spectra of the Compound 1a and 1b were measured in 

solvents with various polarities (Figure S10). In water, both probes showed the maximum 

absorption at 410 nm and maximum fluorescence at 486 ± 1 nm, as discussed above. When the 

polarity of the solvent decreased, the absorption and fluorescence emission curves were blue 

shifted. The λmax of fluorescence was: 467 nm in methanol, 457 nm in DMSO, 444 nm in 

methylene chloride and 432 nm in toluene. The bathochromic shift of the absorption and 

fluorescence spectra with increased solvent polarity is consistent with reports in literature for 7-

alkylamino coumarins (24, 25). For the higher polarity solvents, the lower energy of the excited 

state fluorophore is due to the relaxation or reorientation of the excited state by the solvent 

dipoles (26). The fluorescence spectra measured for Compound 1a and 1b inside the cells were 

compatible with the fluorescence spectra collected in methanol or DMSO (Figure 5).  

 This observation is consistent with Compound 1a and 1b being targeted to the ER 

membrane, which is less polar than the cytoplasm but not as nonpolar as the cell membrane due 

to its lower cholesterol concentration (14). In addition, the cLogD values reporting the 

partitioning between n-octanol and water were 4.2 and 3.8 for Compounds 1a and 1b, 

respectively. These values are consistent with other ER labeling probes (e.g., the cLogD of ER-

Tracker
TM

 Blue-White DPX is 4.0), and indicate the hydrophobic nature of these compounds 

make them compatible for partitioning into the ER membrane environment.  

 In order to show the utility of Compounds 1a and 1b for fluorescence lifetime imaging 

(FLIM), their lifetimes were also measured using the time-correlated single-photon counting 

(TCSPC) method (Figure S11). In an aqueous medium, data collected for both probes were well 



66 

 

fit to a double exponential decay with average lifetimes of 1.55 and 1.56 ns for Compound 1a 

and 1b, respectively. Approximately 90% of the population had a shorter lifetime (about 1.46 

ns). About 10% of the population had lifetimes of 2.56 ns for Compound 1a and 2.31 ns for 

Compound 1b. The observation of two decay components in water is comparable to the results 

observed for 7-(diethylamino)coumarin-3-carboxylic acid molecule (27). In a high-polar protic 

medium, a planer intramolecular charge-transfer (ICT) excited state can be changed to a twisted 

charge transfer (TICT) excited state by rotating the bond orientation at the 7-diethylamino group 

of the probe. The ICT excited state is highly emissive but the TICT excited state undergoes 

nonradiative decay and is nonfluorescent (24). These two excited state populations likely explain 

the two populations measured in water. The lifetime data collected for Compound 1a and 1b in 

less polar aprotic and nonpolar solvents were well fit to a single exponential decay curve. In less 

polar aprotic solvents both the ground and excited states are likely in planer ICT structures (28) 

and the resulting lifetimes were 3.66 to 3.41 nm for Compound 1a and 3.68 to 3.44 ns for 

Compound 1b. In nonpolar solvents like toluene, 7-diethylamino group adopts a pyramidal 

configuration and forms a nonplanar structure in the ground and excited states (28).  Therefore 

the observed lifetimes in toluene (2.94 nm for Compound 1a and 2.99 ns for Compound 1b) 

were lower than that of less polar aprotic solvents ((Figure S11). The lifetime of Compound 1a 

and 1b could not be measured in the cellular environment with the available instrument, 

however, the results discussed above suggest that the probes are suitable for FLIM and may 

report on the environment of the probe. 

2.5 Conclusion 

 Two coumarin derivatives were synthesized, characterized and their optical properties 

were evaluated as ER targeting probes in live and fixed mammalian cells. The synthetic 
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procedure is not complex with only two involved steps. These compounds have comparable 

hydrophobicities as commercially available ER probes. A bright and narrow emission profile in 

the blue region (from 435-525 nm in methanol) was detected with excitation around 400 nm, 

indicating that these probes will be suitable for multi-color imaging with other probes. In these 

studies, there was no measureable difference in the membrane permeability of 1a and 1b in the 

tested cell lines. The quantum yields were also the same for both compounds, but 1a has a 

slightly higher extinction coefficient than that of 1b. Therefore, compound 1a has a slightly 

higher quantum efficiency (i.e., quantum yield times extinction coefficient). To further enhance 

the applicability of these probes in multi-color imaging, a series of ER probes with varying 

absorption/emission profiles could be developed by extending the conjugation in the coumarin 

core. 
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2.7 Figures 

 

Figure 2.1 (A) Structures of coumarin-based Compounds 1a and 1b. The normalized excitation 

and fluorescence spectra of (B) Compound 1a and (C) Compound 1b.   
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Figure 2.2 Images of (A, B, C) live HeLa cells and (D, E, F) live GM07373 cells treated with (A 

& D) 2 μM Compound 1a, (B & E) 2 μM Compound 1b and (C & F) control showing cellular 

autofluorescence. All images are shown in the same intensity scale. Scale bar is 20 μm in all the 

images. 
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Figure 2.3 Images of live GM07373 cells co-labeled with Compound 1a and commercially 

available organelle-specific fluorophores. The images A, C and E show the fluorescence signal 

corresponding to Compound 1a. The images B, D and F show the fluorescence signal from ER-

Tracker
TM

 (endoplasmic reticulum), MitoTracker
TM

 (mitochondria) and LysoTracker
TM

 

(lysosomes), respectively.  The yellow color in the images in the right column shows where there 

is overlap in the signal for Compound 1a and the organelle specific fluorophore. Scale bar is 20 

μm in all the images. 
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Figure 2.4 Images of GM07373 cells incubated with (A) Compound 1a and (B) Compound 1b 

for 1 h and then fixed with 4% paraformaldehyde. Scale bar is 20 μm in both images. 

 

 

 

 

Figure 2.5 Normalized fluorescence spectra of (A) Compound 1a and (B) Compound 1b 

dissolved in solvents with different polarities (solid lines) and inside the HeLa cells as measured 

by microspectroscopy (dotted lines). 
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2.8 Supplementary Information 

2.8.1 Characterization of Compound 1a and 1b 

 

      (1a) methyl 3-(7-(diethylamino)-2-oxo-2H-

chromen-3-yl)-2,2-dimethyl-3-((4-methylphenyl)sulfonamido)propanoate: 47% yield; IR (cm
-1

) 

3281, 2958, 2926, 2856, 1728, 1604, 1519, 1261, 1133.  
1
H NMR (400 MHz, Chloroform-d) δ 

7.56 (d, J = 8.2, 2H), 7.06 (d, J = 8.8, 1H), 7.02 (s, 1H), 6.95 (d, J = 8.0 Hz, 2H), 6.53 (dd, J = 

8.8, 2.5 Hz, 1H), 6.48 (s, 1H), 6.35 (d, J = 2.4 Hz, 1H), 4.30 (d, J = 10.6, 1H), 3.62 (s, 3H), 3.40 

(q, J = 7.1 Hz, 4H), 1.98 (s, 3H), 1.27 (s, 3H), 1.22 (s, 3H), 1.20 (t, J = 7.3 Hz, 6H). 
13

C NMR 

(101 MHz, CDCl3) δ 176.1, 161.8, 155.9, 150.9, 143.4, 143.2, 137.4, 129.3, 129.0, 127.4, 126.6, 

115.0, 109.2, 107.9, 96.8, 52.3, 48.2, 45.0, 23.2, 23.1, 21.2, 12.6; HRMS Exact mass calcd for 

C26H33N2O6SN[M + H]
+
: 501.2054 Found: 501.2060. 

 

 

 

    (1b) methyl 3-(7-(diethylamino)-2-oxo-2H-

chromen-3-yl)-3-((4-methoxyphenyl)sulfonamido)-2,2-dimethylpropanoate: 53% yield; IR (cm
-

1
) 3434, 2957, 2929, 2875, 1727, 1273, 1181, 1093, 1038. 

1
H NMR (400 MHz, Chloroform-d) δ 

7.61 (d, J = 8.9 Hz, 2H), 7.09 (s, 1H), 7.06 (s, 1H), 6.62 (d, J = 8.9 Hz, 2H), 6.54 (dd, J = 8.8, 

2.5 Hz, 1H), 6.49 (d, J = 10.7 Hz, 1H), 6.35 (d, J = 2.4 Hz, 1H), 4.30 (d, J = 10.6 Hz, 1H), 3.63 

(s, 3H), 3.49 (s, 3H), 3.40 (q, J = 7.1 Hz, 4H), 1.27 (s, 3H), 1.22 (s, 3H), 1.20 (t, J = 7.4 Hz, 6H). 
13

C NMR (101 MHz, CDCl3) δ 176.1, 162.6, 161.8, 155.9, 150.9, 143.4, 132.1, 131.0, 129.4, 

128.9, 114.4, 113.8, 109.2, 107.9, 96.8, 55.3, 52.3, 48.2, 45.0, 23.2, 23.0, 12.5; HRMS Exact 

mass calcd for C26H33N2O7S [M + H]
+
: 517.2003 Found: 517.2002. 
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2.8.2 Trypan Blue Assay 

 HeLa and GM07373 were incubated with 5 µM Compound 1a or 1b for an hour (i.e., the 

duration of the imaging experiment) at 37 
o
C in HBSS medium or in complete DMEM medium. 

Trypan Blue exclusion assays were used to determine the viable cell population after the 

incubation. After trypsinization, equal volumes of the cell suspension and 0.4% Trypan Blue 

stain were incubated for 3 minutes at room temperature. The number of viable cells that excluded 

the dye was counted with the aid of a hemocytometer and an optical microscope. 

 

Table S2.1 Cell viability of compounds 1a and 1b as measured with trypan blue exclusion assay 

 

 

Cell Culture Cell viability (%)  

Compound 1a 

Cell viability (%)  

Compound 1b 

Cell viability (%) 

Control 

HBSS 

medium 

DMEM 

complete 

medium 

HBSS 

medium 

DMEM 

complete 

medium 

HBSS 

medium 

DMEM 

complete 

medium 

GM07373 92.1 

(±5.6)  

93.0 

(±4.1)  

94.3 

(±2.6)  

95.7 

(±1.8)  

91.5 

(±6.5)  

92.2 

(±4.2)  

HeLa 94.1 

(±4.0)  

96.8  

(±2.0)  

94.0 

(±3.4)  

94.9 

(±5.0)  

95.0 

(±3.8)  

94.0 

(±6.3)  
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2.8.3 Supplementary Figures 

 

 

 

 

 

 

 

 

Figure S2.1 Structures of commercially available ER targeting probes: (1) ER-Tracker
TM

 Blue-

White DPX, (2) ER-Tracker
TM

 Green, and (3) ER-Tracker
TM

 Red. 

  

1 2 3 
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Figure S2.2 H1 NMR spectra of (A) Compound 1a and (B) Compound 1b. 

A 

B 
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Figure S2.3 C13 NMR spectra of (A) Compound 1a and (B) Compound 1b. 

  

B 

A 
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Figure S2.4 High resolution mass spectra of: (A) Compound 1a and (B) Compound 1b dissolved 

in methanol. 

  

A 

B 
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Figure S2.5 IC50 curves for Compound 1a and 1b in (A) GM07373 and (B) HeLa cells after 

incubation for 24 h. Error bars represent one standard deviation. The solid line represents the fit 

of the data to the Hill equation. 

 

 

 

 

Figure S2.6 Images of (A) GM07373 cells and (B) HeLa cells incubated with 2 μM of 7-

Diethylamino-3-formylcoumarin for 1 hour. Scale bar is 20 μm in both images.  
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Figure S2.7 Images of live GM07373 cells co-labeled with Compound 1b and commercially 

available organelle-specific fluorophores. The images A, C, and E show the fluorescence signal 

corresponding to Compound 1b. The images B, D, and F show the fluorescence signal from ER-

Tracker
TM

 (endoplasmic reticulum), MitoTracker
TM

 (mitochondria) and LysoTracker
TM

 

(lysosomes), respectively.  The yellow color in the images in the right column shows where these 

is overlap in the signal for Compound 1b and the organelle specific fluorophore. Scale bar is 20 

μm in all the images.  
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Figure S2.8 Confocal microscopy images of GM07373 cells incubated with Compound 1a and 

ER-tracker red. The fluorescence images collected at the excitation and emission channels 

corresponding to (A) Compound 1a and (B) ER-tracker red. C is the merged image of A and B. 

Scale bar is 25 μm in all the images.  

 

Figure S2.9 Confocal microscopy images of GM07373 cells incubated with Compound 1b and 

ER-tracker red. The fluorescence images collected at the excitation and emission channels 

corresponding to (A) Compound 1b and (B) ER-tracker red. C is the merged image of A and B. 

Scale bar is 25 μm in all the images.  
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Figure S2.10 Normalized absorbance (A and C) and fluorescence (B and D) spectra of 

Compound 1a and Compound 1b in different solvents. 
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Figure S2.11 Fluorescence lifetimes curves in different solvents for (A) Compound 1a and (B) 

Compound 1b. (C) Lifetimes of Compound 1a and 1b obtained from the fits to the data shown in 

(A) and (B). Data collected in water were fit to a double exponential curve and the data collected 

in the other solvents were fit to a single exponential curve. 
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CHAPTER 3.    A PHOTOACTIVATABLE BODIPY PROBE FOR LOCALIZATION-

BASED SUPER-RESOLUTION CELLULAR IMAGING 

Modified from a manuscript published in Angewandte Chemie International Edition 
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3.1 Abstract 

 The synthesis and application of a photoactivatable boron-alkylated BODIPY probe for 

localization-based super-resolution microscopy is reported. Photoactivation and excitation of the 

probe is achieved by a previously-unknown boron-photodealkylation reaction with a single low-

power visible laser and without requiring the addition of reducing agents or oxygen scavengers 

in the imaging buffer. These features lead to a versatile probe for localization-based microscopy 

of biological systems. The probe can be easily linked to nucleophile-containing molecules to 

target specific cellular organelles. By attaching paclitaxel to the photoactivatable BODIPY, in 

vitro and in vivo super-resolution imaging of microtubules is demonstrated. This is the first 

example of single molecule localization-based super-resolution microscopy using a visible-light 

activated BODIPY compound as a fluorescent probe. 
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3.2 Introduction 

 Fluorescence microscopy is a useful tool for imaging cellular components in their native 

environments. The spatial resolution of conventional optical microscopy is limited by the 

diffraction limit of light, which depends on the wavelength of light and the numerical aperture of 

the objective. Over the past two decades, optical imaging techniques with sub-diffraction spatial 

resolution, or super-resolution, have been developed.
1-4

 Among these techniques, single molecule 

localization microscopies (SMLM) such as stochastic optical reconstruction microscopy 

(STORM)
4-5

 and photoactivated localization microscopy (PALM)
2, 6-7

 sequentially activate 

sparse subsets of fluorophores, localize their positions with high precision, and generate an 

image by summing the positions of the localized molecules in each frame. 

 Fluorescent probes play an important role in SMLM. Ideal probes should have low 

fluorescence in the ‘off’ state and high photon release in the ‘on’ state. Only a sparse subset of 

fluorophores should be ‘on’ in any frame to ensure high localization precision. Photoswitchable 

probes
8-12

 (Figure 1A,B) have no fluorescence in the ‘off’ state. Common photoswitchable 

probes require a UV laser to convert the molecules into the ‘on’ state from the ‘off’ state and a 

second laser to excite the active fluorophore. While the use of two lasers decouples the switching 

rate and the signal intensity, a high-power UV laser affects cell health and may increase the 

autofluorescence in the cells. Typical laser irradiances used with common SMLM probes are 

listed in Table S1. These probes also often necessitate the use of additives in the imaging media 

to ensure switching to the ‘off’ state.  

 Photocages
13-18

 (Figure 1C) releasing fluorescent compounds have been used as 

fluorescent probes, including probes for SMLM.
19

 Photoactivated fluorescent probes are most 
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commonly derived from the o-nitrobenzyl photocage.
14, 19

 This photocage has high quantum 

yields of release, but requires UV light activation and has potentially toxic nitrosoarene 

photoproducts. In addition, a second high power laser is necessary to excite the activated 

fluorophore. It would be beneficial to have a SMLM probe that only necessitates a single low 

power visible light laser. The use of a single laser is beneficial because it simplifies the 

instrumentation, but it also couples the mechanism to achieve photoactivation and the signal 

intensity.  

 Previously, meso-substituted BODIPY fluorophores have been introduced as 

photocages.
20-22

 We recently discovered that BODIPY compounds with alkyl groups on the boron 

have higher quantum yields of photorelease than their fluoro analogues.
23

 Serendipitously, we 

found that these dyes have a significant increase in fluorescence after irradiation with green light, 

independent of substitution at the meso-position. Herein, we describe a BODIPY fluorescent 

probe with photoactivation using ~500 nm light and its application for SMLM. We show the 

laser flux can be optimized to achieve a sufficient single molecule density and signal intensities 

that permit accurate localization of a sufficient number of fluorophores with a short analysis 

time. 

3.3 Results and Discussion 

 The photophysics of the parent boron-alkylated BODIPY compound and its photoproduct 

were measured in methanol, a solvent wherein both compounds were well dissolved. Product 

studies showed that upon irradiation, the alkyl groups on the boron are cleaved and replaced with 

the solvent adduct (Figure 1D, Figure S1). The photophysical properties of compound 1 and 2 

are typical of BODIPY dyes (Table 1), though it is notable that compound 2 has an ~6-fold 

higher fluorescence quantum yield than compound 1 in methanol. The photoactivation quantum 
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yield measured in methanol using a 532 nm Nd:YAG laser with a ferrioxalate actinometer was 

0.79 ± 0.02%. This photoactivation quantum yield is lower than typical o-nitro benzyl 

derivatives
24

, however the much higher extinction coefficient of BODIPY leads to a similar 

photoactivation quantum efficiency (i.e., the photoactivation quantum yield times the extinction 

coefficient), and the use of visible light and lack of the nitrosoarene byproduct makes the 

BODIPY  probe more compatible with biological samples. 

 The photoreaction of compound 1 occurs in aqueous media, which is a requirement for 

biological imaging. The photoactivation quantum yield in 90:10 acetonitrile:water was 0.8 ± 

0.1%, similar to the activation quantum yield in methanol. The fluorescence quantum yields of 1 

and its photoproduct were measured in 90:10 acetonitrile:water to be 0.06 and 0.35, respectively. 

While the quantum yield was diminished in aqueous solution compared to methanol, the 6-fold 

increase in quantum yield when comparing 1 and its photoproduct was consistent with both 

media. The fluorescence intensity increased ~3-fold upon irradiation in PBS buffer compared to 

the initial fluorescence intensity of compound 1 (Figure S3), which was similar to the reaction in 

methanol. Competitive photoactivation and photobleaching during the irradiation likely explains 

the discrepancy between the ~3-fold increase in fluorescence measured after 5 minutes of 

irradiation in an aqueous medium (Figure S3) and the ~6-fold increase in the fluorescence 

quantum yield (Table 1). Mass spectrometry analysis indicates that the photoproduct in aqueous 

media is the expected dihydroxy species (Scheme S3, Figure S2).   

 A 4-(N-hydroxysuccinamidylcarbonyl)styryl group was added to 1 to facilitate the 

attachment of nucleophile-containing compounds that could be used to target the 

photoactivatable BODIPY probe to specific cellular structures. In order to show that the B-

alkylated BODIPY compounds could be used for SMLM imaging we chose to target 
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microtubules for a proof of principle. Microtubules are rigid structures with an approximately 25 

nm diameter.
25

They are a good target for testing super-resolution imaging approaches since their 

size is below the diffraction limit of light. Paclitaxel was chosen as an inexpensive and readily 

available microtubule probe. Compound 3 was synthesized with paclitaxel attached in a manner 

that preserves the binding sites to microtubules (Figure 1E).  

 Compound 3 initially has a lower fluorescence than 1 due to the styryl group on the meso 

position.
26

 To verify that the molecule still undergoes photoactivation, it was irradiated in a 

cuvette in PBS buffer. Similar to the irradiation of 1, the fluorescence intensity was enhanced 

three-fold over the initial fluorescence intensity at the start of the illumination (Figure 2A). After 

photoactivation, the excitation maximum was 498 nm and the emission maximum was 517 nm 

(Figure S5).  

 In addition, the photoactivation quantum yield of an analogue of 3 without paclitaxel 

attached in 90:10 acetonitrile:water was 0.12 ± 0.02%. The photoactivation quantum yield is 

likely lower than that of 1 (0.80%) due to the additional vibrational relaxation introduced with 

the styryl group in the meso position. 

 In order to optimize the laser irradiance for SMLM, compound 3 was drop cast on a clean 

glass coverslip and imaged using a home-built SMLM microscope. The laser irradiance affects 

the number and density of photoactivation events recorded in each frame of the movie. Highly 

inclined and laminated optical sheet (HILO) illumination was used to reduce background while 

generating signal from up to a 3 micron depth from the glass slide (i.e., the same illumination 

used for the cell studies). The fluorescence was detected using an electron multiplying charge 

coupled device (EMCCD) detector. No photoactivation of compound 3 was observed with laser 

irradiances lower than 28 W/cm
2
.  Graphs of the number of photoactivation events in each frame 
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of the movie were constructed for laser irradiances between 28 to 790 W/cm
2
 (Figure 2B). All 

irradiances generated numerous photoactivation events and conditions not suitable for 

localization within the first 3 s, but sparse photoactivation events at subsequent times (Figure 

S6). A laser irradiance of 28, 160, 475, 790 W/cm
2
 was suitable to activate an average of 21, 12, 

5 and 3 molecules sparsely distributed throughout the frame over the 5 min movie. The number 

of localizable events in each frame decreased with increasing laser irradiance because the 

number of photoactivation events that occur in the first three seconds increases with increasing 

laser irradiance, leaving a smaller subset of molecules at later times to undergo photoactivation. 

For all irradiances between 28 to 790 W/cm
2
 most molecules were on for less than 30 

milliseconds before photobleaching (Figure S7). 

 The localization precision for each localizable photoactivation event was determined 

using the ThunderSTORM plug-in for Image J.
27

 A histogram of the localization precision was 

generated for each laser irradiance (Figure 2C). The smallest median localization precision (14 

nm) was obtained with 160 W/cm
2
 irradiance. 

 Combining the results for the number of localization events in each frame and their 

precision, a laser irradiance of 160 W/cm
2 

was used in subsequent imaging experiments. 

Importantly, this irradiance is significantly lower compared to those used for many conventional 

SMLM experiments, which are generally greater than kW/cm
2 

(Table S1, S2).
28-29

 The lower 

irradiance used in these experiments means photodamage to biological cells and tissues should 

be minimized. 

 The ability of compound 3 to bind to microtubules and retain the optical properties 

required for SMLM was tested using in vitro assembled microtubules spread on a glass slide 

(Figure 3A,D). Total internal reflection (TIR) illumination was used to reduce background and 



91 

 

achieve a median signal-to-noise ratio of 48 upon photoactivation (Figure S8). Fifty thousand 

frames were collected at which point no additional molecules could be detected. Localization 

data were used to reconstruct the super-resolution images. The microtubules were imaged with 

an average full-width-at-half maximum (FWHM) diameter of 45 ± 10 nm. This is smaller than 

the diffraction limit of light, but larger than the reported microtubule diameter (25 nm). The 

additional distance that separates the microtubule and the fluorescent label is minimal using 

compound 3 when compared to antibody-coupled fluorescent probes.
30-31

 The microtubule was 

not immobilized on the glass slide, and the larger measured FWHM may be the result of the 

movement of the microtubule as a result of the presence of imaging buffer. SMLM was 

performed using HeLa cells fixed with 0.5 % glutaraldehyde and subsequently incubated with 1 

μM compound 3 for 1 hour. The fluorescence signal was observed in the nucleus and was highly 

concentrated in the nucleoli (Figure S9). This result was consistent with previous reports
32-33

 

stating formaldehyde and glutaraldehyde fixation agents destroy the paclitaxel binding site on 

microtubules. Using ethylene glycol bis (succinimidyl succinate) (EGS) to fix the cells, however, 

the paclitaxel binding site on microtubules was retained (Figure 3B,E).
33

 

 To determine the utility of compound 3 for SMLM of microtubules in live cells, HeLa 

cells were incubated with 1 μM compound 3 in complete growth medium. Paclitaxel is a known 

substrate of the p-glycoprotein efflux transporter, therefore the p-glycoprotein inhibitor 

verapamil was used to enhance the concentration of compound 3 in the intracellular 

environment.
33-34

 The diffraction-limited image showed the intracellular concentration was 

suitable for imaging the microtubules (Figure 3G). Super-resolution images of microtubules were 

generated using the localization data (Figure 3C,F). The data demonstrate that the 

photoactivatable BODIPY probe enables live cell SMLM. This will facilitate measuring cellular 
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structures that are altered by fixation procedures, although the dynamics of the imaged features 

should be slow relative to the data collection time.  

 Alexa Fluor 488 and ATTO 488 SMLM probes have similar excitation and emission 

profiles as the BODIPY probe used in this study. Alexa Fluor 488 and ATTO 488, however, 

require higher laser irradiances (1.2 to 3 kW/cm
2
)
28, 35

 to achieve the switching properties 

preferable for SMLM compared to the BODIPY photoactivatable probe (0.16 kW/cm
2
). In 

addition, Alexa Fluor 488 and ATTO 488 require two lasers for SMLM. A UV laser is used to 

achieve the switching between ‘on' and ‘off’ states, which is not preferable for cell imaging. 

Photoactivatable probes used for SMLM, such as coumarin oxazine
36

 and rhodamine-based 

photocages
12, 14, 37-39

 also require UV irradiation (355 nm to 405 nm) and two lasers for the 

activation and excitation of the probe (Table S2). The photoactivatable BODIPY can be activated 

and excited with a single laser in the visible range, which overcomes the drawbacks of UV 

activation. Moreover, the BODIPY probe does not require reducing agents or oxygen scavengers 

as required for the photoswitchable class of SMLM probes.  

3.4 Conclusion 

 In summary, the photoactivatable BODIPY probe is versatile and can be easily attached 

to nucleophile-containing molecules, thus it can be used to image various biological targets. We 

have demonstrated the utility of a B-alkylated BODIPY probe for SMLM by attaching paclitaxel 

for super-resolution imaging of microtubules. When the dynamics of the structure being imaged 

are sufficiently slow on the timescale of the imaging experiment, the photoactivatable BODIPY 

can be used to image live cells with a range of imaging buffers that do not contain reducing 

agents or oxygen scavengers. In addition, activation and excitation of the photoactivatable 

BODIPY probe is achieved with a single visible laser at comparably lower irradiances than 
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alternative SMLM approaches, so it is suitable for a variety of biological samples that might 

otherwise be damaged by the high power or UV lasers used with many current SMLM probes. 

The photophysical properties of BODIPY are easily tuned, which opens opportunities to making 

probes with various wavelengths of visible light activation. To further enhance the applicability 

of this probe, structural modifications to the BODIPY structure could be made to enhance water 

solubility, increase the brightness of the activated fluorophore in order to increase the 

localization precision, and introduce a palette of photoactivatable BODIPY with varying 

emission maxima for multicolor SMLM imaging. 
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3.6 Tables and Figures 

Table 3.1 Photophysical properties of compounds 1, 2 and 3 

[a] Fluorescence quantum yield calculated in methanol using fluorescein as a fluorescent 

standard. 

 

 

Figure 3.1 Examples of SMLM probes based on (A) direct switching
8-9

, (B) 

photoisomerization
10

, and (C) photo-uncaging
14

. (D) photoactivation of B-dialkylated BODIPY 

with visible light generates a fluorescent signal. (E) Photoactivatable BODIPY probe for SMLM 

imaging of microtubules. 

  

 λex (nm) λem (nm) ε (M
-1

cm
-1

) Φf
[a]

 

1 490 505 52000 0.15 

2 495 510 53000 0.96 

3 498 517 15000 0.002 
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Figure 3.2 (A) Fluorescence increase of compound 3 irradiated with a 500 W halogen arc lamp 

in a quartz cuvette. The start of illumination is 0 min. The fluorescence was measured using a 

470 nm excitation wavelength. (B) Plots of the number of photoactivated BODIPY over time 

(measured in each frame starting after 3 s) using a 488 nm laser with the indicated irradiance. 

There is an exponential decay in photoactivation events with illumination time after 3 s. (C) 

Histogram of the localization precision of the photoactivated molecules. 
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Figure 3.3 (A) In vitro, (B) fixed HeLa cell, and (C) live HeLa cell SMLM images of compound 

3-labeled microtubules (color scale images). Gray scale images are the diffraction-limited images 

generated by summing all the frames in the movie without localizing the fluorophores. HEPES 

buffer was used as the imaging medium for live cells and PBS buffer was used for in vitro and 

fixed cell images. A single 160 W/cm
-2

 488 nm laser was used for activation and excitation. (D), 

(E) and (F) are the Gaussian fits of line-scan intensities across the indicated areas in the SMLM 

images (red line) and corresponding diffraction limited images (blue line) of (A), (B) and (C), 

respectively. Images (B) and (C) show only a small area of the cell; (G) is the diffraction-limited 

image of microtubules showing the entire cell. Scale bar: (A) and (B) 500 nm, (C) 1 μm, (G) 20 

μm.       

  



100 

 

 

3.7 Supplementary Information 

3.7.1 Probe Synthesis  

 

Scheme S3.1 Synthesis of BODIPY-paclitaxel conjugate for use in single molecule localization 

microscopy (SMLM). 

 

B,B-diethyl-1,3,5,7,8-pentamethyl BODIPY (1): To a solution of 1,3,5,7,8-

pentamethylBODIPY 5 (200 mg, 0.76 mmol, 1 eq) stirring in 10 mL dry ether under argon was 

added 3M ethylmagnesium bromide (2.5 mL, 10 eq.) dissolved in dry THF. The solution was 

stirred for 2 h at room temperature. The reaction was quenched with a small portion of saturated 

ammonium chloride and washed 3 times with ammonium chloride and once with brine. The 

combined organic layer was dried over sodium sulfate, filtered, and the solvent was removed 
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under vacuum. The resulting mixture was purified with silica gel chromatography (hexanes), 

affording 150 mg (70%) of the bright orange-yellow product. Characterization matched the 

previously reported compound.
[3] 

B,B-diethyl-8-(E)-(4-(methoxycarbonyl)styryl)-1,3,5,7-tetramethylBODIPY (4): To a solution 

of 1 (100 mg, 0.35 mmol, 1 eq) in 2 mL toluene was added methyl 4-formylbenzoate (500 mg, 

3.0 mmol, 8.5 eq)  and 1 mL piperidine. The solution was equipped with a dean stark trap and 

refluxed for 72 h. The toluene was removed under vacuum and the mixture was purified by 

column chromatography with silica gel (80:20 toluene:DCM), affording 4  as a red solid (70 mg, 

47%). 
1
H NMR (500 MHz, CDCl3) δ, 0.38 (t, J = 8, 6 H), 0.83 (q, J = 8, 4 H), 2.19 (s, 6 H), 2.47 

(s, 6 H), 3.93 (s, 3 H), 6.06 (s, 2 H), 6.70 (d, J = 16, 1 H), 7.26 (d, J = 16, 1 H), 7.55 (d, J = 8, 2 

H), 8.07 (d, J = 8, 2 H). 
13

C NMR (500 MHz, CDCl3) δ, 0.04, 9.20, 16.49, 17.68, 52.26, 121.64, 

126.38, 126.55, 129.94, 130.34, 131.59, 135.58, 137.36, 139.61, 140.65, 151.77, 166.71; HRMS-

ESI (m/z): [C27H33BN2O2] calc, 428.2744; found, 428.2742.  
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B,B-diethyl-8-(E)-(4-(N-hydroxysuccinamidylcarbonyl)styryl)-1,3,5,7-tetramethylBODIPY 

(6): To a solution of 4 (50 mg, 0.12 mmol, 1 eq) in 1 mL methanol was added 1 g KOH. The 

mixture was refluxed for 72 h. The solution was brought to room temperature and acidified with 

1 mL HCl, diluted with 10 mL dichloromethane and extracted with dichloromethane 3 times and 

washed with brine. The organic layer was dried over sodium sulfate, filtered, and the solvent was 

removed under vacuum to yield 30 mg (60%) of a red solid. The resulting compound was 

dissolved in dry dichloromethane, to which was added 4-(dimethylamino)pyridine (1 mg, 0.01 

mmol, 0.1 eq), dicyclohexylcarbodiimide (22.3 mg, 0.11 mmol, 1.5 eq), and N-

hydroxysuccinimide (13 mg, 0.11 mmol, 1.5 eq). The solution was stirred overnight at room 
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temperature. The mixture was left in the freezer for 1 h, and filtered, after which solvent was 

removed under vacuum. 6 was purified with silica chromatography (DCM) to yield 17 mg (29% 

yield over two steps) of a red solid. 
1
H NMR (500 MHz, CDCl3) δ, 0.42 (t, J = 8, 6 H), 0.87 (q, J 

= 8, 4 H), 2.23 (s, 6 H), 2.51 (s, 6 H), 2.96 (s, 4 H), 6.11 (s, 2 H), 6.76 (d, J = 16, 1 H) 7.36 (d, J 

= 16, 1 H), 7.66 (d, J = 8, 2 H), 8.22 (d, J = 8, 2 H). 
13

C NMR (500 MHz, CDCl3) δ, 0.15, 9.30, 

16.61, 17.75, 25.84, 121.186, 124.81, 126.84, 128.13, 131.52, 135.21, 137.42, 139.19, 141.78, 

142.70, 152.09, 161.62, 169.34. HRMS-ESI (m/z) [C30H34BN3O4 + H
+
] calc, 512.2715; 

found,512.2732.  
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Compound 3: To a solution of 6 (10 mg, 0.02 mmol, 1 eq) stirring in 5 mL dry dichloromethane 

was added 7-β-alanyltaxol (20 mg, 0.022 mmol, 1.1 eq) and 100 μL triethylamine. The solution 

was stirred 12 h at room temperature. The solvent was removed under vacuum and the solid was 

purified by column chromatograpy (99:1 DCM:MeOH) yielding 7 mg of 3 (26% yield). The 

solid was additionally purified by prep-HPLC for use in fluorescent imaging studies. 
1
H NMR 

(500 MHz, CDCl3) δ, 0.37 (t, J = 8, 6 H), 0.83 (q, J = 8, 4 H), 1.14 (m, 6 H), 1.68 (s, 3 H), 1.85-

2.05 (m, 2 H), 1.99 (s, 3 H), 2.13 (s, 1 H), 2.18 (s, 6 H), 2.23 (s, 3 H), 2.36 (s, 3 H), 2.47 (s, 6 H), 

2.49-2.62 (m, 3 H),  3.15 (m, 1 H), 3.35 (s, 1 H), 3.83 (m, 1 H), 4.20 (d, J = 9, 1 H), 4.32 (d, J = 
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9, 1 H), 4.98 (m, 1 H), 5.68 (m, 2 H), 6.05 (m, 3 H), 6.28 (m, 2 H), 6.70 (d, J = 20, 1 H), 7.00 (d, 

J = 9, 1 H,) 7.17 (m, 2 H), 7.30-7.65 (band, 13 H), 7.76 (d, J = 8, 2 H), 8.03 (d, J = 9), 8.13 (d, J 

= 8, 2 H) ). 
13

C NMR (500 MHz, CDCl3) δ, 8.86, 9.29, 9.77, 14.26, 15.06, 16.60, 17.76, 20.97, 

22.85, 25.10, 25.79, 29.86, 32.09, 34.12, 43.35, 46.51, 49.35, 56.14, 58.71, 72.09, 72.30, 73.39, 

74.91, 75.30, 75.77, 76.60, 79.44, 81.25, 84.63, 121.86, 126.79, 127.07, 127.24, 128.82, 128.92, 

129.32, 130.37, 130.77, 131.66, 132.18, 132.95, 133.85, 133.90, 135.38, 137.10, 137.38, 139.37, 

141.80, 143.02, 152.09, 156.84, 165.35, 167.23, 168.24, 169.94, 171.41, 173.58, 203.96; HRMS-

ESI (m/z) [C76H85BN4O16 + H
+
] calc, 1321.6126; found, 1321.6146.  
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3.7.2 Fluorescence and Photoactivation Quantum Yield Measurements 

Fluorescence quantum yields (Φf) 

Fluorescence quantum yields were determined as an average of three trials. Compounds 1-3 were 

prepared in methanol at concentrations between 1-30 µM and the absorbance spectra and 

fluorescence spectra with 450 nm excitation were collected. Calibration plots were constructed 

using the integrated fluorescence peak area from 475-600 nm versus the absorbance at 450 nm. 

Calibration curves were compared to those for a fluorescein standard. In addition, the quantum 

yield of the aqueous photoproduct of 1 was determined by irradiating a solution of 1 in 90:10 
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acetonitrile: water for 30 minutes. As described above, the calibration curve was plotted using 

the integrated fluorescence peak area from 475-600 nm and the absorbance at 450 nm.   

Photoactivation quantum yield 

The photoactivation quantum yield was determined using an average of three trials. Compounds 

1 and 4 (an analogue of 3 without paclitaxel attached) between 1-4 mg were dissolved in 1 mL 

dichloromethane and diluted to 25 mL with methanol, or 45 mL acetonitrile and diluted to 50 mL 

with water. 3 mL of the solutions were transferred to a quartz cuvette. The initial absorbance was 

recorded at 532 nm. The solutions were then irradiated with a 532 nm Nd:YAG laser or a 530 

nm 5 lamp Luzchem LED setup. At intervals, 10 µL of the solutions were removed and diluted 

to 25 mL with methanol or 90:10 acetonitrile:water and the fluorescence intensity at 510 nm was 

measured with 450 nm excitation. Time points were taken until the fluorescence began to 

decrease due to photobleaching, at which time it was assumed that the maximum fluorescence 

intensity was 100% conversion. The percent conversion was converted into moles reacted, which 

was plotted versus irradiation time. The photoactivation quantum yield was determined against a 

ferrioxalate actinometer, taking into account the low absorbance of compounds 1, 4 and 

ferrioxalate at 532 nm. The quantum yield of photoactivation for compound 1 was 0.79 ± 0.02% 

in methanol and 0.8 ± 0.1% in 90:10 acetonitrile: water. The quantum yield of photoactivation 

for 4 was found to be 0.12 ± 0.02% in 90:10 acetonitrile: water. Compound 4 was used instead of 

compound 3 because synthesis of milligram quantities of compound 3 was not feasible.    

Photoproduct studies 

Compound 1 (25 mg) was dissolved in 10 mL dichloromethane, which was diluted to 100 mL 

with methanol. The solution was stirred in an Erlenmeyer flask overnight under a 532 nm LED. 

The solvent was removed under vacuum and the remaining solid was purified via column 

chromatography with silica gel (60:40 Hex: EtOAc). Two major photoproducts were isolated and 
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characterized by NMR (Figure S1), corresponding to the single and disubstituted compounds. 2 

mg (8% yield) of 7 and 21 mg (83% yield) of 2 were isolated, suggesting that the photoactivation 

to 2 is a sequential two-photon process.  

 
Scheme S3.2 Photoproducts of 1 in methanol when irradiated with green light. 

 

 

The solubility of 1 in water is low, so verification that the dihydroxy product is formed in water 

was performed by collecting a mass spectrum of the compound after irradiation in 90:10 

acetonitrile: water. Photoproduct studies were conducted by dissolving 1 mg of 1 in 9 mL of 

acetonitrile to which was added 1 mL of water. The solution was irradiated in a pyrex test tube 

with green light for 3 h. A high resolution mass spectrum (HRMS, Figure S2) was measured of 

the solution to confirm that the dihydroxy species is formed upon irradiation in water. HRMS, 

ESI: C14 H19 B N2 O2 Na + Calc: 281.1437 Found: 281.1431 

 

 

Scheme S3.3 Photoproduct of 1 when irradiated with green light in acetonitrile with 10% water. 
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Figure S3.1 NMR spectra of the photoproducts of 1 in methanol: (top) 7 and (bottom) 2. 
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Figure S3.2 High resolution mass spectrum of the photoproduct of 1 in an aqueous medium 

showing the formation of the dihydroxy product 8. 

 

3.7.3 Single Molecule Localization Microscopy 

Table S3.1 Examples of the laser irradiances used for SMLM experiments with commonly used 

photoswitchable fluorescent probes. 

 

 

 

 

SMLM probe Excitation Laser irradiance used for 

SMLM experiments 

Reference 

Alexa Fluor 488 1.2 kW/cm
2
, 3 kW/cm

2 
 

[4]
,
[5]

 

ATTO 488 1.2 kW/cm
2
  

[4]
 

ATTO 520 3 kW/cm
2 
 

[5]
 

Alexa Fluor 532 1.5 kW/cm
2 

 
[5]

 

ATTO 532 10 kW/cm
2
  

[6]
 

Tetramethyl Rhodamine ~ 1 kW/cm
2
  

[7]
 

Cy3B 1.7 kW/cm
2
, 2.2 kW/cm

2
  

[8]
,
[4]

 

ATTO 565 1.5 kW/cm
2 

 
[5]

 

Alexa Fluor 568 1.5 kW/cm
2 

 
[5]

 

ATTO 590 4 kW/cm
2
 

[5]
 

ATTO 655 1.5 kW/cm
2 

 
[9]

 

Alexa Fluor 647 0.8 kW/cm
2
  

[4]
 

Cy5 0.8 kW/cm
2
  

[4]
 

ATTO 680 0.8 kW/cm
2
 

[4]
 

ATTO 700 4 kW/cm
2 
 

[5]
 

Cy7 1.3 kW/cm
2
 

[4]
 

Alexa Flour 750 1.3 kW/cm
2
  

[4]
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Table S3.2 Examples of the laser wavelengths and irradiances used for SMLM experiments with 

photoactivatable fluorescent probes. 

 

 

Data collection and analysis 

Microscopy experiments were performed on a Nikon Eclipse TE2000U microscope (Melville, 

NY) equipped with an Argon ion laser (Uniphase, San Jose, CA). A schematic of the instrument 

is shown below. The laser irradiance was determined as previously reported.
[16]

 An Andor 

iXon
EM

+ DU-897 back illuminated electron-multiplying charge coupled device (EMCCD) was 

used to collect the filtered emitted light.  A 30 ms acquisition time per frame and 10,000 - 50,000 

frames were collected for each movie. SMLM movies were analyzed using ThunderSTORM 

plug-in for ImageJ.
[17]

 Fitting point spread function model, integrated Gaussian by least square 

methods was used to achieve the sub-pixel localization of molecules. Merging was used to 

remove the localized molecules that appeared in sequential frames. This ensured that the same 

Probe Activation 

wavelength 

Probe 

ex 

Probe 

em 

Activation 

laser 

irradiance 

Excitation 

laser 

irradiance 

Reference 

Compound 3 488 nm 498 nm 517 nm 0.16 kW/cm
2
 NA This study 

NVOC caged 

si-Rhodamine 

405 nm 637 nm 654 nm 1 W/cm
2
 4 kW/cm

2
 

[10]
 

Rhodamine 

diazoketone 

405 nm 558 nm 583 nm 0.1  W/cm
2
 2 kW/cm

2
 

[11]
 

Caged Rh110 405 nm 473 nm 520 nm 5.5-23 W/cm
2
 0.38 kW/cm

2
 

[12]
 

Nitroso-caged 

rhodamine 

405 nm 532 nm 550 nm 0.1  W/cm
2
 2 kW/cm

2
 [13]

 

Rhodamine 

lactam 

375 nm 532 nm 620 nm 50 W/cm
2 

18 kW/cm
2
 [14]

 

Coumarin 

oxazine 

355 nm 532 nm 645 nm 10-100 W/cm
2 

5 kW/cm
2
 [15]

 



112 

 

localized molecule did not contribute to the constructed SMLM image more than once. 

Diffracted limited images were constructed by summing all the frames into a single image using 

ImageJ. 

 

 

 

 

 

 

 

 

 

 

 

A schematic of the fluorescence microscope used for single molecule localization microscopy. 

 

Uncertainty of the localized single molecules (s) is calculated using the equation: 

    
  

 
   

     

 
   

      

    
  

where s is the standard deviation of the point spread function, N is the number of photons 

detected, a is the pixel size, and b is the standard deviation of the image background
[18]

. For our 

experimental conditions, the expected localization prevision is between 14-22 nm. 

Cell sample preparation 

HeLa cells (ATCC
®
 CCL-2

TM
, Manassas, VA) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 12.5 
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mM streptomycin, and 36.5 mM penicillin (Fisher Scientific, Pittsburgh, PA). Cultures were 

maintained at 37 °C in a humidified 5% CO2 incubator (Thermo Scientific, Waltham, MA).  

HeLa cells were sub-cultured using 0.25% (w/v) trypsin-EDTA (Life Technologies, Carlsbad, 

CA) solution every two days.  Cells were seeded at 20,000 cells per well onto polylysine coated, 

8-well chambered cover glass (Nunc
TM 

Lab-Tek
TM

 ɪɪ, Thermo Scientific) a day before the 

microscopy experiment.   

Live cell labeling 

On the day of the microscopy experiment, the growth medium was replaced with 1 μM 

compound 3 and 25 μM verapamil hydrochloride (Sigma Aldrich, St. Louis, MO) in DMEM 

medium and incubated for 1 hour at 37 °C in a humidified 5% CO2 incubator. Cells were rinsed 

with the imaging medium (pH = 7.4, 155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 2 

mM NaH2PO4, 10 mM HEPES and 10 mM Glucose) several times prior to the microscopy 

experiment. 

Glutaraldehyde fixation of cells and labeling 

Growth medium was removed, and the cells were incubated in BRB-80 buffer (pH 6.8, 80 mM 

K-PIPES, 1 mM MgCl2; 1 mM EGTA) containing 0.5% Triton X-100 for 1 min. Then cells were 

incubated for 10 min with BRB buffer containing 0.5% glutaraldehyde (Sigma Aldrich). Solution 

was replaced with a freshly prepared 0.1% sodium borohydride in PBS buffer and incubated for 

5 min. This step was repeated twice to quench the unreacted glutaraldehyde. Then rinsed well 

with PBS and blocked with 1% BSA in PBS for 30 min. Samples were incubated for 1-2 h with 1 

μM compound 3 in PBS. The cells were washed several times with PBS and imaged in PBS 

buffer. 
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Ethyleneglycol-bis-succinimidyl-succinate (EGS) fixation of cells and labeling 

Growth medium of the cells was replaced with 0.5% Triton X-100 in BRB-80 buffer and 

incubated for 1 min. Then 2 mM ethyleneglycol-bis-succinimidyl-succinate (EGS) (Thermo 

Scientific) in BRB-80 buffer (freshly prepared from 250 mM EGS in DMSO) was added into the 

cells by replacing the previous solution and incubated for 10 min. The solution was removed and 

rinsed with PBS. Then, the samples were incubated with 1 μM compound 3 in PBS for 1h. The 

cells were rinsed several times with PBS and imaged in PBS buffer. 

In vitro assembled microtubule preparation 

A 2 mM stock of compound 3 was prepared in DMSO and 5 μL of this stock was added to 0.5 

mL of BRB-80 buffer. This solution was added to a vial of 500 μg lyophilized microtubules 

(mt002, Cytoskeleton, Denver, CO). The solution was mixed gently and incubated for 15 

minutes at room temperature. An 8-well chambered cover glass was sonicated for 10 minutes in 

1 M potassium hydroxide (KOH) solution, then rinsed several times with Milli-Q water and air 

dried overnight. The microtubule solution (50 μL) was added into the well and incubated for 15 

minutes. The solution was removed and the immobilized microtubules on the cover glass were 

fixed with 0.5% glutaraldehyde in BRB-80 buffer for 10 minutes. The fixation solution was 

removed and a freshly prepared 0.1% sodium borohydride in PBS was added into the well and 

incubated for 5 minutes. The well was rinsed with PBS and imaged in PBS buffer. 

Single molecule sample preparation 

A 8-well chambered cover glass was cleaned by sonicating for 10 minutes in 1 M potassium 

hydroxide (KOH) solution, then several times rinsing with Milli-Q water followed by air drying 

for overnight. Compound 3 was dissolved in spectrophotometric grade ethanol (Fisher Scientific) 

and diluted to obtain a final concentration of ~ 0.1 μM. This solution (100 μL) was added into 
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the well and after 10 minutes, the well was rinsed several times with PBS and imaged in PBS 

medium. 

 

 

3.7.4 Additional Figures 

 

 

Figure S3.3 Fluorescence increase of compound 1 (5 µM) in PBS buffer in a quartz cuvette. The 

cuvette was irradiated with a polychromatic halogen lamp and the emission spectra were 

collected after the time periods indicated in the figure. 
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Figure S3.4 Fluorescence spectra collected by dissolving 5 μM compound 3 in PBS buffer in a 

quartz cuvette. The cuvette was kept in dark and the time measuring was started at 0 min. 

Emission spectra were collected after 10 min and 30 min. After keeping the cuvette in the dark 

for 30 minutes, it was irradiated for 2 minutes with a polychromatic halogen lamp and the 

emission spectrum was collected. 

 

Figure S3.5 Excitation and emission spectra of Compound 3 after irradiation for 30 minutes with 

a polychromatic halogen lamp. The excitation spectrum was collected using a fixed 550-nm 

emission wavelength, and the emission spectrum was collected using a fixed 450-nm excitation 

wavelength. 
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Figure S3.6 Selected frames from movies collected at 28, 160, 475, and 790 W/cm
2
 laser 

irradiances. Compound 3 was adsorbed on a cover glass and imaged in PBS buffer. The 

fluorescence signal is a result of the photoactivation of Compound 3. Time 0.6 s shows the 

photoactivation of numerous molecules with the amount increasing with laser irradiance. At later 

times (after 3 s), the photoactivation events are sparse enough for accurate localization. All 

images are shown using the same intensity scale. Scale bar is 3 μm. 
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Figure S3.7 Histograms of the time photoactivated compound 3 was in the ‘on’ state for each 

laser irradiance. Each frame in the movie was captured using a 0.03 s acquisition time (i.e., most 

molecules were in the ‘on’ state for only one frame). 

 

 

 

 

 

 

 

Figure S3.8 Histograms of signal-to-noise ratio of compound 3 (A) adsorbed on a cover glass 

and (B) bound to microtubules in HeLa cells and imaged using a 488-nm laser line. The median 

values of the distributions are (A) 48 and (B) 37.  

  

A B 
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Figure S3.9 SMLM image of the nuclear area of a glutaraldehyde fixed HeLa cell labeled with 

compound 3 (color scale).  The gray scale image is the diffraction-limited image generated by 

summing all the images in the movie without localizing the fluorophores. PBS buffer was used 

as the imaging medium. Scale bar is 1 μm. 
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CHAPTER 4.    EFFECT OF AMYLOID BETA 1-40 AND 1-42 PEPTIDES ON THE 

LATERAL DIFFUSION AND SIGNALING OF RECEPTOR FOR ADVANCED 

GLYCATION ENDPRODUCTS (RAGE) 
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4.1 Introduction 

 The receptor for advanced glycation endproducts (RAGE) is a pattern-recognition 

receptor that belongs to the immunoglobin superfamily of cell surface molecules.
1-2

 This 

transmembrane receptor has an extracellular domain consisting of a variable type domain (the V 

domain) and two constant type domains resembling immunoglobulin-like structures (the C1 and 

C2 domains), a single transmembrane-spanning region, and a short cytoplasmic domain. RAGE 

plays a major role in several chronic inflammatory and neurodegenerative disorders such as 

diabetes,
3
 atherosclerosis,

4
 rheumatoid arthritis,

5
 cancer,

6
 Alzheimer's disease,

7-9
 multiple 

sclerosis
10

 and stroke.
11

 This receptor binds with various types of chemically-distinct ligands 

including advanced glycation endproducts (AGE),
12

 S100/calgranlins protein family members,
13-

14
 high mobility group box 1 protein (HMGB1),

15
 β2-integrins

16
 and amyloid beta peptides.

17
 X-

ray crystallographic, nuclear magnetic resonance and biochemical data showed that electrostatic 

interactions between the positively charged surfaces of V and C1 domains and negatively 

charged ligands is the main factor for the multi-ligand binding ability of the RAGE receptor.
18

 

 Amyloid beta peptides, consisting of various amino acid chain lengths, are derived from 

the transmembrane amyloid precursor protein. Two of the most prevalent forms are the 1-40 and 

1-42 peptide fragments (Figure 1). Although they differ in only an extra two amino acids at the 



122 

 

c-terminus of the 1-42 peptide, their oligomerization tendency and mechanism are very 

different.
19-20

 Amyloid beta 1-42 tends to form an equilibrium between monomers and 

pentamers/hexamers as well as larger sized oligomers. Initial oligomerization of amyloid beta 1-

40 involves an equilibrium between monomers, dimers, trimers, and tetramers. These forms have 

different electrostatic properties, therefore they have different binding affinities with various cell 

membrane components.
21

 Both of these fragments are known to interact with RAGE protein and 

also play a major role in Alzheimer's disease.
22

 RAGE mediates the transport of amyloid beta 

peptides across the blood-brain barrier and their accumulation in the brain;
7
 and their related 

signaling pathways promote neuronal dysfunction.
23

 The binding of amyloid beta with RAGE 

generates a positive feedback mechanism that promotes the RAGE-amyloid beta interaction by 

expressing more RAGE on the cell membrane, thus enhancing the Amyloid beta toxicity.
24

 

RAGE expression is elevated in neurons, microglial cells, and astrocytes during Alzheimer's 

disease, wherein the accumulation of amyloid beta is observed.
22

  

 Based on molecular modeling studies, it is suggested that the negatively charged residues 

located in the N-terminal side of the amyloid beta peptides (3, 7 and 11 positions of the amino 

acid sequence) are the binding partners with the RAGE V-domain; furthermore, it is assumed 

that the dimeric amyloid beta peptides are interacting with the RAGE oligomers.
25

 There are 

several reports of RAGE interacting with amyloid beta peptides and the resulting effect on 

cellular signaling pathways and cellular dysfunction.
22, 26-28

 The effect of these peptides on 

RAGE diffusion is, however, not yet known. RAGE’s diffusion properties may correlate to its 

intermolecular interactions, signal transduction, and the cellular mechanisms related to the 

receptor-ligand binding.
29-31

 The purpose of this study is to measure the lateral diffusion 

properties of RAGE protein in the presence of amyloid beta 1-40 and 1-42 peptides and to show 
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how these parameters correlate with ligand-mediated intracellular signaling. Fluorescence-based 

methods are commonly used to measure membrane protein diffusion. Diffusion properties 

measured by fluorescence recovery after photobleaching (FRAP) and fluorescence correlation 

spectroscopy (FCS) generally provide an ensemble average value of a large population of 

membrane proteins, and do not represent the variation of single protein diffusion on the 

membrane. To overcome this issue, a single particle tracking method is used for this study, 

where single RAGE receptors are labeled with quantum dots and each receptor is individually 

measured. Amyloid-beta-mediated RAGE downstream pathways include the activation of p38 

mitogen activated phospho kinase (p38 MAPK)
32

, which is measured by protein gel 

electrophoresis and Western blotting methods.  

4.2 Materials and Methods 

4.2.1 Cell Culture 

 Human embryonic kidney cell line (HEK293) from American Type Culture Collection 

(ATCC: CRL-1573) was used for all cellular experiments. HEK293 cell line was maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) (Sigma Aldrich) supplemented with 10% fetal 

bovine serum, 12.5 mM streptomycin and 36.5 mM penicillin (Fisher Scientific, Pittsburgh, PA) 

at 37 °C and 5% CO2 in a humidified incubator (Thermo Scientific, Waltham, MA). HEK293 

cells expressing N-terminal hemagglutinin tagged RAGE (hereafter, RAGE cell line) was 

prepared as previously described.
33

 This cell line was maintained in medium containing 400 

µg/mL geneticin G418 (Santa Cruz Biotechnology). These cell lines were subcultured every 3 

days using a 0.25% (w/v) trypsin-EDTA (Life Technology, Carlsbad, CA) solution.  

4.2.2 Ligand Preparation  

 Amyloid beta 1-40 (A1075) and 1-42 (A9810) peptides were purchased from Sigma 

Aldrich and dissolved separately in DMSO to a concentration of 0.05 mM. Aliquots were stored 
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at -20 °C. On the day of the experiment, stock solutions were diluted in 3% BSA-DMEM to 

obtain the desired concentration of the peptides. 

4.2.3 Single Particle Tracking Studies 

 HA-tagged RAGE expressed on the HEK293 cell membrane were specifically labeled 

with anti-HA labeled quantum dots (AHA-QDs) for single particle tracking studies. These AHA-

QDs were prepared as previously reported.
33

  unc™ Lab-Tek™ chambered glass slides with 8 

wells were pre-treated with 0.01% poly-L-lysine (Sigma Aldrich) sterile solution for 15 minutes, 

washed with autoclaved de-ionized water and air dried. Cells were subcultured onto these 

chambered glass slides for 24 hours, then the culture medium was replaced with 3% (w/v) BSA 

in DMEM medium for 18 hours to cover any of the areas on the glass surface without cell 

growth. Cells were treated with Amyloid beta 1-40 or 1-42 (5 nM or 10nM in 3% BSA-DMEM 

medium) for 30 minutes at 37 °C. Cells without ligand treatment were used as the control. Then, 

cells were incubated with AHA-QDs (diluted to 100 pM in imaging medium containing 0.1% 

BSA) for 15 minutes at 37 °C. Cells were rinsed five times with imaging medium prior to 

performing the microscopy experiments. 

 SPT studies were performed at 36 ± 2 °C using a Nikon Eclipse TE2000U microscope 

(Melville, NY, USA) operating in wide-field, epi-fluorescence mode and housed inside a home-

built thermal chamber. The light from a mercury lamp (X-Cite 120 PC) was filtered through a 

425/45 nm excitation filter and focused onto the sample using a 100× 1.49 numerical aperture 

oil-immersion objective. Emitted light from the illuminated sample was filtered through a 605/20 

nm filter and collected by an Andor iXon EM+DU-897 back-illuminated electron-multiplying 

charge coupled device (EMCCD). Fluorescence signal was collected with a 40 ms camera 

acquisition time per frame and 700 frames were collected in each data set (movie).  

  



125 

 

 The ImageJ based plugin 2D/3D particle tracker was used to detect and localize the 

fluorescence signal from the AHA-QDs and to track their movement over time to generate the 

trajectories.
34-35

  

 A MATLAB-based application APM_GUI (Analyzing Particle Movement with 

Graphical User Interface) was used to analyze the trajectories.
36-37

 AHA-QDs detected on wild-

type HEK293 cells that did not express detectable amounts of RAGE (2 ± 1 QDs per cell) were 

considered to be nonspecific binding. The average diffusion coefficient calculated for the 

nonspecific trajectories (0.0018 µm
2
/s )

38
 was used as the low cutoff value; the higher values 

were assumed to represent AHA-QDs bound to RAGE (i.e., specific binding). Mobile 

trajectories were categorized into  Brownian or confined trajectories based on their diffusion 

probabilities in a given region (Figure 2). When a particle undergoes a non-Brownian diffusive 

motion within restricted boundaries, this region is considered as a confined domain.
39

 Outside 

the boundaries, particle motion may behave as a Brownian trajectory. The critical confinement 

index (Lc) and critical confinement time (tc) within boundaries were calculated for a series of 

simulated Brownian trajectories using relevant experimental parameters, as previously 

reported.
33

 Portions of the trajectory with Lc > 3.16 and tc > 1.95 s were recognized as confined 

domains. The size of the confinement domains, the duration of the confinement time, and the 

diffusion coefficients inside and outside the confined domains were calculated for the trajectories 

with at least one confined domain. For trajectories that did not exhibit confinement (i.e., 

exhibiting only Brownian diffusion), the global diffusion coefficient (average diffusion 

coefficient calculated for the total duration of the trajectory) was calculated. 

4.2.4 Western Blotting 

 Wild-type HEK293 cells and cells expressing RAGE were subcultured into T-25 flasks 

for 2 days. Medium in the flasks was replaced with 3% BSA-DMEM containing amyloid beta 1-
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40 or 1-42 in the desired concentration for 30 minutes at 37 °C. Cells were rinsed twice with cold 

phosphate buffered saline (PBS) then lysed with 500 µL of cold RIPA buffer (150 mM sodium 

chloride, 1.0% NP-40 detergent, 0.5% sodium deoxycholate, 0.1%  SDS, 50 mM Tris, pH 8.0) 

with 1× Halt
TM

 protease inhibitor cocktail (Thermo Scientific, Rockford, IL). The protein BCA 

assay kit (Thermo Scientific, Rockford, IL) was used to determine the total protein concentration 

of the cell lysates. The lysate containing 15 μg protein was used for the electrophoresis with a 

NuPAGE Novex 4-12% Bis-Tris protein gel (Novex
TM

) followed by the electro blotting to 

PVDF membrane with a 0.45 μm pore size (Invitrogen
TM

). The membrane was blocked with 3% 

bovine serum albumin in Tris-buffered saline for 1 hr, and then antibodies were used to probe the 

membrane. p38 mitogen-activated protein kinase (MAPK) activation was measured using anti-

p38MAPK rabbit monoclonal primary antibody (Cell Signaling Technology) and Alexa Fluor 

647 goat anti-rabbit (Life Technologies) secondary antibody. Vinculin protein was probed with 

anti-vinculin rabbit polyclonal antibody (Life Technologies) and used as the loading control in 

the Western blot experiments. The fluorescence intensity of the labeled protein bands were 

measured using the Typhoon FLA 9500 variable mode laser scanner (GE Healthcare) and the 

resulting band intensities were quantified with ImageJ. 

4.3 Results and Discussion 

4.3.1 Amyloid Beta 1-40 and 1-42 Ligands Alter RAGE Diffusion in HEK 293 Cells  

 Single particle tracking studies were conducted to measure the diffusion of the RAGE 

protein on the HEK293 cell membrane in the presence and absence of amyloid beta 1-40 or 1-42 

peptides. The physiologically relevant circulating concentration of amyloid beta peptide is 

reported to be about 4.5 nM,
7
 therefore, concentrations of 5 nM and 10 nM were used for this 

study to resemble physiological and slightly elevated levels. RAGE-HEK293 cells without 

ligand treatment were also studied as a control.  
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 The number of times RAGE was located in a confined domain (i.e., exhibiting non-

Brownian diffusion) was measured for the ligand-treated and control cells (Table 1). Since the 

observation time (i.e., the combined time for all the trajectories that were measured) varies 

slightly for each measurement, the number of times RAGE was located in a confined domain 

was normalized to the total observation time. In the absence of amyloid beta peptide, RAGE has 

0.019 confined events per second.  For all studied conditions, the presence of amyloid beta 

increased the number of confined events. Treatment with both concentrations of amyloid beta 1-

40 resulted in approximately 2× more confined events compared to the control. Amyloid beta 1-

42 peptide has fewer confined events compared to the 1-40 peptide treatment, but higher than the 

control value. For both amyloid beta peptides, the concentration of the peptide used in this study 

does not influence the number of confined events. These data indicate the increased non-

Brownian mobility of the RAGE protein due to the amyloid beta treatment.  In addition to 

showing more confinement events in the presence of amyloid beta peptides, once the RAGE is in 

a confined domain, it spends more time within the confined domain compared to the control 

(Figure 3A). The size of the confined domains obtained after amyloid beta 1-40 treatment had 

lower radii compared to that of the control, but amyloid beta 1-42 treatment behaved conversely 

(Figure 3B). RAGE is a membrane protein that is pre-assembled on the cell membrane as 

oligomers, and ligand binding enhances the formation of higher order RAGE clusters.
18

 Amyloid 

beta 1-42 tends to form larger oligomers than beta 1-40 at the same concentration,
19-20, 40

 RAGE 

binds predominantly with the soluble oligomeric form of amyloid beta peptides.
24

 amyloid beta 

1-42 also results in more RAGE within confined domains, and also appears to correlate with a 

larger spread in the size of domains. 
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 The global diffusion coefficient was calculated for each of the trajectories categorized as 

Brownian (i.e., not exhibiting confined domains). For the trajectories with confined domains, the 

diffusion coefficients for the RAGE inside and outside the confined domain were calculated 

separately. For the fraction of RAGE exhibiting pure Brownian diffusion, both 5 and 10 nM 

amyloid beta 1-40 resulted in a significantly lower diffusion coefficient compared to the control; 

the same trend was observed for the diffusion coefficients measured inside and outside the 

confined domains (Figure 4B and C). Amyloid beta 1-40 exists as an equilibrium of monomers, 

dimers, trimers and tetramers at lower concentrations,
19

 and amyloid beta 1-40 is known to 

interact with the head groups of lipids in the cell membrane. This results in a decrease in the 

fluidity of the membrane, and especially in the lipid rafts.
41-42

 This may be the reason for the 

decreased diffusion coefficients observed for RAGE mobility when treated with amyloid beta 1-

40 peptide. In comparison, the amyloid beta 1-42 resulted in a comparable average diffusion 

coefficients compared to the control, albeit a wider distribution was measured with amyloid beta 

1-42 (Figure 4A-C). These diffusion data indicate that the presence of both amyloid beta 

peptides 1-40 and 1-42 affect the mobility of the RAGE protein on the cell membrane, but to a 

different extent and possibly with a different mechanism. 

4.3.2 p38 MAPK Signaling is Activated by Amyloid Beta 1-42 Peptide 

 RAGE signaling induced by the treatment of amyloid peptides was measured as the 

activation of p38 MAPK signaling pathway. Preliminary results indicate that amyloid beta 1-42 

at 5 nM resulted approximately 1.5-fold increase of the p38 MAPK signaling compared to the 

control. There was no statistically significant difference observed for the treatments with 10 nM 

amyloid beta 1-42 or 5 or 10 nM 1-40 peptide compared to the control (Figure 5).  

 RAGE-dependent signal transduction of Aβ occurred at lower concentrations of Aβ, 

whereas other mechanisms predominate at higher levels.
28

 Also, at low concentration amyloid 
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beta 1-42 may exist in oligomeric forms whereas at higher concentrations it may result in the 

fibrillar form.
20

 Intracellular signaling of RAGE protein requires the oligomerization of RAGE 

protein on the cell membrane. The binding site of the RAGE protein for amyloid beta oligomers 

is known as the V-domain, but the fibrils are known to be associated with the C1-domain.
43

 

Therefore the different forms of amyloid beta 1-42 at different concentrations may be binding 

with different domains of the RAGE protein, and affect the RAGE oligomerization and activate 

the intracellular signaling pathways with altered mechanisms. In the case of amyloid beta 1-40, 

the prominent form for these concentrations may be the monomeric form, and it may bind with 

the other components of cell membrane
42

 rather than RAGE. This may alter the intracellular 

signaling pathways mediated by amyloid beta interaction with RAGE membrane protein.  

 4.4 Conclusions and Future Insights 

 Amyloid beta peptides affects the diffusion properties of RAGE protein. The 1-40 

fragment slows the RAGE diffusion, but the 1-42 fragment has the converse effect at the studied 

concentrations. This difference is believed to be the result of different oligomeric forms reacting 

with RAGE and as well as other membrane components. Preliminary results show that the 

intracellular activation of p38 MAPK pathway is detected only for the amyloid beta 1-42 cell 

treatment at a 5 nM concentration. This supports the assumption that although both peptide types 

alter the RAGE diffusion, their intracellular signaling pathways may different. To analyze this 

statement, different forms of amyloid beta assemblies (monomeric, oligomeric and fibrillar 

forms) of 1-40 and 1-42 fragments separated at different concentrations could be used to study 

their interaction with RAGE protein as well as to determine how these assemblies affect the 

diffusion and intracelluar signaling mediated by RAGE-amyloid beta interaction and 

internalization of these assemblies.  
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4.6 Tables and Figures 

 

Table 4.1 Properties of the analyzed trajectories of RAGE on HEK293 cell membrane for the 

indicated ligand treatments. 

 

 

 

 

 

 

 

 

  

 Total 

number of 

confined 

regions  

Total time of 

the 

trajectories (s)  

Total number of 

confined regions 

over the total time of 

the trajectories (s
-1

)   

No treatment 26 1323 0.019 

Amyloid beta 1-40 (5nM) 57 1593 0.036 

Amyloid beta 1-40 (10nM) 49 1352 0.036 

Amyloid beta 1-42 (5nM) 30 1349 0.022 

Amyloid beta 1-42 (10nM) 34 1477 0.023 
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Figure 4.1 The amino acid sequence of amyloid beta 1-40 and 1-42 peptides. 

 

 

Figure 4.2 Representative RAGE mobile trajectories indicating: (A) a Brownian trajectory with 

no confined domains, (B) a trajectory with a single confined domain, and (C) a trajectory with 

two confined domains. Confined regions with Lc > 3.16 and tc > 1.95 s are indicated with light 

blue circles. Green and red spots indicates the starting point and the end point of the trajectory, 

respectively. 
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Figure 4.3 The box and whisker plots representing (A) the time and (A) the radius measured for 

the confined domains of the analyzed trajectories resulted from the indicated treatment. The 

upper and lower margins of the box indicates the first and third quartiles of the data set. Lines 

extending vertically from the boxes (whiskers) represent the variability outside the first and third 

quartiles. Outliers are given as individual points. The vertical line and the cross mark inside the 

box represent the median and the mean of the data set, respectively. The p-values below 0.05 

showing the statistically significant differences compared to the non-treated cells are labeled 

with vertical lines. 
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Figure 4.4 The box and whisker plots representing the diffusion coefficients calculated for the 

analyzed trajectories. (A) Global diffusion coefficient calculated for the Brownian trajectories 

with no confined regions. Diffusion coefficient calculated for the mobile fraction (B) outside and 

(C) inside the confined region. The p-values below 0.05 showing the statistically significant 

differences compared to the non-treated cells are labeled with vertical lines. 

 

 

 

Figure 4.5 The plots of normalized signal intensities of p38 MAPK protein band divided by 

vinculin protein band detected from Western blot analysis of the RAGE-HEK293 cells treated 

with (A) amyloid beta 1-42 and (B) amyloid beta 1-40 peptides in two different concentrations.  
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CHAPTER 5.    GENERAL CONCLUSIONS AND FUTURE WORK 

 

 The work presented in this dissertation was focused on two interrelated aspects: 

development of novel fluorescent probes for specific cellular organelle imaging as well as for 

super-resolution imaging, and evaluation of the diffusion properties of the receptor for advanced 

glycation endproducts (RAGE) interacted with amyloid beta ligands.  

 In Chapter 2, two coumarin-based compounds with sulfonamide side groups were 

developed to selectively image the endoplasmic reticulum (ER) in mammalian cells. 

Hydrophobicities of these probes were comparable to the commercially available ER targeting 

probes. Co-localization experiments using commercially available organelle specific probes for 

ER, mitochondria, and lysosomes, shown the ER selectivity (Pearson's correlation coefficient: 

0.94) of these novel probes. Cytotoxicity of these probes in mammalian cells was low with IC50 

values ranging 205 to 252 µM. They had fluorescent quantum yields of 0.60 when excited with 

400 nm light. Their emission spectra were much narrower (from 435 to 525 nm in methanol) 

compared to the only commercially available 400 nm excitable ER probe, ER-Tracker
TM

 Blue-

White DPX. Therefore, these probes are suitable for multicolor imaging with yellow and red 

emitting fluorophores. ER in live as well as fixed cells were imaged with these probes. Thus 

these probes are suitable for various types of cellular experiments. Lifetimes measured for these 

probes revealed their applicability for fluorescence lifetime imaging experiments. The 

conjugation of the coumarin core can be extended to develop a series of ER specific probes with 

varying absorption/emission profiles.  

 Chapter 3 described the development of a novel BODIPY-based photoactivatable probe 

for localization-based super-resolution imaging. The probe was attached with paclitaxel to image 

the microtubules. Super-resolution images of in vito microtubules were generated with an 
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average full width at half maximum diameter of 45 ± 10 nm. Live and fixed cell microtubules 

were also imaged at sub-diffraction level with this probe. Photoactiovation and excitation were 

achieved with a single visible laser (488 nm). Addition of reducing agents or oxygen scavengers 

in the imaging medium was not required. This probe utilized comparably lower laser irradiation 

(0.16 kW cm
-2

) than traditional localization-based super-resolution probes. These features 

revealed the utility of this probe for super-resolution imaging of a variety of biological systems. 

Structural modifications of this probe to increase the water solubility and the brightness will 

further enhance the versatility of this probe. A series of probes with varying excitation/emission 

wavelengths could be developed to achieve multicolor super-resolution imaging with 

photoactivatable BODIPY. 

 Finally, RAGE lateral diffusion affected by amyloid beta peptides was measured using 

the fluorescence-based single particle tracking method. The 1-40 peptide slowed the RAGE 

diffusion but the 1-42 fragment acted controversially at the studied concentrations. Preliminary 

results showed that only the 1-42 treatment at 5nM concentration activated the p38MAPK 

signaling pathway. The different oligomerization pathways of 1-40 and 1-42 fragments may 

responsible for the controversial behavior of the two peptide types. Further studies are focused to 

study the affect of different forms of amyloid beta assemblies (monomeric, oligomeric and 

fibrillar forms) on RAGE mobility and related signaling pathways. RAGE ligands are also 

known to interact with other membrane receptors and to activate the common intracellular 

signaling pathways. Therefore dual color single particle tracking studies will be developed to 

study the crosstalk between ligand treated RAGE and related membrane receptors. 

 

 

 


