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488 nm illumination alone. (Right) The plot shows the FLout amplitude vs. 488 

nm modulation frequency for rsFastLime at low (square), medium (circle) and 
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2
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three-state model. ........................................................................................ - 97 - 
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W/cm
2
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2
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2
, and (Right) 3 
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 at 405nm. (A) (B) (C) out-of-phase signals, FLout. (D) (E) (F) phase 

differences between excitation and rsFastLime emission. .......................... - 98 - 
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recovered distance of 49.2 nm. Scale bar: 250 nm. .................................... - 99 - 
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Figure A.2 Image FCS on supported lipid bilayers with pMHC-Cy5. (A) On a 21*21 

EMCCD pixel region, we acquire fluorescence time trace and calculate 

auto-correlation functions (ACF) with ImFCS (software developed by 

Wohland Laboratory, mentioned in Chapter 2),
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 which generates 

all 441 ACF curves and a histogram and map of fitted diffusion coefficients. 
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SUMMARY 

 

Advances in fluorescence microscopy have greatly expanded applications in 

biology for visualization of targeted molecules in research and detection methods in 

diagnostics. Fluorescent proteins (FPs), from blue to red, offer biocompatibility and 

labeling specificity, especially for imaging in vivo. However, autofluorescent background 

limits imaging contrast and could generate false-positive signals. Furthermore, 

multi-color imaging based on emission spectra suffers from the spectral overlap of FPs, 

and the emission window of detection is limited to that of the visible light wavelength 

region (400-700 nm). There is a need to suppress autofluorescent background and expand 

dimensionality of fluorescence imaging would greatly benefit fluorescence microscopy. 

The Dickson Laboratory has developed synchronously amplified fluorescence 

image recovery (SAFIRe) for selectively imaging modulatable fluorophores and 

eliminating same-color, non-modulatable species by utilizing photophysical dark states of 

FPs. Following prior research on FPs, this thesis continues to characterize the 

photophysical dark state a photoswitchable fluorescent protein (PS-FPs), rsFastLime. 

Dual modulation SAFIRe (DM-SAFIRe) suppresses 5-fold autofluorescent background 

by optically controlling the dark states of rsFastLime. 

I continue to adapt SAFIRe to commercial microscopes, after successful 

demonstration on customized microscopes, in collaboration with Melikyan Laboratory to 

visualize rsFastLime-HIV-1 entry into CD4 cells. With a combination between SAFIRe 

and commercial microscopes, one SAFIRe image is taken around 0.5 second, a time scale 

for tracking virus in live cells. 
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The discrimination between rsFastLime and Dronpa2, with different dark state 

lifetimes, is proposed. In addition, controlling dark state lifetimes enables for selective 

imaging between immobilized or mobile yet the same modulatable FPs. The dark state 

lifetime of rsFastLime is optically controlled to be slower than diffusion time, so the 

diffusing rsFastLime cannot accumulate enough dark state population for demodulation, 

while immobilized rsFastLime show 10-fold signal more than diffusing ones. 

Laser intensity modulation generates amplitude of fluorescent response as well as 

phase differences between excitation and emission. Out-of-phase imaging after optical 

modulation (OPIOM) can be detected under moderate secondary laser intensity (~1 

W/cm
2
) on camera a few seconds after the dark state is accelerated by SAFIRe. After 

accurate prediction from a simple three-state model, SAFIRe-OPIOM is able to 

discriminate the molecules with different dark state lifetimes changed by secondary laser 

illumination, which may be applied to resolve two molecules within diffraction limit. 

Dark states of FPs can serve as an additional dimension for advancing fluorescence 

microscopy by optically controlling dark state lifetimes of PS-FPs. This thesis 

demonstrated autofluorescence removal, selective imaging, and possible super resolution 

applications. 



- 1 - 

 

CHAPTER 1 INTRODUCTION  

 

 1.1 Motivation  

 Fluorescence allows scientists to observe specific biological events in vivo with 

high spatial and temporal resolutions from complex intracellular backgrounds.
1-11

 Current 

advances in fluorescence include the creation of brighter fluorescence dyes,
12-16

 better 

spatially and time resolved fluorescence microscopy
1, 3-4, 17-21

 and applications to 

biological systems including protein-protein interactions,
22-24

 particle tracking,
25-28

 and 

monitoring intracellular events.
29-31

 

Fluorescent proteins (FPs) are widely used because of their specificity and high 

biocompatibility, quantitative labeling, and genetic encodability.
32-34

 After years of study 

and evolution, the colors of FPs from blue to red provide multiple choices and emission 

windows for scientists. Exhibiting a wide range of color selections and high 

biocompatibility, FPs are usually fused with cellular proteins to study their interactions 

and dynamics. However, major limitations of FPs include signal discrimination versus 

autofluorescence,
35

 detection of low-abundance complexes,
36

 and spectral overlap with 

other exogenous fluorescent labels. Autofluorescence can be avoided by using 

red-fluorescent proteins, but this limits the choice of colors to carry out multi-color 

imaging.
37

 

More recently, optically controllable dark states of photoswitchable fluorescent 

proteins (PS-FPs) are utilized for autofluorescence suppression
38-41

 and selective 

imaging.
42

 Optically controlling the fluorescence intensity of PS-FPs with optical lock-in 

detection (OLID)
38, 40

 enables autofluorescence suppression, but this approach is 

nonlinear with respect to fluorophore concentrations and requires a background-free 



- 2 - 

 

internal reference point for calculation. Another approach, out-of-phase imaging after 

optical modulation (OPIOM),
42

 discriminates autofluorescence and various PS-FPs based 

on different dark state lifetimes. Since a specific dark state lifetime generates a unique 

phase signal, different emitting fluorophores, including autofluorescence and multiple 

PS-FPs, can be selectively imaged. However, the time resolution of OPIOM is limited by 

the photophysics of PS-FPs, requiring several minutes to acquire one image.
42

  

We have developed synchronously amplified fluorescence image recovery (SAFIRe), 

optically controlling the dark state lifetime of fluorophores with a secondary laser.
43-44

 

SAFIRe was demonstrated on silver nanoclusters,
43, 45

 organic dyes,
46-47

 and fluorescent 

proteins (FPs)
48

 for background removal. The optical control of SAFIRe with the 

modulation of laser intensity does not require an internal reference dye, and the 

introduction of secondary laser illumination in SAFIRe shortens dark state lifetimes and 

facilitates the process of OPIOM tremendously. 

Starting from SAFIRe, this thesis focuses on measuring the photophysical 

parameters and utilizing photophysical dark states of PS-FPs for background 

suppression,
49-50

 signal discrimination between diffusing PS-FPs and immobilized 

PS-FPs,
50

 spectral unmixing, great time resolution improvement of OPIOM, and possible 

applications to super-resolution microscopy.
51

 In addition to performing experiments on 

customized microscopes, this thesis demonstrates SAFIRe on commercial fluorescence 

microscopes, including laser scanning confocal (Zeiss), spinning disk confocal 

(PerkinElmer), and wide-field fluorescence (GE) microscopes. 
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1.2 Introduction of Fluorescence 

1.2.1 History of Fluorescence 

The existence of microscopic organisms was discovered in the 17
th

 century by 

Robert Hooke and Antoni van Leeuwenhoek. Hooke observed the fungus Mucor, while 

van Leeuwenhoek observed bacterial cells.
52

 After more than 150 years, several advances 

from Ernst Abbe
53

 and August Köhler
54

 facilitated the development of efficient optical 

microscopes. Followed by the development of fluorescent probes, fluorescence 

microscopy has become a powerful tool to observe biological events, often with excellent 

signal-to-noise ratio.
55

  

The first reported observation of photoluminescence was in 1560 by Bernardino de 

Sahagún
56

 from materials that glow in the dark after the exposure to light. The term 

“fluorescence” was coined by Sir George Gabriel Stokes in his famous paper entitled “On 

the Refrangibility of Light”
57

 in 1852.
58

 In this paper, Stokes identified that fluorescence, 

which he called dispersive reflection, is always longer wavelength than that of the 

excitation light. This “Stokes shift” was later explained based on quantum physics. 

1.2.2 Jablonski Diagram 

 



- 4 - 

 

Figure 1.1 Jablonski diagram for fluorescence and phosphorescence. Adapted from Lakowicz.
59

 

Fluorescence arises from transitions between different electronic states, as 

schematized in a Jablonski diagram (Figure 1.1).
60

 After the fluorophore absorbs light of 

energy hνA (violet or blue), the electrons are excited from electronic ground state (S0) to 

excited states (S1 or S2). The numbers 0, 1, 2 between the electronic levels are the 

vibrational states, with absorption and emission largely being initiated from the ground 

vibrational state of each electronic level. Excitation from S0 usually produces 

electronically and vibrationally-excited fluorophores, governed by the Franck–Condon 

principle. After rapid internal conversion, or vibrational relaxation to the ground 

vibrational state (~10
-12

s) of a given electronic level, fluorescence (10
-9

s, time scale of 

fluorescence lifetime, τFL) occurs when the electrons undergo the S1 → S0 transition. 

Since vibrational relaxation occurs before the emission, fluorescence from the ground 

vibrational state of S1 to higher vibrational states of S0 is always longer wavelength 

(smaller energy) than the excitation wavelength (S0 → S1). This Stokes shift is crucial for 

fluorescence spectroscopy since scientists can shift the detection window to longer 

wavelength without scattering and reflection from excitation wavelength. Other pathways 
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from excited states such as intersystem crossing into triplet levels (T1) or 

photoisomerizational dark states can compete with emission (S1 → S0), resulting in 

fluorescence quantum yields which are always smaller than 1 (ΦFL<1). Emission from T1 

is typically weak with longer lifetime (~10
-6

s), and this emission is longer wavelength 

than fluorescence, while the photoisomer typically does not result in emission as energy 

is used for internal motion, resulting in poor Franck-Condon overlap between ground and 

excited states. 

1.2.2.1 Reversible Dark States 

Dark states (D) of fluorophores are defined as no signals at fluorescence emission 

window, including triplet states (T1) or nonemissive states. The pathways into dark states 

compete with emission to lower the quantum yield, and then the dark states would 

usually go back to the ground state by thermally relaxation (D → S0). The temporal stay 

in dark states (D) was observed as blinking through single-molecule fluorescence 

imaging in 1997.
61

 The temporary and reversible dark states serve as an additional 

parameter for the advancement of fluorescence techniques. In this thesis, I will introduce 

reversible dark states in fluorescent proteins, analyze the time scale of dark states as well 

as optically control them for solving current biological problems.   

1.2.2 Fluorescence Microscopy 

After the characterization of fluorescence from Stokes, fluorophores have stimulated 

the development of fluorescence microscopes since the 1930s.
62

 In the 1960s, Ploem 

started to work with Schott on developing dichroic beam splitting plates (dichroic mirrors) 

and published the first paper on the epi-fluorescence microscope.
63-64

 In addition to 

epi-fluorescence, the principle of confocal imaging developed by Marvin Minsky in 1957 
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led to confocal laser scanning microscopy (CLSM), gaining popularity in the 1980s by 

the introduction of commercially available laser scanning systems. The advantage of 

CLSM is optically sectioning on samples, rejecting out-of-focus signals. Typically, 

CLSM improves the imaging contrast and resolution in comparison with 

epi-fluorescence.
65

 

Fluorescence microscopes with highly specific fluorescent staining dyes allow 

scientists to more directly observe intracellular events. Recent advancement of detectors, 

including photomultiplier tubes (PMT), avalanche photodiodes (APD), and 

charge-coupled devices (CCD), has improved the signal-to-noise ratio of imaging. 

Introduction of multiphoton (1931 publication of Maria Goppert-Mayer’s doctoral 

dissertation) microscopy
66

 improves additional optical sectioning, coupled with deeper 

penetration depths from long-wavelength excitation. Resulting from these advances, 3D 

multi-color imaging has become practical for scientists to understand complex biological 

systems. Recent developments including Bessel beam light-sheet microscopy
67

 and 

adaptive optical correction of abberations
1-2

 continue to improve the time-resolution of 

3D imaging and deepen penetration depth, approaching real-time non-invasive imaging 

in living creatures. 

1.2.3 Common Fluorescence Microscopes 

The high contrast and specificity of fluorescence improve the observation of 

biological events. From nanoseconds to hours and nanometers to entire embryos, more 

fluorescence techniques have been developed to address myriad biological questions. 

Below, I will describe some general fluorescence imaging techniques related to this 

thesis. 
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1.2.3.1 Wide-Field & Confocal Microscopy 

Illuminated by excitation light source, the fluorophores emit fluorescence as Stokes 

shift in longer wavelength than excitation as mentioned in section 1.2. By choosing 

proper excitation light source, excitation/emission filters, and a dichroic mirror, scientists 

can block the photons from scattering or reflection of excitation based on different 

wavelengths of excitation and emission. However, the emission of out-of-focus 

fluorophores will lower the imaging contrast. To avoid unfocused fluorescent signals, a 

pinhole is placed at the position of emission collection, corresponding to the excitation 

focal point. This pinhole filters out the unwanted signals from out-of-focus fluorescence 

signals to improve imaging contrast and quality. Main differences between wide-field and 

confocal fluorescence microscopes are broader imaging area for wide-field microscopy, 

while focused area with better imaging contrast is observed by a pinhole filtration in 

confocal microscopy.
65

  

1.2.3.2 Spinning Disk Confocal Microscopy (SDCM) 

Confocal laser scanning microscopy provides greater imaging contrast and 

resolution of optical imaging compared to epi-fluorescence microscopy since a pinhole at 

the detection side rejects out-of-focus emission. However, single point-scanning limits 

the frame rate for larger-view imaging or even 3D video. For example, even if one laser 

focused point takes only 1 μs, 512*512-pixel image requires several hundred 

milliseconds to seconds, possibly missing millisecond events in biological systems.  

In order to achieve faster imaging rates, scientists began to develop imaging with 

multiple pinholes simultaneously for time resolution improvement without losing the 

imaging quality of confocal microscopy. The multiple-pinhole imaging began from 
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Nipkow disk, first implemented by David Egger and Mojmír Petráň in 1967.
68

 After 

several generations of improvement,
4, 69

 current spinning disk units can reach 2000 full 

frames per second (Yokogawa, CSU-X1), which is 0.5 ms per frame. The much 

improved time-resolution of SDCM enables biology groups to observe millisecond events 

in living cells
70-71

 or even perform fluorescence correlation spectroscopy (FCS) 

experiments,
72

 which will be introduced in the following section.     

1.2.3.3 Total Internal Reflection Fluorescence Microscopy (TIRFM) 

While wide-field imaging suffers from out-of-focus fluorescence along the z-axis, 

total internal reflection fluorescence microscopy (TIRFM) constrains the illumination 

within ~200 nm depth. Based on Snell’s Law, the product of sinusoidal value of 

incident/transmitted angle (θi, θt) and refractive index (ni, nt) keeps constant (Figure 1.2). 

Since refractive index relates to dielectric property of medium, light in the medium with 

smaller refractive index travels faster and generates larger angle. For example, biological 

samples are usually observed in water solution on a glass slide or coverslip. The 

excitation light is from oil objective through immersion oil (1.42, noil) into water (1.33, 

nwater). Larger transmitted angle of water would have an angle larger than 90
0
, for no 

transmission (total internal reflection), while the angle of incident light from immersion 

oil is called critical angle (θc). No light is transmitted through the medium in total internal 

reflection, but it forms an evanescent electromagnetic field typically within 200 nm from 

the glass surface because of the exponential decay of the field.  
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Figure 1.2 Total internal reflection. (Left) The demonstration of Snell’s Law. (Right) For 

biological samples, when the incident light from immersion oil reaches to critical angle (θc), no 

light will be transmitted into water medium thereby creating total internal reflection with 

evanescence wave. 

TIRFM greatly improves the imaging contrast of wide-field imaging without 

exciting fluorophores above evanescent field and still illuminates a larger area than 

confocal microscopy. With the advancement of charge-coupled device (CCD) cameras, 

TIRFM monitors a larger area faster. However, the limitation of TIRFM is that the 

evanescent wave only excites fluorophores close to the surface. If scientists need to 

observe the biological structures beyond a few hundred nanometers, TIRFM is not 

well-suited to the application.  

1.2.3.4 Super Resolution Microscopy (SRM) 

The diffraction of light limits spatial resolution to ~200nm– the Abbe diffraction 

limit, identified in 1873. Since most molecules (proteins and DNA) are smaller than the 

diffraction limit, scientists have been working on super-resolution microscopy (SRM). 

The idea began in early 90s and has become practical since the mid-2000s.
73-74

 Big 

breakthroughs include stimulated emission depletion (STED)
19, 75

 and single-molecule 

localization microscopy, including stochastic optical reconstruction microscopy 

(STORM)
18

 and photoactivated localization microscopy (PALM).
17

 STED alters the point 

spread function of fluorescence by the illumination of a donut-shaped second laser to 
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stimulate the emission from the excited states to achieve resolution smaller 100nm,
19, 75

 

while the high precision of fluorophore localization in STORM and PALM reconstructs 

the super-resolved images.
17-18

  

1.3 Choice of Fluorescent Dyes 

The choice of fluorescent dyes is made from how bright and how long the 

fluorescent signal lasts as well as the biocompatibility and specificity of dyes in the 

biological environment. Here are some principles for the choice of fluorescent dyes for 

biological applications: 

1) Brightness (fluorescence quantum yield and absorption coefficient) 

2) Chemical and photochemical stability  

3) Biocompatibility (little toxicity without interference to biological systems) 

4) High specificity and affinity to target (without nonspecific binding) 

5) Easy and fast to target 

6) Insensitive to the environment (temperature, pH, chemicals) 

Each fluorophore has advantages and disadvantages. Based on projects, individual 

fluorophore is chosen for different applications. 

1.3.1 Intrinsic or Natural Fluorophores 

Intrinsic fluorescence often comes from amino acids with extended π-conjugate. 

Tryptophan, tyrosine, and phenalalanine are three amino acids emitting blue fluorescence 

(280-350 nm) by absorbing ultra-violet light (~280 nm).
59, 76

 Other than common amino 

acids, enzyme cofactors are often fluorescent. Nicotinamide adenine dinucleotide 

(phosphate) (NAD(P)H), one of enzyme cofactors, is highly fluorescent with absorption 

and emission maxima at 340 and 460 nm. Another cofactor Flavins, including flavin 
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mononucleotide (FMN) and Flavin adenine dinucleotide (FAD), absorb ~450 nm and 

emit green fluorescence, ~525 nm. Other fluorescence source can be protoporphyrin IX 

emitting red fluorescence, ~635 nm.
35, 59

 Since intrinsic fluorophores are not bright 

enough and easily to be quenched, they are rarely utilized for fluorescence detection. 

However, fluorescence detection without additional labeling process still draws attention 

for intrinsic fluorescence, or called autofluorescence, imaging.
77

 

1.3.2 Extrinsic Fluorophores 

Most common extrinsic fluorophores are organic dyes. Based on the idea of 

extended π-conjugate, scientists have engineered various fluorophores with bright 

emission from blue to near infrared. Common organic dyes include fluorescein, 

rhodamine, and cyanine family.
78-79

 Dyes are often linked with a functional group for 

labeling reactions, and organic dyes are relatively small (<1 nm) compared to targeted 

proteins thereby minimizing perturbation for targeted proteins. Chemical reactions for 

protein labeling include succinimidyl-ester functional group reacting with primary 

amines (–NH2) or maleimide with a thiol group (-SH). However, labeling specific 

proteins in vivo or delivery of labeled proteins is challenging.  

Comparing to organic dyes, recent development of quantum dots greatly improves 

the brightness and photostability as well as narrows emission window for multiplexed 

imaging. However, in vivo labeling remains a great challenge, and one large quantum dot 

(6-60 nm) may attach several proteins.
80

 

1.3.3 Fluorescent Proteins 

Since the discovery of green fluorescence protein (GFP) from Aequorea victoria in 

the 1960s,
81

 GFP and its derivatives have generated various fluorescent proteins (FPs) 
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from blue to red. FPs have been developed and widely utilized for fluorescence 

techniques because of the excellent biocompatibility and high specificity to the biological 

targets. Labeling a FP with a protein only requires introduction and expression of the 

engineered gene combining the FP and the protein (FP-protein) without additional 

chemical reactions. Expression of the FP-protein gene would generate the protein 

attached to the FP at 1-to-1 ratio in vivo. Since the saturation of FPs does not need help 

from additional enzymes, FPs can be applied to universal biological systems. Also, 

protected by 11-stranded β-barrel, chromophores of FPs is insensitive to collision 

quenching and robust to environmental changes. Though moderate brightness of FPs 

limits the imaging quality in high autofluorescence environment, several benefits for 

fluorescence imaging in vivo has greatly impacted biology research. Therefore, this thesis 

analyzes as well as applies the photophysical dark states of FPs for improving imaging 

quality.  

1.4 Fluorescent Proteins 

Within the past 20 years, fluorescent proteins (FPs) have become the preferred 

fluorescent labels in biological imaging. They show great utility in visualizing cellular 

compartments,
3, 17-18, 42, 70, 82

 tracking biological events
6, 25, 28, 83-84

 and measuring 

intracellular interactions.
23, 85-92

 Compared to common extrinsic dyes, FPs are easily 

labeled with target proteins through gene expression in vivo. Therefore, the imaging data 

presented in this thesis are from FPs, and the advancement of fluorescence microscopy is 

based on the photophysical dark states of FPs. 



- 13 - 

 

1.4.1 Introduction of Fluorescent Proteins 

Collecting jellyfish Aequorea victoria, Osamu Shimomura first isolated green 

fluorescent protein (GFP)
93

 in the 1960s and characterized its excitation and emission 

spectra. Wild-type GFP contains 238 residues, 11-stranded β-barrel surrounding the center 

chromophore (Ser65-Tyr66-Gly67). Excited by blue light, GFP emits green fluorescence 

at about 510nm. Without understanding the maturation mechanism of GFP, scientists 

once believed the fluorescent form of GFP requires further assistance of other enzymes in 

Aequorea victoria after translation. However, the successful expression of GFP in E. coli 

and C. elegans
94

 demonstrated the wide biocompatibility among various biological 

systems without other enzymatic assistance. It demonstrated GFP as a universal genetic 

marker. The fusion between GFP and a target protein without obvious perturbation of the 

systems greatly broadens the fluorescence applications to cell biology. 

After the research of GFP expression within E. coli in an anaerobic environment,
95

 

Tsien proposed a maturation mechanism of GFP chromophore, which included the 

introduction of oxygen to form the p-hydroxybenzylidene-imidazolidinone chromophore 

(Figure 1.3) (GFP maturation). After understanding the chromophore and crystal 

structure
96-97

 of GFP, scientists began to create multiple mutants with different colors, 

brighter chromophores, and tailor photophysics. Precisely targeting FPs to desired 

proteins, scientists widely apply FPs to fluorescence imaging in vivo for understanding 

biological processes. Also, multi-color GFP mutants allow scientists to label multiple 

targets and visualize complex interactions, moving from molecular biology to systems 

biology. 
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Figure 1.3 The mechanism of GFP chromophore (Ser65-Tyr66-Gly67) maturation. The whole 

process does not require additional enzymatic catalysis, just the oxidation from oxygen. Adapted 

from Tsien.
32

 

Since 1992, the impact of GFP has influenced more than 20,000 publications.
81

 

1.4.2 Photoswitchable Fluorescent Proteins (PS-FPs) 

Since the discovery of blinking events in GFP mutants,
61

 scientists have been 

pursuing reversible optical control of the blinking events. The first reported reversible 

photoswitchable fluorescent protein (PS-FP) in 2000 is asFP595,
98

 a GFP homolog from 

sea anemone Anemonia sulcate. This protein is not ideal as it exhibits low contrast between 

bright and dark states and exists as a tetramer. After several years, a monomeric PS-FP 

with higher contrast named Dronpa, “dron” from a ninja term for vanishing and “pa” from 

photoactivation. It was mutated from Pectiniidae, a species of coral emitting weak 
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fluorescence upon irradiation with ultraviolet light.
99

 Illuminated by 488 nm excitation, 

some Dronpa proteins fluoresce green, while some Dronpa molecules nonradiatively 

decay from the excited states into a long-lived dark state (840 minutes).
100

 Since the dark 

state is long-lived, all bright Dronpa proteins become dark after continuous 488 nm 

illumination. This dark state is optically accessible. Excitation with another light source, 

around 400nm, quickly recovers the non-emissive form of Dronpa to the emissive form 

(Figure 1.4). Extremely efficient recovery by a secondary light source allows scientists to 

optically control the dark state population as an additional parameter to improve 

fluorescence microscopy. For example, one form of super-resolution spectroscopy, 

stochastic optical fluctuation imaging (SOFI),
3, 101

 correlates the blinking of Dronpa to 

improve spatial resolution of the emission point spread function (PSF), or an improved 

STED, reversible saturable optical fluorescence transitions (RESOLFT),
102

 utilizes the 

dark state of asFP595 to lessen the extremely high intensity needed in STED microscopy. 

 

Figure 1.4 Images of Dronpa crystal in bright state (top) and dark state (down). Dronpa is 

switched on by 405 nm laser and switched off by 488 nm laser while fluorescing. Adapted from 

Andresen.
103
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1.4.3 Protein Structure 

In addition to the mechanism of chromophore maturation,
95

 two independent papers 

detailing the GFP structure
96-97

 in 1996 enabled modification of the chromophore 

environment to create multi-color FPs and enhance its emission. Wild-type GFP contains 

11-stranded β-barrel surrounding the center chromophore (Ser65-Tyr66-Gly67). Since the 

β-barrel protects the chromophore from the environment, other enzymes cannot approach 

the chromophore to catalyze its maturation. The rigid protein structure also contributes to 

the high fluorescence quantum yield and small Stokes shift, while the surrounding residues 

interact with the chromophore to affect the photophysics. Because of these characteristics, 

enhanced green fluorescent protein (EGFP)
104

 interrupts the excited state proton transfer 

by mutating Ser65 to Thr65, and most yellow fluorescent proteins (YFP)
32

 include the 

mutation (Thr203 to Tyr203) for π-π interactions with the chromophore. Aside from the 

effects of a few specific mutations, the relationship between the structure and optical 

property of FPs is still unclear especially for photophysical dark states. 

1.4.4 Protein Photophysics 

Since the elucidation of the GFP crystal structure, the photophysics of many FP 

mutants have been studied. The surrounding amino acids of the tight β-barrel affect the 

chromophore tremendously with polar-polar interactions, H-bonding, or steric 

interference. Below are some widely studied mechanisms explaining the photophysics of 

FPs. 

1.4.4.1 Excited-state proton transfer 

Excited-state proton transfer has been proposed to explain the large Stokes shift 

between violet absorption (398nm) and green fluorescence (504nm) in wild-type GFP 
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(wtGFP). Mutation studies suggest that the neutral form of the electronically excited 

chromophore undergoes a proton transfer from the chromophore through Ser205 to 

Glu222 (Figure 1.5).
105

 Blocking this pathway, scientists were able to generate blue FPs 

(BFPs, wtGFP-S205V/T203V) with only blue absorption (390 nm) and blue emission 

(459 nm), or the EGFP (wtGFP-S65T) with only blue-green absorption (488 nm) and 

green emission (508 nm) by maintaining the anionic chromophore. Similarly, different 

absorption spectra of PS-FPs result from preferential stabilization of either the neutral or 

anionic states of the chromophore. Therefore, photophysical properties are related to the 

protonation state of the FP chromophore. 

 

Figure 1.5 The of excited-state proton transfer pathway from the chromophore to E222. Adapted 

from Shu.
106

 

1.4.4.2 Cis-trans isomerization 

In order to optically control FP emission, scientists developed reversible 

photoswitchable fluorescent proteins (PS-FPs) with controllable dark states (section 

1.4.2). Among the various proposed mechanisms for photo-accessible states, 

photo-induced cis-trans isomerization has been confirmed by x-ray crystallography as an 

active pathway that is involved in the transition between bright (on) and dark (off) states of 

Dronpa as well as other kindling proteins and PS-FPs.
100, 107-110

 The Dronpa crystal 

structure demonstrated that bright state is the cis-chromophore, while the dark Dronpa is 
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the trans-chromophore (Figure 1.6).
103

 Since the Dronpa crystal structures of bright and 

dark states were solved, point mutations have been made to change the rate of cis-trans 

isomerization. For example, the mutation, rsFastLime (Dronpa-V157G),
100

 removes the 

steric hindrance for cis-trans isomerization to create a photoswitchable Dronpa mutant 

with a shorter dark state lifetime (8 minutes).
100

 

 

Figure 1.6 The structure of cis- (green) and trans-chromophore (blue) of Dronpa under 

photo-isomerization. CYG is the chromophore of Dronpa, and R66, V157, S142, H193 are the 

surrounded residues close to the chromophore. On-state carbon, green; off-state carbon, light blue; 

oxygen, red; nitrogen, blue; sulfur, yellow. Water molecules are blue spheres. Adapted from 

Andresen.
103

 

 

Since the first demonstration of optical control of FP dark states,
61

 engineering of FP 

dark states has been widely explored for advancing fluorescence microscopy. For example, 

by autocorrelating the time trace of blinking PS-FPs, super-resolution optical fluctuation 

imaging (SOFI)
3, 101

 post-processes images with narrower point spread function (PSF). 

Since the blinking of each PS-FPs is unique, autocorrelation of fluorescence fluctuation 

from different PS-FPs would vanish, while only fluctuation from a same blinking 
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fluorophore can generate autocorrelation signals. Therefore, PSF engineering comes from 

the stochastic blinking of PS-FPs. This post-processing super-resolution is applicable for 

CCD camera imaging, easy to be adapted to general imaging platforms (confocal, spinning 

disk, and TIRF microscopes). Also, stochastic processes of blinking PS-FPs do not require 

synchronization of PS-FPs photoactivation, and the autocorrelation is not limited to 

PS-FPs concentration.  

Reversible photophysical dark states in PS-FPs create additional parameters for not 

only SOFI but also optical lock-in detection (OLID)
38, 40

 and out-of-phase signal detection 

(OPIOM), both utilizing dark states of PS-FPs to suppress autofluorescent background. 

Details of OLID and OPIOM will be in chapter 3 and 5, respectively. Thus, I will further 

utilize dark states of PS-FPs to improve fluorescence microscopes and solve biological 

problems. 

1.4.4.3 Dark states of FPs 

In addition to designed dark states of PS-FPs, some widely used FPs have optically 

controllable dark states.
48-49, 111-112

 The Dickson laboratory has developed optical 

modulation (mentioned in 1.5) for better imaging contrast by modulating the dark state 

residence time. Coincidently, dark states of different FPs, originating from Aequorea 

victoria to Discosoma sp.,
33, 113-114

 all have similar transient absorption spectra in the near 

infrared region (700-900 nm) with ~millisecond lifetime. The mechanisms of dark states 

may be cis-trans isomerization or dianionic chromophore. 

The ~millisecond dark state lifetime suggests the modulatable dark states likely 

involve cis-trans isomerization, though excited-state protonation/deprotonation is also 

likely to be involved. Trans-chromophore from cis-trans isomerization can be torsional 
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and flexible, disrupting the π-conjugate.
103

 The study of Dronpa shows 

trans-chromophore state (dark state) is more flexible than cis-chromophore state (bright 

state) since the hydrogen bonds are fewer in trans-state.
115

 Also, isomerization of Padron, 

one of PS-FPs, from cis to trans breaks the planar structure and increases the flexibility of 

trans-chromophore according to crystal structure.
110, 116

 Cis-trans isomerization requires 

not only the conformation change of chromophore but also the rearrangement of 

surrounding peptides. This conformational change requires much longer time (~ms-s) 

than protonation/deprotonation (~ps) thereby a possible explanation for the dark states of 

some FPs. However, current discovered cis-trans isomerization is excited in visible 

region (400-600 nm), so the transient absorption in near infrared region (700-900 nm) 

may be other cis-trans isomerization mechanisms.  

In addition to the conformational change, the study of red fluorescent proteins 

(KillerRed, mRFP, and mDsRed) reported long time-scale transient absorption (μs-s) 

with a peak between 720-740 nm.
117

 Combined with molecular dynamics simulations, 

this research indicated the dianion chromophore is a likely candidate for the 

long-wavelength absorbing dark state and is stabilized by Arg95, a conserved peptide in 

Aequorea victoria jellyfish green fluorescent protein (avGFP, origin of EGFP, EYFP, 

mVenus),
33

 Aequorea coerulescens colorless fluorescent protein (acGFPL, origin of 

AcGFP),
113

 and Discosoma sp. red fluorescent protein (DsRed, origin of mDsRed and 

mCherry).
114

 Other proposed photoinduced transformations in FPs such as charge transfer, 

oxidation/reduction, photoconversions, and hydration/dehydration might explain similar 

near-infrared spectra of dark states in various FPs.
116, 118-119
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1.4.5 Applications 

The great biocompatibility and high specificity of FPs enable fluorescence imaging in 

all biological systems. Multi-color imaging also helps scientists understand interactions 

within intracellular compartments. In addition, thanks to photophysical dark states, 

super-resolution optical fluctuation imaging (SOFI) post-processes images and narrows 

the point-square-function (PSF) by stochastic blinking of PS-FPs.  

Besides to visualization of cells, FPs can also be utilized with all fluorescence 

techniques, especially the study in vivo. Investigation of intracellular protein dynamics will 

be described in section 1.5, including fluorescence recovery after photobleaching (FRAP), 

fluorescence correlation spectroscopy (FCS), Förster resonance energy transfer (FRET), 

and fluorescence lifetime imaging microscopy (FLIM).  

Other than being fused with targets, some FPs can sense Ca
2+,

 Zn
2+ 120-123

 or pH, 

pressure, redox indicators
124

 in living cells.
125

 For example, Cameleon is a FRET pair of 

CFP and YFP conjugated with Ca
2+

 binding sites, including calmodulin (CaM) and a 

CaM-binding peptide of myosin light chain kinase (M13), developed for detecting free 

Ca
2+

 in the range 10
-8

 to 10
-2

 M.
120

 In absence of Ca
2+

, CaM is unbound to M13, so CFP and 

YFP are far apart without Förster resonance energy transfer, which fluorescence signals 

only come from CFP (480 nm). In presence of Ca
2+

, CaM and M13 form a complex by 

binding to Ca
2+

, so CFP transfers energy efficiently to YFP within closer distance thereby 

emitting yellow fluorescence (535 nm). Therefore, the 535-to-480 nm fluorescence ratio 

indicates the Ca
2+

 concentration. Cameleon and other Ca
2+

 indicators
121

 greatly benefit 

research in neuronal transmission, muscle contractions and other signal transduction 

pathways in vivo. Similarly, Zn
2+

 sensors developed as FRET pair for monitoring 
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intracellular Zn
2+

 concentration.
122-123

 Engineered FPs are also available for detecting 

intracellular redox-ratio (roGFP)
124

 and voltage differences across cell membrane 

(FlaSh).
126-127

 These genetic-encoded indicators monitor intracellular molecules or 

physical conditions for scientists to understand neuroscience, metabolism, signal 

transduction, and cell proliferation. 

1.5 Fluorescence Techniques for Protein Dynamics 

   Fluorescence microscopes allow scientists for visualizing labeled proteins in 

biological samples, benefiting from high biocompatibility and specificity of FPs. Protein 

dynamics can also be monitored by tracking the location and time of fluorescence labeled 

proteins, so diffusion coefficients can be calculated. Protein dynamics can be observed 

not only by single-particle tracking. Here are some common fluorescence techniques for 

understanding the protein dynamics in vivo.  

1.5.1 Fluorescence Recovery after Photobleaching (FRAP) 

Fluorescence recovery after photobleaching (FRAP) is to monitor the actions of 

fluorophores in biological systems, including diffusion and interactions. First, a small 

region (two-dimensional area or three-dimensional volume) of diffusing molecules is 

irreversibly photobleached from exposure of an intense pulse of excitation light. Then, 

fluorescence recovery of the dark region is from moving out of the bleached fluorophores 

within the region and moving in from the surrounding unbleached fluorophores. The 

fluorescence recovery curve relates to the geometry of photobleaching pulse, the 

diffusion rate of fluorophores, existence of diffusional hindrance, and additional 

parameters from protein-protein interactions. Careful control experiments and detailed 

mathematical models are necessary for FRAP to fully understand the biological actions. 
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Beginning from 1970s, FRAP was introduced to understand the diffusion within 

membranes.
128-129

 Since the protein-protein interactions affect the fluorescence recovery 

time trace, FRAP is often utilized for understanding the intracellular interactions in 

vivo.
23, 87, 130-131

 Although the observation of fluorescence recovery time trace is 

straightforward, scientists demonstrated the choice of fitting models and photobleach 

profile should be carefully calibrated, or the fitting results would become problematic.
88

 

In addition to the necessity of proper calibration, phototoxicity is another concern 

because of the high intensity illumination for photobleaching.  

1.5.2 Fluorescence Correlation and Cross-Correlation Spectroscopy (FCS, FCCS) 

Instead of the fitting fluorescence recovery vs. time as in FRAP, scientists can 

collect the stream of emitted photons and correlate fluorescence fluctuations to 

characterize dye photophysics, translational diffusion, and even protein-protein 

interactions.
132-141

 The fluorescence detection from less than 100 molecules in a 

laser-focused region can track the brightness change of each fluorophore in a 

fluorescence time trace, either from photophysical blinking or leaving the focus region 

(Figure 1.7A). From autocorrelation of the fluorescence time trace, the characteristic time 

scale of change in the whole fluorophore population is shown in a fluorescence 

correlation spectroscopy (FCS) curve (Figure 1.7B).  
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Figure 1.7 Fluorescence correlation spectroscopy (FCS). (A) FCS schematic plot. (B) A typical 

autocorrelation curve with the triplet and diffusive components 

For example, if a fluorophore blinks inside the laser focus, the bright and dark 

transition will be captured in the fluorescence time trace and demonstrated in a FCS 

curve. Similarly, if fluorophores diffuse in and out or the bound molecules stay longer in 

the laser focal spot, the correlation of fluorescence time trace will demonstrate the time 

scales of diffusion and binding. Fluctuation of fluorescence time trace monitors all the 

above events simply based on bright or dark state of a fluorophore, either from 

photophysical blinking or diffusion. Autocorrelation of the fluorescence time trace 

reveals the time scale of each event population. Since FCS monitors the fluctuation from 

fluorophore signals, too many fluctuation events would lower the contrast of correlation 

signal to be unobservable. In addition, each molecule should be bright enough for FCS to 

capture individual events, so the signal-to-noise ratio depends on the brightness of each 

molecule.
135

 Typical illumination intensity for FCS is around 0.1-1 kW/cm
2
 to produce 

~100-1000 photons per second for each fluorophore,
46, 142-143

 which may induce 

photobleaching during experiment. Therefore, a low concentration of bright fluorophores, 

coupled with extremely low background is critical for FCS data acquisition. 
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Following the same idea, cross-correlation of fluctuating signals from two different 

color fluorophores demonstrates how strong these two fluorophores move together, called 

fluorescence cross-correlation spectroscopy (FCCS).
144-145

 Similar to FCS, if a green and 

a red fluorophores correlate with each other at the same bright/dark time scale, they move 

together through binding. The stronger two molecules bind together, the longer the two 

fluorescence time traces are correlated thereby generating larger contrast in 

cross-correlation signals. By calculating autocorrelation (FCS) and cross-correlation 

(FCCS) curves, scientists can monitor the total population in each color as well as the 

population of binding complex. This technique shows the equilibrium of 

binding/unbinding molecules at the focus area in biological samples. FCCS has been 

utilized widely for investigating protein-protein interactions or binding events in living 

cells and on cell membranes.
8, 86, 91, 142, 146

  

Based on the same experimental methods in FCS and FCCS, fluorescence time trace 

can be analyzed for photon counting histograms (PCH). Brightness of each moving 

species is summarized in a histogram to understand protein aggregation
24, 147-148

 since 

dimers or oligomers are brighter than monomer. Wide-field FCS
5, 141, 149-152

 monitors 

much wider region for understanding diffusional or population map. These have been 

developed and applied to understand many biological systems. 

1.5.3 Förster Resonance Energy Transfer (FRET) and Fluorescence Lifetime 

Imaging Microscopy (FLIM) 

If one fluorophore’s (donor) emission window overlaps with another (acceptor) 

excitation window, the efficiency of dipole-dipole energy transfer (EFRET) between these 

two depends on Equation 1.1. 



- 26 - 

 

EFRET=(1+(r/R0)
6
)

-1
 Equation 1.1 

The energy transfer efficiency (EFRET) depends on the distance (r) between a donor 

and an accepter with inverse 6th-power law based on the mechanism of dipole-dipole 

interaction. The Förster distance, R0, relates to spectral overlap between donor emission 

and acceptor absorbance, refractive index of environment, and dipole orientation. The 

efficiency is 50% when the distance (r) equals to the Förster distance (R0), and typically 

R0 is around 4-5 nm. Förster resonance energy transfer (FRET) is a fast process, 

quenching donor’s emission. Since the energy transfer only happens when a donor and 

acceptor are close, acceptor emission only appears when two molecules are close enough.  

Since the high distance dependency and spectral shift from donor to acceptor emission, 

FRET is widely utilized for protein-protein interactions thanks to short distance between 

a donor and an acceptor when binding. By calculating the ratio of donor and acceptor 

fluorescence, scientists can monitor the bulk binding and unbinding population or 

observe real-time binding events by single-molecule fluorescence detection. The 

problems of FRET are from the collection of donor and acceptor fluorescence, including 

the noise from autofluorescence background, dye concentrations especially the 

uncertainty of FPs expression levels, and emission bleed-through from donor to the 

acceptor emission window. 

Similar to FRET, the fluorescence lifetime of a donor changes when the donor 

energy transfers to a near acceptor. Fluorescence-lifetime imaging microscopy (FLIM) 

monitors the fluorescence lifetime of a donor. If a donor is close to an acceptor, 

additional relaxation pathway for excited states shortens the fluorescence lifetime. 

Compared to FRET, the lifetime monitoring in FLIM largely avoids concentration 

problems including expression level differences in vivo and fluorescence bleed-through. 
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However, the fitting of short donor fluorescence lifetime might be difficult from the time 

resolution of a detector or dim donors after Förster energy transfer. 

1.6 Limitations of Current Fluorescence Techniques 

1.6.1 Autofluorescent Background 

Autofluorescence in biological samples can be found in common amino acids, 

including tryptophan, tyrosine, and phenalalanine absorbing ultra-violet light (~280 nm) 

and emitting blue fluorescence (280-350 nm).
59, 76

 Other fluorescent sources can be 

enzyme cofactors. Enzyme cofactor NAD(P)H is highly fluorescent with absorption and 

emission maxima at 340 and 460 nm; Flavins absorb ~450 nm and emit green 

fluorescence, ~525 nm.
35, 59

 All the intrinsic fluorophores either uniformly distribute or 

concentrate in some cellular compartments, creating uniform and non-uniform 

background. Uniform autofluorescence lowers the fluorescence imaging contrast, and 

non-uniform one shows false-positive signals. Since the emission of autofluorescence is 

mainly less than 600 nm,
35

 utilizing red FPs is an alternative way to avoid most 

background.
114, 153

 However, protoporphyrin IX emits red fluorescence (~635 nm), and 

some biological systems may contain different autofluorescent sources with red emission 

according to the Melikyan Laboratory. In addition, if scientists can only choose red FPs, 

this will greatly limit the choices of FPs and the spectral real estate for multi-color imaging.  

To differentiate autofluorescence and FP emission, one may be able to utilize the 

different emission spectra between autofluorescence and FPs by spectrally unmixing the 

two populations. However, this approach needs to understand autofluorescence spectrum 

for unmixing calculation. Recently, multiple fluorescence techniques have been developed 

for avoiding autofluorescence, including OLID and OPIOM.
38, 40-42

 These two methods, 
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mentioned in chapter 3 and 5, can successfully separate PS-FPs targeted structures from 

background. However, OLID correlates fluorescence signals at each pixel to an internal 

reference signal from a background-free bead. This calculation may be skewed if the 

background-free signals are contaminated by autofluorescence. In addition, the OLID 

calculation is nonlinear, so the recovered images often show the brightest signals, and final 

recovered intensities are not representative of the real protein concentration. OPIOM can 

selectively image PS-FPs without an internal reference, but it suffers from long PS-FP dark 

state lifetimes, which are limited from the cis-trans isomerization and protein 

conformational changes. Therefore, I introduce a secondary laser to optically control the 

photophysical dark states of PS-FPs for better imaging quality compared to OLID and 

better time resolution compared to OPIOM.  

Following the development of autofluorescence suppression, selective imaging based 

on time scales of photophysical dark states can broaden the limited FPs choices because of 

emission spectra overlap. Spectral overlap with long emission tail of FPs complicates the 

filter choice and limits multi-color imaging. Therefore, introducing additional axis to FPs 

discrimination would be a significant advance for multi-particle imaging.  

1.6.2 Detection of Weak Protein-Protein Interactions (PPIs) 

In addition to visualizing structure or specific proteins, scientists identify and 

characterize intracellular protein-protein interactions (PPIs) through fluorescence 

microscopy and spectroscopy. Different from existing tools, including 

co-immunoprecipitation, chemical cross-linking, and two-hybrid systems, fluorescence 

techniques (e.g. FRAP, FCS/FCCS, FRET) measure weaker PPIs with better spatial 

precision and real-time measurement. However, all fluorescence techniques suffer from 
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convolution of binding and diffusing as well as overwhelming unbound fluorophores of 

weak PPIs, which lower the signal contrast of binding complex thereby limiting the 

detection of PPIs from current techniques (Figure 1.8). In addition, FRAP requires careful 

control experiments to acquire correct information of PPIs, and the phototoxicity concern 

in the photobleaching step. FCS is stringent about concentration range for detection, and 

convolution between diffusion, photobleaching and PPIs can be problematic, which will be 

mentioned in appendix. Although bound molecules emit acceptor not donor fluorescence 

in FRET, emission bleed-through from the donor to acceptor channel contributes small 

amount of false-positive FRET signals thereby limiting the detection of weak PPIs. Also, 

finding FRET pairs with right distance, orientation, and not disturbing the interactions 

requires tremendous works. Therefore, our lab began development of binding amplified 

microscopy (BAM), which will be mentioned in chapter 3, for only enhancing binding 

molecules by utilizing photophysical dark states and expanding the detection range in 

regard of protein concentration, binding time, and binding constant. BAM will be a more 

universal way to investigate weak PPIs in vivo. 
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Figure 1.8 Range of PPIs and tools of study. Adapted from Fahrni.
154

 

1.7 Optical Modulation 

Since the major limitations of FPs include signal discrimination versus 

autofluorescence and other fluorescent labels, especially for low copy number 

proteins/complexes, advanced fluorescence techniques are required to avoid 

autofluorescence robustly, allowing for multiplexed imaging and BAM. Our lab has 

developed synchronously amplified fluorescence image recovery (SAFIRe) to externally 

modulate the optical modulatable dark states of dyes with a secondary laser. External 

modulation of a secondary laser with longer wavelength than fluorescence only recovers 

the modulatable fluorophores without nonmodulatable same-emission-wavelength 

backgrounds (Figure 1.9). Starting from silver nanoclusters
43

 and organic dyes,
44

 we have 

demonstrated some modulatable FPs
48-49

 for enhancing the contrast of imaging in high 

background environments up to 20-fold signal-to-background improvement. SAFIRe 

controls the optically accessible dark state population by dynamically regenerating the 

original ground state of the emissive manifold faster than it would normally recover from 
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the long-lived dark sate. This approach can be used for selective image recovery, both as 

autofluorescence suppression and as an additional parameter for multiplexed imaging of 

multiple fluorophores or immobilized molecules, which will be explain in detail in chapter 

3. 

 
 

Figure 1.9 Synchronously amplified fluorescence image recovery (SAFIRe). (A) Basic overview 

of SAFIRe. After the illumination of primary laser (hν1), some fluorophores fluoresce, while 

some others cross into the intermediate dark states. The molecules in the dark states will slowly 

thermally recover back to the ground state, while SAFIRe facilitates ground state recovery with 

secondary illumination (hν2) and then increases fluorophore brightness. Modulating the 

secondary laser intensity at a specific frequency, the fluorescence time trace will respond at the 

same modulation frequency, and can be selectively recovered. (B) Since the secondary laser is 

longer wavelength than fluorescence, the Fourier transform of fluorescence time trace from 

modulated secondary laser (1Hz) excludes modulatable signals from non-modulatable signals. 

After the fast Fourier transform (FFT), the modulated fluorescence is separated from 

non-modulatable autofluorescence, greatly improving signal-to-background ratio of the image. 

SAFIRe recovers the fluorescence out of optically modulatable dark states, and the 

fluorescence recovery depends on dark state lifetime and the frequency of secondary laser 

modulation. After the modulation of secondary laser, the fluorescence response contains 

two components (Figure 1.10A): (1) The time lag between laser excitation and fluorophore 

emission, which is called phase (ϕ) difference. (2) The amplitude differences between 

primary laser (1
st
) and primary plus secondary lasers (1

st
+2

nd
), which the ratio (two lasers: 

one laser) is called enhancement. Fluorescence recovery by 2
nd

 laser excitation is delayed 
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by finite dark state lifetime, and the enhancement is proportional to the population of 

optically modulatable dark state. If the 2
nd

 laser modulation is slower than the dark state 

lifetime, fluorescence response can follow the modulation with minimal phase difference 

and maximal enhancement. When the modulation goes faster than the dark state lifetime, 

the phase difference will be larger but smaller enhancement since the dark state cannot 

follow the modulation speed (Figure 1.10B). 

 

 

 

 

 

Figure 1.10 Frequency response from 2
nd

 laser modulation. (A) Definition of the phase difference 

(ϕ) and enhancement. (B) Fluorescence response (green) of ~1-ms dark state lifetime in response 

to 2
nd

 laser modulation (yellow).   

In this thesis, I will begin with SAFIRe on optically modulatable FPs and an adjusted 

version of SAFIRe for PS-FPs. After analyzing the population and lifetime of the dark state 
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of rsFastLime, I further utilized SAFIRe for autofluorescence suppression, discriminating 

diffusing and immobilized molecules, and possible applications to super-resolution 

microscopy. Based from SAFIRe techniques, multiple biological applications will be 

presented in the following chapters.  
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CHAPTER 2 EXPERIMENTAL METHODS 

 

2.1 Sample Preparation 

2.1.1 Organic Dyes 

In this thesis, organic fluorophores are largely utilized for aligning optics and as 

photophysical controls. Alignment of each laser requires a dye that absorbs at that 

wavelength. Fluorescein is used for blue lasers (451, 488 nm); Texas Red is used for the 

594 nm laser; Cy5 is used for the 633 nm laser. Each dye is dissolved in either deionized 

water or buffer. Typical concentrations for alignment are ~1 μM (~50k photons per 

second with weaker laser intensity (~10 W/cm
2
)), and the concentration for FCS is less 

than 50 nM to have less than 30 molecules (~10k photons per second with stronger laser 

intensity (100-1000 W/cm
2
)) in the laser focus.  

2.1.2 Fluorescent Proteins & Biological Samples 

The Fahrni laboratory has designed, expressed, purified and provided multiple FPs 

and PS-FPs samples, including purified proteins as well as fixed and live 3T3-NIH cells 

with various fluorescently labeled structures. Most proteins were either fused with 

mitochondria for visualization or untargeted as diffusing background. The Fahrni lab 

fixed cells with 3% paraformaldehyde in PBS and then mounted them onto glass slides. 

Live cells were prepared in Fahrni laboratory and then taken back for imaging 

experiments on a heated stage (Bioptics).
50, 112

 

The Melikyan laboratory provided the CV1 cell line with both CD4 receptors and 

CXCR4 co-receptors cultured in Dulbecco’s modified eagle medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 100U penicillin-streptomycin.
84
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Virus-like-particles (VLPs, pseudovirus)
6, 84

 are labeled with rsFastLime fused to Vpr 

which associates with the viral core. Pure VLPs or fixed VLPs with cells were provided. 

Pure VLPs are stored at -20 ⁰C. Fixed cell samples are stored at 4 ⁰C. The fixation 

protocol also uses 3% paraformaldehyde, and imaging buffer is 20 mM HEPES at pH 7.4 

with 2% serum. Live cell imaging is performed at Emory on a wide-field microscope 

(Personal DeltaVision, Applied Precision, GE).  

For protein-protein interaction experiments, Chenghao Ge from the Zhu laboratory 

prepares lipid bilayers (99.9% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 

0.1% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (sodium salt) 

(DPPE-biotin)) by extrusion method,
155

 pMHC-Cy5 (RQF-T) labeled proteins and 1E6 T 

cells with CD3 fused with TFP.
156

  

2.2 Fluorescence Microscopy: Single-Point Detection 

 Experiments were performed on an inverted microscope (Olympus IX-71, IX-70) 

placed on an optical table. Excitation sources are continuous lasers from temperature 

controlled fiber-coupled diode lasers (ThorLabs) or a line-tunable Ar
+
 laser (Coherent). 

When experiments require two lasers, the two laser beams are overlapped on the optical 

table by combining both light sources with a dichroic mirror (Semrock or Chroma) before 

entering the microscope. To modulate the laser intensity, laser diode driving current is 

sinusoidally modulated with a function generator or chopped by an electro-optic 

modulator (EOM, ConOptics). After the light enters into a microscope, a 60x, 100x oil or 

60x water objective (Olympus) is used for the experiments in this thesis. Samples are 

placed on either a coverslip (Fisher Scientific, Fisherfinest™ Premium Cover Glasses, 

12-548B), 35 mm glass bottom dish (MatTek), or a 96-well imaging plate with 0.2 mm 
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glass. With an appropriate emission filter (Semrock or Chroma), fluorescence signals are 

collected through a 50-μm or 100-μm multimode fiber (Oz or ThorLabs) as a pinhole by 

a photon-counting avalanche photodiode (APD, PerkinElmer or Excelitas) coupled to a 

photon counting board (either Becker & Hickl SPC-630 or National Instruments 

BNC-2121, Figure 2.1). 

 

Figure 2.1 Basic experimental setup for two-laser illumination and single-point detection. 

2.2.1 Light Source 

Current continuous laser light sources in the Dickson laboratory range from 400 nm 

to 1400 nm, including line-tunable Ar
+
 lasers (Coherent), temperature controlled 

fiber-coupled diode lasers (ThorLabs), Ti:Sapphire lasers (Mira, Coherent) with a 

frequency-doubled optical parametric oscillator (OPO), 561 nm solid-state laser 

(Coherent, Compass), 542 nm He-Ne laser (Research Electro-Optics, Inc.), 594 or 633 

nm He-Ne lasers (JDS Uniphase and Melles-Griot). Before turning on a laser, cooling 

systems for high power lasers (Ar
+
 and Ti:Sapphire lasers) are necessary, and no 
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reflective accessories are allowed in a laser room, including rings, watches, or necklaces. 

Laser alignment begins with adequate attenuation (reflective or absorptive neutral density 

filters, ThorLabs), to reach ~10 μW. External collimation of excitation laser light is 

necessary for most light sources, as they have non-zero divergence, and the state of laser 

polarization may be changed if needed.  

2.2.2 Optics 

Most mirrors, lenses, polarizers, holders, and mounts are from ThorLabs. Proper 

cleaning of optics with methanol and lens paper is necessary. Correct optics depend on 

the wavelength of the laser for two main categories, visible and near-IR. For different 

experiments, the diameter of the laser beam usually ranges from 1-3 millimeters, and the 

laser beam is usually aligned parallel to an optical table for easier alignment modification. 

Neutral density filters (ND filters) are required for adjusting the laser intensity to visible 

but not dangerous ranges (around 1-10 μW) while also being able to adjust intensities for 

experimental needs once the laser is aligned. Near-IR laser alignment requires an IR 

viewer or IR paper for visualizing the IR laser beam. 

2.2.3 Microscopes & Objectives 

The power limit into high magnification objectives are typically several mW. These 

power thresholds must not be exceed if the laser is being focused inside the objective as 

with epi-illumination or total internal reflection. For collimated light into the objective, 

the higher end of this range should be fine without burning the internal optics and 

adhesives. Objectives used in this thesis are a 60x water or oil, or 100x oil objective 

(Olympus) with numerical aperture (NA) ranging from 1.2 to 1.4, on either an Olympus 

IX 70 or IX 71. The main difference between these two microscopes is the length of 
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side-port adapter – IX 71 requires a longer side-port adaptor than does the IX 70, due to 

the longer physical width of the IX-70 microscope body.  

2.2.4 Detectors & Photon Counting Boards 

After the fluorescence is directed into side-port collected by a 50-μm or 100-μm 

multimode fiber (Oz or ThorLabs), an APD converts photons into electronic signals for 

detection. While APDs output ~2 V electronic signals (transistor–transistor logic, TTL 

pulses), a photon counting board (SPC-630, Becker & Hickl) takes -50 mV to -1 V as 

input to the constant fraction discriminator, CFD. An inverter with attenuation 

(PicoQuant GmbH, input 2V, output -300 mV) is used for converting TTL pulses from 

~2 V into ~-300 mV, while BNC-2121 (National Instruments) have been designed for 

receiving signals at ~2 V, without an inverter/attenuator. Generally, the upper count rate 

for photon counting boards (SPC-630 and BNC-2121) are around 200 thousands per 

second to avoid saturation. Count rates exceeding this limit require attenuation or special 

settings.  

For the SPC-630 (Becker & Hickl), the synchronization frequency is usually set 

from 8-10 MHz by a function generator or pulse laser controller. Generally, the input 

photon count rate needs to be less than 0.01-0.1 photon per signal period to avoid pile-up 

effect and maintain signal linearity. Count rates higher than this range may require a 

reversed setup (details in SPC-630 manual). CFD, TAC, and ADC count rates should be 

similar, or the settings of threshold need to be changed. The program controlling the 

BNC-2121 was written by Jung-Cheng Hsiang in LabVIEW or in Visual C. Connection 

of the channels is detailed in the instructions of the program. Details of specific 

experiments in this thesis are described in the following sections. 
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2.3 Fluorescence Microscopy: Wide-Field Detection 

In addition to the single-point detection, I have utilized and developed new 

wide-field fluorescence microscopy techniques. Standard microscopy configurations used 

include epi-fluorescence microscopy, total internal reflection microscopy (TIRF), and 

spinning disk confocal microscopy (SDCM). An electron-multiplying charge-coupled 

device (EMCCD, Andor iXon) is connected to a trinocular head or side-port of a 

microscope for detecting a larger area (20*20 μm
2
) than an area when using a tightly 

focused laser spot (0.2*0.2 μm
2
). 

2.3.1 EMCCD 

EMCCD cameras offer multiple channels for simultaneous detection in a larger field. 

Although the camera time resolution (milliseconds) is much slower than that of the APD 

(picoseconds), typical biological interactions or behaviors are readily characterized on the 

millisecond timescale. The sacrifice of fast time resolution in exchange of significantly 

larger detection area is preferable for observing larger areas or volumes. The CCD 

detector converts photons into electronic signals at each of the 512*512 pixels, and weak 

signals are amplified by electron multiplication (EM). The EM successfully overcomes 

the read noise introduced by the output amplifier and offers imaging rates in excess of 50 

frames per second for a full frame (512*512 pixels). Therefore, EMCCD is applicable to 

widefield imaging, autofluorescence suppression by SAFIRe, SAFIRe-OPIOM, and 

image FCS/FCCS.  
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2.4 Optical Alignments for Each Microscope 

2.4.1 Single-Modulation & Dual-Modulation SAFIRe (SM- & DM-SAFIRe) 

Similar to Figure 2.1, single-modulation SAFIRe (SM-SAFIRe) or dual-modulation 

SAFIRe (DM-SAFIRe), details mentioned in chapter 3, requires only an additional 

mechanical shutter (Stanford Research Systems), EOM (ConOptics), or the diode 

controller of ThorLabs that allows amplitude modulation. The main differences of these 

three systems are summarized in Table 2.1. 

Table 2.1 Differences between intensity modulation methods. a: The modulation waveform of 

EOM depends on drivers. A digital driver only allows square wave; an analog one can do square 

or sine wave. b: The max/min ratio depends on the laser beam size and collimation. A collimated 

laser with around 1 mm diameter shows higher ratio. c: The ratio of diode controller depends on 

the current (mA) range for each diode laser and the intensity needed in each experiment. 

 Time Resolution 
Laser Modulation 

Waveform 

Max/Min Intensity 

Ratio 

Shutter ~100 Hz Square 
∞  

(Totally Blocked) 

EOM ~10 MHz Square or Sine
a
 50-500

b
 

Diode Controller 150 kHz Sine 50-100
c
 

 

Usage of the EOM also requires additional attention for the wavelength of light 

source, visible or near-IR laser. An incorrect crystal will generate poor performance. 

When it comes to optical alignment, the available space on an optical table also need to 

be considered since EOM takes more space than other equipment. 

2.4.1.1 Measurement of Dark State Lifetimes 

For calculating kon and koff of rsFastLime (Figure 2.2), continuous wave 488-nm 

primary excitation and square wave-modulated (5 Hz) 405-nm secondary excitation was 

used on rsFastLime fixed cell samples. The exponential increase and decay of the 
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fluorescence intensity can be used to calculate the rate into the dark state (kon) and the 

405 nm laser induced rate out of the dark state (koff), as well as thermally recovered (koff
0
) 

decay constant (Figure 2.2), details mentioned in chapter 3.  

 

 

 

Figure 2.2 Photophysics of rsFastLime. (A) Schematic of rsFastLime photophysical states. (B) 

Fluorescence data for continuous-wave 488 nm laser and square-wave 405 nm laser. The fitting 

of growth and decay concludes the photophysical parameters kon, koff, and koff
0
.
50

 

2.4.2 Epi-Fluorescence Microscope 

Similar to Figure 2.1, the differences are expanded laser beam before a microscope 

(using 100-300 mm lens depending on the desired spot size) and a camera replacing an 

APD (Figure 2.3). A camera on a trinocular head is not suggested since additional mirrors 

in a trinocular head decrease photon collection efficiency relative to the side port. 

Defocusing of the collimated laser beam (1-4 mm diameter) is typically performed with a 

100-300 mm focal length lens right before the beam enters the microscope. Shorter focal 

length lenses generate larger illumination area. For cell imaging, the illumination area is 

~100 pixels in diameter (27 μm wide, with 60x objective and a 16-μm camera), and the 
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acquisition time varies from 2-200 ms, depending on the imaging area and fluorescence 

brightness in individual experiment. 

 

Figure 2.3 Setup for an epi-fluorescence microscope. 

2.4.3 Spinning-Disk Confocal Microscope 

 

Figure 2.4 Spinning disk confocal unit, CSU 10, YOKOGAWA. 

Spinning disk confocal unit, CSU 10, is usually placed on a microscope side-port. 

The laser used for excitation is fiber coupled, and the fiber is attached to the laser input 
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labeled in Figure 2.4. By using multiple micro-lenses, the CSU 10 can collect entire 

image sequences up to 360 frames per second. Similar to epi-fluorescence microscopy, 

the spinning disk confocal microscope illuminates the entire field of view, so the 

illumination intensity is be less than 100 W/cm
2
. This intensity limit is more suitable for 

modulating PS-FPs with shorter wavelength 2
nd

 laser not FPs with longer wavelength 2
nd

 

laser than the wavelength of fluorescence, which requires intensity > 1 kW/cm
2
.
 

Therefore, spinning disk confocal can only apply to DM-SAFIRe, designed for PS-FPs. 

In DM-SAFIRe experiments, I used 90-Hz camera frame rate for data acquisition for 

matching the spinning disk speed and modulation frequency (primary laser, 9 Hz; 

secondary laser, 2 Hz). Since the CSU 10 is a fixed speed spinning disk unit, the camera 

acquisition time should be n*1/360 second for synchronization.
157

. This limitation may 

affect some applications of SAFIRe discussed in chapter 4. 

2.4.4 Total Internal Reflection Fluorescence Microscope (TIRFM) 

To improve the signal-to-noise ratio for protein-protein interactions between 

supported bilayers and the cell surface, total internal reflection utilizes evanescent waves 

to illuminate only close to glass surface (~200 nm). In the setup (Figure 2.5), I put a 

defocusing lens in front of the microscope. To find the back focal plane, I move the 

defocusing lens or change it until the laser after the objective is approximately collimated. 

After mounting the right lens at the right position, I will turn knob of the second to last 

mirror for changing the laser position to the side of the objective. After achieving TIRF, I 

can observe the reflective laser spot out from the objective and utilize TIRF-FCS for 

determining the penetration depth of evanescent wave,
158-159

 which is generally 100-200 
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nm from FCS fittings. Higher NA objectives provide wider angle ranges for TIRF and 

easier alignment, so I use NA 1.45 oil objective (60x) for TIRF. 

 

 

Figure 2.5 TIRFM setup.
160

 Most of the back focal plane is inside an objective. Since the 

excitation laser is focused inside the objective, laser power should not exceed several mW. 

Adapted from Axelrod.
160

 

2.4.5 Live Cell Imaging 

After the sample preparation mentioned in previous sections, I put the 35mm dish 

with living cells on a heated stage (Bioptechs Stable “Z” Specimen Warmer) to maintain 

a constant temperature of 37 ⁰C. Without maintaining CO2 and humidity supply, live cell 

experiments often last less than 2 hours with a heated stage. When cells are observed, 

NIH-3T3 mouse fibroblasts should be flat and widespread, and T cells should be circular 

without visible large cellular compartments under a light microscope. If mitochondria are 

targeted with FPs, mito-FPs should be worm-like, not punctate.  
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2.4.6 Fluorescence Correlation Spectroscopy & Fluorescence Cross-Correlation 

Spectroscopy (FCS, FCCS) 

Fluorophore blinking or movement can be characterized by fluorescence correlation 

spectroscopy (FCS).
132, 135, 143

 The correlation of fluorescence fluctuation provides the 

timescale of triplet states (μs), diffusing time (solution 100 μs-1 ms, bilayers ~100 ms), 

and binding events. Since the fluorescence fluctuation generates contrast in correlation 

curves, the contrast of signals decreases with increasing fluorophore concentrations. 

Typically one data acquisition volume can only contain 1-100 molecules, which are 

around 1-100 nM in diffraction-limited laser focus. In addition to the constraints in 

concentration, FCS requires fluorophores to be bright for monitoring each event. Usual 

photons per fluorophore per second are above 100, which typically require more than 100 

W/cm
2
 for laser excitation. 

In this thesis, FCS often serves as a control experiment for confirming if the 

alignment is good. After aligning the side-port to the position of laser excitation by 

maximizing the fluorescence count rate, I record about one million photons which are 

from 5-20k photons per second (total time around 1 minute) for FCS correlation with the 

Becker & Hickl board. The output files (spc files) are correlated by a customized 

program (Teechart, Jung-Cheng Hsiang), and the correlation curve is fit based on a three 

dimensional model of FCS with triplet states.
132, 135

 With known diffusion constants of 

standard organic dyes, I can calculate the diameter of a laser focus from the diffusion 

time extracted from FCS fitting. This control experiment not only confirms the laser focal 

spot size, but also the photons per molecule per second, which should be around 1k 

photons under 1 kW/cm
2
.  
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In order to capture binding events, fluorescence from two proteins, each labeled with 

different color dyes is monitored by separate detectors. While these two proteins are 

bound, the two fluctuation curves will share the same time trace thereby creating signals 

in the cross-correlation curves. Fluorescence cross-correlation spectroscopy (FCCS) 

monitors protein-protein interactions (PPIs), mentioned in chapter 1, by the degree of 

cross-correlation. Since FCCS requires two-color fluorescence time traces, I used two 

APDs for recording data (Figure 2.6). 

 

 

Figure 2.6 Setup for FCCS experiment. (Top) Alignment for FCCS single-point detection. 

(Bottom) Image of HRT-41 and how to connect two APDs and SPC-630. 
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To avoid the mixing signals of two APDs (crosstalk), I need to ensure that both 

detector signals have the same voltage and signal widths. In addition, the router is 

designed for PMT signals same as SPC-630, so the inverter and attenuator for APD are 

necessary in both channels. In this chapter, after the inverter and attenuator, two APDs 

showing ~-400 mV and ~20 ns output, gave no crosstalk in the FCCS data acquisition. 

After the data acquisition, spc traces are cross-correlated by a customized program 

(Teechart, Jung-Cheng Hsiang), and cross-correlation curves are fitted in OriginLab. 

2.4.7 Image-Based Fluorescence Correlation Spectroscopy & Fluorescence 

Cross-Correlation Spectroscopy 

The sampling size of single-point detection is limited, so camera-based FCS and 

FCCS can monitor much larger areas at the expense of decreased time resolution. This 

approach is suitable for studying the slower dynamics (1 s-10 s) explored in this thesis.
27, 

89
 Not only useful for visualizing dynamics in larger areas, cell images in bright field or 

epi-fluorescence can be simultaneously observed, making experiments easier to collect 

the interaction signals between specific peptide segments on major histocompatibility 

complex (pMHC) and T cell receptor (TCR), mentioned in appendix. To illuminate lipid 

bilayers, epi-fluorescence or TIRF yields similar results; TIRF is necessary for 

pMHC-bilayers and TCR on T cells since some free diffusing TFP would be background 

under wide-field illumination. For image-FCCS, I setup wide-field 633 nm laser 

illumination for imaging pMHC-Cy5 on bilayers and TIRF 451 nm laser illumination for 

imaging TFP attached to TCR complex. To collect both colors simultaneously, I align an 

emission splitting system (DC2 Photometrics, borrowed from the Zhu laboratory) to 

separate emission of Cy5 from TFP. Connecting two iXon EMCCDs (Model DV-887 and 
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DU-897D) (Figure 2.7), I match images of two camera by multi-emission beads (360/430 

nm, 505/515 nm, 560/580 nm and 660/680 nm 0.2 µm TetraSpeck™ microspheres, 

ThermoFisher) and also utilize a function generator to synchronously initiate the 

acquisition of the two cameras. The higher quantum efficiency camera (DU-897D) is 

used for the TFP channel. 
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Figure 2.7 Setup for image-FCCS. (A) Optics alignment for image FCCS. The yellow circle is 

shown in photo (B). 

After data acquisition, I use a developed program, ImFCS,
149, 161

 (Figure 2.8) from 

the Wohland Laboratory
5, 149-150, 161-162

 for analyzing image FCS/FCCS data. After the 

calculation of the point-spread-function of each pixel,
150, 162

 I correlate or cross-correlate 

the frames within the entire image sequence. The acquisition area and time are 

21*21pixels, 2 ms for 50k frames, so the total imaging time is 100 seconds. Since the 
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acquisition time is more than a minute, photobleaching is usually observed. Individual 

photobleaching is mostly one-step reaction thereby assuming single-exponential.
163

 

Multiple bleaching events require multi-exponential fitting, but two exponential fitting is 

usually enough.
163-164

 In order to correct the photobleaching, two-exponential correction 

was used in this experiment.
163

 

 

Figure 2.8 ImFCS
149, 161

 in ImageJ/FIJI for image-FCS and FCCS experiments. 

2.4.8 OPIOM-SAFIRe 

Similar to wide-field illumination, two lasers are overlapped in the microscope for 

rsFastLime imaging. However, out-of-phase imaging after optical modulation (OPIOM) 

calculates the phase differences between fluorescence with dark states and excitation 

source. Similar to previous research, the excitation waveform is tracked by fluorescein 

since its fluorescence without obvious dark states immediately responds to the 

excitation.
42

 However, the experimental result of fluorescein showed a long-lived dark 

state (~seconds) which requires additional correction.
51

 In order to initiate the sine-wave 



- 51 - 

 

laser modulation the same everytime, I used a function generator to synchronize an EOM 

(controlled by ConOptics, 25A) for modulation and a CCD camera (DU-897D) to acquire 

data. Each modulation cycle was 10 timepoints per cycle and 10 cycles for one data point. 

For example, the acquisition time for 1 Hz modulation would be 10 Hz on camera, and 

total time is 10 s. By comparing fluorescein and rsFastLime, I can acquire out-of-phase 

signals by analyzing both time traces with MATLAB.
51

 

2.5 Commercial Microscopes 

The control panels of commercial microscopes are similar, including Zeiss 710, 

Zeiss 780, PerkinElmer UltraVIEW VoX, and the GE Personal DeltaVision imaging 

system. Some constraints are described as follows. First, all the imaging systems can only 

change the setting of individual channels without continuous modulation of laser 

intensity. Therefore, commercial microscopes can only achieve square waves. Second, 

the data acquisition and laser illumination are tied altogether. Separation of each time 

scale is not available in the current systems. Third, laser intensity of each system is very 

different. Typically the laser power of commercial microscopes is 10-100 mW. In this 

case, single-point laser scanning confocal microscopes can easily achieve > 1 kW/cm
2
, 

while the maximum intensity of wide-field and spinning-disk confocal microscopes is 

~100 W/cm
2
. Major differences of laser intensity from various microscopes should be 

considered for fluorophore and experimental design.    
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CHAPTER 3 AUTOFLUORESCENCE SUPPRESSION AND 

SELECTIVE IMAGING  

 

3.1 Introduction 

 The high biocompatibility and specificity of fluorescent proteins (FPs) allow for 

visualizing and understanding biological processes in living cells, tissues, and whole 

organisms. However, their detectability is often limited by moderate brightness and high 

autofluorescent background, either deteriorating the imaging contrast or producing 

false-positive signals.
35, 165-167

 To avoid this problem, background reduction can be 

achieved by using red fluorescent proteins to minimize autofluorescence
153

 or, more 

recently, by optically controlling emission intensity with photoswitchable or modulatable 

fluorophores.
38-42, 49, 168-172

 

Minimizing the autofluorescent background by using red fluorescent proteins 

reduces the capability of multi-color imaging.
114, 153

 Other possible solutions are lock-in 

detection, including frequency lock-in detection with nanoparticles developed by the Li 

Laboratory
168-172

 or optical lock-in detection (OLID) developed by the Marriott 

Laboratory.
38-41

 The imaging techniques optically control dark states of photoswitchable 

nanoparticles or photoswitchable fluorescent proteins (PS-FPs) for separating emission 

signals from autofluorescence. Since this thesis focus on in vivo imaging, PS-FPs are 

more ideal candidate than nanoparticles. After the introduction of OLID, this chapter 

provides the comparison between OLID and synchronously amplified fluorescence image 

recovery (SAFIRe) as well as further applications from SAFIRe. 
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3.1.1 Optical Lock-in Detection (OLID) 

Since the observation of blinking behavior in FPs,
61

 scientists have created several 

reversible PS-FPs
99-100

 with optically controllable bright and dark states. Similar to the 

optically controllable nanoparticles,
168-172

 the Marriott Laboratory optically controlled 

PS-FPs to avoid autofluorescence for better signal-to-background ratio. They imaged 

Dronpa with 488-nm laser excitation while turning it off and activated Dronpa with 

two-photon illumination (780 nm). This unique on-off mechanism only occurs in Dronpa, 

so correlation to a reference point helps to suppress non-modulatable autofluorescent 

background. The OLID formula is 

OLID value = ∑
(I(x,y,t)−𝜇𝐼)(R(t)−μR)

σIσr
t , Equation 3.1 

where I(x,y,t) is the detected fluorescence intensity at pixel (x,y) at time t; R(t) is the 

reference point at time t. μI and μR are the mean values, while σI and σR are the standard 

deviation values of the fluorescence intensity at pixel (x,y) and reference point, 

respectively.
38

 

One OLID image was taken for two on-off cycles, and each cycle was recorded five 

confocal images. The data showed up to 20-fold signal-to-background improvement 

(Figure 3.1).
38, 40

 However, OLID has two disadvantages: (1) The value of correlation 

formula is not linear to concentration of Donpa. (2) Reference point should be 

autofluorescence-free, or the OLID value will be deteriorated. Therefore, SAFIRe 

provides a more robust and quantitative way for autofluorescence suppression as well as 

more applicable to wide-field imaging and selective imaging since SAFIRe does not 

require reference point and the magnitude of fast Fourier transform (FFT) is linear to the 

concentration of modulatable fluorophores.
173

 Also, in the following sections I will 
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demonstrate dark state lifetime of PS-FPs as an additional parameter for discriminating 

diffusing vs. immobilized PS-FPs.  

  

Figure 3.1 OLID image of Dronpa in Xenopus embryo. (A) Fluorescence image of Dronp-actin 

within a motor neuron in a live Xenopus embryo. The inset shows the internal reference 

waveform from optically switching of Dronpa-actin. (B) Correlation image of Dronpa-actin from 

fluorescence image (A) with largely suppressed background. Adapted from Marriott.
38

  

  3.2 Autofluorescence Suppression 

3.2.1 Single-Modulation SAFIRe (SM-SAFIRe) 

To circumvent these limitations, our lab has developed SAFIRe, mentioned in 

section 1.7, which encodes external modulation waveforms only on the desired 

fluorophore signals.
43-44, 173

 SAFIRe, therefore, eliminates the need for internal reference 

dyes and enables faster demodulated signal recovery. SAFIRe takes advantage of specific 

organic dyes,
44, 46-47, 173

 inorganic emitters,
43, 45, 173

 and FPs
48-49, 173

 with optically 

accessible dark states that can be modulated through a dual-laser excitation scheme. 

While the primary laser excites all fluorescent molecules indiscriminately, a longer 

wavelength secondary laser regenerates fluorescence signals from the SAFIRe-enabled 

fluorophores by selectively depopulating their transient dark states. Only the fluorescence 

of interest follows the secondary laser at a specific frequency, while no background 
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fluorescence is induced by the longer wavelength secondary laser. After the Fourier 

transformation (FT), the intensity at the secondary laser modulation frequency recovers 

the fluorescence signals only from the FPs without non-modulatable autofluorescent 

background. Enhancement is the ratio of enhanced fluorescence amplitude with vs. 

without the secondary laser, which is a normalized to total primary-induced fluorescence 

and, therefore, independent of FPs concentration. This single-modulation SAFIRe 

(SM-SAFIRe) improves >5-fold signal-to-background contrast with modulatable 

modBFP-H148K by drastically reducing autofluorescence (Figure 3.2).
49

 

 

Figure 3.2 Demodulation of modBFP/H148K-mito in live cells. Demodulation at 2 Hz directly 

yields images with an average (left) 7-fold and (right) 3-fold improvement of signal to 

autofluorescent background. Intensity modulated, secondary laser (514 nm) illumination is 

performed only within the white circle. Scale bar is 20 μm. 

3.2.2 Dual-Modulation SAFIRe (DM-SAFIRe) 

In addition to FPs, optically modulatable dark states of PS-FPs have been widely 

studied since the discovery of asFP595
98

 and Dronpa.
99

 The dark state of Dronpa was 

demonstrated as the trans chromophore by x-ray crystallography,
103

 while the bright state 

is in the cis form. This long-lived dark state can be recovered by a secondary laser with 

wavelength shorter than that of the fluorescence back to the bright emissive manifold, 
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while optical controllable FPs are typically recovered by longer wavelength secondary 

illumination. Therefore, the recovery of the dark state by shorter wavelength secondary 

laser can induce autofluorescent background. Previously, OLID has manipulated the 

optically controllable dark state of Dronpa to suppress autofluorescence. However, the 

idea of correlation to a background-free internal reference may fail because of the 

autofluorescence accompanied from short wavelength excitation of Dronpa.  

SM-SAFIRe from section 3.2.1 provides another way for autofluorescence 

suppression. The longer wavelength secondary laser recovers the fluorescence of 

optically modulatable FPs without inducing background. Similar to lock-in detection, 

fluorescence time traces of FP signals follow the modulated secondary laser intensity. 

Images with improved signal-to-background ratio are recovered through demodulation at 

the secondary laser frequency. Because PS-FP dark states are recovered by secondary 

illumination with shorter wavelength than that of the recovered fluorescence, secondary 

co-illumination induces additional background. Modifying single modulation SAFIRe 

(SM-SAFIRe) into dual modulation SAFIRe (DM-SAFIRe) avoids autofluorescence. 

Dronpa-V157G, rsFastLime, is single-mutation of Dronpa with a shorter dark state 

lifetime due to reduced hindrance of isomerization by V157G mutation. For rsFastLime, 

both primary laser (488 nm) and secondary laser (405 nm) excite the bright and dark 

states of PS-FPs, respectively. The autofluorescent background collected at 515 nm 

increases from both primary and secondary lasers. Modulation of primary laser at 

frequency x Hz and secondary laser at frequency y Hz for DM-SAFIRe causes PS-FPs to 

exhibit not only the signal at x and y Hz but also x+y and x-y Hz (side-band signals) from 

the dependency of both excitation (derivation at the end of this chapter). In contrast, 
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autofluorescent background only reacts with either the primary or secondary laser 

independently – no x+y or x-y Hz signals appear in frequency spectrum (Figure 3.3). 

 

 

Figure 3.3 Bright and dark states of PS-FPs with dual modulation SAFIRe (DM-SAFIRe). (Left) 

Optical control of PS-FPs. Both 488 nm laser and 405 nm laser excite the bright and dark states 

of rsFastLime (Dronpa/V157G), respectively. (Right) Dual modulation enables background-free 

detection of rsFastLime. rsFastLime interacts dependently with both 405 and 488 nm lasers, 

while the autofluorescence is excited independently by each laser. The fast Fourier transform 

(FFT) shows that only rsFastLime presents side-band signals (9-2 and 9+2 Hz) when 488 nm is 

modulated at 9 Hz and 405 nm at 2 Hz. 

After the demonstration of background-free signals on DM-SAFIRe, I employed 

both OLID and DM-SAFIRe with dual high-energy lasers using rsFastLime for 

autofluorescence suppression. In the OLID configuration, the 488 nm laser was not 

modulated and the 405 nm laser only illuminated the sample for 50 ms of each 1-second 

cycle, with the same acquisition rate and total imaging time (~5 s) as DM-SAFIRe. 

Although autofluorescent background is induced upon secondary laser illumination, 

OLID suppresses some autofluorescence from the correlation to internal background-free 

reference point. In contrast, only rsFastLime signals are shown at the sum and difference 

(side-bands) of the primary and secondary modulation frequencies of DM-SAFIRe 
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(derivation at the end of this chapter), completely excluding autofluorescent background 

from these sideband signals.
50, 112

 

In live cell experiments, adherent NIH 3T3 mouse fibroblast cells are co-transfected 

with untargeted-EGFP and mitochondria-rsFastLime. Upon modulating 488 nm and 405 

nm lasers at different frequencies (dual modulation, DM), I reconstructed the SAFIRe 

images from an image sequence by plotting the amplitude at each sum or difference of 

the two modulation frequencies. Secondary-only single modulation (SM) SAFIRe images 

were also recovered at the 405 nm laser modulation frequency. Both single and dual-laser 

modulation reveal the mitochondria devoid of EGFP background, but single-laser 

modulation shows higher autofluorescent background compared to DM (Figure 3.4A).  

Compared to SAFIRe, OLID utilizes a slightly different excitation scheme involving 

cross-correlation of each pixel with a background-free reference signal that must be 

identified within each sample. To facilitate image recovery, OLID analysis was recently 

automated by using the brightest feature within an image sequence as the internal 

reference.
40

 OLID reconstruction multiplies the contrast of each pixel intensity trajectory 

by that of the reference pixel trajectory; each is then normalized by its individual standard 

deviation of intensity values. OLID scales nonlinearly with the number of fluorophores at 

each position in the image thereby distorting the true contrast among emissive species. 

Further, in high background environments or if the position of the reference signal is not 

well-defined, OLID automation can select the wrong reference point, which drastically 

reduces imaging contrast (Figure 3.4B, OLID-1). Unlike OLID, SM- and DM-SAFIRe 

are linear with modulated fluorophore concentration and represent true fluorophore 

amounts without the introduction or selection of background-free internal reference. 
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As only the modulatable fluorophore responds, extracting the signals at the sum and 

differences of the primary and secondary modulation frequencies robustly recovers 

higher contrast images without manually selecting any internal reference points. In 

addition to imaging on a spinning disk confocal microscope (Figure 3.4), DM-SAFIRe 

demonstrates greater contrast improvement in wide-field imaging than does OLID 

(Figure 3.5). The potential of DM-SAFIRe for both confocal and wide-field microscopes 

allows for easier adaptation to various commercial microscopes, which will be mentioned 

in chapter 4. 
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\     

Figure 3.4 Comparison of single- and dual-modulation SAFIRe (SM, DM) vs. OLID in live 

NIH-3T3 cells co-expressing untargeted EGFP and mitochondria-targeted rsFastLime on a 

spinning disk confocal microscope. (A) (From left to right) Raw Image, Signal/Background~1.4; 

OLID, S/B~6; Demodulated image at 405nm frequency (SM-SAFIRe), S/B~5; Demodulation at 

the side-band frequencies (DM-SAFIRe), S/B~9. (B) Signal/background (S/B) comparison in the 

presence of bright EGFP background. (From left to right) Raw live cell image as in (A), S/B~1; 

OLID with automatic selection of brightest feature for reference waveform, S/B~1.6; OLID with 

manual selection of reference point, S/N~5; Demodulation image upon DM-SAFIRe, S/B~9. 

OLID with correct reference point and SM-SAFIRe give similar contrast improvements, while 

DM-SAFIRe show a further 2-fold improvement. Scale bars: 10 μm. 

   

Figure 3.5 DM-SAFIRe improves the imaging contrast of NIH-3T3 cells co-expressing 

untargeted EGFP and mitochondria-targeted rsFastLime on a widefield microscope. (Left) Raw 

fluorescence image. (Middle) OLID. (Right) Demodulation image at the sum and difference of 

primary and secondary modulation frequencies (DM-SAFIRe). Scale bars: 10 μm. 
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Similar to SAFIRe, OLID utilizes 2
nd

 laser (405 nm) to regenerate the fluorescence 

of PS-FPs, and the only difference is correlation of images. Correlation requires reference 

waveform, but SAFIRe does not. In this case, OLID images can still be analyzed by 

Fourier transform of intensity of each pixel vs. time, regardless if imaging is done with 

50% duty cycle in SM-SAFIRe/DM-SAFIRe or with much smaller duty cycle (<5%) in 

OLID. Current setup of OLID image is 50-ms 405 nm illumination per 1 second, similar 

to 5% duty cycle of 405 nm modulation. Applying our FT reconstruction methods (1 Hz 

demodulation) to OLID data yields SM-OLID (Figure 3.6) and significantly improves on 

standard OLID analysis signal contrast, while simultaneously providing a signal 

reconstruction that is linear in fluorophore brightness at each pixel. Signal improvement 

and linearity advantages would be achieved through SAFIRe-like Fourier analysis of both 

SAFIRe-acquired and OLID-type data.  
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SM-SAFIRe (SAFIRe) 

 

DM-SAFIRe (SAFIRe) 

 

OLID (OLID) 

 

SM-SAFIRe (OLID) 

 

    

Figure 3.6 Comparison between SAFIRe and OLID in live NIH-3T3 cells co-transfected with 

untargeted EGFP and mitochondria-targeted rsFastLime. (From left to right) SM-SAFIRe Fourier 

analysis (SAFIRe setup), DM-SAFIRe Fourier analysis (SAFIRe setup), OLID analysis (OLID 

setup), and SM-SAFIRe Fourier analysis (OLID setup). SAFIRe modulation utilizes 50% duty 

cycle, while OLID utilizes 50 ms per 1 s of 405nm laser exposure (5% duty cycle). Thus, both 

OLID and SM-SAFIRe (SAFIRe) contain auto-fluorescence background from high-energy laser 

excitation, while OLID data acquisition generates less auto-fluorescence than does SM-SAFIRe 

because of shorter bursts of 405nm laser exposure. In contrast, DM-SAFIRe is background free. 

In general, Fourier analysis of the OLID data, however, shows better image contrast than possible 

with OLID analysis, and approaches similar imaging contrast generated by DM-SAFIRe, just 

without the further applications to selective image multiple proteins based on dark state lifetimes 

or diffusional transit rate, mentioned in following sections. Scale bars: 10 μm. 

3.3 Selective Imaging 

Expanding from the discrimination of FPs with or without optically controllable 

dark states in previous sections, I quantified the lifetime of FPs and utilized it as an 

additional parameter for selective imaging. In this section, I selectively enhanced the 

rsFastLime signals with longer residence time within the laser focus and proposed a 
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spectral unmixing calculation based on the differences of dark state lifetimes. The 

utilization of dark state lifetime creates another dimension for discriminating FPs in 

addition to emission window, while preserving the ability to suppress all background 

fluorophore signals that do not have optically reversible dark states. 

3.3.1 Characterizing the Dark State Lifetime of rsFastLime 

A single mutation from Dronpa, rsFastLime (Dronpa-V157G) was created to have a 

shorter dark state lifetime which results from V157G mutation, drastically reducing the 

barrier for cis-trans isomerization in Dronpa. To fully utilize rsFastLime, I characterized 

kon and koff from the exponential fits of the fluorescence decays, which are the rates into 

(kon) and out of (koff) the dark state (Figure 3.7). Coupled with the known absorption 

cross section (σ488) for the bright state, the slopes of the decay and growth rates vs. 

primary excitation intensity (Fig. 3.5C) yielded a dark state quantum yield (from the 

bright to dark states) of Φdark = 0.0035, while the intercept of growth rate vs. secondary 

excitation intensity (Fig. 3.5D) gives σ405*Φbright = 1.6 x 10
–18

 cm
2
. σ405 is absorption 

cross section for the dark state, and Φbright (Φrev) is the quantum yield from the dark to 

bright states. Thus, while still offering bright emission, the dark state quantum (Φdark) 

yield of rsFastLime is ~10 times larger than in Dronpa,
174

 yielding faster photoswitching. 

Although the dark states of rsFastLime are much longer-lived than non-photoswitchable 

FPs, the forward and reverse photoisomerization rates can be accelerated by the primary 

and secondary laser illumination. The optically controllable dark states serve as an 

additional parameter for selective imaging. In the following sections, the dark state 

lifetimes allow for the discrimination of diffusing vs. immobilized molecules and spectral 

unmixing. 
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Figure 3.7 Photophysics of rsFastLime (Dronpa-V157G).  (A) Schematic of transitions between 

the bright and the dark states with ~518 nm fluorescence from 488nm excitation. Excitation at 

405 nm depopulates the dark state and regenerates the bright manifold. (B) Continuous 488 nm 

and modulated 405 nm excitations yield fluorescence time traces showing exponential growth and 

decay. The growth is a function of 488 nm induced kon (I488σ488Φdarkh
-1

ν488
-1

), the thermal 

relaxation rate (koff
0
), and the 405 nm induced dark state depopulation rate (I405σ405Φbirghth

-1
ν405

-1
), 

while the decay is a similar function without the 405 nm induced rate. (C) Plotting the growth and 

decay rates vs the intensity at 488 nm yield the corresponding rate constants into (slope) and out 

of (intercept) the dark state. The 405 nm intensity is 14.4 W/cm
2
. (D) The intercepts of (C) from 

various 405 nm laser intensities are linear in both growth and decay plots. 

3.3.2 Diffusing vs. Immobilized rsFastLime 

The ability to tune the modulation frequency of SAFIRe relative to kon and koff rates 

in PS-FPs (e.g. rsFastLime) affords new tools for protein discrimination, unavailable to 

other signal recovery schemes. The demodulated amplitude of SAFIRe depends on 
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photophysical parameters of rsFastLime. If the modulation frequency is faster than the 

dark state lifetime,  

τdark=kdark
-1

=(kon+koff )
-1

, 

the SAFIRe amplitude will be smaller because the full steady state populations cannot be 

established within any one modulation cycle. Similarly, fast diffusing rsFastLime is too 

transient to establish steady-state rsFastLime dark state population. Under the low 488 

nm (< 10 W/cm
2
) and 405 nm (~4 W/cm

2
) intensities, the timescale for the rsFastLime 

dark state is significantly longer than the diffusional transit time through a focused laser 

spot. Thus, diffusing molecules do not reside sufficiently long within the focal volume to 

generate either SM-SAFIRe or DM-SAFIRe signals (Figure 3.8). While SM-SAFIRe 

generates autofluorescent background from high-energy secondary excitation, 

DM-SAFIRe shows neither autofluorescent background nor signals of diffusing 

rsFastLime molecules. The estimated diffusion time for proteins is ~10 ms (laser spot 

radius: 0.67 μm), which is significantly shorter than the dark state lifetime (~33 ms at 7 

W/cm
2
 488 nm and 3 W/cm

2
 405 nm, Figure 3.6). Hence, the diffusion time dependent 

SAFIRe signals allows for distinguishing immobilized vs. diffusing rsFastLime while 

simultaneously suppressing non-modulatable background. In this case, the FT amplitude 

includes modulatable ratio as well as concentration of rsFastLime, which depends on 

protein expression level. Therefore, DM-SAFIRe side-band signals are divided by the FT 

amplitude at the primary laser (488 nm) modulation frequency for normalization, so the 

ratio (enhancement) of modulatable molecules to all 488-nm-induced fluorescence is 

comparable across live cells in DM-SAFIRe. 
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Figure 3.8 Contrast between immobilized mito-rsFastLime vs. diffusing untargeted-rsFastLime 

with varying excitation area. (A) Increasing laser spot size increases the diffusion time of 

untargeted-rsFastLime, allowing diffusing rsFastLime to be modulated (488 nm at 7 W/cm
2
 and 

405 nm at 3 W/cm
2
). Thus, the ratio of immobilized to diffusing molecules approaches unity in 

dual-modulation (DM) and single-modulation (SM). Because of autofluorescent background, the 

ratio in SM (~5) is much smaller than that achieved with DM (~25) in small excitation area. The 

major change is when the diffusional transit time of untargeted-rsFastLime increases beyond the 

33 ms photophysical timescale. (B) Left: The DM-SAFIRe enhancement of immobilized (blue) 

and diffusing (purple) rsFastLime within the 1.4-μm
2
 excitation area. Right: The same 

DM-SAFIRe enhancement within a 140-μm
2
 excitation area. All FT signals were normalized by 

the amplitude at the 488 nm modulation frequency (13 Hz) for concentration-independent 

comparison. 

The ratio of enhancement from localized mito-rsFastLime vs. that from freely 

diffusing rsFastLime reaches unity in large excitation volumes, when diffusion rates are 

slow relative to photophysical rates. This idea allows for the different modulation 

responses of bound and unbound molecules for selective visualization of immobilized 

rsFastLime, with potentially >25-fold selectivity over diffusing, but otherwise identical 

rsFastLime. After the demonstration between SAFIRe enhancement and spot size, 
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mitochondria-localized rsFastLime is selectively imaged over untargeted rsFastLime in 

live cells, co-expressing two forms of the same PS-FP (Figure 3.9). With few-μm spot 

diameters, dual modulation readily increased the signal of molecules residing longer 

within the laser focal volume. This signal enhancement from longer residence time may 

have potential to enhance signals of binding molecules but ignore unbound diffusing 

molecules. While overwhelming unbound signals in FCS, FRAP, and FRET are the 

problem for the detection of weak PPIs, demonstration of >25-fold signal differences 

between immobilized vs. diffusing proteins in DM-SAFIRe provides a potential way to 

improve the detection limit of PPIs in vivo. 

 

 

Figure 3.9 Diffusing vs. immobilized rsFastLime in cells co-expressing mito-rsFastLime and 

untargeted-rsFastLime. The ratio of sideband enhancement between the immobilized and 

diffusing molecules is ~10. 488 nm is 8.8 W/cm
2
 modulated at 13 Hz, and 405 nm is 2.4 W/cm

2
 

modulated at 2 Hz. Scale bar: 10 μm. 

3.3.3 Spectral Unmixing 

In addition to different residence times for otherwise identical fluorophores, 

individual photophysical dark state lifetimes from different fluorophores create an 

additional dimension for discriminating FPs, while retaining the original autofluorescence 
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suppression ability. For example, Dronpa-V157G (rsFastLime) and Dronpa-M159T 

(Dronpa2) have inseparable emission spectra, but have significantly different dark state 

lifetimes (Figure 3.10A). The different responses of enhancement vs. time allow for 

discrimination of the molecules based on dark state lifetimes (from sub-μs to 

minutes),
45-46, 48-50, 100, 175

 which is much broader than emission spectra (400-700 nm) or 

fluorescence lifetimes (1-20 ns) from general fluorophores applied to biological 

imaging.
176

 After acquiring data of enhancement vs. modulation frequency (a modulation 

spectrum), the enhancements (X and Y) from individual purified FPs can be utilized as 

reference points. In mixed FPs, the enhancement (Z) at certain frequency p Hz and q Hz 

is a mixture (concentration A and B) of the enhancements, 

Zp Hz=A*Xp Hz+B*Yp Hz 

Zq Hz=A*Xq Hz+B*Yq Hz . 

After solving these equations, the contributions of concentration A and B will be 

separated. Based on Monte Carlo simulation, two FPs with 3-fold differences in kon (1/τon) 

can be unmixed by the calculation (Figure 3.10B). Following the same idea, rsFastLime 

and Dronpa2 are candidates for spectral unmixing; also, Baijie Peng in our group has 

initiated a mutation study of EYFP to create multiple FPs with indistinguishable emission 

spectra but different dark state lifetimes in collaboration with the Fahrni group. 

Photophysical characteristics of FPs can not only suppress non-modulatable background 

but also expand dye selection spectra and multicolor imaging capacity. 
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Figure 3.10 Spectral unmixing based on modulation spectra. (A) Same-color Dronpa2 and 

rsFastLime show significant different enhancement vs. modulation frequency based on different 

dark state lifetimes. (B) Monte Carlo simulation of modulation spectral unmixing to separate 

identically emitting fluorophores by different frequency responses. a) Total image of two sets of 

spatially overlap fluorescent signals. Entire image is modulated by secondary laser at 10Hz and 

100Hz. b) Modulation spectra of molecules with fast (τon ~8 ms, green) and slow (τon ~24 ms, red) 

photophysical parameters (both τoff ~8 ms). c) Slow and d) Fast molecule positions recovered 

from spectral unmixing by utilizing Fourier amplitudes from 10Hz and 100Hz at each pixel and 

the modulation spectra in b. e) composite image showing recovered fast (green) and slow (red) 

molecule positions. 

3.4 Conclusion 

The utilization of photophysical dark states creates another dimension for advancing 

fluorescence microscopy. Here, PS-FPs with well-characterized dark states demonstrate 

autofluorescence suppression and selective imaging, including the enhancement of 

immobilized molecules and spectral unmixing. SAFIRe techniques show linear imaging 

contrast improvement with external laser modulation on both confocal and wide-field 

microscopes, while OLID requires internal background-free reference points for 

nonlinear image recovery, only possible on confocal microscopes. By matching the 

photophysical parameters, the long-lived dark state of rsFastLime shows modulation 

signals only from immobilized or slowly diffusing rsFastLime. This application offers 
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great potential for discriminating fluorophores of interest from otherwise identical FPs 

yet overwhelming background in live cell imaging, while simultaneously creating new 

potentials for studying weak PPIs within live cells. In addition to comparing to diffusion 

time, the photophysical parameters serve as another axis for multiplexed imaging. The 

simulation demonstrates the frequency response of different FPs can utilized for spectral 

unmixing, while preserving the ability to suppress autofluorescence and improve overall 

imaging sensitivity and contrast. 

Supporting Information: Photophysical Response of FPs and PS-FPs with 

SM-SAFIRe and DM-SAFIRe 

Upon long-wavelength 2
nd

 illumination, the fraction of fluorescent molecules 

residing in the dark state is optically pumped back to the emissive manifold without the 

generation of autofluorescence. The modulation frequency of fluorescence intensity is the 

same as 2
nd

 laser frequency since the ground state fraction is modulated by external 

modulation of 2
nd

 laser intensity. Recovering signal that is shifted to this modulation 

frequency significantly improves fluorophore visibility in vitro and in vivo by excluding 

non-modulatable autofluorescence. However, PS-FPs requires short-wavelength 2
nd

 laser 

to recover the dark states. Thus, modulating only the 2
nd

 excitation at 405 nm will 

generate additional autofluorescence in the >500 nm detection channel. As PS-FPs 

modulation requires absorption of both 1
st
 and 2

nd
 lasers to modify the ground state 

(emissive) population, simultaneous modulation of primary and secondary lasers should 

isolate signals from PS-FPs at the sum (νp+νs) and difference (νp-νs) of primary and 

secondary laser modulation frequencies. The total fluorescence intensity, IF, is  

       tftINtI GSFprimtotF  
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in which Iprim(t) is the primary laser excitation intensity, Ntot is the total number of 

molecules being excited, σ is the absorption cross section, ΦF is the fluorescence quantum 

yield, and fGS(t) is the time dependent fraction of molecules in the ground state. For 

SM-SAFIRe, Iprim(t) is constant, while the secondary laser modulates fGS(t). The 

steady-state ground state population is given by the rate out of the dark state, koff, divided 

by the sum of rates into (kon) and out of (koff) the dark state. Modulating the secondary 

laser intensity, such that  

   

 

giving the secondary laser-induced modulated ground state fraction: 

 

. 

 

When the rate into the dark state is much faster than that out of the dark state, we 

can remove the cosinusoidal term from the denominator, giving: 

 

 

 

 

For the intensities used in imaging rsFastLime, kon is ~10-fold faster than the 

secondary laser induced cosinusoidal term, satisfying the conditions giving the 

cosinusoidal dependence of the ground state fraction. Substituting in the modulated 

ground state population into the equation for SM-SAFIRe fluorescence intensity gives: 
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Because PS-FPs such as rsFastLime operate with primary and secondary lasers 

which are higher energy than that of the collected fluorescence, both excitation 

wavelengths generate significant fluorescence in the emission channel. As only the 

PS-FPs emission will depend on both primary and secondary intensities, we utilize 

DM-SAFIRe to improve imaging contrast and recover only signals from rsFastLime. 

Starting with the formula of SM-SAFIRe above, the primary laser is also modulated at its 

own modulation frequency and modulation depth of B/(1+B). This gives the DM-SAFIRe 

fluorescence intensity as: 

 

 

 

 

Expanding this expression, one gets: 

 

 

 

Using the trigonometric identities (product-to-sum formulas): 

 

          tCostCostCostCos primprimprim sec

modmod

sec

modmod

sec

modmod 22
2

1
22  

 
 

  





















 tCosA

Achkk

I

kk

k

ch
INtI

offon

brightoff

offon

off

Fprimtot

SM

F

sec

mod0

max

sec

0

0

21
1)(






 
 

  

 
  





























tCosA
Achkk

I

kk

k

tCosB
Bch

IN
tI

offon

brightoff

offon

off

primFprimtotDM

F

sec

mod0

max

sec

0

0

mod

max

21
1)(

21
1







 
   

  






























 tCosB

Achkk

I

kk

k

Bch

IN
tI prim

offon

brightoff

offon

offFprimtotDM

F mod0

max

sec

0

0max

21
1)(1




 
 

 
   















 tCostCos

Achkk

BAI
tCos

Achkk

AI
prim

offon

brightoff

offon

brightoff sec

modmod0

max

secsec

mod0

max

sec
22

1)(
2

1)(









- 73 - 

 

 

One sees that frequency components at zero frequency, the primary laser modulation 

frequency, the secondary laser modulation frequency, and both the sum and difference of 

the primary and secondary modulation frequencies become observable: 

 

 

 

 

Importantly, 405-nm excited signal and background appear at the secondary 

modulation frequency, 488nm excited signal and background appear at the primary 

modulation frequency, unmodulated signals appear at zero frequency, but only molecules 

with fluorescence affected by both primary and secondary lasers will appear at the sum 

and difference of the two modulation frequencies. This gives pure rsFastLime signals at 

the sum and difference frequencies without being obscured by unmodulatable 

background. However, signals at sum and difference frequencies are only the partial 

response of PS-FPs, so the enhancement from DM-SAFIRe is not the same as 

SM-SAFIRe. 

The above derivation assumes that the system responds at sufficiently low 

modulation frequency. At higher frequencies, the modulation depth decreases, as the 

molecules cannot respond sufficiently fast to fully establish steady-state populations, 

similar to SM-SAFIRe. Furthermore, when kon is comparable to koff, the cosinusoidal 

dependence of the ground state population gets somewhat distorted. The primary 

frequency components still correspond to the same frequencies derived above for both 
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SM-SAFIRe and DM-SAFIRe, making these methods applicable to any modulation 

frequency and relative intensities. 
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CHAPTER 4 SAFIRE ON COMMERCIAL MICROSCOPES 

 

After the invention of confocal microscopy and the advances in devices including 

light sources and detectors, commercial confocal microscopy has become a standard 

method for fluorescence imaging in biology. From basic research to diagnostics, routine 

utilization of confocal microscopy allows the visualization of fluorophore-targeted 

organelles, immunostaining of specific proteins, or particle tracking. However, the 

advancement of fluorescence microscopy always starts from customized microscopes in a 

specialized laboratory. Labor-intensive, complicated theory and optical alignment hinder 

the wide utilization of most advanced microscopes by general biological groups; the 

transition from customized microscopes to commercial microscopes usually takes several 

years after the publication of new techniques (discussion in Frontiers in Imaging Science, 

Janelia Farm 2017). For example, the first stimulated emission depletion (STED) 

experiment was published in 2000,
75

 but the first commercially available STED 

microscope was available in 2007.
177

 In addition, one commercial microscope is too 

expensive to be replaced whenever a newer model is developed. Therefore, even if more 

advanced microscopies are available, most biologists still utilize older microscopy 

techniques. 

Because of the long lag time before commercial availability and high cost of 

commercial microscopy, adaptation of SAFIRe to currently available commercial 

microscopes without additional cost will positively impact a wide array of biological 

studies. In this chapter, autofluorescence suppression from SAFIRe is the key feature 

applied to commercial microscopes, including a confocal laser scanning microscope 

(CLSM, Zeiss), a spinning disk confocal microscope (SDCM, PerkinElmer), and a 
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wide-field microscope (GE). This demonstration of autofluorescence suppression on 

commercial microscopes has enabled the Melikyan Laboratory to study the cell entry of 

HIV-1 viruses by tracking fluorescent proteins (FPs) labeled virus-like particles (VLPs). 

4.1 Introduction 

Visualizing FP-targeted molecules in biological samples serves as a standard 

procedure for research or diagnostics. However, fluorescent species other than FPs in 

complex biological environment often overlap with FP fluorescence, obscuring signals of 

interest. This plagues the imaging quality of fluorescence microscopy, either lowering 

signal-to-background contrast or even generating false-positive fluorescent signals. For 

example, many cellular metabolites exhibit blue and green fluorescence, including flavins 

and NAD(P)H.
35, 165

 Using red FPs can avoid blue and green autofluorescence, but it 

limits the choices for multi-color imaging and some cell lines still show obvious red 

autofluorescence (discussion with Greg Melikyan in Emory). Therefore, removal of 

autofluorescence is a significant issue in fluorescence microscopy. 

Several fluorescence methods address autofluorescence avoidance. Because the 

combination of autofluorescence species shows broad emission spectra compared to 

narrow fluorescence spectrum of FPs, multiple fluorescence wavelength collection 

channels are utilized for spectrally unmixing to remove background signals based on 

known FP and autofluorescence spectra.
167

 However, this method requires that scientists 

understand the autofluorescent spectrum of tested samples, which can be difficult for 

tissue slices with unknown autofluorescence from animals or patients. Another challenge 

results from the different chemical reagents used for cell fixation, as some chemicals may 

induce more autofluorescence, while some chemicals may reduce brightness of FPs.
165
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Also, the optimization of fixation process cannot solve the autofluorescence in live cell or 

tissue imaging. Some other methods require pretreatment including autofluorescence 

photobleaching
166

 or different ways to collect data, e.g. fluorescence collection at longer 

lifetime (~10 ns) after pulsed laser excitation.
165

 The pretreatment may damage the 

sample and be time-consuming, and FPs are short lifetime within 10 ns similar to 

autofluorescence. 

More robust and easier ways to rapidly remove autofluorescence are necessary for 

both fixed sample observation and live cell imaging. According to chapter 3, SAFIRe 

successfully utilizes the optically controllable dark states of FPs and PS-FPs for 

autofluorescence suppression and selective imaging on customized microscopes. By 

controlling the secondary laser intensity, I can select background-free signals from 

modulatable FPs or PS-FPs and then extract >5-fold signal-to-background improved 

images in a few seconds. This simple modulation scheme without internal reference is 

readily adapted to currently available commercial microscopes, including laser scanning 

confocal, spinning disk confocal, light-sheet, and wide-field microscopes. 

Human immunodeficiency virus (HIV) is one of world’s most significant public 

heath challenges, with an estimated 18.2 million people were receiving HIV treatment in 

mid-2016. The first step of HIV infection begins from the entry of virus, binding and then 

fusing to the host human immune CD4 cells.
6, 178

 HIV initiates the binding from its 

envelope protein (gp120) to CD4 and a cellular co-receptor, followed by the 

conformation change of another envelope protein, gp41. The conformation change from 

envelope proteins activates the membrane fusion and then opens the membrane fusion 

pore for delivery of the viral contents into the host cells. Among the multiple steps, 
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scientists are not sure where the viral entry occurs, whether cell surface or intracellular 

compartments.
179

 Recent research from the Melikyan Laboratory utilized single virion 

fluorescence tracking to demonstrate that complete HIV-1 fusion happens in endosomes.
6, 

84
 This endocytic HIV-1 entry mechanism can protect the virus entry from inhibitors, 

which target intermediate conformation of envelope proteins, and may enhance infection 

efficiency because the entry is closer to the nucleus – the ultimate target of HIV. 

Accordingly, the design of HIV entry inhibitors should consider the ability to permeate 

the cell membrane. 

Since the complete virus exists inside live cells, autofluorescence from metabolites 

and cellular compartments is problematic for visualizing the virus particles. Cells become 

thicker closer to nucleus; more uniform autofluorescent background lowers the imaging 

contrast, and more non-uniform autofluorescence creates false-positive signals. Therefore, 

autofluorescence removal techniques are required to track true virus particles 

intracellularly. To meet the requirement, image acquisition in less than one second is 

required to capture the dynamics of moving virus, and imaging longer than one hour is 

needed for complete tracking of full HIV-1 virus entry. SAFIRe has demonstrated up to 

20-fold improvement on customized microscopes but we have not optimized the time 

resolution for one demodulation image and minimized the modulation cycles on 

commercial microscopes. In this chapter, I will adapt SAFIRe to commercial 

microscopes, test the photophysical limitations, and demonstrate autofluorescence 

suppression with virus imaging in fixed/live cells. 
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4.2 SAFIRe on Currently Available Commercial Microscopes 

4.2.1 Demonstration of SAFIRe with Modulatable FPs on Commercial Microscopes 

From previous research, FPs and PS-FPs can be modulated and show >5-fold 

imaging contrast improvement with autofluorescence suppression, and the main 

differences between FPs and PS-FPs are dark state lifetimes. The dark state lifetimes of 

modulatable FPs are short (~1 ms), excited by a secondary laser with longer wavelength 

than the fluorescence. The currently known modulatable FPs
48-49, 112

 require ~kW/cm
2
 

laser intensity for the primary laser to generate detectable dark state population and for a 

secondary laser to pump the dark molecules back to emissive manifold. Though 

modulatable FPs are modulated by secondary lasers without inducing autofluorescent 

background, the required intensity (kW/cm
2
) is only available for commercial 

microscopes with a single laser point, e.g. a confocal laser scanning microscope (CLSM). 

In contrast, the dark state lifetime of PS-FPs are longer (longer than 1 second) than FPs 

and excited by a secondary laser with shorter wavelength than the fluorescence. The long 

dark state lifetime allows for larger dark state population to accumulate, so 100-fold 

weaker intensity for primary and secondary lasers (~10 W/cm
2
) can be used for PS-FPs. 

Though high energy secondary laser induces autofluorescent background, much weaker 

intensity of illumination sources is suitable for most commercial microscopes. 

Short-lived dark states of FPs require strong (kW/cm
2
) illumination for generating 

detectable enhancement. I have tested SAFIRe on a CLSM (Zeiss 780) and a SDCM 

(PerkinElmer UltraVIEW VoX), and only the CLSM regenerates detectable modulatable 

fluorescence under high intensity secondary laser illumination (>1 kW/cm
2
), while the 

maximum illumination intensity of the SDCM (~20 W/cm
2
) cannot modulate observable 
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signals. In addition, since the dark state lifetime of FPs is around one millisecond, the 

dwell time of one pixel for laser scanning should be long for accumulating enough dark 

state population. Commonly, CLSM scans a sample with one microsecond dwell time at 

each pixel thereby imaging entire view (512*512 pixels) in one second. However, if each 

pixel is several microseconds, no obvious demodulated signals appear from mVenus, 

which exhibits ms-lived dark states
112

 (Table 4.1) (Figure 4.1A). After tuning the dwell 

time to closer to one millisecond, mVenus shows a more obvious demodulation image 

(Figure 4.1B). When dwell time for each pixel is around one millisecond, the Zeiss 

system only allows a small area illumination (25 μm*25 μm) and requires several 

seconds for one image, greatly limiting the observation area and time resolution. This 

limitation precludes applications for investigation of biological interactions in 

millisecond range and observation of multiple cells. The dark state lifetimes from all 

modulatable FPs are around milliseconds
48-49, 112

 (Table 4.1), so the FPs are not optimal 

tools for live cell SAFIRe-imaging on commercial microscopes. 

Table 4.1 Summary of optically modulatable FPs and PS-FPs. Characteristic frequency (νc) 

means the frequency when enhancement drops to 50% of its maximum value. The primary (1
st
) 

and secondary (2
nd

) laser intensity for enhancement and characteristic frequency is: 

modBFP/H148K (1
st
: 560 W/cm

2
; 2

nd
: 36 kW/cm

2
), greens and yellows (1

st
: 1.9 kW/cm

2
; 2

nd
: 25 

kW/cm
2
), red (1

st
: 13 kW/cm

2
; 2

nd
: 100 kW/cm

2
), PS-FPs (1

st
: 50 W/cm

2
; 2

nd
: 4 W/cm

2
).

48-50, 112
 

Fluorescent Proteins 

(FPs) 

λEx/λEm 

(nm) 

Primary 

(nm) 

Secondary 

(nm) 

Enhancement 

(%) 

νc 

(Hz) 

modBFP/H148K 390/455 405 514 15 37 

AcGFP 480/505 476 561 8 760 

EGFP 488/507 476 561 Non-mod  

EYFP 514/527 476 594 12 800 

Venus 515/528 476 594 16 816 

dsRed-m 556/586 561 700 27 3000 

Photoswitchable 

Fluorescent Proteins 

(PS-FPs) 

λEx/λEm 

(nm) 
Primary 

(nm) 
Secondary 

(nm) 
Enhancement 

(%) 
νc 

(Hz) 

rsFastLime 496/518 488 405 >100 <10 

Dronpa2 489/515 488 405 >100 ~100 
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Figure 4.1 SAFIRe on fixed cells expressing untargeted-mVenus with CLSM (Zeiss). (A) Dwell 

time of laser scanning for one pixel is 8.44 μs showing no demodulated signals. Left: 

Fluorescence. Right: Demodulation image. (B) Dwell time of laser scanning for one pixel is 270 

μs showing demodulated signals. Left: Fluorescence. Right: Demodulation image. Scale bar: 10 

μm. 

4.2.2 Demonstration of SAFIRe with PS-FPs on Commercial Microscopes 

PS-FPs are modulatable under mild illumination intensity (~10 W/cm
2
) for both 

primary and secondary lasers mentioned in chapter 3, but the high energy secondary laser 

not only recovers the fluorescence of PS-FPs but also induces autofluorescent 

background. Alternatively, the fluorescence of PS-FPs can be separated from 

autofluorescence by fluorescent signal differences before and after secondary laser 

because the recovery from the secondary laser dramatically increases the emissive 

manifold of PS-FPs, while autofluorescent background populations do not change. 

Following this idea, after the pre-illumination of 488 nm laser, the rsFastLime signals 
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before the 405 nm (secondary) illumination are much lower than after that (Figure 4.2A). 

Utilizing the fluorescence differences between channels, I successfully demodulated the 

images in CLSM and SDCM, allowing for faster imaging over larger areas. Therefore, 

PS-FPs including rsFastLime demonstrate potential for visualizing biological interactions 

and tracking particles without autofluorescence in live cells. 

 

 

 

Figure 4.2 SAFIRe imaging with fixed cells expressing mitochondria-rsFastLime with confocal 

microscopes. (A) Within 1 frame, three channels of illumination are applied. Channel 1: 488 nm 

(primary); Channel 2: 405 nm (secondary); Channel 3: 488 nm (primary). After the 

pre-illumination of 488 nm laser, the rsFastLime (rsFL) fluorescence of ch3 after the 405 nm 

recovery is much larger than ch1, while autofluorescence (autoFL) in ch3 is similar to that in ch1. 

(B) The fluorescence image (FL) and demodulation image (Demod) from CLSM. The Demod 

image was from the differences between fluorescence in ch3 and ch1, while FL image is the 

average of all fluorescence. (C) The fluorescence image (FL) and demodulation image (Demod) 
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from SDCM. The Demod image was from the differences between fluorescence in ch3 and ch1, 

while FL image is the average of all fluorescence. Scale bar: 20 μm. 

4.3 Visualization of Virus Particles on Commercial Microscopes 

The demonstration of autofluorescence suppression initiated collaboration with the 

Melikyan Laboratory at Emory to observe the entry of HIV-1 into CD4 cells. Because of 

the obvious uniform and non-uniform background in the cell lines, virus-like-particles 

(VLPs) were not trackable and are confused with false-positive autofluorescent signals. 

After expressing rsFastLime in VLPs, the rsFastLime-VLPs are separated from virus-like 

autofluorescence by SAFIRe on a SDCM (PerkinElmer UltraVIEW VoX) (Figure 4.3). 

Long observation time (around one hour) and improved time resolution (less than 500 ms 

each frame) are also required for the investigation of HIV-1 virus entry in live cells. 

Fewer photoswitching cycles of rsFastLime for one demodulation image benefit time 

resolution and more observation cycles because the total switching cycles are limited. 

Balancing between signal-to-background ratio, time resolution, and total observation time, 

I currently utilize four channels (ch1: 488 nm, ch2: 405 nm, ch3: 488 nm, ch4: 488 nm) 

to demodulate nonlinearly (Figure 4.4A), 

𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 𝑑𝑒𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
(𝑐ℎ3 − 𝑐ℎ1)(𝑐ℎ3 − 𝑐ℎ4)

𝑐ℎ3
 . 

The nonlinear demodulation image only requires one photoswitching cycle of rsFastLime 

in less than 500 ms to achieve enough signal-to-background ratio (Figure 4.4B), while 

EGFP-VLPs do not show demodulated signals (Figure 4.5). However, noise may 

generate similar waveform to rsFastLime thereby contributing random bright spot in 

demodulation images (Figure 4.5B), which can be removed by additional image 

processing or more modulation cycles for one demodulation frame.  
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Figure 4.3 Demodulation of rsFastLime-VLPs from abundant autofluorescence in CV-1 cell line 

with a SDCM. (A) Fluorescence image. (B) Demodulation image. Scale bar: 20 μm. 
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Figure 4.4 Nonlinear demodulation of rsFastLime-VLPs from CV-1 cell line with SDCM. (A) 

Differences between linear (ch1: 488 nm, ch2: 405 nm, ch3: 488 nm), and nonlinear (ch1: 488 nm, 

ch2: 405 nm, ch3: 488 nm, ch4: 488 nm) demodulations. Differences between 488nm-excited 

signals before (ch1) and after (ch3) 405 nm recovery generates linear demodulation, while 

nonlinear demodulation utilizes additional ch4 for calculation. The nonlinear processing 

successfully narrows the population of background signals compared to linear processing. (B) 

One photoswitching cycle of rsFastLime successfully demodulates VLP signals out of 

autofluorescence. Left: Fluorescence image. Right: Demodulation image. Scale bar: 20 μm. 
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Figure 4.5 No demodulated signals from EGFP-VLPs with nonlinear demodulation calculation 

with SDCM. (A) Fluorescence image. (B) Demodulation image. The only bright spot on the 

demodulated image is from the fluctuation of noise in the background, not from EGFP-VLPs. 

After the demonstration of autofluorescence suppression on a spinning disk confocal, 

our collaborators are able to visualize rsFastLime-VLPs without confounding background 

with a wide-field microscope (GE Personal DeltaVision imaging system). Though the 

center of the cells are thicker and often include more cellular compartments accompanied 

by autofluorescence, the ultimate target of virus--nucleus is in this region. From live cell 

imaging, VLPs in both peripheral and central regions of cells are observed after 

demodulation (Figure 4.6). Currently, the investigation of HIV-1 entry with SAFIRe on 

commercial microscopes is still an ongoing project. 
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Figure 4.6 The combination of fluorescence (red) and demodulation (green) images on live cell 

imaging with a wide-field microscope. rsFastLime-VLPs can be observed in both central and 

peripheral area of CV-1 cell line even with abundant autofluorescence. Left: Video at frame 4. 

Right: Video at frame 35. The data acquisition time of each demodulation was around 500 ms, 

and each frame was taken at every 6 seconds. 

4.4 Conclusion 

Autofluorescence is a long-existing problem without a fast and robust solution. 

Currently, scientists might spectrally unmix the images by assuming broader emission of 

autofluorescence than FPs signals, or sample pre-photobleaching can be applied for 

background removal. However, autofluorescence may be from unknown molecules, and 

the sample time-consuming pre-treatment can damage the sample. Since this problem is 

universal for most biological groups, a robust solution is necessary and should be 

applicable to all the imaging microscopes. 

SAFIRe has demonstrated the ability for autofluorescence suppression on confocal 

and wide-field microscopes without internal reference point in a few seconds, so the 

adaptation from customized microscopes to commercial microscopes will be more 

applicable to other research groups. In this chapter, I have demonstrated SAFIRe on 

CLSM (Zeiss 780), SDCM (PerkinElmer UltraVIEW VoX), and a widefield microscope 
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(GE Personal DeltaVision imaging system). Also, fixation of NIH-3T3 cells and fixed, 

live CV-1 cell lines demonstrate successful autofluorescence suppression. All 

microscopes and biological samples with rsFastLime show significant autofluorescence 

suppression. In addition to the primary demonstration, improved time resolution of 

demodulation images are shown in collaboration with a virology group, investigating the 

mechanism of HIV-1 entry into CD4 cells. 
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CHAPTER 5 OPIOM-SAFIRE 

 

5.1 Introduction 

The optically accessible dark states serve as another parameter for superresolution 

microscopy, autofluorescence suppression, and selective imaging that is orthogonal to 

emission wavelength and fluorescence lifetime. SAFIRe utilizes a secondary laser to 

pump dark state population of FPs or PS-FPs back to the ground state (emissive 

manifold). By facilitating the regeneration of emissive manifold, a secondary laser 

recovers the fluorescence, and the amount of fluorescence recovery can be calculated as 

enhancement, which is the ratio of fluorescence with a secondary laser versus without it. 

The intensity of secondary laser can also be externally modulated, and the fluorescence 

will display the same modulation frequency as the secondary laser, which is mentioned in 

chapter 3 as single-modulation SAFIRe (SM-SAFIRe).  

Two types of information can be generated by intensity modulation of a secondary 

laser. First, phase (ϕ) differences between excitation and emission waveforms as a result 

of finite dark state lifetime. Second, amplitude at the highest vs. that at the lowest point, 

equivalent to enhancement when the secondary modulation is 100%, is proportional to 

the population of optically modulatable dark state (Figure 5.1).
59
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Figure 5.1 Modulation of laser excitation generates information of phase (φ), from finite dark 

state lifetime, and enhancement, proportional to the population of optically modulatable dark 

state.
59

 

In previous chapters, enhancement from SAFIRe is utilized for discriminating 

between the fluorescence with optically controllable dark states and the fluorescence 

without them. This was demonstrated by autofluorescence suppression as well as 

potential for selective imaging and for improving the detection limit of protein-protein 

interactions by enhancing binding signals. Similarly, phase information in addition to 

enhancement can also be utilized for autofluorescence suppression. In 2015, the Jullien 

Laboratory developed out-of-phase imaging after optical modulation (OPIOM)
42

 for 

autofluorescence suppression and selective imaging based on the lifetime of 

photophysical dark states. 

The modulated laser in frequency-domain lifetime measurement increases the 

excited state population, and modulated secondary laser in SM-SAFIRe regenerates the 

ground state (emissive manifold) population back from dark state. However, modulated 

primary laser in OPIOM not only generates fluorescence signals but also increase the 

dark state population (Figure 5.2), enhancing the nonlinearity and creating anomalous 

 



- 91 - 

 

phase advance in of fluorescence response. This anomalous phase advance was first 

observed in flavin adenine dinucleotide (FAD),
180

 a fluorophore with a μs-range dark 

state, modulated by a sinusoidal primary laser.  

   

Figure 5.2. Different ways for generating phase difference (φ). (Left) Frequency-domain lifetime 

measurements. The modulated laser excites the ground state (S0), and then fluorescence (FL) 

emits from excited state (S1) with finite lifetime. (Middle) SM-SAFIRe. The modulated 

secondary (2
nd

) laser regenerates the ground state population from the dark state to enhance the 

fluorescence. (Right) OPIOM. The modulated primary laser not only generates fluorescence but 

also creates dark state population. Since modulated lasers in frequency-domain lifetime 

measurements and SM-SAFIRe increase fluorescence signals, while the modulated laser in 

OPIOM not only generates fluorescence but also increases dark state population, the fluorescence 

waveform in OPIOM is different from frequency-domain lifetime measurements and 

SM-SAFIRe. 

Accumulation of dark state population from a modulated laser creates nonlinearity 

of fluorescence response, which was observed as anomalous phase advance.
180

 This 

“advance” arises from the continuous, slow flow of population from the dark to bright 

manifold of states at a rate that is slower than the modulation frequency. This slow and 

nonlinear response to sinusoidal excitation of the ground state distorts the fluorescence 

response from the modulation waveform, with the rise in fluorescence being more rapid 

than the fall (Figure 5.3) because of the accumulation of dark state population.
180-182

As 

the entire fluorescence response is directly modulated with the primary excitation laser 

modulation waveform, the out of phase component is very small unless a large dark state 
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fraction is achievable. Thus, only long-lived PS-FPs have been utilized for imaging 

contrast, with the amplitude of out-of-phase signals being related to the dark state 

lifetime.
42

 While SAFIRe can also be applied to modulate fluorophores with short-lived 

dark states, OPIOM, OLID (optical lock-in detection) and SAFIRe can all utilize slow 

photophysics to discriminate PS-FPs signals from similarly emitting non-photoswitchable 

fluorophores. 

 

Figure 5.3 Fluorescence time trace of fluorescein and rsFastLime with sinusoidal primary laser 

modulation. Fluorescein with no obvious dark state follows the primary laser intensity, while 

rsFastLime shows and apparent “phase advance” from hysteresis of the dark state. 

Nonlinearity of fluorescence response from dark state population creates anomalous 

phase advance, so out-of-phase fluorescence signals depend on time scale of dark state 

relaxation. If the modulation is too slow, the dark state decays back to the bright manifold 

before the modulation cycle completes; if it is too fast, the molecules cannot reestablish 

steady-state dark and bright populations within each modulation period. Thus, modulating 

too slowly minimizes the out-of-phase component, while modulating too rapidly decreases 

enhancement. Maximum out-of-phase signals are at the primary modulation frequency that 

is comparable to dark state relaxation time. Therefore, OPIOM can selective image 
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multiple PS-FPs with different dark state lifetimes, which is similar to the selective 

imaging mentioned in chapter 3. However, the long-lived dark state lifetimes of PS-FPs 

requires primary modulation at very slow frequency (< 10 mHz), impractical to general 

use by biological applications. By utilizing a continuous secondary laser to rapidly 

generate emissive manifold of PS-FPs, I can greatly shorten the total acquisition time 

compared to OPIOM.  

5.2 Improved OPIOM by Optically Controllable Dark States 

When the primary laser modulation period is comparable to the dark state relaxation 

time, an apparent phase advance
180

 (Figure 5.3) is observed relative to the modulation 

waveform. Using only a single excitation source, OPIOM relies on producing large 

steady-state dark state populations which thermally relax to the ground state. Under these 

circumstances, modulated Dronpa-2 (Dronpa-M159T) fluorescence shows a phase shift 

of fluorescence relative to the modulated excitation waveform. However, the long-lived 

dark state lifetime of Dronpa-2 requires extremely slow (4.93 mHz,) modulation 

frequency for out-of-phase signals with OPIOM. SAFIRe offers the opportunity to 

improve on this promising scheme by employing a second laser to hasten ground state 

recovery and imaging rates ~1000-fold over the original OPIOM implementation. Thus, 

the combination of SAFIRe with OPIOM offers the opportunity to control the dark state 

lifetime for improved resolution and dynamics.  

To actively control dark state lifetime, we excite fluorescence of rsFastLime 

immobilized within fixed cells with a sinusoidally modulated primary laser (488nm, 

Figure 5.4) as in OPIOM, but also co-illuminate the dark state with cw secondary 

excitation at 405 nm. Without co-illumination at 405 nm, even modest ~1 W/cm
2
 488 nm 
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illumination leads to nearly all rsFastLime molecules trapped in the long-lived (~480 

seconds) dark state, decreasing total fluorescence. The 405nm co-illumination more 

rapidly regenerates the fluorophore ground state than possible through natural decay. 

Modifying 405-nm secondary intensity thereby tunes the dark state lifetime, providing a 

mechanism by which one can shift the maximum modulation frequency for faster 

imaging or improved molecular discrimination. 

Longer-lived dark states increase steady-state dark state populations and dark state 

hysteresis for larger out-of-phase signals (FLout), which are the fluorescence signals 

(cosine) 90 degree different from the sinusoidal excitation. This limits imaging speed as 

very low modulation frequencies used for OPIOM
42

 since the modulation frequency must 

be comparable to the dark-state lifetime for maximum FLout. If the modulation is too slow, 

the dark state decays before the modulation cycle completes; if it is too fast, the molecules 

cannot reestablish steady-state dark and bright populations within each modulation period. 

Thus, modulating too slowly minimizes the out-of-phase component, while modulating too 

rapidly decreases modulation depth. Consequently, the long-lived (>1 minute
100

) dark 

states of PS-FPs make live cell imaging with OPIOM somewhat impractical. 

Co-illumination of sinusoidally 488nm-excited rsFastLime with adjustable 405nm 

intensity, however, offers the ability to tune the dark state lifetime from minutes to 

milliseconds, while also controlling the magnitude of FLout (Figure 5.5). 
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Figure 5.4 PS-FP, rsFastLime, fluorescence time traces from sinusoidally intensity-modulated 

488 nm excitation. Normalized curves are plotted relative to modulated fluorescein emission 

collected under identical conditions. Samples were co-illuminated at 405nm with intensities of (A) 

0.25W/cm
2
 and (B) 3W/cm

2
. Fluorescein emission tracks the excitation waveform, while 

rsFastLime fluorescence appears advanced in phase. The phase advance at a given modulation 

frequency changes with 405nm laser intensity. 

 

Figure 5.5 Experimental out-of-phase signals (FLout) upon varied 405nm laser intensity. (A) 

Out-of-phase (cosine) rsFastLime fluorescence amplitude resulting from sinusoidally modulated, 

488nm (8 W/cm
2
 average intensity) and continuous, homogeneous 405nm laser excitation for 

several 405nm intensities. At increasing 405nm intensities, the out of phase maxima shift from 

low to high frequency. 

Because the introduction of a second laser to OPIOM controls dark state lifetime, 

this scheme offers the potential for greatly improved signal discrimination and increased 

imaging rates. Since the maximum out-of-phase signal is determined by the 405 nm laser 

intensity, illumination of rsFastLime samples with non-uniform 405 nm intensity profiles 

encodes different out-of-phase responses on each CCD pixel (Figure 5.6). This provides an 
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additional dimension to discriminate fluorophores based on either intrinsic
42, 48, 50

 or 

secondary laser (405 nm) intensity dependent dark state lifetimes. rsFastLime
100, 175

 is an 

efficient PS-FPs excited at low 488 and 405 nm laser intensities (<100 W/cm
2
) for 

potential uses in commercial microscopes. This approach minimizes photobleaching and 

phototoxicity effects, while being able to record out-of-phase signals with CCD acquisition 

on the sub-second time scale. Similar to SAFIRe and OLID, secondary-laser-enhanced 

OPIOM (SAFIRe-OPIOM) enables discrimination of spectrally overlapped fluorophores 

on the basis of their photophysical dark state dynamics. 

 

  

Figure 5.6 Heterogeneous 405 nm illumination creates different out-of-phase responses based on 

intensity profile. (Left) With weakly focused 405nm co-illumination in a much larger, spatially 

homogeneous wide field 488nm illumination, the out-of-phase (FLout) signal maximum increases 

in frequency at spatial positions exhibiting higher 405 nm secondary intensities. The raw 

fluorescence and out of phase maxima at each pixel are shown in the two images, with the color 

indicating the maximum of the out of phase signal at each pixel, while outside the 405 nm 

illumination spot, the fluorophores are unobservable (UnObs, black), as they are all switched into 

the dark state under 488 nm illumination alone. (Right) The plot shows the FLout amplitude vs. 

488 nm modulation frequency for rsFastLime at low (square), medium (circle) and high (triangle) 

405nm intensity. 488nm intensity, 40 W/cm
2
, is spatially invariant over the image. Scale bar: 1 

μm. 

5.3 Three-State Model for SAFIRe-OPIOM 

Three-state model comprises ground (S0), excited (S1), and dark states (D) of 

rsFastLime based on 3-by-3 matrix (Figure 5.7). From the matrix, the equations for the 

ground state, excited emissive state, and dark state are 
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∂tP(S0(t)) = −k01 [I488nm, I405nm]P(S0(t)) + kfP(S1(t))

+ (𝑘𝑜𝑓𝑓 + k405,off[I488nm, I405nm])P(D(t)) 

∂tP(S1(t)) = k01 [I488nm, I405nm]P(S0(t)) − (kf + kD)P(S1(t)) 

𝜕𝑡𝑃(𝐷(𝑡)) = 𝑘𝐷𝑃(𝑆1(𝑡)) − (𝑘𝑜𝑓𝑓 + 𝑘405,𝑜𝑓𝑓[𝐼488𝑛𝑚, 𝐼405𝑛𝑚])𝑃(𝐷(𝑡)). 

 

 

Figure 5.7 Three-state model. Left: The three-state model consists of a ground state (S0), an 

excited state (S1), and a dark state (D). After the laser excitation (k01), photons in S1 fluoresce (kF) 

or turn (kD) into D, then thermally relaxation (koff) and laser-induced relaxation (k405,off) back to S0. 

Right: Rate matrix for the three-state model. 

Table 5.1 Photophysical parameters for rsFastLime. 

Bright state Dark state Bright → Dark 

εS0
175

 33000 M
-1

 cm
-1

 εD
108

 13000 M
-1

 cm
-1

 kISC
183

 0.5 MHz 

φF
175

 0.6 φRev
108

 0.13   

488 nm intensity 

(mean) 

8 W/cm
2
 toff

175
 480 s   

 

With published photophysical parameters (Table 5.1), the numerical simulation can 

predict the out-of-phase signals and phase differences between excitation and emission 

(Figure 5.8). The extinction coefficient is lower than the published value (46000 M
-1

 

cm
-1

)
175

 since we performed laser illumination on fixed rsFastLime not on rsFastLime 

solution. The mismatch of laser and fluorophore polarizations will lower the effective 

intensity experienced by the molecule. Since the in-phase modulation can result from 

both rsFastLime and autofluorescence, while out-of-phase signals only come from 
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rsFastLime, the tan
-1

 value of the in-phase/out-of-phase ratio is not perfectly modeled by 

the simulation (Figure 5.7 D-E). In contrast, the out-of-phase signals (Figure 5.7 A-C) 

nearly perfectly match the simulated results. 

   

   

Figure 5.8 Comparison between experimental data (red) and numerical simulation (black) using a 

three-state model of rsFastLime. rsFastLime is co-illuminated with 8 W/cm
2
 at 488 nm and (Left) 

0.25 W/cm
2
, (Center) 1 W/cm

2
, and (Right) 3 W/cm

2
 at 405nm. (A) (B) (C) out-of-phase signals, 

FLout. (D) (E) (F) phase differences between excitation and rsFastLime emission. 

5.4 Super-Resolution Application 

In contrast to the largely symmetric illumination and dark state lifetimes in Figure 

5.5, co-illumination with asymmetric 405nm intensities provides an opportunity to utilize 

rsFastLime dark state lifetime as a probe of spatial position. The accuracy of our 

numerical simulations compared to our experimental results (Figures 5.8) enables us to 

simulate microscopy images of rsFastLime fluorescence employing a linear spatial 

intensity gradient at 405nm. rsFastLime molecules at slightly different spatial positions 
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are simulated, and final images are convolved with a point spread function using 

BlurLab3D.
184

 

If a sufficiently large anisotropic spatial gradient (~6-fold intensity change over 

50nm) is used, two rsFastLime molecules separated by 50 nm become readily resolved 

based on their different frequency-dependent out-of-phase fluorescence responses (Figure 

5.9). Sub-diffraction spatial information from the 405nm intensity gradient is recoverable 

from observed dark state lifetimes. Thus, optical-controllable dark state lifetime offers a 

new dimension to resolve otherwise identical emitters, as each molecule experiences 

different 405nm intensities. In contrast to localization or point-spread function 

engineering methods, utilizing the out-of-phase signal resulting from controlling 

dark-state lifetimes in this SAFIRe-OPIOM approach suggests that scientists can 

simultaneous exclude autofluorescent background and non-modulatable emitters, while 

also potentially distinguishing emitters separated by less than the diffraction limit, all at 

moderate excitation intensities. 

  

Figure 5.9 Simulated resolution of two diffraction-limited molecular emission patterns, separated 

by 50 nm, and illuminated at 6-fold different 405nm intensities. (A) With the recovered FLout at 

two 405 nm intensities, we utilize spatially homogeneous 0.5Hz, 1Hz, 5Hz, and 10Hz modulated 

488 nm excitation as reference values to spectrally unmix the overlap signals. (B) After point 
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spread function convolution and FLout analysis, spectral unmixing of the modulation spectra 

enables recovery of the correct molecular positions, with a recovered distance of 49.2 nm. Scale 

bar: 250 nm. 

Under dual illumination, with a spatially anisotropic secondary illumination pattern, 

each PS-FP exhibits modulated emission with a unique out-of-phase modulation response 

curve. Thus, spectral unmixing of the modulation responses improves signal 

discrimination as in OPIOM from out-of-phase response, while simultaneously enabling 

faster imaging and optical control of emitters by SAFIRe. Our accurate numerical 

simulations of optical response also suggest that molecules separated by less than the 

diffraction limit can be directly resolved by application of a spatially anisotropic 405nm 

intensity gradient, coupled with spectral unmixing of modulation responses. Thus, 

SAFIRe-OPIOM should speed imaging rates and enable dark state lifetime to be used as 

a new dimension for improving spatial resolution, when retaining the original signal 

discrimination ability of both OPIOM and SAFIRe. 

5.5 Conclusion 

Modulation of excitation light source generates enhancement of fluorophores as well 

as phase differences between excitation and emission. Large dark-state population of 

PS-FPs enables the out-of-phase signals to be detected in OPIOM for selective imaging, 

but the time resolution of this method is mainly limited to long-lived dark states of 

PS-FPs. SAFIRe-OPIOM optically accelerates dark state lifetimes with secondary 

illumination, and 1000-fold time resolution improvement is demonstrated on rsFastLime 

with low-intensity co-illuminated 405 nm laser. From several minutes to milliseconds, 

SAFIRe-OPIOM potentially allows live cell imaging and millisecond-scale dynamics to 

be probed. The matching of three-state model and experimental data provides predictive 

ability and possible application to super-resolution imaging. This combined 
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SAFIRe-OPIOM approach is likely to find wide application in high sensitivity biological 

imaging and can be more readily applied to studying biological interactions and dynamics 

with improved speed and sensitivity. 
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CHAPTER 6 CONCLUSION AND OUTLOOK 

 

Fluorescence microscopy is widely utilized in biology for visualization of targeted 

tissues, cells, intracellular compartments, specific genes, or low copy-number proteins. 

Targeted fluorescent probes allow for tracking specific molecules out of complicated 

cellular environment. For optimal biocompatibility and specificity, scientists developed 

genetically coded green fluorescent protein (GFP) labeling methods in 1990s. The 

genetically encoded fluorophores fuse with targets at 1-to-1 ratio, and the maturation of 

GFP without additional help from other enzymes can be expressed universally in all 

biological systems. Continuous mutation research on GFP creating a palette from blue to 

red benefits investigation of cellular interactions between multiple molecules. The 

universal multi-color FP tags enrich the capacity of fluorescent techniques for live cell 

imaging, molecule tracking, protein-protein interactions, and recent super resolution 

microscopy. However, the moderate brightness of FPs limits the signal-to-background 

ratio of fluorescence imaging, especially false-positive signals from non-uniform 

autofluorescent noise in some biological samples. In addition, multi-color imaging based 

on emission spectra suffers from the spectral overlap of FPs. In conclusion, development 

of autofluorescence suppression and multiplexed imaging would greatly benefit 

fluorescence microscopy. 

By utilizing photophysical dark states of FPs, the Dickson Laboratory has developed 

synchronously amplified fluorescence image recovery (SAFIRe) for selective imaging 

modulatable fluorophores with dark states and eliminating same-color, non-modulatable 

species. Demodulation of fluorescence images on modulatable modBFP-H148K 

transfected cells enhances >5-fold signal-to-background imaging contrast in live cells by 
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suppressing autofluorescence. Following the previous research on FPs, I have been 

characterizing the photophysical dark states of rsFastLime, one of photoswitchable 

fluorescent proteins (PS-FPs). Slightly different from single modulation SAFIRe 

(SM-SAFIRe), dual modulation SAFIRe (DM-SAFIRe) allows for >5-fold 

signal-to-background imaging enhancement from the long-lived dark states of rsFastLime 

excited by high-energy secondary laser. After the proof-of-concept of demonstration on 

customized microscopes, I adapted the background-suppression fluorescence imaging to 

commercial laser scanning confocal (Zeiss), spinning disk confocal (PerkinElmer), and 

wide-field (GE) microscopes. In collaboration with the Melikyan Laboratory, this 

cost-effective imaging method selectively visualizes HIV-1 particles transfected with 

rsFastLime while removes non-modulatable false-positive autofluorescent background in 

demodulation images. Combination between SAFIRe and spinning disk confocal, 

wide-field microscopes improves the time resolution to around 0.5 second for one 

demodulation image, which allows for virus tracking in live cells. 

In addition to the discrimination between modulatable and non-modulatable FPs, 

different dark state lifetimes enable for selective imaging between different modulatable 

FPs with ssame emission-wavelength, or discrimination between immobilized and 

diffusing yet the same FPs bases on the residence time in a laser focus. The spectral 

unmixing between two PS-FPs, rsFastLime and Dronpa2, with different dark state 

lifetimes is proposed and demonstrated by Monte Carlo simulations. In addition to 

unmixing between different PS-FPs, the dark state lifetime of rsFastLime is tuned to be 

slower than diffusion time by adjusting excitation intensity. The diffusing rsFastLime 
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cannot accumulate enough dark state population for demodulation, while immobilized 

ones show 10-fold DM-SAFIRe signals. 

Laser intensity modulation generates amplitude of fluorescent response as well as 

phase differences between excitation and emission. Out-of-phase imaging after optical 

modulation (OPIOM) utilizes the phase differences generated from long-lived dark states 

of PS-FPs for selective imaging; however, the poor time resolution (more than one 

minute) is also from the intrinsic long-lived dark states. Accelerated by moderate 

secondary laser intensity (~1 W/cm
2
), SAFIRe-OPIOM can be observed at milliseconds 

on camera. Based on the accurate prediction from a simple three-state model, 

SAFIRe-OPIOM is able to discriminate the molecules experienced by heterogeneous 

secondary illumination intensity. The numerical simulation suggests 6-fold secondary 

intensity differences can resolve the two molecules 50 nanometers apart. 

Dark states of FPs are starting to be an additional dimension for the advancement of 

fluorescence microscopy. In this thesis, optically controllable dark state lifetimes of 

PS-FPs show multiple potential for autofluorescence removal, selective imaging, and 

possible super resolution applications. The great potential of dark states has not been 

widely explored. So far, the FPs and PS-FPs are not mutated for better enhancement after 

secondary laser illumination, or for dark state lifetime tuning, which requires the 

understanding of FPs structural information of dark states. In addition, discrimination 

between diffusing and immobilized fluorophores has a potential for improving the 

detection limit of weak protein-protein interactions; the super resolution applications of 

SAFIRe-OPIOM need experimental design. Most importantly, understanding what 
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biologists need, solving critical biological problems, and communicating with 

biology/medicine community are significant for the advancement of imaging methods.   
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APPENDIX A STUDYING PROTEIN-PROTEIN 

INTERACTIONS IN THE IMMUNE SYSTEM WITH 

FLUORESCENCE CORRELATION SPECTROSCOPY 

 

A.1 Introduction 

Transient Protein-protein interactions (PPIs) are temporary in nature, but many of 

these, such as receptor-ligand interactions in signal transduction, are crucial to the 

regulation of myriad important cellular processes. Therefore, the thermodynamic and 

kinetic measurement of transient PPIs plays a critical role in unraveling the complex 

machinery that cells employ to detect and respond to biological changes. Unlike stable 

PPIs that are detectable by biochemical methods such as co-immunoprecipitation and 

pull-down assays, transient PPIs require a much more sensitive methodology to 

investigate the binding. Biophysical methods including surface plasma resonance (SPR) 

improve the detection limit for understanding transient PPIs. However, the measurement 

of surface plasmon resonance (SPR) is based on the interactions between protein A 

immobilized (2D) on the surface and protein B flowing in the solution (3D). This 

interaction model (2D-3D) is not eligible to two dimensional PPIs (2D-2D), which 

constrain the movement of the interacting species along a 2D plane, similar to the case in 

many physiological processes. 

Immunity requires further investigation for understanding the human defense system 

against pathogen infection, cancer, or autoimmune diseases. The great amount of 

intracellular and intercellular signal transduction constructs the entire immune signaling 
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network, in which 2D-2D PPIs play a significant role in cell-cell communications. 

Pathogen-induced adaptive immunity is a key component. The initiation of adaptive 

immunity generates more specific and efficient defense, and its regulation relates to 

allergy, vaccine development, autoimmune diseases, and some cancers. After the 

invasion of pathogens, antigen presenting cells (APCs) attack the invading pathogens, 

digest and present specific peptide segments on major histocompatibility complex 

(pMHC) on the cell membrane of APCs. The initiation of adaptive immune response 

begins with the 2D-2D interaction of pMHC on APCs and T cell receptor (TCR) on T 

cells. Therefore, the precise measurement of pMHC-TCR interaction is significant for 

ligand discrimination, self-recognition, and signal accumulation in immune response. 

pMHC-TCR across different cells can be measured with 2D-2D kinetics assays such as 

the micropipette adhesion frequency assay and biomembrane force probe (BFP),
185

 

developed by Zhu Laboratory, to probe the affinity and off-rate of PPIs while 

constraining the movement of proteins along a 2D plane. Zhu Laboratory demonstrated 

differences between the measurement of pMHC-TCR on two opposing membranes by 

BFP (2D-2D) and the measurement by SPR (2D-3D), contributing a more accurate way 

to predict T-cell proliferation by pMHC-TCR binding strength.
89

 

The advent of methodologies has introduced a new complexity to the problem of 

investigating PPIs. Results obtained with different methods do not necessarily agree with 

one another. For instance, the Grove Laboratory used fluorescence co-localization to 

show 10-fold longer binding time of pMHC-TCR than that measured by BFP and 

micropipette adhesion frequency assay in Zhu Laboratory.
27, 89

 Since the importance of 

understanding the primary recognition events in the immune response, there is an urgent 
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need to develop another methodology for measuring low-abundance bound complexes 

relative to overwhelming unbound proteins–the primary challenge in measuring transient 

PPIs.  

Most common fluorescence methods for PPIs include FRET, FRAP, and FCS. 

FRET (mentioned in Chapter 1) only generates signals while two proteins are closer than 

one nanometer, but finding the good FRET pair without interfering PPIs can be 

time-consuming. FRAP monitors the binding events from fluorophore-tagged proteins by 

fitting the fluorescence recovery curves after photobleaching, but the fitting model 

requires careful calibration of a photobleaching profile.
88

 Fluorescence fluctuations 

generate FCS curves including information of diffusion and binding, calibrated by easier 

control experiments than FRAP. To develop a general method without finding a FRET 

pair and calibration of a photobleaching profile, I have been focusing on FCS and FCCS 

measurements. 

A.2 Results & Discussions 

Constructing supported lipid bilayers, Chenghao from Zhu Laboratory prepared 

biotinylated-pMHC-Cy5 on the lipid bilayers and T cells with TCR-CD3-TFP 

(mentioned in chapter 2). I aligned optics and performed single-point FCS/FCCS as well 

as Image FCS/FCCS experiments
5, 141, 149-150, 161

 on this system (Figure A1). 

Unfortunately, the Image FCS (Figure A2) and FCCS (Figure A3) data all showed no 

obvious changes before and after T cells flowing into the imaging chambers similar to 

single-point FCS/FCCS, even with obvious TCR aggregation on T cells near the surface 

of bilayers. 
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Figure A.1 T-cell response is triggered by a physical interaction with an APC (A) via pMHC 

binding to the TCR. (B) pMHC molecules are anchored on supported lipid bilayers to interact 

with TCR on T cells. 
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Figure A.2 Image FCS on supported lipid bilayers with pMHC-Cy5. (A) On a 21*21 EMCCD 

pixel region, we acquire fluorescence time trace and calculate auto-correlation functions (ACF) 

with ImFCS (software developed by Wohland Laboratory, mentioned in Chapter 2),
149-150, 161, 186

 

which generates all 441 ACF curves and a histogram and map of fitted diffusion coefficients. (B)  

Either pMHC-Cy5 interacting with T cells or not shows similar average ACF curves. (C) Either 

pMHC-Cy5 interacting with T cells or not shows some (~5-10%) individual ACF curves with two 

populations. The fast component is ~0.01-0.1 second, and the slow one is ~0.1-1 second. 
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Figure A.3 Image FCCS between TCR-CD3-TFP on T cells and pMHC-Cy5 on supported lipid 

bilayers with total-internal-reflection 451 nm and wide-field 633 nm lasers illumination. (A) 

Bright-field T cell images overlap with TCR-CD3-TFP aggregation images. T cells with obvious 

TCR-CD3-TFP aggregation stay at the same position for over 5 minutes, while other T cells are 

more mobile. Scale bar: 10 μm. (B) FCCS signals at the pixel with (left) or at the pixel without 

obvious TCR aggregation (right) are similar. The negative FCCS values and the dip around 1 

second region are possible from the photobleaching correction. 

The reasons for undetectable binding signals can be: 1. Weak and undetectable PPIs, 

2. Sample photobleaching. 

A.2.1 Weak PPIs: Low Binding Ratio 

T cells continuously interact with different APCs and require the decision for 

initiation of adaptive immunity. Therefore, the binding of pMHC-TCR should not be too 

long and strong. pMHC-TCR binding constant from the Zhu Laboratory is around 10
-5

 

μm
2
, 

89
which [pMHC-TCR]/[pMHC]Total is less than 0.1 % when both pMHC and TCR 

are around 20-100 molecules per μm
2
. The small binding ratio (<0.1 %) is undetectable 

since the binding events are hidden in the noise of FCCS. However, the undetectable 

binding events may prove the pMHC-TCR interaction is weak in contrast with FRET 

(~10
-2

 μm
2
)
187

 and fluorescence co-localization experiments (koff is slower than 1 s
-1

).
27
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A.2.2 Sample Photobleaching 

The signal-to-noise ratio of FCS and FCCS is proportional to the brightness of 

fluorophores,
135

 so 100-1000 W/cm
2
 is typical laser excitation intensity for FCS/FCCS 

measurement.
46, 142-143

 However, proteins diffuse slowly (~1 μm
2
/s) on membranes, and 

Image FCS/FCCS even illuminate the same fluorophore for more than 1 minute. This 

experimental setup will induce obvious photobleaching and require certain mathematical 

models for correction,
163, 186

 including bi-exponential or polynomial models. However, 

barely observed binding signals may be removed from the correction of photobleaching. 

While no correction of photobleaching generates dominant correlation signals from 

photobleaching, the correction of photobleaching may eliminate cross-correlation of 

binding events. In addition, the photobleaching can kill the fluorophores before they bind 

to the binding partners from the small kon (~10
-5

 μm
2
/s).   

A.3 Conclusion & Outlook 

Investigation of weak PPIs is essential for constructing signal transduction network 

in immunology for scientists to understand the regulation of self-defense. However, 

current fluorescent techniques still require improvement on detecting much smaller 

population of binding events. Unbinding/diffusing fluorophores are 1000-fold or even 

more than binding ones, which are too few to be detectable with current fluorescence 

methods. FRET is a way to isolate the binding signals based on the emission wavelength 

change of binding events, but it is time-consuming to find suitable FRET pairs in 

complex biological systems. The potential of SAFIRe by shifting the binding signals to 

modulated frequency can be another way to improve the detection limit of weak PPIs. 

Similar to chapter 3, the different residence time between binding proteins and unbinding 
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proteins labeled with PS-FPs can be discriminated. Utilization of dark state lifetimes in 

FPs suggests another way to enhance binding signals.  
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