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Abstract 

  The field of cell imaging has been greatly advanced through the use of genetically encoded 

fluorescent probes. By genetically expressing to proteins of interest, fluorescent proteins have 

enabled noninvasively imaging of live cells to study protein-protein interaction, protein 

trafficking and protein expression and localization. In our group, we are dedicated to the 

development of protein reporters (FAPs) that can activate fluorescence from originally dark 

molecules (fluorogens). Among these fluoromodules, FAPdL5** is a 25 kDa binder for malachite 

green (MG) derivatives that functions throughout living cells with thousands fold fluorescence 

activation and a low-picomolar dissociation constant. With rational designed MG derivatives, 

distinct applications have been found in single molecule imaging, physiological pH measure-

ments and protein detection as recombinant affinity probes. However, in previous applications, 

developments of functionalized MG derivatives were focused on energy-transfer pairs which a 

donor that signals the environmental change is usually covalently linked to MG molecule. Little 

modification has been done with MG chromophore itself. 

  In this thesis, we explored the effects brought by introduction of different modifications on MG. 

First, by varying the charge of the linker, we have proposed and synthesized a series of MG 

derivatives with different net charge that directly alters the cell permeability. Secondly, a series 

of fluorinated MG derivatives were synthesized to investigate fluorination effect on spectra and 

affinity of MG-dL5**. Thirdly, a number of MG analogues with distinct absorption spectra were 

made to serve the purpose of multi-color imaging. Finally, a heavy-atom substituted MG (MG-2I) 

was made, which greatly increases singlet oxygen quantum yield upon binding to dL5**. This 

MG-2I/dL5** complex enables protein inactivation and targeted cell killing and rapid targeted 

lineage ablation in living larval and adult zebrafish.  
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Abbreviations used: 

NIR: near-infrared; 

GFP: green fluorescent protein;  

FAP: fluorogen activating protein; 

scFv: single-chain variable fragment 

MG: malachite green;  

EM: electron microscopy; 

FRET: Förster resonance energy transfer 

TM: transmembrane 

ROS: reactive oxygen species; 

PS: Photosensitizer; 

PDT: photodynamic therapy;  

TAPs: targetable and activatable photosensitizer; 

CALI: chromophore-assisted light inactivation; 

 

λmax: the extinction coefficient of the maximum absorption peak;  

λex: the maximum excitation peak of the complex; 

ɛ: extinction coefficient;  

λem: the maximum emission peak of the complex;  

Kd: dissociation constant; 

ΦF: fluorescence quantum yield; 

ΦΔ: singlet oxygen quantum yield; 

AR: activation ratio; 
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Chapter 1: Fluorescence imaging and fluorogen activating proteins 

Background 

  In order to address many of the fundamental and challenging questions in life science, scientists 

are often required to observe such relevant key processes at a sensitivity level down to single 

molecules (1-5 nm), within a functioning, living cell1-3. Fluorescence imaging provides an 

exceptional approach in studies of sub-cellular structure or cellular events because of its high 

sensitivity, vast flexibility and minimal perturbations4-8. With the continuous emergence of both 

new fluorescent probes and microscopic approaches, the resolution and timescales acquired by 

fluorescence imaging have been greatly advanced9-11, making fluorescence imaging an 

indispensable technology in bringing molecules of importance into the light (Figure 1.1)12,13. 

 

Figure 1.1: Fluorescent probes and their applications in molecular biology, chemical biology and cell 

biology. 

 

Small organic dyes 

  Originally, fluorescent tools were mainly small synthetic organic dyes (Figure 1.2) used as a 

mean to visualize locations of cellular compartments14, or as a probe to signal concentrations of 

metal ions15, change of pH16, enzyme activities17, and reactive oxygen species18 and so on. 

Precisely imaging proteins of interest is often achieved by attaching the fluorophore to an 

antibody or peptide19-21 that can be specifically recognized by their protein partners since, except 
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in rare cases, the fluorophore itself lacks protein-binding specificity22,23. Luckily, with countless 

functionalized fluorescent compounds and rapidly developed conjugation methods in the field, 

direct attachment has been adapted to a wide range of applications in labeling target proteins, 

including fluorophores such as BODIPY, rhodamine, Alexa dyes and cyanine dyes14,24,25. These 

small organic fluorescent dyes offer different spectral properties, molecular brightness and 

photostability and are very useful tools for target labeling from cultured cells, tissue slices to 

whole animal models26. However, this labeling approach is often limited to specific applications 

such as biochemical protein-protein interaction or extracellular protein trafficking, which do not 

require delivery of conjugates into cells, a fundamental barrier to broader use of labeled proteins 

or peptides.  

 

Figure 1.2: Representative core structures of commonly used small organic fluorophores including 

coumarin, fluorescein, BODIPY, rhodamine, and Cy5. 

 

Fluorescent proteins 

  Later, with the revolutionary discovery and re-engineering of green fluorescent protein (GFP) 

from jellyfish Aequorea victoria, biologists realized specific labeling by genetically fusing the 

fluorescent protein to the protein of interest27-29. Two features make GFP an especially powerful 
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labeling tool: GFP derived fluorescent proteins are relatively stable and form the chromophore 

through an autocatalytic cyclization that requires no exogenous cofactors30; and the fusion of 

GFP to a protein does not usually alter its function or location, which enabled researchers to use 

GFP in living systems to study cell dynamics and development8. In addition, with different 

colors available from various fluorescent proteins engineered from laboratory directed 

evolution31, fluorescent proteins have been widely used in cell and molecular biology as 

reporters of expression to study protein trafficking and signaling32,33. Moreover, with structure-

guided, site-directed mutagenesis, many fluorescent proteins that are responsive to physiological 

changes have been successfully developed, such as pH-sensitive pHluorins34 that monitors 

vesicle exocytosis and recycling, photosensitizing KillerRed35 that can inactivate protein and kill 

cells, and calcium indicator GCaMP636 that can track neuronal activity. Despite tremendous 

efforts and successes in the development of fluorescent proteins, the fundamental limitations in 

terms of brightness and emission wavelength are still desired to be improved37. 

Hybrid Tags 

  Alternatively, genetic targeting of fluorescent reporters can be achieved through hybrid 

approaches, where small molecules can be covalently targeted to genetically expressed proteins 

on or in the cells, either by site-specific reaction or enzymatic recognition38,39. In this way, the 

‘turn-on’ fluorescent signal of targeted cellular molecules is activated by adding the small 

molecules. Hybrid tags including Halo-tag40, SNAP-tag41, and tetracysteine tags42 often provide 

more functional diversity compared to fluorescent proteins due to the versatility of small 

synthetic molecules. For example, in the tetracysteine-biarsenical hybrid system, a genetically 

targetable small peptide (12 amino acids) containing a tetracysteine motif that binds FlAsH and 

ReAsH with picomolar affinity have been used to pulse-chase label new copies of proteins43, to 
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correlate EM localization44 and to inactivate proteins of interest using chromophore-assisted light 

inactivation (CALI)45. However, these tags typically require high substrate concentrations (> 1 

µM), which require extensive wash-off of unbound fluorophores for high signal-to-background 

imaging. 

 
Figure 1.3: Examples of commonly used hybrid tags and their reaction mechanisms. 

 

Nanoparticles 

  However, two essential properties are still worthy of improvement in fluorescence imaging: 

brightness and photostability7, which would improve the spatial and temporal resolution of 

fluorescence microscopy. For example, the signaling between neuronal synaptic vesicles (40 nm 

in size) happens within milliseconds46, which requires super resolution microscopies such as 

stimulated emission depletion (STED) microscopy47 and stochastic optical reconstruction 
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microscopy (STORM)48  coupling with suitable fluorescent probes to visualize. Nanoparticles 

such as semiconducting polymer dots, quantum dots and gold nanoparticles typically have 

superior brightness and photostability than those of molecular probes49,50. Especially, quantum 

dots which are nanoscale semiconductor (~1-6 nm) particles with spectral properties that are 

tunable as a function of particle size and shape for a given material, have been estimated to be 20 

times brighter and 100 times more stable than conventional fluorescent reporters51. Nanoparticles 

have found successful applications in super-resolution microscopies52, multimodal imaging 

(combination of fluorescence imaging with other methods such as MRI, drug delivery and 

photodynamic therapy)53,54 and intracellular protein labeling5,55, yet they are large in size and 

require conjugation to protein-targeting molecules, a fact that restricts their practical applications 

for many experiments.  

Fluorogen Activating Proteins (FAPs) 

  In our group, we have developed novel genetically encoded protein reporters called fluorogen 

activating proteins that can specifically bind and activate originally non-fluorescent 

chromophores (fluorogens) to fluoresce56. Compared to previous imaging methods (summarized 

in Table 1.1), the advantage of such technology is that both FAP and fluorogen are non-

fluorescent, where only the binding of the complex results in a significant change in the 

fluorescence brightness, which enables selective ‘switch-on’ of fluorescence without removal of 

the fluorogenic dyes. A key parameter to assess fluorogenic imaging system is the ‘activation 

ratio’ (AR)57, which is composed of the changes in fluorescence quantum yield (ΔΦF), spectral 

shift and extinction coefficient (Δεex) between free and bound dye under the same excitation 

conditions (Figure 1.4). Thus, In order to achieve high performance in labeled cells from FAP-

fluorogen complexes, the protein should be easy and stable to express in various cellular 
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compartments, the free dye should give low background, little non-specific staining and 

permeate cell freely, and the interaction between them should be specific and happen at low 

concentration.  

Applications Small organic dyes 
(antibody-

conjugated) 

Nanoparticles 
(antibody-

conjugated) 

Fluorescent 
proteins 

Hybrid tags Fluorogen 
activating 
proteins 

Live cells Surface Surface ++ + 

 

++ 

Animals Ex vivo Ex vivo Transgene 
live 

Transgene 
Ex vivo 

 

Transgene 
Ex vivo 

Dynamic 
interactions 

+/- +/- ++ +/- +/- 

CALI 
  

+ - + ++ ++ 
 

Super 
resolution 
microscopy 

 

++ 

 

+ 

 

++ 

 

++ 

 

++ 

Advantages Functionality Brightness 

Photostability 

Live cell 

Specificity 

Live cell 

Small size 

Live cell 

Functionality 
  

Limitations Targeting Targeting 
Penetration 

Ectopic 
expression 

Ectopic 
expression 
Background 

fluorescence 

Ectopic 
expression 

 

 
Table 1.1: Applications of fluorophores in protein study. ++: optimal, +: applicable, +/-: applicable in 

some cases, -: not applicable. (Partially adapted from ref. 6) 

 

Figure 1.4: Fluorogen activating protein and activation ratio. (a): Fluorogen was added to the cells and 

activated by genetically targeting FAP to fluoresce when excited by proper laser light; (b): Activation 

ratio was determined by changes in extinction coefficient at excitation wavelength and fluorescence 

quantum yield. 
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  A number of FAP-fluorogen complexes have been developed from unrigidized dyes including 

FAPH10-OTB58 (oxazole thiazole blue, ex/em: 400/450 nm), FAPHL1.0.1-TO56 (thiazole orange, 

ex/em: 500/530 nm), FAPK7-DIR59 (dimethylindole red, ex/em: 640/670 nm), FAPdL5- MG56 

(malachite green, ex/em: 633/668 nm), and FAPMARS-SCi1(ex/em: 703/733 nm) (Figure 1.5). 

These fluoromodules have distinctive scFv (single-chain variable fragment) compositions, 

spectral properties, fluorescence brightness and binding properties. MG based fluorogens which 

bind to FAPdL5** with thousands-fold fluorescence activation and a low-picomolar dissociation 

constant have found successful applications in many directions and are widely used in our lab in 

a range of biological problems.  

 
Figure 1.5: Chemical structures of fluorogenic dyes. 

 

  Malachite green alone is a cationic cell-permeable dye, which non-specifically stains 

mitochondria and nuclei with strong fluorescence60-62. By introducing an ether linker at the para-

position of the bottom phenyl ring, we have synthesized various MG derivatives with low non-
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specific background and tuned cell-permeability, successfully applied to a number of topics 

(Figure 1.6). As examples, we have demonstrated the first use of FAP-fluorogen with L5/MG-2p 

complex in STED microscopy in living cells63, providing a 2-3 fold enhancement in resolution 

over conventional microscopy. We have also coupled multiple cyanine donors (Cy3) to one MG 

acceptor to create a series of ‘dyedron’ molecules that stoichiometrically increase the 

fluorescence intensity of MG-dL5 complex up to 10-fold compared to similar size GFP64. We 

have prepared tetramethylrhodamine (TMR) – MG tandem dyes that can penetrate cells and 

allow two-photon imaging65. We have also shown that biotinlyated fluorogens enable the 

specific targeting of streptavidin-conjugated quantum dots to proteins of interest for single 

molecule experiments66. 

 

Figure 1.6: Chemical structures of MG derivatives: TMR-para-MG, MG-11PEG-biotin and BCM. 
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Tailor malachite green into different biological tools 

  However, in previous applications, the developments of functionalized MG derivatives were 

focused on energy-transfer pairs where one or multiple fluorophore donors were covalently 

linked to MG. The donor molecule is often responsible for signaling of environmental change or 

fluorescence intensity. Little modification has been done to the MG chromophore itself, in part 

because it is not known whether modifications would preserve binding to the FAP protein, alter 

the quantum yield of the complex, or otherwise compromise function of the FAP-fluorogen 

module. It would be very useful and easier to optimize if modifications of the MG chromophore 

could be used to directly sense or cause the change in biological systems.  

  Using structural knowledge of the interaction between MG and dL5, several structurally similar 

series of MG analogues were proposed and synthesized to fulfill a variety of biology applications. 

First, by varying the charge of the linker, I have synthesized a series of MG derivatives with 

different net charge that directly alters the cell permeability and specificity of the fluorogen 

activation on biological targets. Secondly, a series of fluorinated MG derivatives were 

synthesized to investigate fluorination effect on spectra properties and binding affinity to dL5**, 

shifting fluorogen-FAP into the near infrared spectral range. Thirdly, a number of MG analogues 

with distinct absorption spectra were made to serve the purpose of multi-color imaging with 

tailored cell-permeability properties. Finally, a heavy-atom substituted MG (MG-2I) was made, 

which greatly increased the rate of singlet generation upon binding to dL5**. This MG-2I/dL5** 

complex enables protein inactivation and targeted cell killing and rapid targeted lineage ablation 

in living larval and adult zebrafish. 
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Chapter 2: Charge dependent cell permeability and specificity of malachite 

green derivatives 

Introduction   

  The net charge of a fluorophore can have great influence over many of its properties such as pH 

dependence, solubility, sub-cellular localization and fluorescence intensity1-3. By modulating net 

charge and charge distribution of the fluorophore while maintaining hydrophilicity and structural 

conformation, the fluorophore’s localization and permeability can be altered4, 5. In particular, the 

permeability of a molecule is believed to be strongly related to its overall charge6, 7. In general, 

cationic residues are able to interact with negatively charged lipids of plasma membrane to 

facilitate membrane disruption, inclusion or transportation8, 9. Many modifications of 

impermeable molecules have been developed to translocate them into cells, including acetate or 

acetoxymethyl ester10, polypeptides11, and amine-containing polymers12. For example, acetylated 

fluorescein is a quenched, uncharged fluorophore, which can freely diffuse into most cells. Once 

inside the cell, the ester group will be cleaved by cytoplasmic esterases, giving the fluorescent, 

negatively charged fluorescein that is retained by cell membrane13. This strategy not only allows 

cell penetration, the cleavage of the ester group can also be employed as an activation event to 

detect the activity of esterase, which is tightly related to cell viability, for example, calcein AM 

has been widely used to assess cell adhesion, chemotaxis and multidrug resistance14-16. 

  However, the role of charge in cell-permeability and sub-cellular localization is still very 

intriguing, since the correlations between localization and net charges are not always in 

agreement from fluorophore to fluorophore. For example, a systematic study conducted by 

Edelson B et al. on the influence of structural variation of polyamide-fluorophores on nuclear 

localization revealed that fluorophores (fluorescein, rhodamine and bodipy) with the same net 
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charge (0) performed significantly different in nuclear localization17. The fluorescein conjugates 

can effectively access cell nuclei while analogous rhodamine and bodipy conjugates poorly 

accumulate. Moreover, they found that moving the positive charge from the linker to the dye can 

prevent nuclear localization. In a recent publication in Bioconjugate Chemistry, Sato. K et al. 

reported two NIR heptamethine cyanine dyes with very similar structures yet different charge 

distributions18. Their study has shown that the dye’s net charge and charge distribution can have 

significant effects on its bio-distribution of conjugated mAb and can be used to improve its 

tumor specificity. In Haugland’s original description of new Alexa dyes4, it was reported that the 

net negative charges of the fluorophores decreased the interaction between molecules, which had 

previously strongly limited the fluorescence brightness of rhodamine conjugates. These works 

suggested that the overall charge and charge distribution on a particular fluorophore may have 

different effects on its photochemical properties, cellular localization and molecular interactions. 

  MG/dL5** has been adapted to a wide range of biological applications, from extracellular 

protein pH sensing to intracellular protein trafficking at different sites19-22 . Various MG derived 

fluorogenic dyes have been made to fulfill those applications23-26. Therefore, it is important to 

establish the correlation between the net charge of MG derivatives and their cell permeability, 

FAPdL5** binding affinity and intracellular localization. The MG derivatives that are commonly 

used in our lab are MG-ester27, MG-2p28 and MG-Btau29 with +1, +2 and -1 overall net charge 

respectively (Figure 2.1). MG-ester is easy to prepare and can permeate cell quickly, but it has 

noticeable non-specific fluorescence background when labeling intra-cellular expressed FAPs. 

This spontaneous non-specific background fluorescence prevents the detection of weakly 

expressed or dilute proteins. MG-2p has improved signal-to-background fluorescence, however, 
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its ability to penetrate cell is nearly completely suppressed. MG-Btau is a cell-excluded dye that 

can specifically label extra-cellular expressed FAPs.  

 

Figure 2.1: Chemical structures of commonly used MG dyes: MG-ester, MG-2p and MG-Btau. 

 

  In order to systematically study the effects of net charge on MG derivatives’ cell permeability 

and specificity, we have designed a series of MG derivatives with different charges (from -2 to 

+3 as shown in Figure 2.2). To minimize the effects of structural variation over fluorogen-FAP 

interaction, the charged MG derivatives were extended from MG-EDA (Figure 2.1) with a urea 

bridge since our previous studies have shown that modifications beyond the amide bond have 

little effect on the fluorescence activation and binding affinity30. These dyes have been 

extensively characterized and used as alternatives to pre-existing MG dyes and their general 

properties regarding protein activation, permeability and localization in cells are reported here. 
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 Figure 2.2: Chemical structures of charged MG derivatives 

 

Characterization of charged MG series 

  We first evaluated whether the variations in linker structure and overall net charges will affect 

the free dyes’ spectral properties and binding properties with dL5**. We found no difference in 

the absorption spectra of charged MG series compared with MG-ester and MG-2p, nor in the 

excitation/emission spectra when binding with dL5** compared to MG-ester/dL5**. However, 

when comparing the fluorescence activation by dL5** under the same condition, we found a 

weakly increasing trend from T1 to T5 (Figure 2.3), suggesting charged tails may have some 

effects on the ratio of fluorogen activation.  
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Figure 2.3: Normalized fluorescence quantum yield of charged MG derivatives upon binding to excess 

dL5** protein, where 500 nM dyes were pre-complexed with 2.5 μM dL5** at room temperature for 3 

hours. The absorbance at 580 nm was adjusted to the same for all complexes, fluorescence emission 

spectra from 600 to 800 nm excited at 580 nm was measured by Quantamaster monochromator 

fluorimeter (PTI), integrated and normalized using MG-ester/dL5** as a control. 

  Like FAP, RNA aptamers can also activate MG and its derivatives to fluoresce, so we also 

compared the fluorescence activation of charged MG series by MG RNA aptamer31. RNA 

apatamers are polyanion charged molecules, in which a phosphate group (negatively charged at 

physiological pH) is attached to the 3' position of one ribose and the 5' position of the next 

one. When measuring the fluorescence activation of charged MG series using MG RNA aptamer, 

we saw little fluorescence activation from negatively charged MG derivatives (T1, T2) and high 

activation ratio from positively charged MG derivatives (T4, T5) (Table 2.1). This result is 

consistent with Coulomb's law, where polyanion RNA apatamer would favor interaction with 

opposite charged T4 and T5, suggesting electronic interactions can play an important role in 

MG-aptamer binding process. 

 

 

0 

0.5 

1 

T1 T2 T3 T4 T5 MG-ester T1-AM 
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Compound 

(charge) 
T1(-2) T2(-1) T3(0) MG-ester(+1) T4(+2) T5(+3) MG-2p(+2) 

Fluorescence 

Intensity 
57 57 211 288 939 755 677 

 
Table 2.1: Fluorescence activation of charged MG derivatives by MG RNA aptamer, 200 nM dye and 1 

µM aptamer in pH 7.4 PBS buffer were pre-complexed for 1 hour at room temperature. Fluorescence 

intensity measured at ex/em: 630/660 nm using Tecan Infinite Plate Spectrometer. (Experiment was done 

by Dr. Xiaohong Tan) 

Charge-dependent cell permeability  

  The cell permeability of charged MG series was tested with HEK 293 cells expressing with 

dL5** targeted to transmembrane (TM-dL5**) and to nucleus (NLS-dL5**) 22, 29(Figure 2.4). 

Cell-permeable MG-ester and cell-impermeable MG-Btau were used to compare the specific 

targeting and cell permeability. 400 nM dyes were added to the cell culture 30 min prior to 

imaging; then, all images were taken under the same conditions. Compare to MG-ester, no 

intracellular fluorescence signals were observed from charged MG series when labeling TM-

dL5** cells, suggesting improved specificity from charged linker modifications. In labeling 

intracellular NLS-dL5** protein, only T4 of the charged MG series can freely penetrate the cell 

membrane and label the protein as well as MG-ester. Surprisingly, the positively charged T5 

failed to permeate inside cells, we hypothesized that the cyclic piperazine moiety might play an 

opposite role in cell penetration. An alternative structure (see chapter 6) can be synthesized to 

further investigate this issue. 
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Figure 2.4: Fluorescence imaging of NLS-dL5** and TM-dL5** HEK cells with charged MG derivatives 

and MG-ester, 400 nM dye was added to the cell culture media without washing 30 minutes prior to the 

imaging. Scale bar = 10 μm. (Andor Spinning Disk Confocal Microscope, 60× objective, 640 nm 

excitation, 665/25 nm emission filter, 20 % laser power, 100 ms exposure time) 
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  So far, we only have knowledge of the intracellular behavior of positively charged MG 

compounds such as MG-ester (+1), MG-2p (+2) and T4 (+2). However, the intracellular pH of 

different compartments is tightly regulated locally, from acidic lysosomes (as low as pH 5) and 

Golgi, to neutral endoplasmic reticulum (ER) and mitochondria, to basic nucleus and 

peroxisomes (as high as pH 8). Ionic interaction is one major cause for non-specific staining; 

especially the non-specific staining of nuclei from cationic dyes. Triarylmethane dyes, including 

MG, are mostly cationic dyes and have been reported to non-specifically stain nuclei32, 33. Use of 

a negatively charged MG derivative to label intracellular sites can provide useful information 

regarding the effect of net charge over the subcellular localization. As mentioned earlier, many 

impermeable fluorophores can be loaded into cells in the form of their acetoxymethyl (AM) ester, 

which has proved to be powerful and versatile in a wide range of applications. To validate this 

approach, we have synthesized the AM ester form of T1 (T1-AM), the cell permeability was 

tested with HEK 293 cells expressing with mCer3-dL5** tandem protein targeted to ER (Figure 

2.5). By esterification of the carboxylic groups with AM ester, T1-AM can freely penetrate the 

cell and label dL5** proteins, which can be adapted to tune the permeability of future fluorogens.  

  This charged MG series can not only be used for study in charge dependent properties, it can 

also be used as alternatives to other commonly used MG dyes in our lab. For example, when 

imaging the mouse brain slice expressing dL5** in the BK (big potassium) channel34 with MG-

Btau (Figure 2.6), high non-specific nuclear staining background fluorescence was observed, 

while in the preliminary experiments, using cell-excluded MG-EDA-Tcarb instead of MG-Btau 

can dramactically reduce the non-specific staining. 
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Figure 2.5: Esterification of MG-EDA-Tcarb (T1) with AM ester changes its cell permeability. 400 nM 

MG-EDA-Tcarb (T1) and MG-EDA-Tcarb (T1 AM) were allowed to pre-complex for 30 minutes prior to 

fluorescence imaging without washing off the unbound dye. Scale bar = 10 μm. (Andor Spinning Disk 

Confocal Microscope, 60× objective, c405: 405 nm excitation, 445/25 nm emission, 100% laser power, 

100 ms exposure time; c640: 640 nm excitation, 665/25 nm emission, 20% laser power, 20% laser power) 

 

 

Figure 2.6: Fluorescence imaging of brain slices of FAP-BK expressing mouse and WT mouse, 500 nM 

dyes were added after fixation with 4% PFA. High signal-to-background ratio was seen when using MG-

EDA-Tcarb. Scale bar = 1000 μm. (Images acquired by EVOS FL Microscopy, 4× objective, ex: 628/40 

nm, em: 692/40 nm; the experiment was carried out by Christopher P Pratt) 
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Summary 

  Here we have synthesized a series of charged MG derivatives, and measured their spectral 

properties and fluorescence activation by dL5** and an MG-binding aptamer. While charge 

played a minor role in activation by the dL5** protein, the fluorescence activation ratio by MG 

RNA aptamer appeared to be highly charge dependent, presumably a result of electrostatic 

selection. The cell permeability of the charged MG series was evaluated using TM-dL5** and 

NLS-dL5** HEK 293 cells, showing only T4 is readily cell permeable. However, modification 

of carboxylic group with AM ester allowed effective labeling within living cells. T1 (MG-EDA-

Tcarb) has been used as an alternative to MG-Btau in the imaging of mouse brain slice of FAP-

BK cells, with improved specificity. Charge can play a role in specificity of fluorogen-FAP 

interaction and the panel of molecules developed here demonstrated these effects.  

 

Experimental Details 

1H NMR and 13C NMR data were recorded from Bruker Avance™ 300 MHz and 500 MHz, J 

coupling results was calculated using MestReNova software (compound 2-9, T4, T5 was 

calculated directly from hardcopies of the data). Mass spectra were obtained from Thermo-Fisher 

LCQ ESI/APCI Ion Trap in positive model using EtOH or 0.1% acetic acid EtOH as solvent. 

Final products were purified by silica, neutral alumina or reverse-phase chromatography, purity 

was tested by UPLC using a diode array absorbance detector. Absorbance values of respective 

free dyes and dye-FAP complexes were measured on a PerkinElmer Lambda45 

spectrophotometer. Fluorogenic enhancement was measured in 96 well microplates on a Tecan 

Infinite M1000 Plate Spectrometer. Corrected emission spectra were taken on a Quantamaster 

monochromator fluorimeter (Photon Technology International). Fluorescence imaging of cell 
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cultures were taken on a Andor Spinning Disk Confocal Microscope. All electronic files are 

deposited into the lab folder in Evernote software. 

 

1. The synthesis of MG-EDA-COOH3 (MG-EDA-Tcarb, T1) 

 

0.917 g (4.2 mmol) di-tert-butyldicarbonate ((Boc)2O), were dissolved in 10 mL dry CH3CN, 

0.368 g (3 mmol) 4-DMAP were added. Then, 1.48 g (3 mmol) tripod (2-1, synthesized and 

provided by Dr. Schmidt35) was dissolved in 10 mL dry CH3CN and added to the solution. The 

mixture was allowed to stir for 10 minutes at room temperature. 1.42 g (3 mmol) MG[H]-EDA 

(2-2, routinely synthesized in the lab following the literature28) was dissolved in 25 mL CH3CN 

and added to the reaction mixture. After stirring at room temperature for 5 hours, TLC was used 

to detect the completion of reaction. The reaction mixture was dried under reduced pressure and 

purified with silica gel (Eluent: Ethyl acetate)36. The product (2-3) had a chemical composition 

of C55H83N5O12 with M.W. of 1005.60 g/mol (yield: 2.25 g, 74%). 1H NMR (500 MHz, 

Methanol-d4) δ 7.33 (d, J = 9.0 Hz, 4H), 7.27 (d, J = 9.2 Hz, 2H), 7.08 (d, J = 8.8 Hz, 2H), 6.95 

(d, J = 9.1 Hz, 4H), 5.52 (s, 1H), 4.11 (t, J = 6.3 Hz, 2H), 3.53 (m, 12H), 3.22 (s, 12H), 3.14 (t, J 

= 6.1 Hz, 2H), 3.08 (t, J = 6.5 Hz, 2H), 2.34 (m, 8H), 2.06 (m, 2H), 1.35 (s, 27H). (Appendix 7-1) 

13C NMR (125 MHz, Methanol-d4) δ 172.8, 171.3, 158.8, 157.0, 148.9, 137.6, 133,3, 130.2, 
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129.9, 114.1, 112.6, 80.7, 70.1, 67.2, 58.9, 54.2, 41.8, 40.8, 39.4, 36.4, 36.2, 31.0, 28.1, 25.4. 

ESI-MS (+m/z): 1004.5. 

 

2.01g (2 mmol) MG[H]-EDA-Tripod (2-3) was dissolved in 10 mL 4:1 of HCOOH to CHCl3 

and heated to 50  overnight. The solvent was then removed under reduced pressure, the raw 

product was applied to a silica gel column and purified (Eluent: 80% CHCl3 / 20% MeOH)37. 

The product (2-4) had a chemical composition of C43H59N5O12 with M.W. of 837.97 g/mol (yield: 

1.51g, 91%). 1H NMR (500 MHz, Methanol-d4) δ 7.31 (d, J = 8.7 Hz, 4H), 7.23 (d, J = 9.2 Hz, 

4H), 7.02 (d, J = 9.0 Hz, 2H), 6.86 (d, J = 9.3 Hz, 2H), 5.58 (s, 1H), 4.01(t, J = 6.0 Hz, 2H), 3.67 

(m, 12H), 3.33 (t, J = 6.3 Hz, 2H), 3.22 (t, J = 6.1 Hz, 2H), 3.16 (s, 12H), 2.52 (m, 6H), 2.39 (t, J 

= 6.6 Hz, 2H), 2.08 (m, 2H). 13C NMR (125 MHz, Methanol-d4) δ 174.4, 174.1, 159, 157.8, 144, 

142, 135.4, 130.5, 130, 117.8, 114.2, 69.8, 66.8, 58.9, 57, 54.7, 43.9, 39.9, 38.7, 34.4, 32.2, 25.3, 

17.1. ESI-MS (+m/z): 838.3.   

 

  0.838 g (1 mmol) MG[H]-EDA-COOH3 (2-4) was dissolved in MeCN and heated to reflux, 

0.271 g (1.1 mmol) p-chloranil was dissolved in hot MeCN and added to the reaction, it was  
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allowed to further reflux for 2-3 hours. This is the standard procedure for the oxidation of 

reduced malachite green compounds in this thesis unless otherwise stated. The reaction mixture 

was dried under reduced pressure, purified with silica gel (Eluent: 80% CHCl3 / 20% MeOH). 

The product (T1) had a chemical composition of C43H58ClN5O12 with M.W. of 872.41 g/mol 

(yield: 0.763 g, 88%). 1H NMR (500 MHz, Methanol-d4) δ 7.60 (d, J = 8.9 Hz, 4H), 7.54 (d, J = 

8.3 Hz, 2H), 7.38 (d, J = 8.7 Hz, 2H), 7.21 (d, J = 9.0 Hz, 4H), 4.43 (t, J = 6.2 Hz, 2H), 3.93 (t, J 

= 7.2 Hz, 6H), 3.86 (s, 6H), 3.53 (s, 12H), 3.48 (t, J = 6.1 Hz, 2H), 3.41 (t, J = 5.9 Hz, 2H), 2.80 

(t, J = 6.0 Hz, 6H), 2.68 (t, J = 6.3 Hz, 2H), 2.38 (p, J = 6.8 Hz, 2H). (Appendix 7-2) 13C NMR 

(125 MHz, Methanol-d4) δ 177.3, 175.8, 175.5, 164, 159.5, 157.1, 141, 138, 132.3, 126.9, 119.4, 

115.2, 113.7, 69.9, 68.3, 67.2, 40.7, 40.2, 39.1, 35, 32.8, 25. ESI-MS (+m/z): 836.3.   

2. The synthesis of MG-EDA-COOH2 (MG-EDA-Dcarb, T2) was similar to T1 

 

  1.05 g (10 mmol) 2-amino-2-methyl-1,3-propanediol dissolved in 3 mL of DMSO (5%-10% 

water) was cooled to 15.0 °C under Argon. Then, 0.2 mL of 5.0 M NaOH was injected while 

stirring, followed by the dropwise injection of 3.4 mL (24 mmol) tert-butyl acrylate. The reaction 

mixture was allowed to reach room temperature and left stirring for 24 h. At this point, the 

excess reagent and solvent were removed under vacuum at room temperature and the residue was 

purified by column chromatography (Eluent: 80% hexane/ 20% ethyl acetate) to gave 2.53 g 

(71%) of the product (2-5)38.  1H NMR (300 MHz, Chloroform-d) δ 3.62 (t, J = 6.3 Hz, 4H), 3.19 

(m, 4H), 2.42 (t, J = 6.3 Hz, 4H), 1.40 (s, 18H), 0.96 (s, 3H). 

The 
1
H NMR data (Appendix 7-3) is consistent with values from reported literatures, ESI/MS or 

13
C NMR 

was not recorded. 
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  The reaction procedure is the same as the synthesis of 2-3. The product (2-7) had a chemical 

composition of C48H71N5O9 with M.W. of 862.12 g/mol (yield: 67%). 1H NMR (300 MHz, 

Methanol-d4) δ 6.96 (d, J = 8.9 Hz, 4H), 6.90 (d, J = 9.3 Hz, 4H), 6.78 (d, J = 8.7 Hz, 2H), 6.68 

(d, J = 9.1 Hz, 2H), 5.76 (s, 1H), 3.94 (t, J = 6.2 Hz, 2H), 3.63 (t, J = 6.2 Hz, 4H), 3.51 (dd, 4H), 

3.21 (m, 4H), 2.86 (s, 12H), 2.44 (t, J = 6.1 Hz, 4H), 2.37 (t, J = 7.0 Hz, 2H), 2.05 (m, 2H), 1.44 

(s, 18H), 1.25 (s, 3H). (Appendix 7-4) ESI-MS (+m/z): 862.4.   

Results interpreted from 
1
H NMR (Appendix 7-4) and ESI-MS are consistent with the predicted result, no 

13
C NMR was taken. 

 

 

  The product (2-8) had a chemical composition of C48H70ClN5O9 with M.W. of 896.56 g/mol 

(yield: 85%). 1H NMR (300 MHz, Methanol-d4) δ 7.45 (d, J = 9.2 Hz, 4H), 7.39 (d, J = 9.3 Hz, 

2H), 7.19 (m, J = 9.1 Hz, 2H), 7.05 (d, J = 9.2 Hz, 4H), 4.22 (t, J = 6.2 Hz, 2H), 3.68 (t, J = 6.3 

Hz, 4H), 3.51 (m, 2H), 3.36 (s, 12H), 3.32 (m, 4H), 2.46 (m, J = 7.7, 6.9 Hz, 6H), 2.17 (p, J = 

6.6 Hz, 2H), 1.46 (d, J = 1.9 Hz, 18H), 1.28 (s, 3H). ESI-MS (+m/z): 860.4.   

Results interpreted from 
1
H NMR and ESI-MS (Appendix 7-5) are consistent with the predicted result, no 

13
C NMR was taken. 
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  The product (T2) had a chemical composition of C40H54ClN5O9 with M.W. of 784.35 g/mol 

(yield: 91%). 1H NMR (300 MHz, Methanol-d4) δ 7.53 (d, J = 8.8 Hz, 4H), 7.46 (d, J = 9.2 Hz, 

2H), 7.35 (d, J = 9.0 Hz, 2H), 7.16 (d, J = 9.2 Hz, 4H), 4.41 (t, J = 6.1 Hz, 2H), 3.95 (t, J = 6.4 

Hz, 4H), 3.76 (dd, J = 21.3 Hz, 5.9 Hz, 4H), 3.61 (s, 4H), 3.51 (s, 12H), 2.74 (t, J = 6.1 Hz, 4H), 

2.69(t, J = 6.0 Hz, 2H), 2.37 (m, 2H), 1.48 (s, 3H). (Appendix 7-6) 13C NMR (75 MHz, 

Methanol-d4) δ 178, 177.2, 175.4, 164.1, 159.7, 157.1, 140.8, 137.9, 132.1, 127, 119.4, 114.9, 

113.7, 73.6, 68.3, 56.3, 40.4, 40, 39, 36.8, 32.8, 25.1, 19.8. ESI-MS (+m/z): 748.3.  

3. The synthesis of MG-EDA-COOH (T3) 

 

  To 0.950 g (2 mmol) of 2-2 in 10 mL dry MeCN, 0.263 mL (2 mmol) of ethyl 3-

isocyanatopropanoate in 10 mL dry MeCN was added dropwise. The reaction mixture was 

allowed to stir at room temperature for 5 hours. The solvent was then removed under reduced 

pressure to afford the crude product, which was purified by column chromatography on silica gel 

to give the desired product (eluent: 50% hexane / 50% ethyl acetate). The product (2-9) had a 

chemical composition of C35H47N5O5 with M.W. of 617.79 g/mol (yield: 1.07 g, 88%). 1H NMR 
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(300 MHz, Chloroform-d) δ 7.04 (d, J = 8.3 Hz, 2H), 6.98 (d, J = 9.0 Hz, 4H), 6.79 (d, J = 8.3 

Hz, 2H), 6.67 (d, J = 9.7 Hz, 4H), 5.32 (s, 1H), 4.14(q, J = 6.7 Hz,  2H), 3.97 (t, J = 6.0 Hz,  2H), 

3.42 (q, J = 5.7 Hz, 2H), 3.31 (m, 4H), 2.92 (s, 12H), 2.51 (t, J = 6.0 Hz, 2H), 2.39 (t, J = 6.7 Hz, 

2H), 2.10 (p, J = 6.0 Hz, 2H), 1.27(t, J = 6.7 Hz, 3H). ESI-MS (+m/z): 618.3.  

Results interpreted from 
1
H NMR and ESI-MS (Appendix 7-7) are consistent with the predicted result, no 

13
C NMR was taken.  

 

 

  The product (2-10) had a chemical composition of C33H43N5O5 with M.W. of 589.74 g/mol 

(yield: 92%). 1H NMR (300 MHz, Chloroform-d) δ 7.02 (m, 6H), 6.78 (d, J = 9.2 Hz, 2H), 6.70 

(d, J = 9.4 Hz, 4H), 5.95 (s, 1H), 5.33 (s, 1H), 3.92 (t, J = 6.0 Hz, 2H), 3.40 (m, 2H), 3.28 (s, 4H), 

2.92 (s, 12H), 2.51 (t, J = 5.7 Hz, 2H), 2.38 (t, J = 7.5 Hz, 2H), 2.06 (s, 2H). 13C NMR (75 MHz, 

Chloroform-d) δ 176.1, 174.8, 159.8, 157.1, 149.1, 137.8, 133.6, 130.3, 129.9, 114.1, 113.0, 68.0, 

54.2, 41.2, 40.4, 40.1, 36.1, 35, 32.8, 25.5. ESI-MS (+m/z): 590.3.  

 

The product (T3) had a chemical composition of C33H42ClN5O5 with M.W. of 624.18 g/mol 

(yield: 78%). 1H NMR (500 MHz, Methanol-d4) δ 7.54 (d, J = 8.9 Hz, 4H), 7.48 (d, J = 8.3 Hz, 

2H), 7.35 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.9 Hz, 4H), 4.39 (t, J = 6.3 Hz, 2H), 3.52 (m, 4H), 
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3.49 (s, 12H), 3.44 (m, 2H), 2.68 (t, J = 6.2 Hz, 2H), 2.55 (t, J = 6.9 Hz, 2H), 2.36 (p, J = 6.8 Hz, 

2H). (Appendix 7-8) 13C NMR (125 MHz, Methanol-d4) δ 180.2, 177.3, 175.9, 164.1, 160.7, 

157.3, 140.9, 138, 132.2, 127, 119.3, 115.1, 113.6, 68.3, 40.6, 40.1, 39.4, 38.2, 37.7, 32.8, 25.5. 

ESI-MS (m/z): 588.3. 

4. The synthesis of MG-EDA-NMe2 (T4) 

 
The product (T4) had a chemical composition of C35H49ClN6O3 with M.W. of 637.27 g/mol 

(overall yield: 41%). 1H NMR (300 MHz, Methanol-d4) δ 7.76 (d, J = 9.6 Hz, 4H), 7.7(d, J = 8.7 

Hz, 2H), 7.51 (d, J = 8.7 Hz, 2H), 7.36 (d, J = 9.6 Hz, 4H), 4.55 (t, J = 5.8 Hz, 2H), 3.62 (s, 12H), 

3.6 (m, 2H), 3.53 (m, 4H), 3.44 (t, J = 5.8 Hz, 2H), 3.18 (s, 6H), 2.78 (t, J = 5.8 Hz, 2H), 2.46 (m, 

2H), 2.21 (m, 2H). (Appendix 7-9) 13C NMR (75 MHz, Methanol-d4) δ 177.9, 175.6, 164, 157.2, 

141.1, 138, 132.5, 127.1, 119.3, 115.2, 113.8, 68.3, 55.7, 43.1, 40.7, 39.8, 36.9, 33, 25.6, 25.3. 

ESI-MS (+m/z): 601.3.   

1
H NMR for the reduced form of T4 was included in the data deposit in lab folder.  

 

5. The synthesis of MG-EDA-Piperazine (T5) 
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The product (T5) had a chemical composition of C33H42ClN5O5 with M.W. of 624.18 g/mol 

(overall yield: 33%). 1H NMR (500 MHz, Methanol-d4) δ 7.63 (d, J = 10.0 Hz, 4H), 7.58 (d, J = 

8.7 Hz, 2H), 7.44 (d, J = 10.0 Hz, 2H), 7.25 (d, J = 8.7 Hz, 4H), 4.48 (t, J = 6.2 Hz, 2H), 3.66 (m, 

4H), 3.58 (s, 12H), 3.50 (m, 10H), 3.22 (t, J = 6.2 Hz, 2H), 3.09 (s, 3H), 2.53 (t, J = 7.5 Hz, 2H), 

2.42 (m, 2H), 2.12 (m, 2H). (Appendix 7-10) 13C NMR (125 MHz, Methanol-d4) δ 177.3, 175.7, 

164.1, 160.5, 157, 140.8, 138, 132.3, 127.1, 119.3, 115.1, 113.5, 68.1, 54.8, 52.2, 50, 43.5, 40.3, 

39.7, 37.5, 32.9, 25.5, 25.2. ESI-MS (+m/z): 656.3. 

1
H NMR for the reduced form of T5 was included in the data deposit in lab folder.  

      
6. The synthesis of MG-EDA-COOH3 AM ester 

 

  0.1 mmol MG-EDA-COOH3 was dissolved in 5 mL dry MeCN under Argon, 12 eq of 

bromomethyl acetate and 12 eq of DIPEA was added to the system. The reaction was allowed to 

stir for 18 hours to complete. The product was precipitated in 20 mL ethyl ether. ESI-MS (+m/z): 

1052.4. (Appendix 7-11) 

Due to the small amount of product synthesized, only ESI-MS was conducted to confirm the esterification 

of the carboxylic acid. 
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Chapter 3: Study of Fluorinated Malachite Green  

Introduction  

  The substitution of hydrogen with fluorine is commonly seen in modern medicinal chemistry, 

where C–F is the most conservative replacement of C-H bond in size and shape (Table 3.1)1,2. 

Because C-F is the most stable single bond in organic chemistry, fluorine is often introduced to 

increase a drug’s metabolic stability3,4. Moreover, since fluorine is also the most electronegative 

atom, such a replacement often leads to significant electronic consequences over the molecule 

which results in dramatic changes of the molecule’s properties such as pKa, solubility, stability, 

hydrogen bonding, and spectral properties, often to its advantage5,6. With the rapid development 

of new organofluorine compounds and fluorination methods, the field of fluorination chemistry 

has been greatly advanced in the recent 20 years7-10. The availability of commercial fluorinated 

molecules and fluorination methods has enabled scientists to introduce fluorine to fluorophore 

structures to develop better fluorescent probes for biological applications. 

 

 Bond dissociation 

energy(kCal mol
-1

) 

Bond Length Van der Waals radii/Å Electronegativity 

C-H 98.8 1.09 1.2 2.1 

C-F 105.4 1.35 1.47 4.0 

C-O 84.0 1.43 1.52 3.5 

C-N 69.7 1.47 1.55 3.0 

C-C 83.1 1.54 1.7 2.5 

 
Table 3.1: Bond dissociation energies and bond lengths of C–X covalent bonds; the van der Waals radii 

and electronegativities of elements (X: H, F, O, N, C) on the Pauling scale. 

Despite the continuous emergence of novel fluorophores, improvement of fluorescent probes 

is still extensively relied on experimental screening. The lack of knowledge in predicting specific 
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molecular properties regarding photochemical characteristics has limited the progress of 

fluorophore development. Luckily, many synthetic strategies have been developed to investigate 

the individual effects brought by different modifications. Fluorination, for example, has been 

found to be a good substitution since the C–F bond is highly polarized and thus introduces a 

dramatic electrostatic change of interest. Many fluorinated fluorophores have been successfully 

developed for biological applications (Figure 3.1a)11-15. For example, Armitage’s group has 

reported a polyfluorinated cyanine dye (F8-S5) which exhibits greatly reduced aggregation in 

aqueous media, higher  quantum yield and more stability towards photobleaching compared to 

conventional cyanine dyes16. Fluorinated fluoresceins have been systematically investigated by 

several groups (Figure 3.1b)17-20, which they found that fluorination of fluorescein generally 

ionizes at a lower pH (pKa 3.3-6.1) with improved photostability and bathochromic shifts of both 

excitation and emission wavelength compared to fluorescein. However, fluorination at different 

positions may have totally different impacts on their fluorescence quantum yield, extinction 

coefficient. 

 

Figure 3.1: a) Structures of selected fluorinated fluorophores: F8-S5
16

, SiRF
14

, SQF
15

; b) fluorinated 

fluoresceins: Oregon Green, Pennsylvania Green
19

 and OxyBURST Green H2HFF
21

 (when oxidized by 

O2
-
). 
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  A Molecule absorbs in the near infrared (NIR) region (650–900 nm) can be efficiently used to 

visualize and study in vivo molecular targets for the reason of little auto-fluorescence from most 

tissues (Figure 3.2)22-24. Many efforts have been spent to move commercially available red/far-

red emitting chromophores (cyanine, quantum dots and red fluorescent proteins) to the NIR 

range25,26. Particularly, the infrared-fluorescent proteins (IFP1.4) engineered from Deinococcus 

radiodurans, incorporating biliverdin as the chromophore by Prof. Tsien’s lab has a maximum 

emission wavelength at 708 nm (extinction coefficient > 90,000 M−1 cm−1; and quantum yield of 

0.07) and express well in mammalian cells and mice27. Thus it provides a suitable tool for whole-

body imaging. However, the brightness of IFP1.4 is only about 17% of EGFP and it requires 

exogenous biliverdin addition. Continuous efforts have been made to improve the quantum yield 

and brightness of near-infrared fluorescent proteins28,29. Thus, to design a genetically targetable 

NIR fluorescent probe remains an important task in the field of fluorescent imaging, and may 

find significant applications in many unique clinical situations.  

 

Figure 3.2: Extinction coefficient (on a log scale) of oxygenated hemoglobin, hemoglobin, fatty tissue and 

water as a function of wavelength. (Image from Figure 2 of Ref. 30) 

 
Introduction of fluorine to fluorogenic dyes that specifically activated by genetically targetable 

proteins or RNA have also proved to be useful. For example, Armitage’s group has reported a 
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fluorogenic fluorinated thiazole orange dye (TO-4F) which demonstrated higher fluorescence 

activation and tighter binding by FAPK7 compared to thiazole orange (Figure 3.3a)31. In 

developing GFP mimic RNA-fluorophore (Spinach) imaging, Jaffrey’s group found fluorination 

at the phenol ring (DFHBI) mimics the EGFP with reduced pKa, 53% brightness of EGFP and 

improved photostability compared to previously developed DMHBI (Figure 3.3b)32. The 

fluorescence activation is typically achieved by suppression of free movements of the 

fluorophore, which promotes fluorescence emission instead of non-radiative de-activation. Thus, 

we reasoned that potential fluorinations at MG chromophore could be exploited to improve the 

spectroscopic and photochemical properties of Fluorogen-FAP platform.  

 

Figure 3.3: a) Structures of fluorinated fluorogenic thiazole orange dyes; b) introduction of fluorine 

improve the RNA-fluorophore fluorescence performance; c) absorption peak of X (621 nm) and Y (427 

nm) band of MG was shift by fluorination. 

 

  Previously reports have shown that substitution with a fluorinated moiety of MG will reduce its 

electron-donating capability, resulting in 10-40 nm bathochromic shift depending on the 
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fluorination position (Figure 3.3c)33,34. In view of the importance of steric as well as electronic 

effects in triarylmethane dye spectral properties, the present study was initiated. We 

hypothesized that fluorination could be introduced at some positions of the MG fluorogen 

without disrupting its binding affinity to dL5**. Early work performed by Hallas et al. has 

provided us an idea in designing and synthesis of fluorinated MG derivatives with spectral 

tuning33,35-38. Therefore, we generated a series of spectral varied fluorinated MG ester derivatives 

(Figure 3.4, 3.5, 3.6). Results showed different fluorination positions have distinct effects in their 

fluorescence spectra, extinction coefficient, quantum yield and binding affinity. Among those, 

the emission maximum of MGF2/dL5** reaches 750 nm (80 nm red-shift compare to standard 

MG ester), which provides potential application for NIR cell imaging.  

 

Figure 3.4: Proposed fluorinated MG derivatives  
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Figure 3.5: Synthetic route for MGF1 

 

Figure 3.6: Synthetic route for MGF2 

 

Characterization of Fluorinated MG with dL5** 

  The absorption and fluorescence spectra (Figure 3.7, 3.8), extinction coefficient and 

fluorescence quantum yield of fluorinated MG series was summarized in Table 3.2. Fluorinations 

on MG have induced different spectral shifts of free dyes and their fluorescence spectra upon 

binding with dL5** depending on substitution positions and symmetricity. Fluorination of MG 

can red-shift the X band of excitation spectra from 12 to 46 nm. The shift of Y band is more 

complicated, a blue shift with decreased intensity is observed when fluorine substitution is on the 

bottom phenyl ring (MGF1 and MGF2), if hydrogen at the diamino phenyl ring is replaced with 
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fluorine, the Y band is red-shifted with an increase of intensity (MGF3 and MGF4), brought the 

X and Y band closer. The excitation/emission maximum of MGF2/dL5** reached 712/750 nm, 

which is further into NIR range compared to IFP1.4 (685/708 nm). Despite promising spectra 

change, the fluorinations significantly decreased the quantum yield of the formed complexes, 

which could be caused by the change of lipophilicity and/or electrondensity in the chromophores. 

Overall, the fluorinated MG series produced spectra shift, but the impact of fluorination on 

binding with dL5** is more dramatic than expected.   

 

Fluorinated 

positions 

Y abs 

(nm) 

X abs 

(nm) 

+dL5**      

Ex (nm) 

+dL5**   

Em (nm) 

ε (M *cm
-1

) 

 

+dL5** 

Φ F 

MGF1  6, 6'-2F  439  630 678 712 7.1 0.037 

MGF2  5, 6, 5', 6'-4F  430  652 712 750 11.7 0.0044 

MGF3  3,3'-2F  480  618 644 678 5.8 0.033 

MGF4  2, 3, 2', 3'-4F   516  628 644(530) 686 4.3 0.003 

MGF5  1, 3, 1', 3'-4F  504  636 \ \ <1 \ 

MG-ester  none  466  606 636(482) 668 9.18 0.123 

 
Table 3.2: Summary of spectral properties of fluorinated MG series free and complexed with excess 

dL5**, MG-ester is listed as a comparison. (Values are respective absorption maximum of free dye and 

respective MGF-dL5** complex, ε is the dye alone at its absorption maximum and was measured in pH 

7.4 PBS buffer) 

  

Figure 3.7: Absorption spectra of fluorinated MG series in pH 7.4 PBS buffer at the same concentration.  
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Figure 3.8: Normalized excitation (left) and emission (right) fluorescence spectra of fluorinated MG 

series upon binding with dL5** (1 µM dye was pre-complexed with 5 µM dL5** for 3 hours) 

 

  Upon binding, the absorption peak of MGF2 was significantly red-shifted 60 nm (Figure 3.8), 

coupling with increased absorbance intensity, where MG-ester only red-shifted 30 nm under the 

same condition. The large spectral shifts are likely to arise from changes in local electrostatic 

interactions between the chromophore and surrounding brought by electronegative fluorine atom. 

While the Stokes shift difference between MGF2/dL5** (38 nm) and MG-ester/dL5** (32 nm) 

is not that different, it is possible that the large absorption shift upon binding is associated with 

extremely low fluorescence activation. Further investigation into the difference between the 

crystal structures of MGF2/dL5** and MG-ester/dL5** might provide us an idea in fluorination 

effect on binding. 

     

Figure 3.9: Absorption spectra of MGF2 free and bound (5 fold dL5**) at the same concentration in 

PBS7.4 buffer. 
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  Measuring the binding affinity between fluorinated MG and dL5** become a problem due to 

the low fluorescence quantum yield from the complexes. So we used MG-ester to compete off 

the MGF dyes from the pre-complexed equimolar MGF/dL5** complexes (Figure 3.10). Very 

fast off rate was seen from MGF2 and MGF4, both are tetra-fluorinated derivatives, while di-

fluorinated MGF1 and MGF3 are relatively tight binders, indicated that fluorine substitution 

plays a important role in dye-protein interaction. This result is in consistent with corresponding 

quantum yield results, suggesting loose affinity tend to give a lower quantum yield in this series 

of dyes. 

   

Figure 3.10: 50 nM pre-complexed MGF/dL5** (1:1 ratio) were competing off using 50 nM MG-ester, 

fluorescence intensity was measured at MG-ester/dL5** channel (ex/em: 633/668 nm) every 1min for 2 

hrs using Tecan Infinite M1000 Plate Spectrometer. 

 

  MGF2 has shown promising excitation wavelengths for NIR imaging while maintaining 

binding properties to the dL5** protein. The Cy5-MGF2 FRET pair was synthesized to improve 

the brightness of the complex with efficient intramolecular FRET from the Cy5 donor. The 

absorption spectra of MGF2 and Cy5 alone in PBS buffer is consistent with previous 

observations (Figure 3.11), it is anticipated that the absorption spectrum of Cy5-MGF2 should 

simply appear as the sum of corresponding individual spectra. However, when measuring the 
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absorption spectrum of Cy5-MGF2 in PBS buffer, instead of seeing a sharp peak around 650 nm, 

the absorption spectrum exhibited two separated peaks at 596 nm (major) and 640 nm (minor).  

  

Figure 3.11: absorption spectra of 5µM MGF2, Cy5 and Cy5-MGF2 in pH 7.4 PBS buffer. (PerkinElmer 

Lambda45 spectrophotometer) 

  We then investigated the appearance of Cy5-MGF2 absorption spectra using mixed DMSO and 

PBS buffer as solvents. As shown in Figure 3.11, when the percentage of DMSO in the solvent 

system is increased, the peak at 596 nm generally decreased to the shoulder of Cy5, the other 

peak at 640 nm is red-shifted with an increase in the absorbance intensity. Finally, the absorption 

spectrum of Cy5-MGF2 in DMSO is very similar to what we have originally hypothesized. This 

peak split might be caused by the intra-molecular hetero-H-aggregate through π-π interaction 

between MGF2 and Cy5, since the fluorescence from Cy5 is quenched, a common feature of H-

aggregates39-41. In binding with dL5**, we saw the regeneration of Cy5 fluorescence but 

mimimal energy transfer between Cy5 and MGF2/dL5** pair since we saw no difference 

between the emission spectra of Cy5 and Cy5-MGF2/dL5** excited at 640 nm. 
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Figure 3.12: Solvent effect on the absorption spectra of Cy5-MGF2 using mixed percentage pH 7.4 PBS 

buffer and DMSO as co-solvent. (PerkinElmer Lambda45 spectrophotometer) 

 

Summary   

  To summarize, we have synthesized a series of fluorinated MG derivatives. Their spectral 

properties free and bound to dL5** protein were explored in this chapter. While the fluorination 

provided significant shifts in both x and y bands, it also dramatically affected the fluorescence 

activation ratio by dL5** protein. Since the fold of activation is dependent upon on effective 

binding and high quantum yield, the applications of these analogs in complex with dL5** are 

limited. However, it is possible that through screening of scFv library, tight cognate fluorogen 

activating proteins for MGF dyes can be discovered.  

 

Experimental Details 

1H NMR and 13C NMR data were recorded from Bruker Avance™ 300 MHz and 500 MHz, J 

coupling results was calculated using MestReNova software. Mass spectra were obtained from 

Thermo-Fisher LCQ ESI/APCI Ion Trap using EtOH or 0.1% acetic acid EtOH as solvent. Final 

products were purified by silica, neutral alumina or reverse-phase chromatography, purity was 

tested by UPLC using a diode array absorbance detector. Absorbance values of respective free 
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dyes and dye-FAP complexes were measured on a PerkinElmer Lambda45 spectrophotometer. 

Fluorogenic enhancement was measured in 96 well microplates on a Tecan Infinite M1000 Plate 

Spectrometer. Corrected emission spectra were taken on a Quantamaster monochromator 

fluorimeter (Photon Technology International). All electronic files are deposited into the lab 

folder in Evernote software. 

 

The synthesis of MGF1 

 

  A stirring solution of 4.50 g (34.6 mmol) 2,6-difluorophenol  and 4.85 g (34.6 mmol) 

hexamethylenetetramine in 35 mL TFA was heated at reflux under argon overnight. On cooling 

to room temperature the solvent was evaporated in vacuum and the crude residue was taken up in 

75 mL CH2Cl2. The mixture was washed with a saturated NaHCO3 aqueous solution (2 × 50 mL) 

and the separated aqueous layer was acidified to pH 1 with concentrated HCl. The aqueous layer 

was extracted with DCM (2 × 50 mL), the combined organic fractions was dried (MgSO4) and 

evaporated in vacuum to give the crude product as cream solid. The crude was purified by 

column chromatography on silica gel using hexane/ethyl acetate (1/1) to give the product: 3,5-

difluoro,4-hydroxybenzaldehyde42. The product had a chemical composition of C7H4F2O2 with 

M.W. of 158.10 g/mol (yield: 2.90 g, 53%). 

19
F NMR and 

1
H NMR are missed due to untimely backup after facility computer crash (partial data are 

lost for experiments conducted in-between April 28 2012 and October 2 2012). 
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  1.60 g (10 mmol) 3,5-difluoro-4-hydroxybenzaldehyde was dissolved in 5 mL dry DMF, added 

1.55 g (11 mmol) of finely powdered K2CO3 and heated to 80  for 3 hours, the reaction mixture 

was cooled to room temperature and filtered the precipitate. The solvent was then removed under 

reduced pressure to afford the crude product, which was purified by column chromatography on 

silica gel using hexane/ethyl acetate (4/1). The product (3-1) had a chemical composition of 

C13H14F2O4 with M.W. of 272.25 g/mol (yield: 2.26 g, 83%). 1H NMR (300 MHz, Chloroform-d) 

δ 9.85 (s, 1H), 7.44 (m, 2H), 4.33 (t, J = 6.3 Hz, 2H), 4.17 (q, J = 6.7 Hz, 2H), 2.57 (t, J = 7.0 Hz, 

2H), 2.13 (p, J = 6.3 Hz, 2H), 1.38 (t, J = 7.0 Hz, 3H). (Appendix 7-12) ESI-MS (+m/z): 273.2.  

Results interpreted from
 1
H NMR and ESI-MS are consistent with the predicted result, no 

13
C NMR was 

taken. 
 

 

  1.36 g (5 mmol) of ethyl 4-(2,6-difluoro-4-formylphenoxy)butanoate (3-1) and 1.27 mL (10 

mmol) N,N-dimethylaniline were dissolve in 50 mL dry EtOH, 0.68 g (5 mmol) anhydrous 

ZnCl2 were added to the solution, it was heated to reflux for 2 days. After the reaction was 

finished, the reaction mixture was dried under reduced pressure, purified with silica gel (Eluent: 

50% hexane / 50% ethyl acetate). The product (3-2) had a chemical composition of 

C29H34F2N2O3 with M.W. of 496.60 g/mol (yield: 1.41 g, 57%). 1H NMR (300 MHz, 
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Chloroform-d) δ 6.97 (d, J = 9.2 Hz, 4H), 6.67 (m, 6H), 5.37 (s, 1H), 4.16 (m, 4H), 2.93 (s, 12H), 

2.58 (t, J = 6.7 Hz, 2H), 2.07 (p, J = 5.8 Hz, 2H), 1.29 (t, J = 6.7 Hz, 3H). 13C NMR (75 MHz, 

Chloroform-d) δ 173.4, 157.3, 150.7, 135.4, 130.5, 129.7, 118.1, 114.3, 107.7, 99.5, 66.7, 60.6, 

40.5, 31, 25.8, 14.3. ESI-MS (+m/z): 497.2. 

 

The product (MGF1) had a chemical composition of C29H33ClF2N2O3 with M.W. of 531.04 

g/mol (yield: 82%). 1H NMR (500 MHz, Chloroform-d) δ 7.35 (d, J = 9.0 Hz, 4H), 7.01 (d, J = 

9.1 Hz, 4H), 6.91 (d, J = 7.9 Hz, 2H), 4.40 (t, J = 6.1 Hz, 2H), 4.15 (q, J = 7.2 Hz, 2H), 3.40 (s, 

12H), 2.57 (t, J = 7.3 Hz, 2H), 2.15 (p, J = 6.7 Hz, 2H), 1.27 (d, J = 7.2 Hz, 3H). (Appendix 7-13) 

13C NMR (125 MHz, Chloroform-d) δ 173.1, 157.1, 156.0, 153.8, 140.8, 133.2, 126.8, 118.5, 

114.3, 73.7, 60.4, 41.5, 30.3, 25.4, 14.3. ESI-MS (+m/z): 495.2. 

The synthesis of MGF2  

 

  2.68 g of the bis[4-(dimethylamino)phenyl]-benzophenone were dissolved in 12 mL/0.7 mL of  

iPrOH/H2O, added 0.3 g NaBH4. Then, the reaction mixture was heated to reflux for 4 hours. 

After that, the reaction was cooled down and filtered, wash and recrystalized in EtOH to give the 
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desired product: 4,4'-Bis(dimethylamino)benzhydrol43. Product was used without further 

purification. 

 

  1.08 g (4 mmol) of 4,4'-Bis(dimethylamino)benzhydrol and 0.66 g (4 mmol) of 2,3,5,6-

tetrafluorophenol were dissolved in dry benzene, a catalytic amount of H2SO4 were added. The 

reaction was reflux for 1 day. Solvents were then removed under reduced pressure and the crude 

was washed with water and extract with ethyl acetate. The organic fractions was dried (MgSO4) 

and evaporated in vacuum, and then subjected to flash chromatography with 50% hexanes/50% 

ethyl acetate as eluent to afford product as light yellow oil44. The product (3-2) had a chemical 

composition of C23H22F4N2O with M.W. of 418.44 g/mol (53% yield). 1H NMR (300 MHz, 

Chloroform-d) δ 7.08 (d, J = 8.9 Hz, 4H), 6.7 (d, J = 8.9 Hz, 4H), 5.7 (s, 1H), 2.94 (s, 12H). 

(Appendix 7-14) ESI-MS (+m/z): 419.2. 

Results interpreted from
 1
H NMR and ESI-MS are consistent with the predicted result, no 

13
C NMR was 

taken. 

 

 

 0.93 g (2 mmol) 3-3 was dissolved in 5 mL dry DMF, added 0.31 g (2.2 mmol) of finely 

powdered K2CO3 and heated to 80  for 3 hours, the reaction mixture was cooled to room 
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temperature and filtered the precipitate. The solvent was then removed under reduced pressure to 

afford the crude product, which was purified by column chromatography on silica gel using 

hexane/ethyl acetate (4/1). The product (3-4) had a chemical composition of C29H32F4N2O3 with 

M.W. of 532.58 g/mol (yield: 0.99 g, 93%). 1H NMR (300 MHz, Chloroform-d) δ 7.08 (d, J = 

8.5 Hz, 4H), 6.69 (m, J = 9.3 Hz, 4H), 5.70 (s, 1H), 4.22 (t, J = 5.9 Hz, 2H), 3.34 (q, J = 5.9 Hz, 

2H), 2.94 (s, 12H), 2.45 (t, J = 7.2 Hz, 2H), 2.12 (p, J = 6.5 Hz, 2H), 1.26 (t, J = 7.0 Hz, 3H). 13C 

NMR (75 MHz, Chloroform-d) δ 173.2, 149.6, 145.2, 141.4, 135.8, 129.5, 129.1, 127.5, 112.6, 

74.1, 60.7, 44.3, 40.7, 30.5, 25.5, 14.2. ESI-MS (+m/z): 533.3. 

 

The product (MGF2) had a chemical composition of C29H31ClF4N2O3 with M.W. of 567.02 

g/mol (yield: 88%). 1H NMR (500 MHz, Chloroform-d) δ 7.39 (d, J = 8.7 Hz, 4H), 7.03 (m, J = 

9.3 Hz, 4H), 4.44 (t, J = 6.1 Hz, 2H), 3.65 (q, J = 7.0 Hz, 2H), 3.39 (s, 12H), 2.54 (t, J = 7.3 Hz, 

2H), 2.14 (m, 2H), 1.16 (t, J = 7.0 Hz, 3H). (Appendix 7-15) 13C NMR (125 MHz, Chloroform-d) 

δ 173, 157.3, 156.7, 145.5, 141.1, 140.4, 139.1, 127.1, 115.3, 111.2, 74.6, 60.7, 41.8, 30.2, 25.3, 

14.2. ESI-MS (+m/z): 531.3. 

The synthesis of MGF3 
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  4.81 mL (50 mmol) 3-fluoroaniline were placed under nitrogen atmosphere and combined with 

6.1 mL trimethyl phosphate (PO(OMe)3, 52 mol). The mixture was slowly heated to about 150 

  (over a time period of no less than 40 minutes), and the mixture was refluxed for two hours at 

a final temperature of about 200 . The reaction mixture was then cooled to room temperature 

and slowly added to about 100 mL of NaOH (15 g) aq. solution. The resulting aqueous mixture 

was then extracted with dichloromethane (DCM) and dried over Na2SO4/NaOH. The product 

was purified by column chromatography on silica gel using hexane/ethyl acetate (4/1) to give 

(yield: 4.03 g, 58%). This was the common procedure for the preparation of fluorinated 

dimethylaniline45. 1H NMR (300 MHz, Chloroform-d) δ 7.18 (q, J =9.2 Hz, 1H), 6.50 (d, J = 9.7 

Hz, 1H), 6.44 (m, 2H), 2.97 (s, 6H). 

 

  1.18 g (5 mmol) of ethyl 4-(4-formylphenoxy)butanoate and 1.39 g (10 mmol) N,N-dimethyl-3-

fluoroaniline were dissolve in 50 mL dry EtOH, 0.68 g (5 mmol) anhydrous ZnCl2 were added to 

the solution, it was heated to reflux for 2 days. After the reaction is finished, the reaction mixture 

was dried under reduced pressure, purified with silica gel (Eluent: 50% ethyl acetate/50% 

hexane). The product (3-5) had a chemical composition of C29H34F2N2O3 with M.W. of 496.60 

g/mol (yield: 0.94 g, 38%). 1H NMR (300 MHz, Chloroform-d) δ 7.04 (d, J = 8.3 Hz, 2H), 6.81 

(d, J = 9.2 Hz, 2H), 6,78 (d, J = 9.2 Hz, 2H), 6.39 (m, 4H), 5.82 (s, 1H), 4.16 (q, J = 6.6 Hz, 2H), 

3.99 (t, J = 6.7 Hz, 2H), 2.94 (s, 12H), 2.52 (t, J = 7.5 Hz, 2H), 2.12 (p, J = 6.6 Hz, 2H), 1.27 (t, 

J = 7.5 Hz, 3H). ESI-MS (+m/z): 497.2. 
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Results interpreted from
 1
H NMR and ESI-MS are consistent with the predicted result, no 

13
C NMR was 

taken. 

 

 

The product (MGF3) had a chemical composition of C29H33ClF2N2O3 with M.W. of 531.04 

g/mol (67% yield). 1H NMR (300 MHz, Chloroform-d) δ 7.30 (d, J = 8.3 Hz, 2H), 7.06 (m, 4H), 

6.76 (dd, J = 9.3, 2.5 Hz, 2H), 6.51 (dd, J = 15.0, 2.4 Hz, 2H), 4.17 (qd, J = 7.2, 6.7, 2.3 Hz, 4H), 

3.37 (s, 12H), 2.55 (t, J = 7.2 Hz, 2H), 2.19 (q, J = 6.6 Hz, 2H), 1.28 (d, J = 7.1 Hz, 3H). 

(Appendix 7-16) 13C NMR (75 MHz, Chloroform-d) δ 173, 166.8, 165, 158.7, 140.4, 137.7, 132, 

128.6, 117.6, 115.3, 110.3, 99.6, 67.8, 60.6, 41.4, 30.6, 24.4, 14.3. ESI-MS (+m/z): 495.2. 

Synthesis of MGF4 and MGF5 are similar to MGF3 

 

The product (3-6) had a chemical composition of C29H32F4N2O3 with M.W. of 532.58 g/mol 

(yield: 43%). 1H NMR (500 MHz, Chloroform-d) δ 7.10 (d, J = 8.3 Hz, 2H), 6.81 (d, J = 8.7 Hz, 

2H), 6.18 (dd, J = 8.2, 3.7 Hz, 4H), 5.95 (s, 1H), 4.17 (q, J = 7.2 Hz, 2H), 4.00 (t, J = 6.1 Hz, 

2H), 2.93 (s, 13H), 2.53 (t, J = 7.3 Hz, 2H), 2.11 (p, J = 6.5 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H). 13C 
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NMR (125 MHz, Chloroform-d) δ 173.5, 162.5, 157.3, 150.5, 133.7, 128.7, 114.0, 105.4, 95.5, 

66.7, 60.4, 40.3, 33.7, 30.9, 24.8, 14.3. ESI-MS (+m/z): 533.3. 

1
H NMR and 

13
C NMR shifts were compared with predicted value and summarized in appendix 7-17. 

 

 

  The product (MGF4) had a chemical composition of C29H31ClF4N2O3 with M.W. of 567.02 

g/mol (yield: 44%). 1H NMR (500 MHz, Chloroform-d) δ 7.41 (m, 2H), 7.03 (m, 2H), 6.48 (m, 

4H), 4.17 (m, 4H), 3.40 (s, 12H), 2.56 (t, J = 6.4 Hz, 2H), 2.22 (t, J = 7.5 Hz, 2H), 1.27 (t, J = 

7.5 Hz, 3H). (Appendix 7-18) 13C NMR (125 MHz, Chloroform-d) δ 173.3, 158.2, 156.8, 154.8, 

131.1, 129.9, 119.2, 116.1, 115, 114.6, 66.7, 60.5, 45.2, 30.5, 24.3, 14.3. ESI-MS (+m/z): 531.3. 

 

1H NMR (300 MHz, Chloroform-d) δ 6.94 (ddd, J = 12.6, 8.8, 5.4 Hz, 1H), 6.55 (m, 2H), 2.87 

(d, J = 1.0 Hz, 6H). 13C NMR (75 MHz, Chloroform-d) δ 116.5, 116.2, 106.1, 105.7, 105.3, 

104.8, 42.6. 
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  The product (3-7) had a chemical composition of C29H32F4N2O3 with M.W. of 567.02 g/mol 

(yield: 32%). 1H NMR (300 MHz, Chloroform-d) δ 7.00 (d, J = 8.3 Hz, 2H), 6.83 (d, J = 8.3 Hz, 

2H), 6.55 (m, 4H), 5.78 (s, 1H), 4.16 (m, 2H), 4.02 (t, J = 6.7 Hz, 2H), 2.83 (s, 12H), 2.52 (t, J = 

6.7 Hz, 2H), 2.13 (m, 2H), 1.27 (t, J = 6.7 Hz, 3H). (Appendix 7-19) 13C NMR (75 MHz, 

Chloroform-d) δ 173.3, 157.7, 148.8, 133.5, 129.4, 120.9, 116.8, 114.6, 115.1, 66.7, 60.4, 42.9, 

40.8, 31, 24.9, 14.6. ESI-MS (+m/z): 533.2. 

 

No 
1
H NMR or 

13
C NMR for MGF5 due to extremely low yield and instability in solvent 

 

The synthesis of Cy5-MGF2 

 

  0.94 g (2 mmol) 3-3 was dissolved in 5 mL dry DMF, added 0.31 g (2.2 mmol) finely powdered 

K2CO3 and heated to 80  for 3 hours. Then, 0.67 g (2.2 mmol) triethylene glycol monotosylate 

was added to the reaction. The reaction mixture was cooled to room temperature and filtered the 

precipitate. The solvent was then removed under reduced pressure to afford the crude product, 

which was purified by column chromatography on silica gel using 75% hexane/25% ethyl 

acetate. The product (3-8) had a chemical composition of C29H34F4N2O4 with M.W. of 567.02 
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g/mol (yield: 0.93 g, 82%). 1H NMR (500 MHz, Chloroform-d) δ 7.10 (d, J = 8.6 Hz, 4H), 6.70 

(d, J = 8.9 Hz, 4H), 5.72 (s, 1H), 4.36 (m, 2H), 3.85 (m, 2H), 3.74 (m, 4H), 3.68 (m, 2H), 3.60 

(m, 2H), 2.95 (s, 12H). (Appendix 7-20) ESI-MS (+m/z): 551.3. 

Results interpreted from
 1
H NMR and ESI-MS are consistent with the predicted result, no 

13
C NMR was 

taken. 

 

 

  0.21g (1.1 mmol) p-TsCl was added to 0.57 g (1 mmol) 3-8 in 10 mL CH2Cl2, the reaction was 

allowed to stir at room temperature for 3 to 4 hours until it is fully reacted. Then, 0.07 g (1.1 

mmol) sodium azide was added to the reaction mixture, and after another 2 hours, TLC was used 

to determine the completion of the reaction. The solvent were dried under reduced pressure, and 

the crude was applied to a column, washing with CHCl3 to give the reduced form of 3-9, which 

was oxidized in the common process. The product (3-8) had a chemical composition of 

C29H32ClF4N5O3 with M.W. of 610.05 g/mol (overall yield: 0.41 g, 66%). 1H NMR (500 MHz, 

Chloroform-d) δ 7.40 (d, J = 9.3 Hz, 2H), 7.03 (d, J = 9.3 Hz, 2H), 4.55 (t, J = 4.5 Hz, 1H), 3.89 

(m, 2H), 3.73 (m, 2H), 3.67 (m, 4H), 3.40 (s, 12H), 3.36 (t, J = 5.0 Hz, 2H). 13C NMR (125 MHz, 

Chloroform-d) δ 157.4, 156.8, 145.4, 141.2, 140.8, 139.1, 127.2, 115.1, 111.2, 74.6, 70.9, 70.6, 

70.2, 70, 50.8, 41.7. ESI-MS (+m/z): 574.3. 
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  To 0.068 g (0.1 mmol) Cy5 carboxylic acid (synthesized and provided by Dr. Brigitte 

Schmidt41) in 3 mL dry DMF, 0.045 g (0.15 mmol) TSTU was added followed by adding 0.02 g 

(0.15 mmol) DIPEA. Reverse phase TLC was used to detect the completion of the activation of 

carboxylic acid. Then, another 0.013 g (0.1 mmol) DIPEA and 0.006 g (0.11 mmol) of 

propargylamine were added. This should quantitatively afford the Cy5 alkyne as product46. The 

crude was purified in a reverse phase column with MeCN/Water. The product (3-10) had a 

chemical composition of C36H42N3NaO7S2 with M.W. of 715.86 g/mol (overall yield: 0.063 g, 

89%). 1H NMR (300 MHz, Methanol-d4) δ 8.32 (m, 2H), 7.91 (m, 4H), 7.36 (m, 2H), 6.73 (t, J = 

12.4 Hz, 1H), 6.38 (dd, J = 13.7, 4.4 Hz, 2H), 4.17 (dq, J = 12.9, 6.9 Hz, 4H), 3.93 (d, J = 2.6 Hz, 

2H), 3.62 (q, J = 7.1 Hz, 2H), 3.31 (m, 1H), 2.22 (t, J = 7.3 Hz, 2H), 1.83 (p, J = 7.4 Hz, 2H), 

1.75 (s, 6H), 1.68 (q, J = 7.4 Hz, 2H), 1.39 (m, 8H), 1.19 (t, J = 7.0 Hz, 3H). (Appendix 7-21) 

ESI-MS (-m/z): 692.4. 
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   0.061 g (0.1 mmol 3-9) was dissolved in 5 mL dry DMF under Argon, catalytic amount of 

CuBr and PMDTA was added. Then, 0.063 g (0.09 mmol) 3-10 was added to the reaction. After 

stirred at room temperature for 3 hours, the reaction mixture was washed with CHCl3 (50 mL) 

and water (50 mL) for 3 times, and 1 more time with Brine (50 mL). The final product was 

purified with reverse phase column using MeCN/Water as eluents. The product (Cy5-MGF2) 

had a chemical composition of C65H74N4F8O10S2 with M.W. of 1267.47 g/mol (overall yield: 

0.094 g, 83%). ESI-MS (-m/z): 1266.5. 

Due to the hydrophilic and hydrophobic moieties from the molecule and small amount of product, 
1
H NMR 

was taken but not resolvable for all peaks. 
 

  After a series of reactions have been conducted, their reactivity is shown in Figure 3.13. To 

conclude, fluorination on the ortha position decreases the reactivity of dimethylaminophenyl in 

the condensation reaction with aldehyde. This is the biggest effect compared to the hindrance 

caused by the C-F bond on the meta position. The last two show no reactions after 2 days. 

 

Figure 3.13: Reactivity of fluorinated dimethylaminophenyl in condensation reaction with benzaldehyde.   
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Chapter 4: From One, Many:  Structurally derived malachite green analogues 

for multicolor cell labeling using dL5** 

A part of this chapter was adapted from a paper published in Bioconjugate Chem., 2015, 26 (9), pp 1963–

1971. Experiments done by others are appropriately acknowledged in the corresponding paragraphs. 

 

Introduction 

  Molecular fluorescence detection stands as a valid approach to visualize events of biology from 

a single molecule to the entire organism1-3. With numerous fluorescent probes that were 

chemically tailored or biologically recognized, the breadth of applications has been truly 

integrated to every aspect of life science research4-6. Using fluorescence microscopy, we are able 

to simultaneously visualize multiple cellular compartments in live cell experiments with suitable 

fluorescent probes7,8. Multicolor imaging approaches enable us to track cell movement, visualize 

individual molecules and specify biological events9-11. For example, Wang S et al. have 

developed a multicolor cell imaging approach to discriminate different type of cancer cells with 

fluorophore conjugated aptamers that interacted with different cancer cell lines in different 

degree12. 

However, few examples have been demonstrated with multi-color imaging of the same protein 

in live cells. Gaietta G et al. reported the use of FlAsH/ReAsH to label older and newer copies of 

the same species (connexin43), where the sequential addition of spectrally separable FlAsH and 

ReAsH provided a real-time analysis of protein synthesis13. Protein trafficking is tightly 

regulated in all cells and mediates important functions such as receptor signaling, cell adhesion 

and ion channel activities14-16. In particular, the regulation of surface levels of protein is 

influenced by a number of cellular mechanisms including changes in gene expression, protein 

synthesis, trafficking, and degradation. However, analysis of protein surface expression is 
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limited by cumbersome techniques, including biotinylation of surface proteins17, 

immunofluorescence using ectofacial epitopes18, and the use of pH-dependent fluorophores19. 

Real-time dynamics of surface protein trafficking have been difficult to visualize. 

The MG/dL5** complex possesses high affinity, resistance to photobleaching and high 

brightness, and functions within the cytoplasm of living cells20,21. The spectral and binding 

properties are determined by the interactions of these proteins and fluorogens, which represent a 

new class of fluorescent sensors with context-specific activation. Unlike original fluorescent 

proteins (GFP etc.) or small organic fluorophores (Cy5 and Rhodamine), these binding 

complexes are genetically encoded for expression in and on the cell and have advantages in 

versatility over fluorescent proteins. Suitable chemical modifications of the fluorogen can create 

the same FAP-bound fluorogenic dyes with alternative colors and distinct permeability 

proterties22,23. We sought to create a method that enables quantitation of surface and internal 

protein levels in living cells. 

  The MG fluorogen resides in the cavity created by dimerized anti-parallel L5* (Figure 4.1a), 

this scFv binding pocket physically constrains the free rotation around the central carbon atom of 

the chromophore, promoting fluorescence emission instead of non-radiative de-activation24. MG 

is oriented so that the proximal oxygen atom of the linker points outward from the binding 

pocket. MG and the homodimer share a single C2 rotation axis through the oxygen atom of the 

dye (Figure 4.1b), and MG is almost entirely encapsulated between the two re-arranged VL 

domains. Although MG is almost entirely encapsulated in FAPdL5**, major contacts are made by 

the dimethylamine carbons from ring R2 and R3 (Figure 4.1c), raising the possibility that 

modifications or even removal of the bottom phenol ring R1 may still preserve high affinity 

binding to the protein. 
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Figure 4.1: MG forming complex with dL5**. (a): Main-chain views of liganded L5* homodimers, MG 

atomic contacts made to L5* are symmetrical and complex. (b): Chemical structure of MG fluorogen. (c): 

Size of circle at each non-hydrogen atom position represents total surface area of contacts to L5* made by 

that atom; contacts to VL A are shown in light blue and contacts to VL B are shown in orange. Major 

contacts made by the dimethylamine carbons are marked (*). (adapted from ref. 24) 

 

  On the basis of previous work, we have proposed and synthesized a series of MG analogues 

with unchanged R2 and R3 rings but linked to different groups to give distinct spectral properties 

(Figure 4.2), hoping to retain the binding to dL5** but produce varied excitation and emission 

properties. FAPs can be easily engineered and expressed in different intra/extra-cellular 

compartments. By using cell-permeable or impermeable fluorogens, we can selectively visualize 

proteins of interest inside cells, on the cell surface or within trafficking vesicles. With spectrally 

distinguishable MG analogues in both cell-permeant and cell-excluded form, we are able to 

simultaneous label the surface and intracellular pools with different colors in living cells, and 

provide a real-time readout of biosynthetic trafficking to the cell surface. 
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Figure 4.2: Chemical structures of MG analogues: N-substituted Michler’s Hydrol (MHN) derivatives. 

 

Synthesis of spectrally varied MG analogues 

  MG displays two absorbance (excitation) bands, a main (X) band contributed by rings R2 and 

R3 and a minor (Y) band contributed by ring R1. Olsen reported trends in solution state 

absorbance bands and transition dipole moments associated with the first two electronic 

excitations can be described within reasonable accuracy by the model (Figure 4.3)25. In particular, 

the X= -NH2 derivative of Michler’s Hydrol Blue has an absorption peak at around 450 nm, 

where we hypothesized when binding with dL5** can be red-shifted to around 488 nm, an 

excitation wavelength that was commonly equipped among the 4 laser lines for microscopy.   
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Figure 4.3: Structures of cationic diarylmethanes dyes (left); comparison between calculated and 

experimental excitation energies for dyes, experimental data of first (x band, squares) and second (y band, 

diamonds) absorbance band maxima. (adapted from Ref. 25) 

 

  The formation of imine bonds (Schiff base when R is not hydrogen) are typically through the 

condensation of primary amines and aldehydes or ketones in some rare cases (Figure 4.4)26,27. 

The reactions proceeded via the nucleophilic addition, followed by an elimination of water to 

yield the imine. However, the reaction equilibrium usually favors the reverse direction, so that 

the removal of water is necessary to drive the reaction toward imine formation. Other commonly 

employed imine synthesis includes oxidation of secondary amine28, oxidative condensation 

between alcohol with primary amine29, Stieglitz rearrangement30 and Schimidt reaction31. 

https://en.wikipedia.org/wiki/Nucleophilic_addition
https://en.wikipedia.org/wiki/Elimination_reaction
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Figure 4.4: Structure of Schiff base, commonly employed synthesis reactions for imide bond formation. 

 

  However, the imine bond is not very stable, especially when treated with the presence of 

electrophiles or acids, which lead to the hydrolysis to aldehydes (or ketones) and amines. As a 

precaution, the formation of the imide bond is often completed at the end of the total synthesis. 

In the case of MHN derivative synthesis, we found the condensation reaction between Michler’s 

Ketone and corresponding amines proceeded poorly and is hard to purify. This is probably 

because of the low nucleophlicity of the aromatic ketone.  Higher reaction temperatures led to 

side products. So, we planned to first synthesize the precursor amine and then oxidized to the 

imine compound through mild oxidation. The reaction was illustrated in Figure 4.5, where the 

Michler’s Ketone was converted to highly electrophilic benzhydrylium ions, followed the 

addition of primary amine and oxidation using p-chloranil. 
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Figure 4.5: Representative synthesis route of MHN derivatives (MHN-Ester)  

 

Characterization of MHN derivatives with dL5** 

  MHN derivatives were synthesized as potential spectrally distinct counterparts, in testing their 

binding with dL5**, we found that despite sharing the same chromophore, the length and 

function group of the linker can significantly affect their ratio of fluorescence activation (Table 

4.1 and Figure 4.6). Among these MHN derivatives, MHN-ester is a stable, cell-permeable dye 

with high activation ratio (Table 4.2). MHN-ester and MG-Btau pose distinctive fluorescence 

spectra and cell-permeability but bind to the same protein (dL5**) with similar activation ratio 

and binding affinity (Table 4.1 and Figure 4.7), which is useful in labeling proteins that are 

expressed both extra/intra-cellularly with dual-color fluorescence. 

 

 MHN Lys-Tau Tau Deg Ester Glu 

λex / λem (nm) 459/535 458/527 476/533 459/540 456/532 459/535 

ΦF N.A 0.197 0.149 0.079 0.30 N.A 

 

Table 4.1: Excitation and emission maxima, and fluorescence quantum yield of MHN dyes/dL5** 

complexes. (N.A: data was not measured) 
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 λmax 

(nm) 

λex 

(nm) 

λem 

(nm) 

εmax 

(M
-1

cm
-1

) 

Φ εB / εF 
#
 ΦB / ΦF AR

$
 Kd 

(pM) 

MHN-ester 422 (422) (488) 5.9*104 4.2*10-4 
12 710 8520 42.5 

MHN-ester/dL5** 456 456 532 6.4*104 0.30 

MG-Btau 606 (606) (636) 9.1*104 9.5*10-5 
3.5 2010 7035 18 

MG-Btau/dL5** 633 633 668 1.1*105 0.19 

 

Table 4.2: Properties of dL5** FAP Fluorogen Activation. #: εB and εF are the extinction coefficient of 

bound and free dye at the laser excitation wavelength (488 and 640 nm); $: AR refers to
 
activation ratio; it 

is the product of the extinction coefficient ratio and quantum yield ratio. 

 

 

Figure 4.6: Fluorescence emission spectra of 1 µM MHN dyes with 5 µM dL5** excited at 450 nm 

measured with Tecan Infinite M1000 Plate Spectrometer. 

 

 

Figure 4.7: MHN-ester (green) and MG-Btau (red) excitation (solid lines) and emission (dashed lines) 

spectra bound to excess dL5** protein.  
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Figure 4.8: Kd determination using purified dL5**, where 5 nM of protein was complexed with a series of 

MHN-ester dilutions overnight. Fluorescent intensity was measured, normalized and analyzed by a one-

site binding ligand depletion model. (Experiment conducted by Dr. Yi Wang) 

 

  The dL5** was originally developed as a tight binder and activator of MG-Btau with a 

picomolar affinity (Kd = 18 pM). To our surprise, despite the large difference in structure, MHN-

ester can still bind to dL5** with a high affinity. This confirmed our previous observation that 

dimethylamino group play a major role in dL5** protein binding.  

  The fluorescence quantum yield (ΦF) was determined by comparing integrated emission spectra 

of MHN-ester/dL5** complex to reference Rhodamine 6G dye (Figure 4.9). Corrected emission 

spectra were taken on a Quantamaster monochromator fluorimeter (Photon Technology 

International). The emission spectra (500-700 nm) of a set of five concentrations were integrated 

and plotted against absorbance at 480 nm and the ΦF was then calculated from the slopes using 

Equation 1. Where ΦX is the sample quantum yield, ΦST is the standard quantum yield, GradX is 

the sample slope, GradST is the standard slope, ηX is the refraction index of the sample solvent, 

and ηST is the refraction index of the standard solvent. 

       
     

      
  

  
 

   
             Equation. 1 
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Figure 4.9: Quantum yield measurement of MHN-ester/dL5** complex was determined using Rhodamine 

6G (ΦF = 0.95 in EtOH) to yield ΦF = 0.30. 

 

Dual-color imaging of FAP-BKα HEK293 cells 

This part of work are done by Christopher P. Pratt, for more information regarding using MHN-ester, MG-Btau as a 

Green-inside Red-outside (GIRO) labeling approach for BKα protein trafficking, please read: Bioconjugate 

Chem., 2015, 26 (9), pp 1963–1971 

 

  The green cell-permeable MHN-ester and far-red cell-excluded MG-Btau are spectrally 

resolved and tight in binding dL5**. It is plausible to use the dual-color imaging to study extra- 

and intracellular stores of protein of interest. Hence, we examined the dynamics of BKα subunit 

using HEK293 cells that stably express FAP-BKα both on the surface and inside the cell. MG-

Btau (300 nM) was added first to saturate surface-exposed FAP. After 5 min incubation, MHN-

ester (300 nM) was added to label the internal portion of protein. With its low Kd and slow off-

rate, MG-Btau labeling is effectively irreversible over these short experimental time scales. Thus, 

FAP-BKα channel can be distinctively labeled within 7 min, which enables simultaneous 

detection and quantitation of two sub-populations of FAP-BKα depending on bound dye’s 

fluorescence (Figure 4.10). This real-time green-inside red-outside (GIRO) labeling strategy 

allow us to analyze protein distribution in living cells.  
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Figure 4.10: Live cells labeled with MG-Btau (red) and MHN-ester (green) to label surface and internal 

protein in FAP-BKα expressing live cells. Scale bar = 10 µm (Experiment conducted by Christopher P. 

Pratt) 

Summary 

  A series of MHN dyes have been synthesized to explore the fluorescence activation by dL5** 

at a distinct excitation wavelength compared with MG dyes. We found out that the removal of 

the bottom phenol ring of MG still preserve significant activations by dL5**, and different 

replacing linkers results in different ex/em wavelength and quantum yield of the complexes, 

suggesting interaction between linker and the protein. Further investigations including crystal 

structure, linker length and charge are required to provide guidance in designing novel fluorogen 

structures. The MHN-ester has been used together with MG-Btau as a dual-color labeling 

method for BKα channel trafficking. Due to the instability of imine bond in the aqueous solution, 

we found noticeable change of spectra shape when MHN dyes were kept in buffer solution for 

more than 30 min. The formation of the complex can greatly stabilize MHN dyes, but the 

complex is susceptible to photobleaching and is phototoxic to some extent. 
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Experimental details 

 

  270 mg bis[4-(dimethylamino)phenyl]-Benzophenol (Michler's hydrol) was dissolved in 20 mL 

MeCN, 1 equivalence HBF4 (50% in water) was added to the solution. The reaction was allowed 

to stir at room temperature for 30 minutes. After that, the reaction mixture was dried for later 

use32,33.   

 

  MHN-ester: To 0.34 g (1 mmol) 4,4-bis(dimethylamino)benzhydrylium tetrafluoroborate 

MeCN solution, added 4 fold excess of the amine. When the solution color changed from deep 

violet to colorless, 0.27 g (1.1 mmol) of p-chloranil was added and heated to 50  for 2 hours. 

The reaction mixture was directly poured onto the silica gel, 50 % EtOAc/50% EtOH was used 

as eluent to separate the final product. The product (MHN-ester) had a chemical composition of 

C23H31N3O2 with M.W. of 381.52 g/mol (yield: 0.092 g, 24%). (Appendix 7-22) 1H NMR (300 

MHz, Methanol-d4) δ 7.48 (d, J = 9.2 Hz, 2H), 7.36 (d, J = 8.9 Hz, 2H), 6.86 (m, 4H), 4.07 (q, J 

= 7.1 Hz, 2H), 3.82 (t, J = 7.1 Hz, 2H), 3.14 (s, 12H), 2.41 (t, J = 7.0 Hz, 2H), 2.09 (p, J = 7.1 Hz, 

2H), 1.19 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, Methanol-d4) δ 176.3, 172.9, 155.0, 153.9, 

133.4, 133.1, 119.6, 116.3,111.3, 111.0,  60.5, 39, 30.8, 24.6, 13.1. ESI-MS (+m/z): 382.3. 
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  MHN-tau: To 0.34 g (1 mmol) 4,4-bis(dimethylamino)benzhydrylium tetrafluoroborate 

MeCN/H2O (50% / 50%) solution, added 5 fold excess of sodium taurate. When the solution 

color changed from deep violet to colorless, 0.27 g (1.1 mmol) p-chloranil was added and heated 

to 50  for 2 hours. The reaction mixture was directly poured onto the silica gel, 60% EtOAc/40% 

EtOH was used as eluent to separate the final product. The product (MHN-tau) had a chemical 

composition of C19H25N3O3S with M.W. of 375.49 g/mol (yield: 0.16 g, 44%). 1H NMR (300 

MHz, Methanol-d4) δ 7.57 (d, J = 9.2 Hz, 2H), 7.47(d, J = 9.1 Hz, 2H), 6.90 (m, 4H), 4.22 (t, J = 

6.1 Hz, 2H), 3.33(m, 1H), 3.21(t, J = 6.0 Hz, 2H), 3.16 (s, 12H). 13C NMR (75 MHz, Methanol-

d4) δ 176.5, 155.3, 154.3, 134.1, 118.9, 115.2, 111.3, 110.8,  49.0, 45.0, 38.8. ESI-MS (-m/z): 

375.2.  

 

The product (MHN-deg) had a chemical composition of C21H29N3O2 with M.W. of 355.48 g/mol 

(yield: 47%). 1H NMR (300 MHz, Methanol-d4) δ 7.50 (m, 4H), 6.89 (m, 4H), 4.01 (t, J = 5.6 Hz, 

2H), 3.83 (t, J = 5.6 Hz, 2H), 3.67 (m, 4H), 3.16 (d, J = 2.4 Hz, 12H). 13C NMR (75 MHz, 

MeOD) δ 177.5, 155.4, 154.3, 134.1, 119.0, 115.5, 111.2, 110.9, 72.1, 68.3, 60.7, 38.8. ESI-MS 

(+m/z): 382.3.  
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Chapter 5: MG-2I/dL5** as a targetable and activatable photosensitizer 

This chapter is adapted from a previously published paper (Nature Methods, 2016, 13, 263-268). 

Supplemental information and additional data is also incorporated in this chapter. Experiments done by 

others are appropriately acknowledged in the corresponding paragraphs. 

 

Introduction 

  When combined with suitable genetic constructs or chemical reagents, light can provide precise 

temporal and spatial control of many biological processes1-3. Photosensitizer (PS) dyes and 

proteins are able to create short-lived reactive oxygen species (ROS) when exposed to light of 

appropriate wavelengths (Figure 5.1)4,5. ROS generated by PS can be utilized for functional 

manipulation of living cells, including protein inactivation6, targeted damage introduction7, and 

cellular ablation (Figure 5.2)8. In particular, with the development of lasers and the improvement 

of photosensitizers, photodynamic therapy (PDT) has been well established as a therapeutic 

technique against various types of cancers9. The minimal invasion and promising tumor-specific 

immunostimulatory effects of PDT offer great alternatives in treatment for localized superficial 

malignant and premalignant tumors10,11. Although widely used for many years, conventional 

photosensitizers such as Photofrin have little tumor selectivity and require long clearance time, 

making patients photosensitive and causing serious off-target damage to normal tissues upon 

incidental exposure to light12,13. The off-target phototoxicity produced during light exposure has 

not only limited its applications as a cancer therapy, but also in places where precise and specific 

introduction of ROS damage is desired14. 



85 
 

 

Figure 5.1:  The mechanism of ROS generation by PS illustrated by Jablonski energy diagram. 

 

  Newer photosensitizers have been developed with higher ROS generating efficiency, better 

photostability, along with near-infrared (NIR) absorption and fluorescent imaging ability to 

enhance tissue penetration and facilitate in vivo tumor visualization during PDT and other 

applications15,16. More recently, a number of genetically targeted photosensitizers have been 

developed to improve targeting and specificity in living cells, including FlAsH and ReAsH17, 

KillerRed18 and MiniSOG19. These fluorescent photosensitizers display good chromophore-

assisted light inactivation (CALI) of directly linked proteins. Particularly, KillerRed that 

developed from anm2CP (a homolog of GFP) has found successful applications in a range of 

biological problems6,20,21. It can efficiently generate superoxide (O2
-) upon green/yellow light 

excitation through a Type-I photosensitization facilitated by a marked long internal hydrogen-

bonded water channel22-24. Despite showing spatially restricted ROS generation, these 

photosensitizer proteins require a very high light dose to reach effective inactivation or cell 

killing. Moreover, for deep tissue applications, and to avoid autofluorescent photosenstization, 

genetically encoded photosensitizers with far-red/NIR excitation wavelengths (> 620 nm for 

tissue penetration purpose) are required, yet no efficient genetically targeted photosensitizers are 

available in this spectral range.  
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Figure 5.2: Photosensitizers’ applications in different fields. 

 

  To reduce non-specific phototoxicity in normal tissues, one approach is to develop 

photosensitizers that can only be activated for ROS generation with the presence of both light 

illumination and cell-specific targeting25. Cellularly targeted and activated photosensitizers are 

expected to improve the specificity by restraining the ROS generation at the targeted site and 

minimizing the damage to the surrounding non-targeted tissue, where the photosensitizer remains 

inactive. Currently, activatable photosensitizers are either responsive to local environmental 

changes such as pH or hydrophilicity, or contain a quenching group that is cleaved, releasing an 

active photosensitizer26-28. These activation events typically increase the ROS production by 10–

50-fold, providing enhanced photosensitizing contrast, but still showing some off-target effects 

from non-specifically localized materials. Selectively targeting and significantly activating a 

photosensitizer at a site of interest remains a significant goal to advance photosensitizers and 

photosensitizing proteins. 

  To target and activate a ROS-generating photosensitizer, we exploited the high molecular 

specificity and selective fluorescence activation of fluorogenic dye upon binding a specific FAP 

partner29,30 and extended this fluorescence activation concept to ROS activation with a 

chemically tailored dye. We reasoned that the suppression of non-radiative relaxation of the 

electronic excited state by which the FAP enhances fluorescence in MG fluorogens could be 



87 
 

exploited to modify other photochemical properties31, in particular intersystem crossing, when 

combined with properly designed fluorogens. We found that heavy-atom substitutions, which are 

known to increase the spin-orbit coupling for efficient intersystem crossing32,33, do not abolish 

FAP-fluorogen interactions and dramatically increase the rate of singlet oxygen generation 

(Figure 5.3). This iodinated MG analog (MG-2I) has low fluorescence and ROS generation in 

free form, and produces a NIR excitable fluorescent complex with high singlet oxygen quantum 

yield (ΦΔ) when bind to dL5**. This protein-dye complex has been successfully demonstrated in 

inactivation of fused proteins, selective killing of cells expressing dL5** at the plasma 

membrane, cytosol, mitochondrial matrix or nucleus in culture, and ablation of cardiac cells 

within living larval/adult zebrafish expressing dL5** in the cytoplasm. We have also applied this 

method to A431 tumor ablation in nude mice by using a recombinant FAP conjugated affinity 

probe (AffiFAP). This FAP-targeted and activated photosensitizer (TAPs) approach along with 

NIR excitation and emission provides a new spectral range for photosensitizer proteins, useful 

for imaging, manipulation and cellular ablation deep within living organisms. 

 

Figure 5.3: Illustration of the ROS generating mechanism of FAP-TAPs. IC: internal conversion by 

molecule’s free rotation, ISC: intersystem crossing. 
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Synthesis route for MG-2I 

  Photophysical heavy-atom effects was first discovered at 1949 by McClure34, who found that 

internal heavy atoms appear to have a significant effect on both the rate of population of the 

triplet state and the rate of triplet decay, which increase the quantum yields ratio of 

phosphorescence to fluorescence ΦP/ΦF. Heavy atom such as iodine or bromine increases the 

spin and orbital interaction and the spin become more favorable, which promote intersystem 

crossing between singlet state and triplet state (S1 to T1). This effect has been widely used to 

transform a general fluorophore to an efficient photosensitizer without significant change of its 

spectral characteristics33,35. We proposed a series of heavy-atom substituted MG derivatives and 

tried to synthesize them (Figure 5.4). The synthesis of several molecules is still carried by other 

group member. The detailed synthesis route and characterizations of MG-2I (3) is described 

below. 

 

Figure 5.4: Proposed iodinated/brominated MG derivatives. 

 

Characterization of MG-2I/dL5** complex 

  After MG-2I was synthesized and purified, its photochemical properties in both free and bound 

form were measured and summarized in Table 5.1. Details about experimental conditions and 

adapted protocols are discussed in the following paragraphs. 
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λAbs

a
 

(nm) 
λex 
(nm) 

λem 
(nm) 

Kd 

(pM) 
εmax

b
 

(10
4 

M
-1

cm
-1

 ) 
ΦF ΦΔ 

DAB 
photoconversion

c
 

MG-ester/dL5** 606 633 668 7 10.3(9.18) 0.12 <0.005 - 

MG-2I/dL5** 628 666 693 122 10.1(9.02) 0.037 0.13 + 

KillerRed  585  585  610  NA  4.5  0.25  0  - 

 

Table 5.1: Summary of spectral, FAP binding and ROS generating properties between MG-ester and MG-

2I complexed with dL5**, KillerRed is listed as a comparison.  

a: Values are respective absorption maximum of fluorogen only; b: The values in parentheses are for the 

unbound fluorogen at its respective maximum. c: For DAB photoconversion: - indicates no precipitate, + 

indicates brown precipitate.  

 

  Upon binding to dL5**, the absorption peak of MG-2I was red-shifted from 628 nm to 666 nm, 

accompanying with an increase of extinction coefficient (104 M-1cm-1) from 9.02 to 10.1 (Figure 

5.5a), which was similar to previous report of MG-ester binding to dL5 protein29. Compared to 

MG-ester, the iodination effect also produced a 22 nm bathochromic shift to the major 

absorption peak of free MG, moving the excitation maximum of the complex into the NIR range 

(666 nm) (Figure 5.5b). 

 

Figure 5.5: (a) Absorption spectra of unbound and FAP-bound MG-2I, where the absorption of 1 μM 

MG-2I was measured with or without 5 μM dL5**; (b) Normalized excitation (dotted lines) and emission 

(solid lines) spectra of MG-ester and MG-2I binding to dL5**, where 500 nM fluorogen was complexed 

with 3 μM dL5** and the fluorescence intensity was individually normalized to the peak maxima. 

 

  The fluorescence quantum yield (ΦF) was determined by comparing integrated emission spectra 
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of MG-2I/dL5** complex to reference Cy5 dye. Corrected emission spectra were taken on a 

Quantamaster monochromator fluorimeter (Photon Technology International). The emission 

spectra (620-820 nm) of a set of five concentrations were integrated and plotted against 

absorbance at 600 nm and the ΦF was then calculated from the slopes using Equation 136. 

Where ΦX is the sample quantum yield, ΦST is the standard quantum yield, GradX is the sample 

slope, GradST is the standard slope, ηX is the refraction index of the sample solvent, and ηST is the 

refraction index of the standard solvent. 

       
     

      
  

  
 

   
                   Equation. 1 
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Figure 5.6: Fluorescent quantum yield measurement of MG-2I/dL5** using Cy5 as standard (emission 

spectra were integrated, normalized to the maximum value and plotted against absorbance at 600 nm). 

 

  The dissociation constant was determined by pre-complexing 5 nM of purified dL5** with a 

series of dye dilutions overnight and measuring the resulting fluorescence intensity. The 

fluorescence of free dye at each concentration was also measured and subtracted as background. 

Based on the plateau intensity in the binding curve calculated from a hyperbolic binding model, 

the results were normalized to the concentration of protein-dye complex. Using this scaled data, 

the dissociation constant was calculated from a one-site binding ligand depletion model in 

GraphPad Prism 6. Despite the large size of diiodo-substitution, the binding affinity of MG-2I 

with dL5** remains in pM range. 
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Figure 5.7: Dissociation equilibrium constant (Kd) of MG-ester/dL5** and MG-2I/dL5**, where 5 nM of 

protein was complexed with various concentrations of dyes. Fluorescent intensity was measured, 

normalized and analyzed by a one-site binding ligand depletion model. (n = 4, mean and S.E.M. plotted) 

  The generation of singlet oxygen was first evaluated by bleaching of anthracene-9,10-

dipropionic acid (ADPA), a commonly used singlet oxygen scavenger37, using aluminum 

phthalocyanine tetrasulfonate (AlPcS4)
38 as the standard. PBS (pH 7.4) buffer containing 

optically matched samples and 0.1 mM ADPA were illuminated by 669 nm LED light box. The 

fluorescence intensity of ADPA was monitored with an excitation of 374 nm and an emission of 

402 nm by Tecan Infinite M1000 plate spectrometer. The normalized fluorescence intensity was 

plotted against exposure time at 669 nm, and the ΦΔ was then calculated from the slopes using 

equation 2. Here kr is the chemical quenching of singlet oxygen by ADPA and kd is the constant 

of deactivation of singlet oxygen via the solvent; both values are constant regardless of the 

photosensitizer being used. [A] is the ADPA concentration, and Iabs is the absorbance at 

excitation wavelength. The ΦΔ of the FAP-TAPs was determined to be 0.13, while the singlet 

oxygen generation from the MG-ester/dL5** was not detectable under the same conditions.  

 
    

  
       

  

  
             Equation. 2 



92 
 

T im e  (s )

0 2 0 4 0 6 0

0

5 0

1 0 0 A lP cS 4

M G -2 I/d L 5 * *

M G -e s te r /d L 5 * *

M G -2 I

%
 A

D
P

A
 B

le
a

c
h

in
g

 

Figure 5.8:  Measurement of 
1
O2 generation by MG-2I/dL5** by ADPA, where bleaching of ADPA 

fluorescence was monitored at 374/402 nm as a function of 669 nm exposure time. AlPcS4 was used as 

standard for the 
1
O2 generation (ΦΔ = 0.34). Optically matched solutions of MG-2I, MG-ester/dL5**, 

MG-2I/dL5** and AlPcS4 at 669 nm were used. (n = 4, mean and S.E.M. plotted) 

 

  When bleaching the ADPA, we also noticed a change in the absorption spectra of FAP-TAPs. 

After 10 min of illumination, the fluorescence of ADPA in solution was completely bleached by 

FAP-TAPs. We compared the absorption spectra of before and after illumination, we noticed the 

major peak of the complex was blue-shifted 10 nm, coupled with a decrease in absorbance 

(Figure 5.9a). This could be caused by the photobleaching of the MG-2I. It is also possible that 

the complex itself has been photo-oxidized to a stable form. There is no significant difference 

between the bleaching rate of MG-ester/dL5** and MG-2I/dL5** (Figure 5.9b). Further 

experiments are required to understand the sinlget oxygen generation pathway and how the 

complex itself withstands the strong oxidation environment.  
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Figure 5.9: (a) Absorption spectra of MG-2I/dL5** with ADPA before and after 10 minutes of LED 

illumination at 669 nm. (b) Fluorescence intensity in corresponding channel (668/700 nm for MG-

2I/dL5**, and 633/668 nm for MG-ester/dL5**) was monitored over 10 min and individually normalized 

to its initial fluorescence intensity. 

 
  Since D2O is known to greatly increase the lifetime of 1O2 (4 μs to 52 μs)39 while exerting little 

effect on other reactive oxygen species, the same ADPA bleaching assay was conducted in D2O 

to further confirm that the ROS generated by FAP-TAPs was singlet oxygen (Figure 5.10). In 

deuterated PBS buffer, the bleaching rate of ADPA by FAP-TAPs was significantly enhanced (at 

30 s, 86% ADPA was bleached by FAP-TAPs in dPBS while only 27% in PBS), indicating 

ADPA bleaching was a result of specific generation of singlet oxygen from the complex. 
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Figure 5.10: % ADPA bleaching by FAP-TAPs in deuterated PBS buffer, conditions are maintained the 

same as in Figure 5.8. (n = 4, mean and S.E.M. plotted) 

W a v e le n g th  (n m )

A
b

s
o

r
p

ti
o

n

4 0 0 5 0 0 6 0 0 7 0 0

0 .0

0 .5

1 .0

1 .5
t im e = 0

tim e = 1 0 m in



94 
 

  In order to estimate the fold of activation of singlet oxygen generation, we made a 

concentration series of free MG-2I (in dPBS) and MG-2I/dL5** (in 1: 9, H2O: dPBS), and 

plotted the absorbance at 669 nm against the ADPA bleaching. However, in the same absorbance 

range, MG-2I/dL5** is much faster in bleaching ADPA than MG-2I, so we applied different 

light exposure time to the samples (60 s exposure time for MG-2I and 10 s exposure time for 

MG-2I/dL5**). Assuming the bleaching rate does not change within 60 s for MG-2I, we 

estimated the change of singlet oxygen generation is > ~100-fold based on the ratio of the slopes, 

scaled by a factor of 6 to account for the 6-fold longer exposure of the MG-2I (Figure 5.11). Due 

to the change of absorption maximum upon binding, the OD666 of an equimolar solution of MG-

2I dye is 4.5-fold lower than that of a MG-2I/dL5** (0.022 vs 0.097). Taken together, the overall 

activation for singlet oxygen production (  ) upon binding is estimated to be higher than 450-

fold calculating from equation 3 (Rε: extinction coefficient (ɛ) activation at the excitation 

maximum of the complex, RΦΔ: singlet oxygen quantum yield activation (ΦΔ)).  

        
          Equation. 3 
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Figure 5.11: Estimated fold of activation of singlet oxygen generation from MG-2I bound to FAP, % 

ADPA bleaching by free MG-2I (in dPBS) (OD = 0.017, 0.041, 0.087, 0.163) at 669 nm after 60 s 

illumination, and by MG-2I/dL5** (in 1: 9 H2O: dPBS) (OD = 0.068, 0.148, 0.194) at 669 nm after 10 s 

illumination was plotted against 669 nm absorbance. (n = 4, mean and S.E.M. plotted) 
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  To evaluate FAP-TAPs ability to generate singlet oxygen under different wavelength 

illumination, we compared the relative ADPA bleaching rate using excitation filters for various 

fluorescent proteins, including CFP (445/45 nm), GFP (470/22 nm), YFP (500/24 nm), 

RFP(531/40 nm), Cy5 (628/40 nm) and a 659 nm laser (Figure 5.12). When excited with 

identical light flux, the excitation with GFP poses the most significant problem for excitation of 

the FAP-TAPs, while using YFP or RFP excitation filters shows very little singlet oxygen 

activation. This result is in consistent with the excitation spectrum of the FAP-TAPs, suggesting 

these fluorescent proteins are optimal for use with FAP-TAPs. 

 

Figure 5.12: (a) Normalized singlet oxygen yield using % ADPA bleaching by FAP-TAPs in PBS buffer 

with different excitation wavelengths, YFP and RFP excitation resulted in little ADPA bleaching. (n = 4, 

mean and S.E.M. plotted) (b) Overlap of common fluorescent proteins’ excitations with MG-2I/dL5** 

spectrum. 

 
  ROS generation is useful in Correlative Light and Electron Microscopy (CLEM)19, where 3,3'-

Diaminobenzidine (DAB) can be photo-oxidized by ROS to produce brown precipitate and bind 

to electron-dense osmium during subsequent electron microscopy fixation, which will then 

provide contrast in electron microscopy (Figure 5.13a). To find FAP-TAPs’ potential use in 

CLEM, we evaluated its ability to cause DAB precipitate in vitro. 100 µL samples (AlPcS4, MG-
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2I/dL5**, MG-ester/dL5**, MG-2I) in pH 7.4 sodium cacodylate buffer with the same optical 

density at 669 nm were mixed with 100 µL 1mg/mL DAB in pH 7.4 sodium cacodylate buffer 

for 5 minutes. Then, all samples were transferred to a 96-well plate and subject to 2 hours 

illumination using the LED light box. Clear brown precipitate were seen from MG-2I/dL5** 

complex after 1 h illumination, suggesting these constructs could be potentially useful for CLEM 

(Figure 5.13b). 

 

Figure 5.13: (a) Mechanism of DAB photoconversion by ROS. (b) Photoconversion of DAB by FAP-

TAPs. The absorbance for each group at 669 nm was adjusted to the same. Illumination light source: LED, 

669 nm, 89 mW/cm
2
. Clear precipitates were observed from MG-2I/dL5** and AlPcS4 after 1 hour 

illumination. 

 

FAP-TAPs mediated CALI of the PLC δ1 PH domain 

  Chromophore-assisted light inactivation (CALI) is a technique where biologists use a 

photosensizing molecule (genetic fused or conjugated to an antibody) to precisely inactivate 

protein of interest40,41. Because of the short lifetime of ROS, the damage radius is usually well-

controlled and restricted to proteins that are adjacent to the illuminated chromophore. This 
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method provides a spatially and temporally precise inactivation tool for studies of protein 

functions and protein-protein interactions. To assess FAP-TAPs utility for targeted protein 

inactivation, we compared release from the membrane of EGFP-PH-KillerRed and EGFP-PH-

dL5** fusion proteins upon suitable illumination in HEK 293 cells (constructed by Dr. Yi 

Wang)18. When the pleckstrin homology (PH) domain from PLC δ1 is inactivated by CALI, it 

translocates from the membrane to the cytoplasm, increasing the cytoplasmic/membrane EGFP 

signal (Figure 5.14). 

 

Figure 5.14: Schematic outline of the experimental design. Top: EGFP-PH-KillerRed or EGFP-PH-dL5** 

triple fusion protein was constructed to evaluate the effectiveness of specific protein inactivation from 

KillerRed and FAP-TAPs. Bottom: EGFP-PH was co-expressed with PH-KillerRed or PH-dL5** to 

estimate the collateral damage from KillerRed and FAP-TAPs. 

 

  After 5 min illumination with 560 nm (60× objective, 2.03 W/cm2), the cytoplasm-to-

membrane signal ratio changed 37% under KillerRed-mediated CALI, similar to previous reports 

(Figure 5.15a)18. The fluorescence of KillerRed is significantly bleached (> 75%) after 1 min 

illumination. In contrast, FAP-TAPs illumination resulted in a 33% ratio change after 10 s of 640 
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nm laser illumination (60× objective, 2.07 W/cm2). Further illumination of FAP-TAPs induced 

no EGFP ratio change but noticeable morphology change and minor photobleaching (Figure 

5.15b and Figure 5.16). The potential collateral damage was also assayed by co-expressing 

EGFP-PH with PH-KillerRed or PH-dL5** (Figure 5.14). Although the timescales of 

illumination were ~30-fold different, Both KillerRed and FAP-TAPs induced similar inter-

molecule inactivation of PH domain in proportion to the amount of target inactivation, indicating 

the FAP-TAPs are spatially restricted similarly to KillerRed under CALI conditions. 

 

Figure 5.15: EGFP cytoplasm to membrane ratio change upon illumination of (a): EGFP-PH-KillerRed 

and (b): MG-2I with EGFP-PH-dL5**, MG-ester with EGFP-PH-dL5** (Solid lines). Dashed lines are 

corresponding collateral damage from co-expressed proteins. (n = 8, mean and S.E.M. plotted) 
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Figure 5.16: FAP-TAPs mediated light-induced protein inactivation of the PLC δ1 PH domain. 

Representative EGFP fluorescent signal change from each condition, with imaging at fixed intervals. 

Scale bar = 5 μm and applied to all images. Illumination condition: KillerRed: 560 nm laser, 60× 

objective, 2.03 W/cm
2
; MG-ester/dL5** and MG-2I/dL5**: 640 nm laser, 60× objective, 2.07 W/cm

2
.  

 

FAP-TAPs mediated cellular photoablation 

  The light-induced cytotoxicity of FAP-TAPs was evaluated on HEK 293 cells expressing a cell-

surface anchored FAP (TM-dL5** HEK), where the FAP was anchored in the plasma membrane 

by a single PGFR-derived transmembrane helix (cell line constructed and provided by Dr. Yi 

Wang). A mixed population of TM-dL5** expressing HEK cells and wild-type HEK cells was 

incubated with 400 nM of MG-ester or MG-2I dye for 30 minutes and then illuminated with a 

continuous laser source (40× objective, 640 nm excitation, 0.76 W/cm2) for 1 minute. As shown 

in Figure 5.17, only fluorescently labeled TM-dL5** HEK cells that were treated with MG-2I 

and light were stained dead within 30 minutes using a LIVE/DEAD cell viability kit (Invitrogen, 

L-3224), while the wild-type HEK cells in the illumination field remained alive and 
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metabolically active. The labeled cells began to lose cell morphology with swelling and blebbing 

within a very short period upon illumination. MG-ester bound to TM- dL5** HEK cells, MG-2I 

treated WT HEK cells and non-targeted MG-2I/dL5** complex added to the media showed no 

apparent cytotoxicity or phototoxicity upon illumination. These results clearly established the 

dual requirements of targeted FAP expression and activated TAPs recognition in order to achieve 

efficient photosensitization. Moreover, these results also revealed that close contact of FAP-

TAPs on target cells was critical for effective delivery of ROS due to the very short radius of 

action of singlet oxygen.  

 

Figure 5.17: Photo-induced cell death required both the binding of MG-2I to dL5** and the cellular 

targeting of the complex. Top panel: images taken before laser illumination, merge of c640 (red) and DIC; 

bottom panel: Live/Dead cell viability assay 30 min after illumination, merge of c488 (live cells in cyan), 

c560 (dead cells in yellow) and DIC. Scale bar = 10 μm and applied to all images. 

 

  Limited self-bleaching (< 30%) was observed during photosensitization (the first minute of 

continuous illumination) of FAP-TAPs (Supplementary Movie 1), allowing high ROS dose 

delivery and real-time monitoring of site targeting. Under prolonged illumination times, WT 

HEK cells that are adjacent to FAP-TAPs expressing cells begin to lose viability (Figure 5.18). 
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The high photostability of the FAP-TAPs allows a high degree of tuning in the delivered ROS 

dose, allowing illumination conditions ranging from those selectively kill only a fraction of the 

expressing cells to prolonged exposures that extend the phototoxicity to nearby, non-targeted 

cells.  

 

 
Figure 5.18: Photo-induced cell death required both the binding of MG-2I to dL5** and the cellular 

targeting of the complex. Top panel: images taken before laser illumination, merge of c640 (red) and DIC; 

bottom panel: Live/Dead cell viability assay 30 min after illumination, merge of c488 (live cells in cyan), 

c560 (dead cells in yellow) and DIC. Scale bar = 10 μm and applied to all images. 

 

  dL5** targeted to the cytosol, mitochondria and nuclei of HEK cells (cell lines constructed and 

provided by Dr. Yi Wang) have also successfully induced phototoxicity from the FAP-TAPs at 

distinct subcellular locations. Cellular death pathways induced by oxidative stress from high 
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singlet oxygen production of photosensitizer are reported to be dependent on the localization site 

of photosensitizer in the cell and the amount of singlet oxygen generated5,9. Unlike targeting to 

TM, dL5** targeted to the above compartments tended to require higher light dose (2-fold more) 

and longer incubation time after illumination (3 hours) to observe clear cell death. The change of 

morphology is also not as drastic as TM-dL5** cells, indicating possible different death 

pathways were induced by targeting to different sites.  

 
Figure 5.19: Representative MG-2I induced cytotoxicity on HEK cells expressing FAP in transmembrane, 

mitochondria, nucleus and cytosol. 

 

  Use of KillerRed targeted mitochondria has been reported to allow effective cell killing by 

inducing apoptosis. To compare the cell killing effectiveness between FAP-TAPs and KillerRed, 

we transfected HEK cells to express KillerRed in the mitochondria in the same manner as dL5** 

(cell line constructed and provided by Dr. Yi Wang). Mito-KillerRed HEK cells required 90 

minutes of 560 nm laser illumination (60× objective, 2.03 W/cm2) to induce about 50% effective 

cell killing, and higher light doses are required to achieve 100% killing which resulted in 
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significant killing of neighboring non-expressing cells. Using the same laser power, 

mitochondrially targeted FAP-TAPs illuminated for 90 seconds induced 100% effective cell 

killing, without damage to neighboring cells (Table 5.2). The light dose required for cellular 

ablation is at least 60-fold less than KillerRed.  

 
Illumination 
time 

 
Repeat 1 Repeat 2 Repeat 3 Repeat 4 

  
total dead total dead total dead total dead 

FAP-TAPs  
1.5min 
 

Mito-dL5 3 3 4 4 6 5 4 4 

 
WT 5 0 9 0 9 0 9 0 

 5min 
 

Mito-dL5 4 4 3 3 3 3 4 4 

 
WT 9 2 5 4 4 4 11 3 

KillerRed  
60min 
 

mito-KR  7 0 4 0 4 1 6 0 

 
WT 6 0 4 0 5 0 3 0 

 90min 
 

Mito-KR  4 2 7 4 7 2 5 1 

 
WT 4 0 6 0 9 0 3 0 

 120min 
 

Mito-KR  4 4 6 6 5 4 5 5 

 
WT 5 5 5 5 7 0 3 2 

 

Table 5.2: Summary of cell death induced by FAP-TAPs and KillerRed targeted to mitochondria of HEK 

cells.  A mixture of Mito-dL5** or Mito-KillerRed and WT HEK cells were subjected to continuous laser 

illumination, for FAP-TAPs: 640 nm, 60× objective, 2.07 W/cm
2
, KillerRed: 560 nm, 60× objective, 2.03 

W/cm
2
. Viability assay was carried 3 hours post illumination.  

 

  Using a custom-built light-box emitting at 669 nm (89 mW/cm2 at specimen), we quantitatively 

determined the light-induced cytotoxicity on TM-dL5** HEK cells under varied illumination 

times and intensities (Figure 5.20). Different light doses were achieved by changing of light 

intensity (using 10 × 10 cm neutral density filters placed over the sample in the light box, power 

density was measured at the sample for each condition) or illumination time. For dead cell 

counting, the media was replaced with PBS containing 2 µM propidium iodide (PI) and 8 µM 

Hoechst after illumination. Allowing 30 min of staining, the ratio of cell death was calculated 

from the cell count stained by PI (dead cells) to Hoechst (total cells). WT HEK cells incubated 
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with MG-2I and TM-dL5** HEK cells labeled with MG-ester showed no detectable light-

induced cytotoxicity. The LD50 of illumination for FAP-TAPs labeled cells was measured to be 

50 J/cm2 in the light box, and in the microscope (Figure 5.21). A linear response was observed 

with changes in illumination duration, while changes in light intensity revealed a more sigmoidal 

process, similar to threshold responses to ROS reported in bacteria and mammalian cells, a result 

of cellular buffering systems that can mitigate the effects of some excess toxic ROS42,43.  

 

Figure 5.20: Light dose dependent cytotoxicity is seen on TM-dL5** cells labeled with MG-2I under 

variable light intensity (blue) or variable illumination duration (red). In contrast, no phototoxic effect is 

seen for MG-ester with TM-dL5** HEK cells (dotted black) or MG-2I with WT HEK cells (dashed 

green). Cells were illuminated using a LED light box. Cells were stained with propidium iodide (dead) 

and Hoechst (total) and over 300 cells were counted for each data point (n = 4, mean and S.E.M. plotted).  
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Figure 5.21: Dose dependent cytotoxicity by MG-2I on HEK cells expressing cell surface dL5** with 

various illumination intensity (1 minute illumination time with 25%, 40%, 50%, 60%, 70%, 80%, 90%, 

100% laser power) or illumination duration (50% laser power with 1, 2, 3, 4, 5 minutes illumination time) 

using confocal microscopy (40× objective, 640 nm). (n = 3, mean and S.E.M. plotted)  
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  In order to specify the ROS generated by FAP-TAPs in cells, we examined the suppression of 

FAP-TAPs mediated phototoxicity by adding different ROS quenchers to TM-dL5** HEK cells 

complexed with MG-2I using the light-box mentioned earlier. Sodium azide (NaN3), a known 

selective quencher of singlet oxygen, demonstrated a dose-dependent inhibition of the phototoxic 

response44. The phototoxic effect of FAP-TAPs was almost completely suppressed at a sodium 

azide concentration of 10 mM, consistent with other reports of sodium azide-mediated 

suppression of cytotoxicity (Figure 5.22). Meanwhile, no significant suppression of phototoxicity 

was observed when cells were incubated with high concentrations of catalase (a peroxide 

quencher, 1,000 U/mL) or superoxide dismutase (SOD, a superoxide quencher, 500 U/mL)45. Up 

to 2,000 U/mL catalase and 1,000 U/mL SOD were used under continuous illumination in a 

confocal microscope, resulting in a modest reduction in dead cell staining, but a persistent loss of 

viability and metabolic activity (Figure 5.23). Results from these quenching experiments along 

with the in vitro ADPA bleaching assay indicated that singlet oxygen generated from FAP-TAPs 

was the primary ROS mediating the observed phototoxic responses.  

 

Figure 5.22: TM -dL5** HEK cells were labeled with 400 nM of MG-2I and various ROS quenchers. 

After 1 minute of illumination (40× objective, 640 nm, 0.76 W/cm
2
), cell viability was determined with 

Live/Dead cell fluorescent assay. (Scale bar = 10 μm and applied to all images)  
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Figure 5.23: Phototoxicity was suppressed only by sodium azide, but not catalase or SOD, indicating the 

cytotoxicity was singlet oxygen mediated. ROS quenchers were added to cells 5 minutes prior to 

illumination and allowed 5 minutes rescue after illumination before Live/Dead staining as above. (n = 4, 

mean and S.E.M. plotted)  

 

  1O2 is known to react with nearby molecules to produce secondary peroxide species as initial 

products, which then create other reactive species and lead to cytotoxicity46. Hence, chemical 

sensors can be used to identify the cascade generation of ROS after photosensitization. 

Dihydroethidium (DHE), which reacts with superoxide (O2
−) to form a DNA intercalating 

fluorescent species (2-hydroxyethidium, 490 nm excitation and 567 nm emission), was used to 

detect other ROS in HEK cells expressing the FAP-TAPs in the nucleus47. NLS-dL5** HEK 

cells were incubated with 400 nM of dyes and then exposed to 2 μM dihydroethidium (diluted 

from freshly prepared ethanol stock solution) for 10 min. Then cells were illuminated for 2 min 

(60× objective, 640 nm, 2.43 W/cm2). The activation of DHE was monitored with an excitation 

of 488 nm and emission of 535/25 nm immediately after photosensitizing illumination. 

Significant ROS-dependent activation of DHE in the nucleus was only observed when MG-2I 

with dL5** and light were present, but not in control cells or FAP-expressing cells labeled and 

illuminated in the presence of MG-ester dye (Figure 5.24).  



107 
 

 

Figure 5.24: (a) Wild type HEK cells or cells expressing FAP with a nuclear localization signal (NLS-

dL5
**

 HEK) were first labeled with 400 nM of dye, and then 2 μM of DHE was added to cells 10 minutes 

prior to 2 minutes of illumination (60× objective, 640 nm, 2.43 W/cm
2
). Imaging was carried out 

immediately after photosensitization. (b) Mean fluorescence intensity change after illumination of each 

group. (n = 6, mean and S.E.M plotted. Scale bar = 10 μm and applied to all images, 488 channel: 488 nm 

excitation and 535/25 nm emission filter). 

 
FAP-TAPs mediated cardiac ablation in larval zebrafish 

Transgenic zebrafish lines were produced by our collaborators at University of Pittsburgh (Dr. Maria A. Missinato, 

Dr. Ezenwa Onuoha and Dr. Michael Tsang), the photoablation and analysis of adult zebrafish were carried out by 

Dr. Maria A. Missinato and Dr. Michael Tsang 

 

  In vivo cellular ablation has been used to study cell-niche relationships, cellular roles in 

development and replacement of damaged cells and tissues in regeneration48. Zebrafish (danio 
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rerio) is a frequently used vertebrate model organism because it is optically transparent, easily 

genetically manipulated, and shows conserved developmental processes with other 

vertebrates49,50. Lineage ablation can be accomplished in zebrafish by tissue specific expression 

of a bacterial nitroreductase (ntr) and subsequent treatment for ~12-24 h with metronidazole, a 

prodrug that is reduced in ntr+ cells to a DNA synthesis inhibitor, resulting in cell death51. 

Because of the rapid zebrafish development, 12-24 hours represents a relatively large ablation 

timeframe, which can limit the temporal resolution of lineage ablation studies. Given the rapid 

phototoxic response from targeted cells in culture, we sought to test the timescale of cellular 

ablation in living larval zebrafish. Transgenic zebrafish lines were produced that expressed a 

cytoplasmic dL5**-mCerulean3 (dL5**-mCer3) tandem protein under control of the heart-

specific myosin light chain 7 (myl7, also known as cmlc2) promoter, Tg(myl7: dL5**-mCer3)52. 

3 founder lines that expressed mCer3 at 28 hpf in the beating cardiac tube were identified, 

Tg(myl7:MBIC5-mCer3)pt22 (Tgpt22) and Tg(myl7:MBIC5-mCer3)pt23 (Tgpt23) were used in this 

study. Expression of dL5**-mCer3 was confirmed by fluorescence imaging of mCer3 and MG-

ester/dL5** or MG-2I/dL5** complexes, and was restricted to the beating heart (Figure 5.25).  

 

Figure 5.25: Specific expression of Tg
pt22

 and labeling by MG-2I or MG-ester, images were taken by a 

confocal microscope, 20×, 100% laser power. Scale bar = 50 μm and applied to all images. 
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  To test the effectiveness of FAP-TAPs, we treated Tgpt22 embryos at 48 hour post fertilization 

(hpf) with 500 nM fluorogen (MG-2I or MG-ester) for 3 hours. Then, larvae are subjected to 12 

minutes laser illumination (659 nm, 242 mW/cm2). Immediately after illumination, irradiated 

transgenic zebrafish treated with MG-2I showed no sign of heart beat or blood circulation, while 

MG-ester treated transgenic larvae and wild-type zebrafish with MG-2I were normal. At 24 

hours post illumination (hpi), we did not detect any new cardiac cells as indicated by expression 

of mCer3 fluorescence in the transgenic larvae (Figure 5.26). Tgpt22 larvae treated with MG-2I 

and light were developmentally delayed relative to control groups, showing smaller eyes and 

larger yolk at 96 hpi (Figure 5.27). At 48 hpi, we found that photo-treated MG-2I/Tgpt22 larvae 

exhibited cardiac edema and lower mCer3 fluorescence than at 24hpi. At 96 hpi, no mCer3+ cells 

were detected from photo-treated MG-2I/ Tgpt22 larvae, indicating that acute loss of myl7 lineage 

cells was not renewed later in development. 

 

Figure 5.26: Phenotype development from 0 hpi to 96 hpi of larval zebrafish (Merge of DIC and mCer3 

fluorescence (cyan), n = 20 for each group): MG-ester/Tg
pt22

, MG-2I/Tg
pt22

 and MG-2I/WT. In MG-

2I/Tg
pt22

 group, the larvae developed a range of visible defects: large cardiac edema, small eyes, and 

collapsed, nonfunctional heart chambers. In both control groups, development proceeded normally. Scale 

Bar = 1000 µm and applied to all images. 
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Figure 5.27: Region of interest selected to quantitatively analyze development of zebrafish from 0hpi to 

96hpi. Red: MG-2I/Tg
pt22

, blue: MG-ester/Tg
pt22

, green: MG-2I/WT. In MG-2I/Tg
pt22

 group, the fish 

developed smaller eyes (****), shorter body length (*), larger edema (****) compared to MG-2I/WT and 

loss of mCer3 positive cell (****) compared to MG-ester/Tg
pt22

. Scale bar = 500 μm, n = 6, mean and 

S.E.M. plotted, unpaired t test, *P < 0.05, **P < 0.01; ***P < 0.001. 

 

  To evaluate ablation, we used deoxynucleotidyl transferase-mediated deoxyuridinetriphosphate 

nick end-labeling (TUNEL) assay with anti-GFP staining to assess on and off-target cell death in 

whole-mount Tgpt22 larvae at 24 hpi (Figure 5.28). Larval zebrafish were fixed 24 h after 

illumination in 4% paraformaldehyde (PFA) overnight. Whole-mount apoptosis was measured 

via TUNEL assay (Invitrogen, C10617) according to the manufacturer's instructions. 

mCerulean3 was labeled by a primary rabbit anti-GFP antibody (Abcam, ab6556); the secondary 

antibody in use was donkey anti-rabbit IgG H&L (Alexa Fluor 555) (Abcam, 

ab150074). Reduced mCer3+ cells and an increased number of TUNEL+mCer3+ cells were seen 

in 12 min MG-2I/Tgpt22 larvae, without any increase in TUNEL+mCer3- cell death compared 

with 12 min MG-ester/Tgpt22 larvae (Figure 5.29). The fraction of TUNEL+mCer+ cells in 12 min 

MG-2I/Tgpt22 group was increased compared to 12 min MG-ester/Tgpt22 group (31% vs 4.4%, P < 
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0.01). Shorter illumination time (4 min MG-2I/Tgpt22) resulted in reduced specific cytotoxicity, 

confirming the light-dose dependence of the FAP-TAPs ablation.  

 

Figure 5.28: Fish were fixed 24 hpi and stained using a whole mount TUNEL assay and immunolabeling 

of the mCer3 with anti-GFP antibodies and a secondary Alexa555 conjugated donkey anti-rabbit antibody. 

(a) Representative imaging of orthgonal view and sphere reconstruction of TUNEL/mCer3 fluorescence. 

(b) mCer3
+
 cell count, fewer mCer3

+
 cells are seen in 12 min MG-2I/Tg

pt22
 group (*). (c) TUNEL positive 

cell count, green represents TUNEL signals that colocalized with mCer3 signals; black represents 

TUNEL signals that were not associated with mCer3
+
 cells. (NS for all groups) (d) TUNEL/mCer3

+
 ratio, 

MG-2I with 12 min illumination induced 31.5% (**) cell death of mCer3
+
 cells compared to MG-ester 

with 12 min group. A reduced fraction of mCer3
+
 cells are killed (24.8%) when 4 min illumination is 

applied (*). Scale Bar = 10 µm and applied to all images, n = 8, mean and S.E.M plotted. One-way 

ANOVA, Tukey post hoc tests were performed with multiple comparisons of mean for each group. Paired 

t test was used for comparisons between specific death and non-specific death. *P < 0.05, **P < 0.01. 
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  To demonstrate the utility of FAP-TAPs in deep tissue, we performed cardiomyocyte photo-

ablation experiments in adult zebrafish (experiments and analysis were carried by Dr. Maria A. 

Missinato and Dr. Michael Tsang). Tgpt23 zebrafish that uniformly express CFP in the heart at the 

adult stage was used in this study (Figure 5.29a). Zebrafish were anesthetized for 3 minutes in 

Tricaine (0.168 mg/L of MS222, Sigma) and retro-orbital injected with 3 µL of 12 M MG-ester 

(0.06 mg/kg) or MG-2I (0.09 mg/kg) solutions dissolved in filtered 1× PBS53. Fish were returned 

into water and stimulate to breathe by vigorously squirting water over the gills with a pipette. 20-

30 minutes after retro-orbital injection, 5 fish will were placed in a 100 mL beaker containing 50 

mL of fish water and illuminated with the LED light-box (669 nm, 2.5 W/cm2 illumination from 

below the fish) for 30 minutes (Figure 5.29b). The fish water in the beaker was replaced with 

fresh water every 10 minutes.  

   

Figure 5.29: (a) Tg
pt23

 zebrafish uniformly express mCer3-dL5
**

 at the adult stage in the atrium (A) and in 

the ventricle (V) (Experiments were carried out by Dr. Maria A. Missinato); (b) Schematic illustration 

of experimental setup for photo-ablation of adult zebrafish (illustration was drawn by Dr. Michael 

Tsang).  

 

  The fish were then returned to the water system and monitored daily. Fish were lethally 

euthanized at determined time point after the illumination, and hearts, livers and intestines were 
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extracted and fixed in 4% paraformaldehyde for histochemical analysis. At 3 days post 

illumination (dpi), hearts, livers and intestine were extracted and fixed with 4% PFA. Fixed 

hearts, livers and intestines were cryopreserved in 30% sucrose in PBS before immersion in 

embedding medium (Leica). Apoptosis was measured via TUNEL assay (Millipore; S7165) 

according to the manufacturer's instructions. Primary antibodies used for immunostaining were 

anti-Mef2c (Santa Cruz Biotechnology; sc-313) (1:500) and anti-PCNA (Sigma; P8825) 

(1:1,000). Secondary antibodies used were Alexa Fluor 488 goat anti-rabbit IgG peroxidase 

conjugate (Thermo Fisher; A-11008) (1:1,000) and Alexa Fluor 594 goat anti-mouse IgG (H + L) 

(Thermo Fisher; A-11036) (1:1,000). Slides were mounted with Vectashield mounting medium 

with DAPI (Vector Laboratories; H-1200). For each experiment, two to six sections were 

analyzed for each heart, liver and intestine. The cardiomyocyte proliferation index was 

calculated as the percentage of the number of Mef2c+PCNA+ cells divided by the number of total 

Mef2c+ cells. 

  Increases cell death was observed in the hearts of transgenic zebrafish injected with MG-2I, 

compared to all the controls groups (Figure 5.30a), suggesting the efficiency of the ablation in 

deep tissue. In contrast, no difference of apoptotic rate was observed in livers and intestines 

between all the treatments, showing the specificity of the ablation system for the heart (Figure 

5.31a). To confirm cardiomyocyte ablation, we extracted the hearts at 5 dpi and stained with 

Acid Fuchsin Orange G (AFOG) staining that labels the intact cardiac muscle in orange54. 

Fourteen-micrometer cryosections were stained with AFOG as previously described. We 

measured the myofiber area by imaging four sections for each heart stained with AFOG and 

quantifying the total ventricular area and the cardiac tissue using ImageJ software (NIH). 

Transgenic hearts injected with MG-2I showed a damaged cardiac structure and a reduction of 
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the percentage of cardiac muscle in the ventricle, compared to the controls (Figure 5.30b). 

Importantly, no structural defects were observed in livers and intestine (Figure 5.31b). Adult 

zebrafish has a remarkable ability to regenerate damaged cardiac muscle throughout proliferation 

of pre-exsisting cardiomyocyte55-57. To determine whether the system that we generated caused 

enough damage to activate a regenerative response, we performed cardiomyocyte proliferation 

assay. At 5 dpi, only illuminated transgenic zebrafish injected with MG-2I had significantly 

increased numbers of proliferating cardiomyocytes compared to similarly treated wild-type 

zebrafish (P < 0.001, MG-2I–treated Tgpt23 versus MG-2I–treated wild-type; P > 0.05 MG-ester–

treated Tgpt23 versus MG-ester–treated wild-type) (Figure 5.30c), showing that the ablation 

inflicted sufficient damage to induce a regenerative response. Notably, proliferation rate in livers 

and intestine was comparable in all the groups (Figure 5.31c), showing the specificity of the 

ablation for the cardiac muscle. 
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Figure 5.30: (a) FAP-TAPs photo-induced cardiac damage in adult zebrafish. Hearts were extracted at 3 

dpi and TUNEL was performed to assess cell death. (b) Acid Fuchsin Orange G (AFOG) staining of 

hearts at 5 dpi showing the damaged cardiac structure in transgenic fish injected with MG-2I. (c) Mef2c 

(cardiomyocyte) and PCNA (proliferation) staining at 5 dpi shows enhanced cardiomyocyte proliferation 

(yellow arrow) in transgenic fish injected with MG-2I. Scale bar = 100 µm and applied to all images, n = 

9 for all groups, One-way ANOVA, Tukey post hoc tests were performed with multiple comparisons of 

mean for each group. P-values were considered significant when < 0.05, shown as mean ± S.E.M. 

(Experiments and analysis were carried out by Dr. Maria A. Missinato) 
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Figure 5.31: FAP-TAPs induced photo-ablation is specific to the cardiac tissue in adult zebrafish. (a): 

TUNEL assay in liver and intestine (Gut) at 3 dpi showed no differences between the four groups. (b): 

AFOG staining of liver and Gut at 5 dpi showing no structural damage in all groups. (c): Mef2c 

(cardiomyocyte) and PCNA (proliferation) staining in liver and Gut at 5 dpi was comparable in all the 

groups. n = 5 for each group, One-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001; scale bar = 100 

µm. (Experiments and analysis were carried out by Dr. Maria A. Missinato) 
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Targeting FAP-TAPs to selective ablate cancer cells 

  Numerous efforts have been made to improve tumor specificity by conjugating photosensitizers 

to tumor-recognizing moieties (3rd generation)14,58. For example, photosensitizers have been 

coupled to monoclonal antibodies (mAbs) specific to tumor-associated markers, so that the 

conjugate can be delivered to the tumor site with improved specificity59-61. However, the large 

size of antibodies results in slow systemic clearance rates and limited tissue penetration. 

Moreover, the highly specific antigen recognition by mAbs is often compromised by the high 

ratio of photosensitizer substitution, which alters the overall charge and biodistribution of these 

conjugates8,11. Additionally, non-human derived immunoconjugates are usually neutralized by 

the human immune system, resulting in further reduction of tumor accumulation.  

  To reduce nonspecific phototoxicity in normal tissues, one approach is to develop 

photosensitizers that can only be activated for ROS generation with the presence of both light 

illumination and cell-specific targeting25,62. Cellularly targeted and activated photosensitizers are 

expected to improve the specificity in PDT by restraining the ROS generation to tumor tissues 

and minimizing the damage to the surrounding non-targeted tissue, where the photosensitizer 

remains inactive. Spring et. al reported an activatable photoimmunotherapy for targeting A431 

cancer cells, in which multiple self-quenching photosensitizers were conjugated to an antibody 

against EGFR63. Upon binding, the phototoxicity and fluorescence of photosensitizer were 

activated by lysosomal proteolysis with 7-fold activation. However, lysosome-targeted ROS 

generation is less effective for inducing cytotoxicity and the relatively low activation efficiency 

suggests both high dose illuminations would be required and limited selectivity would be 

obtained. The problem of robustly targeting and activating photosensitizer selectively at tumor 

sites remains an unmet technical challenge, and a significant goal to advance PDT.    
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  To illustrate FAP-TAPs targeting endogenous cellular proteins for photosensitization, we 

delivered FAP-TAPs to cancer cells for phototoxic effect through a recombinant affinity probe 

(AffiFAP) (Figure 5.32a), where FAP was conjugated to two copies of an EGFR specific 

affibody64. Affibody is a compact affinity scaffold and has been developed as an antibody 

alternative for in vivo targeting due to faster clearance rates and improved tissue penetration as a 

result of the small size (6 kDa). Using cultured cells, we demonstrated highly selective targeting 

of the AffiFAP to tumor cells and the resulting targeted cell-specific cytotoxicity (Figure 5.32b). 

A mix of wild-type HEK and A431 cells was first labeled with 200 nM of AffiFAP followed by 

200 nM of the respective dye without washing off unbound AffiFAP-dye complexes. After 1 

minute illumination (60× objective, 640 nm, 2.43 W/cm2), A431 cells labeled by EGFR-specific 

AffiFAP and MG-2I showed significant and highly specific light-induced cytotoxicity. No 

detectable cell death was observed among cells incubated with MG-2I bound to non-conjugated 

dL5** or among cells incubated with MG-ester bound to EGFR targeted AffiFAP. A separate 

HER2 specific AffiFAP also failed to target and induce cytotoxicity of A431 cells, indicating the 

molecular selectivity of this targeting approach. These results revealed that close contact of FAP-

TAPs to target cells was critical for effective delivery of ROS due to the very short radius of 

action of singlet oxygen (< 0.2 μm). These results clearly established the dual requirements of 

FAP-TAPs targeted by cancer-specific affinity probes and activated by FAP/fluorogen 

recognition in order to achieve efficient cancer photosensitization. Similar results were also 

observed with HER2-specific AffiFAP labeled SKBR3 cancer cells (Figure 5.33). Thus, through 

AffiFAP constructs, FAP-TAPs were shown to target endogenous cancer cell markers and limit 

nonspecific damage to normal cells by spatially restricting the singlet oxygen generation to the 

cancer cells. 
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Figure 5.32: Highly specific and activatable phototoxicity of TAPs on A431 cancer cells targeted by 

AffiFAP. (a): Schematic illustration of TAPs targeting and selectively destroying cancer cells by AffiFAP; 

(b): Cancer cell selective killing effect by FAP-TAPs. A mixture of A431 and HEK cells was first labeled 

with 200 nM of AffiFAP for 15 minutes followed by 200 nM of dyes for another 15 minutes. Without 

washing, cells were illuminated for 1min (60× objective, 640 nm, 2.43 W/cm
2
) and then stained with a 

Live/Dead cell viability kit (top panel: DIC and 640 channel (red), bottom panel: DIC, 488 channel (live 

cells in cyan) and 560 channel (dead cells in yellow)). Scale bar = 10 μm and applied to all images.  

Images are representative of typical results from > 4 independent replicates. 
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Figure 5.33: Selective cytotoxicity of HER2 AffiFAP targeting SKBR3 cancer cells. A mixed culture of 

SKBR3 and HEK cells was first incubated with 100 nM of dL5** conjugated affibody against HER2 for 

15 minutes followed by 100 nM of MG-2I or MG-ester for another 15 minutes. 1 hour after 3 minutes of 

illumination (60× objective, 640 nm, 2.43W/cm
2
), cell viability was determined with Live/Dead cell 

fluorescent assay. (Scale bar, 10 μm) 

 

 

Summary 

We have reported a two-component photosensitizing approach that enables robust and target-

specific NIR light-mediated cytotoxicity of FAP expressing cells and AffiFAP targeted cancer 

cells. Different from conventional photosensitizers, the fluorogen (MG-2I) or FAP (dL5**) alone 

has no significant photosensitizing effect until they are bound to each other. The activation of 

photosensitization is achieved by ‘active’ addition of fluorogens to the targeted cells instead of 

the ‘passive’ cleavage of quenching groups by cellular components. The flexible genetic 

targeting strategy of the FAP along with efficient activation of ROS generation makes FAP-

TAPs an immediately useful tool for targeted cellular ablation and subcellular protein 

inactivation, which can potentially be multiplexed with other photosensitizers (e.g. KillerRed and 

MiniSOG). With molecular targeting strategy of the AffiFAP along with efficient activation of 
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ROS generation makes FAP-TAPs a potential alternative for cancer ablation in PDT and surgical 

applications. The fact that the same FAP (dL5**) can be used to bind a non-photosensitizing dye 

(the MG-ester), allows many studies that rely on imaging to be extended to photosensitization 

only when the researcher or clinician desires. This alternative labeling strategy can facilitate the 

selection of stable cells and transgenic animals, which are primed for imaging, photoablation or 

photosensitization studies.  

  

Experimental Details 

The 3, 5-diiodo-4-hydroxybenzaldehyde was purchased from VWR International; anthracene-

9, 10-dipropionic acid disodium salt (ADPA), Catalase−polyethylene glycol and 

SOD−polyethylene glycol from Sigma-Aldrich; tetrasulfonated aluminum 

phthalocyanine (AlPcS4) from Frontier Scientific; Hoechst dye 33342, Live/dead cell 

viability/cytotoxicity kit (L-3224) and Dihydroethidium (hydroethidine)  

(D11347) were from Invitrogen. 1H NMR and 13C NMR data were recorded from Bruker 

Avance™ 300 MHz and 500 MHz. Mass spectra were obtained from Thermo-Fisher LCQ 

ESI/APCI Ion Trap. Final products were purified by silica, neutral alumina and reverse-phase 

chromatography. Raw absorbance values of respective free dyes and dye-FAP complex were 

measured on a PerkinElmer Lambda45 spectrophotometer. Fluorogenic enhancement was 

measured in 96-well microplates on a Tecan Infinite Plate Spectrometer. Corrected emission 

spectra were taken on a Quantamaster monochromator fluorimeter (Photon Technology 

International). Live zebrafish imaging was acquired by an EVOS FL Manual microscope. For 

details regarding cell culture and generation of transgenic zebrafish line, please read Nature 

Methods, 13, 263-168 (2016). 
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Synthesis of MG-2I   

 

  Ethyl 4-(2,6-diiodo-4-formylphenoxy)butanoate: 3.74 g (10 mmol) 3,5-Diiodo-4-

hydroxybenzaldehyde and 2.0 g (10 mmol) ethyl, 4-bromobutyrate were dissolved in 5 mL dry 

DMF, 1.52 g (11 mmol) of finely powdered K2CO3 added and heated to 80   for 3 hours. The 

reaction mixture was cooled to room temperature and filtered to remove the precipitate. The 

solvent was then removed under reduced pressure to afford the crude product, which was 

purified by column chromatography on silica gel using 80% Hexane/20% Ethyl acetate. The 

product had a chemical composition of C13H14I2O4 with M.W. of 488.06 g/mol (yield: 4.58 g, 

94%). 1H NMR (300 MHz, Chloroform-d) δ 9.82 (s, 1H), 8.28 (s, 2H), 4.17 (q, J = 7.1 Hz, 2H), 

4.10 (d, J = 6.0 Hz, 2H), 2.72 (t, J = 7.4 Hz, 2H), 2.29 (q, J = 6.6 Hz, 2H), 1.30 (t, J = 7.2 Hz, 

3H). 13C NMR (75 MHz, Chloroform-d) δ 188.1, 173.3, 162.7, 141.6, 135.4, 91.7, 72.4, 60.4, 

80.6, 25.3, 14.4, ESI-MS (+m/z): 488.2.  

 

  MG[H]-2I ester: 2.44 g (5 mmol) ethyl 4-(2,6-diiodo-4-formylphenoxy)butanoate and 1.22 g 

(10 mmol) N,N-dimethylaniline were dissolved in 50 mL dry EtOH, 0.70 g (5 mmol) anhydrous 

ZnCl2 was added to the solution and it was heated to reflux for 2 days. The reaction mixture was 

then dried under reduced pressure, purified with silica gel (Eluent: 50% ethyl acetate/50% 
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hexane) to give MG[H]-2I ester. The product had a chemical composition of C29H34I2N2O3 with 

M.W. of 712.41 g/mol (yield: 2.31 g, 65%). 1H NMR (300 MHz, Chloroform-d) δ 7.53 (s, 2H), 

6.96 (d, J = 8.6 Hz, 4H), 6.69 (d, J = 8.8 Hz, 4H), 5.24 (s, 1H), 4.19 (q, J = 7.1 Hz, 2H), 4.02 (t, 

J = 6.0 Hz, 2H), 2.95 (s, 12H), 2.71 (t, J = 7.5 Hz, 2H), 2.23 (p, J = 6.4 Hz, 2H), 1.30 (t, J = 7.1 

Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 155.6, 149.4, 145.7, 140.7, 131.5, 129.8, 112.8, 90.7, 

71.9, 60.5, 53.7, 40.9, 31.2, 25.5, 14.4, ESI-MS (+m/z): 712.3. 

 

  MG-2I: 0.71 g (1 mmol) MG[H]-2I ester was dissolved in 5 mL MeCN and heated to reflux, 

0.27 g (1.1 mmol) p-chloranil was dissolved in 5 mL hot MeCN and added to the reaction, it was 

allowed to further reflux for 2-3 hours. The reaction mixture was dried under reduced pressure, 

purified with silica gel to get methylium, bis[4-(dimethylamino)phenyl](4 -(3-

carboethoxypropyl)-3,5-diiodo-phenyl)-chloride (MG-2I) (Eluent: 80% CHCl3/20% MeOH). 

The product had a chemical composition of C29H33ClI2N2O3 with M.W. of 746.85 g/mol (yield: 

0.67 g, 90%). 1H NMR (300 MHz, Chloroform-d) δ 7.68 (s, 2H), 7.35 (d, J = 8.6 Hz, 4H), 7.02 

(d, J = 8.3 Hz, 4H), 4.17 (m, 4H) 3.41 (s, 12H), 2.7 (t, J = 6.6 Hz, 2H), 2.26 (m, 2H), 1.28 (t, J = 

7.0 Hz, 3H). 13C NMR (75 MHz, Chloroform-d) δ 174.2, 171.7, 161.3, 157.2, 145, 140.6, 138.9, 

128, 114.4, 91.3, 72.8, 61.6, 41.5, 30.9, 25.5, 14.6, ESI-MS (+m/z): 710.3. 
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Thesis summary 

  Fluorescence microscopy is essential for cell imaging and bio-sensing. Various targeting 

strategies have been developed to visualize molecules of interest1. Fluorogen activating proteins 

(FAPs) can activate dark fluorogens to fluoresce and have been applied to a wide range of fields 

including pH sensing, protein trafficking, STED super-resolution microscopy and in vivo 

imaging2,3. In this thesis, I have focused on developing malachite green based fluorogenic dyes 

to study the fluorogen-FAP interaction and to explore the photochemical properties of fluorogens, 

for applications such as tuned cell permeability, NIR imaging, multi-color imaging and ROS 

generation. Especially, the FAP-mediated targetable and activatable photosensitizer (FAP-TAPs) 

was established and validated to induce acute and localized phototoxicity by production of 

singlet oxygen, and has been successfully applied to photo-inactivate fused proteins; to 

photosensitize cells expressing dL5** at the plasma membrane, cytosol, mitochondrial matrix or 

nucleus in culture; and to ablate cardiac cells in living larval and adult zebrafish expressing 

dL5** in the cytoplasm4.  

Future directions 

Completion of charged MG study 

To help better understanding the effect of net charge of MG derivatives, two compounds have 

been proposed to synthesis in the future (Figure 6.1). MG-EDA-OH has a +1 overall charge that 

is missing in the charged MG series, MG-EDA-PPT is an alternative version of MG-EDA-

piperazine (T5) with +3 overall charge without the cyclic tail.  
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Figure 6.1: Two proposed charged MG derivatives. 

Selection of FAPs to activate MGF2  

  Even though dL5** can bind and activate MGF2 to fluoresce, the activation ratio is poor and 

hardly detectable with confocal microscopy. The free MGF2 is chemically stable and doesn’t 

decolorize in physiologic pH (pH 5 – 8.5). It is plausible to develop FAPs from the naive scFv 

library to specifically activate MGF2 fluorogen with improved binding and fluorescence 

activation through randomly mutagenizing and screening using a yeast expression system and 

cell sorting5. The selected MGF2 activating FAPs are likely to also activate MG because of 

similar but smaller structures. With a bright NIR functioning MGF2-FAP, we would be able to 

image cellular compartments in deep tissues in vivo.  

Develop fluorogen that emits yellow fluorescence when binding dL5**  

  MHN-ester, MG-Btau have been used together with dL5** as green-inside red-outside labeling 

approach for protein trafficking6. A fluorogen that can be activated by dL5** to emit yellow 

fluorescence can not only offer more choice in multi-color imaging of protein of interest, but also 

provide alternatives when using together with other fluorescent probes. In fact, several 

structurally mimics of MG have been proposed and synthesized (Figure 6.2). Their binding 

properties were tested against dL5** and several FAPMARS proteins, we found little fluorescence 

activation by dL5** but promising activation from FAPMARS proteins. In designing future MHY 
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compounds, factors such as symmetry, solubility and lipophilic linker should be taken into 

consideration based on previous experience. 

 
 

Figure 6.2: Several MHY compounds were synthesized for potential yellow fluorescence activation when 

bound with dL5**, proposed MHY structures to improve the fluorescence activation ratio 

 

Develop Fluorogen-FAP platform in NIR-II imaging window 

  Fluorescence imaging in the NIR-II (1000-1700 nm) has dramatically higher resolution and 

depth compared to in the NIR-I (750-900 nm) window7. So far, no genetically targetable 

fluorescent probes are available in the NIR-II window. We propose that MG analogues with 

incorporating lengthened double band(s) that extend the charge delocalization will red-shift the 

absorption spectrum (Figure 6.3)8. These non-fluorescent MG analogues would also become 

fluorescent if bound and rigidized by dL5** or other suitable FAPs, and can provide a NIR 

spectra range no fluorogen-FAP complexes were able to achieve so far. 
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Figure 6.3: Proposed MG analogues for NIR-II fluorescence imaging and their synthesis routes. 

 

Develop TAPs with higher ΦΔ and further shifted excitation wavelength  

  The FAP-TAPs strategy using MG-2I/dL5** has been demonstrated to be effective and useful 

in target ablation with a 0.13 singlet oxygen quantum yield and a 666 nm excitation maximum. 

The dramatic increase of ΦΔ was brought by the intermolecular heavy-atom effect from the 

diiodo-substituted bottom phenyl ring which prolonged the triplet lifetime of MG-2I/dL5**. New 

TAPs dyes with higher ΦΔ and further red-shifted absorption spectrum can access deep tissue and 

require less light dose to achieve effective ablation. Intramolecular heavy-atom substitutions is 

known to be more effective in prolonging the triplet lifetime than intermolecular9, higher ΦΔ can 

be achieved by introducing iodo/bromo heavy-atom at the dimethylaniline rings (Figure 6.4). 

The absorption spectrum can be red-shifted by introducing electron-withdrawing group at the 

chromophore.  

 

Figure 6.4:  Proposed structures for 2
nd

 generation TAPs 
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Appendix 

 

Structure of MGS and normalized fluorescence spectrum of MGS/dL5** complex (ΦF < 1%) 

 

 

MGS as a non-fluorescent marker for dL5** protein, it can effectively block surface dL5** for 

30 minutes. (Top: 500 nM MGS was pre-complexed with TM-dL5** HEK cells for 30 minutes, 

then 500 nM MG-Btau was added to the cell culture; Bottom: 500 nM MG-Btau was pre-

complexed with TM-dL5** HEK cells for 30 minutes, then 500 nM MGS was added to the cell 

culture) 
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Absorption spectrum of MG-3p-MG in pH7.4 PBS buffer and in MeOH, intramolecular folding was seen 

in aqueous solution. 

 

 

Introduction of rigid diphenyl linker prevent the intramolecular folding between MG 
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Appendix 7-1 (product: 2-3) 

 

 

Appendix 7-2 (product: T1) 
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Appendix 7-3 (product: 2-5) 
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Appendix 7-4 (product: 2-7) 
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Appendix 7-5 (product: 2-8) 

 

 

Appendix 7-6 (product: T2) 
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Appendix 7-7 (product: 2-9) 

 

 

Appendix 7-8 (product: T3) 
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Appendix 7-9 (product: T4) 

 

 

 

Appendix 7-10 (product: T5) 
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Appendix 7-11 (product: T1-AM) 
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Appendix 7-13 (product: MGF1, predicted 1H NMR and 13C NMR of MGF1 and obtained 1H NMR 

and 13C NMR) 
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Appendix 7-14 (product: 3-2) 

 

 

Appendix 7-15 (product: MGF2) 
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Appendix 7-16 (product: MGF3) 



146 
 

 

 

Appendix 7-17: (product: MGF4[H], predicted 
1
H NMR and 

13
C NMR of MGF4[H] and obtained 

1
H 

NMR and 
13

C NMR) 
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Appendix 7-19 (product: 3-7) 

 

 

Appendix 7-20 (product: 3-8) 
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Appendix 7-21 (product: 3-10) 
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Appendix 7-22 (product: MHN-ester) 

 




