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ABSTRACT OF THE DISSERTATION 

 

Radiochemical Synthesis of 4-[18F]Fluorobenzyl-
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Electrophile Modification of Glyceraldehyde-3-

Phosphate Dehydrogenase (GAPDH) 

 

by 

 

Adrian Lorenzo Gomez 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2022 

Professor Joseph Ambrose Loo, Chair 

 

 

Positron emission tomography (PET) is an imaging modality that is capable of 3-dimmensional 

images where radiolabeled molecules are taken up in the body through absorption, biodistributed 

in vivo, and metabolized. Bioactive molecules with a specific affinity towards pathways or targets 

of interest can be radiolabeled and visualized. The PET tracer 4-[18F]Fluorobenzyl-

triphenylphosphonium ([18F]FBnTP) is capable of targeting the mitochondria membrane potential 

(ΔΨm) due to its cationic and lipophilic properties. The three pot, four step radiochemical synthesis 

of [18F]FBnTP was successfully developed using the automated radiosynthesizer ELIXYS, which 

allowed for a multidose synthesis. The [18F]FBnTP PET tracer was then used for the in vivo 

imaging of non-small cell lung cancer (NSCLC) in disease model mice. This allowed for the 

profiling of the mitochondrial membrane potential in autochthondous mouse models of lung 

cancer and find distinct functional mitochondrial heterogeneity for subtypes of lung tumors. The 
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second area of research included developing a drug analogue containing a 4-(nitrophenylsulfonyl) 

piperazine backbone, since this class of compounds has been shown to have the ability to 

decrease murine mortality in hematopoietic acute radiation syndrome (hARS) for the mitigation of 

radiation damage. The synthesis and characterization, and pharmacokinetics was performed for 

52A1, which successfully showed to mitigate radiation damage in vivo. The third area of research 

included the inhibition of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by ambient 

electrophiles. GAPDH is an important enzyme for energy metabolism as well as cell proliferation 

and tumorigenesis. However, upon exposure to ambient pollutants that are produced from 

incomplete combustion, they can react with the cysteine sites on proteins. The chemical 

properties of these pollutants make them inherently electrophiles, wherein the cysteine sites are 

nucleophilic in biological conditions. The cysteine modification then reacts via the Michael 

Addition, which is an irreversible chemical modification. It was found that when exposed to 

ambient electrophiles, the Cys 152 and Cys 247 residues of the Human GAPDH were chemically 

modified, which lead to inhibition and reduced catalytic activity. The quantification and localization 

of the ambient electrophile modification on GAPDH were determined using intact protein analysis, 

catalytic activity studies, and bottom-up proteomics approaches. 
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Chapter 1: Introduction 

 

1.1 Positron emission tomography (PET) Tracers 
 

Non-invasive imaging using Positron Emission Tomography (PET), has been a valuable tool for 

early diagnosis of a variety of diseases.1 PET works by labelling compounds with radionuclei, 

which emit positrons that annihilate with nearby electrons to form two gamma rays that travel in 

opposite directions. These gamma rays are then detected and reconstructed to give a 3-

dimmensional image of where the labelled molecules are taken up in the body. Bioactive 

molecules with a specific affinity towards pathways or targets of interest can be radiolabeled and 

visualized. One of the more commonly used PET tracers include but are not limited to 2-deoxy-

2-[fluorine-18]fluoro-D-glucose ([18F]FDG), an analogue of glucose which is capable of visualizing 

increased glucose uptake and glycolysis of cancer cells and can depict metabolic abnormalities.2 

Recently, PET tracers have been used for both in vivo visualization and treatment, known as 

Theranostics. Theranostics have been used to treat diseases such as prostate cancer by targeting 

the prostate specific membrane antigen (PSMA) first with 68Ga-DOTA-PSMA and upon successful 

imaging, the tumors were treated with 177Lu-DOTAGA-PSMA.3 Moreover, mitochondrial specific 

PET tracers, such as [18F]4-fluoro-benzyl-triphenyl-phosphonium ([18F]FBnTP), can be 

synthesized then visualized using PET for imaging of the mitochondria in vivo. Mitochondria key 

processes involve cellular energy and metabolism and have a major role in growth and survival 

of cancer cells. Oxidative phosphorylation, which is the process of forming ATP from the electron 

transport chain (ETC), occurs in the mitochondria.4 The PET tracer [18F]FBnTP is a cationic 

lipophilic compound that can target the mitochondrial membrane potential (ΔΨm) due to its 

negative plasma membrane potential such as in the figure below. This is significant because 

certain diseases such as diabetes, cardiac failures, neurodegenerative diseases, and cancer 
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have changes in the mitochondrial membrane potential, which can be detected early and non-

invasively.5–8 These diseases ultimately lead to mitochondrial dysfunction, which causes a 

reduced negative membrane potential among other various harmful downstream cellular 

processes. Consequently, mitochondrial dysfunction can be monitored via these perturbations in 

the mitochondria membrane potential (ΔΨ) for non-invasive PET imaging using [18F]FBnTP. In 

Chapter 3 of this work, [18F]FBnTP was used to visualize mitochondrial dysfunction in non-small 

cell lung cancer (NSCLC) disease model mice. [18F]FBnTP was able to profile mitochondrial 

membrane potential in autochthonous mouse models of lung cancer, and ultimately a distinct 

functional mitochondrial heterogeneity within the subtypes of lung tumors was found. In Chapter 

2 of this work, the radiochemical synthesis of [18F]FBnTP PET tracer was be performed using the 

automated ELIXYS synthesizer in a three pot four step sequence shown below. 

Figure 1. 1. Potentiometic Nature of [18F]FBnTP PET Tracer Uptake in Mitochondria 
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The synthesis of this PET tracer was previously described by Ravert et al. 2004, however the 

starting radioactivity and activity yields were not disclosed.9 In this chapter the optimization and 

successful synthesis of a multidose [18F]FBnTP PET tracer was described. 

1.2 Radiation mitigation 
 

The use of ionizing radiation (IR) in medical practice has become increasingly frequent over the 

years for visualization of tumors and cancers with X-Ray and CT scans, and for treating tumors 

and cancers with beam therapy.10 However, IR has deleterious side effects including damage to 

normal cells and ironically, the initiation of new cancerous growths.11 Our ability to mitigate cellular 

damage caused by IR remains limited. Recently, a high throughput screening procedure has 

shown that compounds containing a 4-(nitrophenylsulfonyl) piperazine backbone have the ability 

to decrease murine mortality in hematopoietic acute radiation syndrome (hARS).12 One of the 

ways the efficacy of a drug can be measured is through pharmacokinetics. Pharmacokinetics 

allows for the quantification of a drug over time in plasma and tissues. The time course of the 

study allows for the absorption, distribution, metabolism, and excretion of the drug (ADME).  

Previously, the compound 512 was synthesized and was shown to uniquely mitigate hARS. 

However, 512 had challenges in formulation of the compound, which led to the synthesis of 52A1. 

Figure 1. 2. Synthesis schematic of [18F]FBnTP PET tracer 
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The 52A1 analogue was designed to improve the solubility through the addition of a methylamine 

group to the benzene. The modified synthesis schematic is shown below.  

 

Figure 1. 3. Synthesis schematic of 52A1 

In Chapter 4 of this work, 52A1 was synthesized and characterized, and pharmacokinetics were 

performed on the analogue as well as in vivo mice studies.  

1.3 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Inhibition 
 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is responsible for catalyzing the oxidative 

phosphorylation of glyceraldehyde 3-phosphate to 1,3-diposphoglycerate, which is a precursor 

for ATP biosynthesis.13 The enzyme contains an active site cysteine thiolate (Cys 152 in Human 

GAPDH, Cys 149 in Rabbit GAPDH), which is located in a pKa-lowering microenvironment (pKa= 

6.03).13,14 The catalytic Cys 152 appears to reside in a pKa-lowering catalytic triad possibly 

involving Histidine (His179) present in the three-dimensional structure of human GAPDH.14 The 

Cys152 is capable of reacting with environmental electrophiles through the irreversible Michael 

addition. Environmental electrophiles such as acrylamide (ACR) and methyl vinyl ketone (MVK) 

have been shown to selectively chemically modify the Cys 152 at lower concentrations and at 

higher concentrations ACR can react with Cys 152 and Cys 247.14 Additionally, 

parabenzosemiquinone (p-BSQ), an abundant (100-200 µg/cigarette) long-lived radical quinone 

is present in cigarette smoke and diesel smoke, which after inhalation is converted to 1,4-

benzoquinone (BQ) in vivo via the quinone reductases (NQ01).15–18 Additionally, the inhibition, 
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chemical modification via electrophile, of the Cys residues in human thioredoxin-1 (Trx1) by 1,4-

benzoquinone (BQ) causes reduction of the catalytic activity and activation of apoptosis signal-

regulating kinase 1 (ASK1) and p38 mitogen-activated protein kinase (MAPK).19 Additionally, 

inhibition of GAPDH by quinones have been observed in gram positive bacterium Bacillus subtilis, 

where a depletion of thiol-containing proteins after quinone exposure was observed.20 In vivo, one 

of the main processes that GAPDH is responsible for is the conversion of NAD+ to NADH. A 

schematic of the biological process is shown below wherein glyceraldehyde-3-phosphate is 

converted to 1,3-bisphosphoglyceric acid, which is an intermediate in both glycolysis during 

respiration. Previous studies have investigated the catalytic activity of GAPDH after inhibition via 

ambient electrophiles, such as quinones, and observed that at concentrations as low as 100 nM 

inhibition was present.21  

 

Previous studies, have utilized bottom-up proteomics for the identification and quantification of 

the Cys 152 labelled modifications by environmental electrophiles, which include alkenes and 

quinones.21,22 A schematic for a typical proteomics flowthrough is shown below.  

 

Figure 1. 4. Schematic of GAPDH converting G3P to 1,3 BGP 
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Here, we describe a mass spectrometry-based approach for the identification and quantification 

of BQ and MVK at physiologically relevant submicromolar concentrations using intact protein 

analysis, catalytic activity studies, and bottom-up proteomics. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 5. GAPDH proteomics schematic 
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Chapter 2: An Automated Multidose Synthesis of the Potentiometric PET Probe 4-
[18F]Fluorobenzyl-Triphenylphosphonium ([18F]FBnTP) 

 

2.1 Introduction 

Mitochondrial metabolism provides adenosine triphosphate (ATP) as the main source of chemical 

energy in the cell and produces a myriad of other important co-factors as well as metabolites. 

Mitochondrial dysfunction has been associated with human diseases such as diabetes5, cardiac 

failure6, neurodegenerative diseases23, and cancer.24 There have been rapid advances in the 

development of tools to study mitochondrial metabolism in vitro during the last decades.25 Among 

these tools, monitoring mitochondrial membrane potential (ΔΨm) with lipophilic, cationic dyes has 

emerged as one of the most commonly used techniques.26 While lipophilic cations have proven 

good molecular markers of mitochondrial activity, in vivo study of mitochondrial potential requires 

the development of noninvasive molecular imaging probes.  

To harness lipophilic cations for the assessment of ΔΨm-in vivo, carbon-11-labeled phosphonium 

salts were synthesized27 and studied as imaging probes28 for positron emission tomography 

(PET).1 The synthesis of 4-[18F]fluorobenzyl- triphenylphosphonium ([18F]FBnTP) was later 

investigated to take advantage of the superior decay properties of fluorine-18 (t1/2 = 109.8 min, 

maximum β+ energy = 635 keV).29 The probe was successfully used in various animal models for 

imaging of paclitaxel-induced apoptotic activity30, unstimulated brown adipose tissue31, ischemic 

areas after transient coronary occlusion32, and myocardial perfusion.33 The original synthesis by 

Ravert et al.29 was reported to proceed in four steps, affording the probe in 6 % nondecay 

corrected (n.d.c.) radiochemical yield (RCY) within 82 min and molar activities (Am) of 16.7 GBq/ 

μmol. The synthesis was performed manually and no activity yields (AY) were reported. The same 

group later reported a microwave-facilitated synthesis using custom hardware delivering the 

probe in n.d.c. RCY of 8.3 % within 52.4 ± 14 min and Am of 534.5 ± 371.4 GBq/μmol.34 Again, 
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no AY or starting activities were disclosed. Zhang et al. recently described the formation of 

[18F]FBnTP in one step via copper-mediated 18F-fluorination using a pinacolyl boronate 

precursor.35 Formation of the probe was reported in high RCY of 62 ± 1.4 % before purification. 

The synthesis was performed manually and neither AY nor Am of the purified product formulation 

were revealed. Even though metal-mediated 18F- fluorinations will likely be used for the clinical 

production of PET imaging probes in the future, their compliance with the principles of current 

good manufacturing practice (cGMP) has not been extensively established to this date.36  

In this study, we intended to translate the original four-step synthesis into a clinically useful 

production procedure on a commercially available radiosynthesizer that reliably affords multiple 

doses ready for injection into patients. Since the three-pot design of the ELIXYS FLEX/CHEM 

radiosynthesizer allows for complete automation of the sequence, it was chosen for this task.37  

2.2 Methods and Materials 

All commercially available reagents and materials were used as received unless otherwise 

specified. Acetonitrile (MeCN, extra dry, 99.9%), dimethyl sulfoxide (DMSO, extra dry, 99.7%), 

and dichloromethane (DCM, extra dry, 99.9%) were obtained from Acros Organics. Ethanol 

(EtOH, 200 proof, anhydrous) was obtained from Decon. All water used was purified to 18 MΩ 

and passed through a 0.1-mm filter. 4-Trimethylammoniumbenzaldehyde 

trifluoromethanesulfonate and 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane 

(K222, 98%) were purchased from ABX. Triphenylphosphine dibromide (Ph3PBr2, 96%; stored 

and handled in a glovebox), sodium borohydride on alumina (NaBH4·(Al2O3)x); stored and 

handled in a glovebox), and triphenylphosphine (PPh3, 99 %) were purchased from Sigma-

Aldrich. 4-Fluorobenzyl triphenylphosphonium chloride (FBnTP, nonradioactive reference, 98 %) 

was purchased from Alfa Aesar. L-Ascorbic acid sodium salt (Na-ascorbate, 99 %) was purchased 

from Acros Organics. Potassium carbonate (K2CO3) was purchased from FisherChemical. 
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Sodium chloride solution (saline, 0.9 %, injection, USP) was purchased from Hospira. Sep- Pak 

Plus Accell CM cartridges (preconditioned with EtOH (10 mL), followed by deionized water (20 

mL)), Oasis WCX Plus cartridges (preconditioned with EtOH (5 mL), followed by deionized water 

(10 mL)), Sep-Pak Light Plus QMA cartridges (preconditioned with 0.5N KHCO3 (3 mL), followed 

by deionized water (5 mL)), and Sep-Pak Classic Silica cartridges (wetted with DCM (3 mL)) were 

purchased from Waters. GraceTM SCX Maxi-Clean cartridges (wetted with deionized water (5 

mL)) were purchased from Alltech. Millex-GV (SLGV013SL and SLGV004SL) sterile filters with a 

0.22-μm pore size hydrophilic PVDF membrane were purchased from MilliporeSigma. Reactor 

vials (W986259NG), reagent vial septa (224100-072), and crimp caps (224177-01) were 

purchased from Wheaton. Reagent vials (62413P-2) were purchased from Voigt. Magnetic stir 

bars (14-513-65) were purchased from Fisher Scientific. Glass chromatography columns 

(006SCC-10-10-AA) were purchased from Omnifit Labware.  

2.3 Chromatography and Analytical Methods 

Radio thin layer chromatography (radio-TLC) was performed on silica plates (TLC Silica gel 60 W 

F254s, Merck). After spotting a small sample volume (~ 1–5 μL) using a glass capillary, the plate 

was developed in the mobile phase (MeCN). Chromatograms were obtained using a radio-TLC 

scanner (miniGita Star, Raytest). Radio high-performance liquid chromatography (radio-HPLC) 

chromatograms for quality control were registered using a 1200 Series HPLC system (Agilent 

Technologies) equipped with a GabiStar flow-through gamma detector (Raytest). Data acquisition 

and processing was performed using OpenLAB CDC ChemStation Edition 2016 (Agilent 

Technologies). Analytical HPLC was used to estimate the radiochemical purity (RCP), the Am, 

and the chemical purity of final formulations of [18F]FBnTP. A radioactive sample (200 μL) was 

taken from the final formulation and injected for HPLC analysis (5 μL injection volume). HPLC 

method 1: Alltech Adsorbosphere SCX 5u, 250 × 4.6 mm. Gradient: A = MeCN (+ 0.05 % TFA); 

B = water (+ 0.05% TFA); flow rate = 1.8 mL/min; 0–12 min 90% B to 5% B, 12–16 min 5 % B, 
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16–17 min 5% B to 90% B; 254 nm detection wavelength. RCP was calculated by dividing the 

area under the curve (AUC) for the desired product by the sum of AUC for all peaks. To confirm 

the structural identity of the synthesized compound, a radioactive sample (195 μL) of the final 

formulation was diluted with a 10-mM solution of the nonradioactive reference in water (5 μL) and 

injected for HPLC analysis (5 μL injection volume). Calibration curves of UV absorbance versus 

molar mass were created in advance for calculating Am shown below. 

 

Figure 2. 1. UV absorbance of non-radioactive reference vs. molar mass 

Curves were obtained using a linear-least square fit of absorbance versus molar mass for six data 

points spanning the expected molar mass range. Am was calculated by dividing the radioactivity 

of the injected sample by the molar mass (as determined from the AUC for the UV peak and the 

calibration curve). Am reported are decay corrected at the end of the synthesis. For measurement 

of RCY (expressed as the percentage of the starting activity and corrected for decay) or AY (not 

corrected for decay), final formulations were measured in a dose calibrator (Capintec). Analytical 

HPLC was used to analyze radioactive samples of intermediate steps of the sequence in low-

activity runs. HPLC method 2: Phenomenex Luna 5 C18 (2) 100 A, 250 × 4.6 mm, 5 μm. 

Gradient: A = MeCN (+ 0.05 % trifluoroacetic acid (TFA)); B = water (+ 0.05 % TFA); flow rate = 
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1.8 mL/min; 0–12 min 90 % B to 5 % B, 12–16 min 5 % B, 16–17 min 5 % B to 90 % B; 254 nm 

detection wavelength.  

2.4 Radiosynthesizer Setup 

Dedicated cassettes for [18F]FBnTP synthesis were reused, and liquid pathways cleaned with 

MeCN before each experiment using an automated sequence. The cleaned cassettes were 

loaded into the synthesizer and locked into position. Clean reactor vials with a magnetic stir bar 

were placed in the reactor positions. Shortly before the start of the synthesis, reagent vials were 

filled with the appropriate reagents and then sealed with a septum and crimp cap. Once sealed, 

the reagent vials were inverted and loaded into the appropriate cassette reagent positions. 

Preconditioned cartridges and the glass column for the reduction step were installed on the 

cassettes using Luer fittings in the positions indicated in Fig. 2.2 Interconnections were made as 

indicated in Fig. 2.2. Finally, a mixture of EtOH (~ 50 mL) and ice was added to the vacuum trap 

Dewar.  

 

Figure 2. 2. Cassette fluid path diagram showing connections to cartridges, connections between cassettes, and 
connections of the SPE purification system. 

2.5 Synthesis Protocol 

No-carrier-added [18F]fluoride was produced by the (p,n) reaction of [18O]H2O (~ 97 % isotopic 

purity, Medical Isotopes) in a RDS-112 cyclotron (Siemens) at 11 MeV using a 1- mL tantalum 

target with Havar foil. The activity was unloaded from the target and pushed through a strong 

cation exchange (SCX) cartridge (if applicable) before entering the QMA cartridge. Trapped 
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[18F]fluoride was subsequently eluted with a solution of K222 (10 mg, 27 μmol) and K2CO3 (1 

mg, 7 μmol) in acetonitrile/water (3:5, 0.8 mL) into the first reaction vessel (1.5 min, 7 psig nitrogen 

pressure). Contents were partially evaporated while applying vacuum and a stream of nitrogen 

(10 psig) at 110 °C for 3.5 min with stirring. Acetonitrile (1.2 mL) was added through the QMA 

cartridge to wash residual activity into the vessel, and the combined contents evaporated for 3.0 

min at 110 °C (7 psig nitrogen pressure). Acetonitrile (1.2 mL) was directly added to the reactor, 

and the contents were fully evaporated for 2.5 min at 110 °C (7 psig nitrogen pressure). The 

reactor was cooled to 35 °C, and a solution of 4-trimethylammoniumbenzaldehyde 

trifluoromethanesulfonate (5 mg) in DMSO (0.8 mL) was added. Contents were reacted at 90 °C 

for 5 min with stirring. A 1% (w/v) Na-ascorbate solution (3 mL followed by 2 mL) was added to 

the reactor under stirring, and the resulting mixture was passed through an Oasis WCX cartridge 

over a period of 1.5 min (6 psig nitrogen pressure). Another batch of 1% (w/v) Na-ascorbate 

solution (3 mL followed by 2 mL) was added to the reactor and passed through the cartridge. The 

cartridge was blow-dried for 1 min (20 psig nitrogen pressure) and eluted with DCM (3 mL). The 

mixture was passed through a glass chromatography column, containing NaBH4· (Al2O3)x (350 

mg) followed by K2CO3 (2 g) and directed into the second reaction vessel (3 psig nitrogen 

pressure). Cartridge and column were rinsed with DCM (1 mL, containing 0.2%(v/v) of water) (3 

psig nitrogen pressure). A solution of Ph3PBr2 (100 mg) in DCM (1.1 mL) was added to the 

second reaction vessel and the mixture was reacted at 35 °C for 10 min. All contents of the second 

reaction vessel were passed through a silica cartridge into the third reaction vessel (2 psig 

nitrogen pressure). A solution of PPh3 (3 mg) in EtOH (0.6 mL) was added to the third reaction 

vessel, and all contents were partially evaporated to approximately 2 mL by applying both vacuum 

and a stream of nitrogen (3 psig) at 45 °C for 3.5 min with stirring. The silica cartridge was rinsed 

with DCM (1 mL) (1 psig nitrogen pressure), and the contents of the third reaction vessel were 

partially evaporated to approximately 0.5 mL by applying both vacuum and a stream of nitrogen 
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(3 psig) at 45 °C for 6.5 min with stirring. EtOH (1 mL) was added and the contents were partially 

evaporated to approximately 0.5 mL by applying both vacuum and a stream of nitrogen (7 psig) 

at 80 °C for 2.5 min with stirring. The resulting mixture was reacted in a sealed position at 160 °C 

for 5 min with stirring. The reaction vessel was cooled to 35 °C and water (3 mL) was added with 

stirring. The resulting mixture was passed through a Sep-Pak Plus Accell CM cartridge (8 psig 

nitrogen pressure). The Sep-Pak was immediately washed with EtOH (20 mL) and the product 

released with 2% EtOH in saline + 0.5% (w/v) Na-ascorbate (10 mL) and directed through a sterile 

filter into a vented sterile vial.  

2.6 Results 

The aim of this study was to develop a reliable synthesis protocol for the potentiometric PET-

probe [18F]FBnTP on a commercially available radiosynthesizer. For practical clinical translation, 

the final formulation should be injectable, i.e., pass all applicable quality control tests, and should 

be obtained in AY that allow for imaging of multiple patients. To achieve these goals, we adapted 

a four-step, three-pot synthesis29 by assembling a sequence of “unit operations” (e.g., “trap,” 

“elute,” “evaporate,” “react”) that are programmed into the synthesizer-software and specifying 

the parameters for each (e.g., temperature, reaction time, pressure)38. A seamLess flow of 

solvents was tested in abbreviated runs without activity or reagents to ensure its correctness. The 

sequence was optimized for RCY and RCP during several production runs (n = 24) using activity 

amounts that averaged around 30.8 GBq. Adjustments to the sequence were made based on 

careful analysis of the crude product composition as well as the residual activity retrieved from 

vital parts of the setup (i.a. reactors, SPE-cartridges, and waste containers). We also performed 

low-activity test runs starting with an average of 300 MBq of [18F]fluoride which allowed for safe 

withdrawal of samples for radio-HPLC as well as radio-TLC analysis between each step. The 

reaction vessel was made accessible between steps by using the “Move Reactor” operation. The 

optimized sequence consists of 33 “unit operations” and runs autonomously without user 
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interference. The synthesis includes intermediate solid-phase extraction purifications, an on-

column reduction, controlled solvent evaporation steps, and reactions in sealed position at 

temperatures above the boiling points of the respective solvents. An overview of the synthesizer 

setup as well as the flow of liquids is depicted in Fig. 2.2. The SPE purification with a Sep-Pak 

Plus Accell CM cartridge is supported by two electrically actuated three-position valves that are 

controlled by the user from outside the hotcell.  

The synthetic steps of the optimized sequence with respective reaction conditions are shown in 

Figure 2.3.  

 

Figure 2. 3. Synthetic sequence showing optimized reaction conditions. 

Briefly, the sequence consists of the synthesis of 4-[18F]-fluorobenzaldehyde ([18F]FBA), 

subsequent reduction of the aldehyde functionality with NaBH4·(Al2O3)x, conversion of 4- 

[18F]fluorobenzyl alcohol ([18F]FBnOH) to 4-[18F]fluorobenzyl bromide ([18F]FBnBr) with 

Ph3PBr2, and formation of [18F]FBnTP by nucleophilic substitution with Ph3P. Following this 

sequence, the probe was synthesized without the use of HPLC in AY of 1.4–2.2 GBq of 

[18F]FBnTP from 9.4 to 12.0 GBq [18F]fluoride in 90–92 min (RCY = 28.6 ± 5.1% with n = 3). 

Molar activities at the end of synthesis ranged from 80 to 99 GBq/μmol and RCP was > 99 % in 

all cases. The formulated probe in injectable form passed all applicable quality control tests.  
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2.7 Discussion 

Optimization of [18F]FBA Formation  

The first synthetic step consists of [18F]FBA formation with subsequent SPE purification using an 

Oasis WCX cartridge. In our early synthesis attempts, [18F]FBnTP was obtained in poor RCY < 

0.6 % with starting activities that averaged around 41.1 GBq. We observed that up to 80% of the 

starting activity had passed through the Oasis WCX cartridge during SPE purification of [18F]FBA. 

HPLC analysis of the waste activity showed no evidence of [18F]FBA but of an unknown, polar, 

impurity alongside unreacted [18F]fluoride. This implies that [18F]FBA was available in RCY < 

20% for the subsequent three steps, hampering overall RCY of [18F]FBnTP. Since numerous 

publications describe the synthesis of [18F]FBA in RCY ranging from 50 to 72%39,40, we 

investigated the reason for the low formation of [18F]FBA in our hands. We considered radiolysis 

of [18F]FBA during SPE purification in the presence of water as a possible reason for low yields 

from high starting activities41. This possibility was explored by synthesizing [18F]FBA with 

escalating amounts of radioactivity and a negative correlation between starting activities and 

synthesis yield was indeed observed shown in Table 2.1.  

Table 2.1. Synthesis of [18F]FBA with increasing starting activities 
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We found that radiolysis during SPE purification was efficiently hindered by replacing water with 

a 1 % (w/v) Na-ascorbate solution. Analysis of the crude mixture in low-activity test runs showed 

formation of [18F]FBA in high purity (radio-HPLC = 94–99%, radio-TLC = 92%) shown below in 

figures 2.4 and 2.5. 

 

Figure 2. 4. Sample-radio HPLC of crude [18F]FBA 
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Figure 2. 5. Sample radio-TLC of crude [18F]FBA 

After addition of water, 69–79% of the starting activity were trapped on the Oasis WCX cartridge, 

indicating high yields of [18F]FBA, similar to previously reported results. The waste activities after 

this step amounted to 20–25% of starting activities. Following the addition of 1% (w/v) Na-

ascorbate solution, similar percentages of waste activities were observed in high-activity 

[18F]FBnTP production runs, leading us to conclude that hindrance of radiolysis was key in 

enabling the synthesis of [18F]FBA in high AY. 

During certain production runs, we observed a considerable decrease of [18F]FBA formation as 

indicated by SPE waste activities of up to 48 %. This coincided with reports of low 2- deoxy-2-

[18F]fluoro-D-glucose ([18F]FDG) yields at the Biomedical Cyclotron facility at our institution. The 

yield drop was correlated to the release of undesired metal contaminants from the targets, 

rendering the [18F]fluoride inactive for the nucleophilic attack during [18F]FBA synthesis. With 

cleaning of the cyclotron target body and replacement of the Havar foil during cyclotron 
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maintenance, [18F]FBA yield was restored. This led us to place an SCX cartridge in between the 

[18F]fluoride delivery line and the cassette of the synthesizer as indicated in Fig. 2.1, which 

equally proved effective in restoring the yield. Between 18 and 27 % of the activity delivered by 

the cyclotron accumulated in the SCX cartridge. Other strategies that efficiently reduce metal 

contaminants alongside negligible [18F]fluoride loss have been reported42.  

Optimization of [18F]FBnOH Formation  

The formation of [18F]FBnOH proceeds by elution of [18F]FBA from the Oasis WCX cartridge 

and channeling liquids through a glass column filled with the reducing agent NaBH4·(Al2O3)x and 

subsequent drying with K2CO3. In early attempts, diethyl ether (Et2O) was used as the eluent 

which efficiently eluted [18F]FBA off the cartridge but turned out to be problematic during the 

subsequent bromination step (vide infra). Et2O was successfully replaced with 3 mL of dry DCM, 

but a second elution with 1 mL of DCM was necessary to sufficiently release [18F]FBA off the 

Oasis WCX. Since a proton source is necessary to form the OH-functionality from the alcoholate 

obtained in the reduction of aldehydes with hydride, up to 38 % of the starting activity remained 

in the NaBH4 bulk when extra dry DCM was used. This was addressed by adding a small amount 

of water (0.2 % v/v) to the second 1-mL elution with DCM to rinse the column. With this, only 1–

3 % of the starting activity remained in the NaBH4 bulk at the end of the synthesis. Efficient 

reduction of the aldehyde with conversion rates of 83–98 % was confirmed by analytical radio-

HPLC in low- activity runs shown below in figure 2.6. 
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Figure 2. 6. Sample radio-HPLC of crude [18F]FBnOH 

Optimization of [18F]FBnBr Formation  

Transformation of [18F]FBnOH into [18F]FBnBr is achieved through the use of bromination agent 

Ph3PBr2 with subsequent silica cartridge purification. In early attempts, we added a solution of 

[18F]FBnOH in Et2O directly to a solution of Ph3PBr2 in DCM, which resulted in unpredictable 

yields and synthesis failures. Replacing Et2O with DCM during the on- column reduction avoided 

the formation of a biphasic system as well as precipitation of by- products derived from Ph3PBr2. 

Moreover, weighing the Ph3PBr2 solution in a glovebox, and adding the dry solvent shortly before 

the start of the sequence to the septum-sealed vial of the reagent resulted in a more reliable 

bromination efficiency. Dry conditions have been reported to be a crucial requirement for high 

bromination yields43 and strong fuming was observed if the brominating reagent was kept in an 

open vessel. To further increase the dryness of DCM coming from the preceding reduction step, 

the amount of K2CO3 in the column was increased from 0.5 to 2 g. With these measures in place, 
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up to 88 % bromination of [18F]FBnOH was observed as confirmed by radio-HPLC in low-activity 

test runs shown below in figure 2.7 

 

Figure 2. 7. Sample radio-HPLC of crude [18F]FBnBr 

Less than 8 % leftover activity on the silica cartridge after purification was an additional indicator 

of good conversion rates in this step. The leftover activity consisted primarily of unreacted 

[18F]FBnOH that was predominantly adsorbed on silica whereas [18F]FBnBr passed through 

efficiently. The more delicate requirements in this step have been the most common cause of 

inconstant outcomes in our experiments.  

Optimization of [18F]FBnTP Formation  

The last synthetic step consists of nucleophilic substitution of bromide in [18F]FBnBr with PPh3. 

Adapting published procedure29, we initially added [18F]FBnBr in DCM from the previous step to 

a 21-mg solution of PPh3 in toluene followed by removal of most of the DCM under reduced 

pressure and heating to 110 °C for 5 min. In our hand, [18F]FBnTP formation from [18F]FBnBr 
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was 28 % using these conditions as confirmed by radio-HPLC. In a nonradioactive condition 

screening with different solvents and temperatures, we observed almost quantitative FBnTP 

formation at 160 °C for 5 min in 0.5 mL of either MeCN or EtOH shown in table 2.2.  

Table 2. 2. Non-radioactive optimization of FBnTP formation. 

 

EtOH was used as the solvent to hinder radiolysis of [18F]FBnTP during SPE purification (vide 

infra). The activity fraction associated with [18F]FBnTP in the crude mixture after nucleophilic 

substitution was 70–81 % in low-activity runs shown below in figure 2.8. 
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Figure 2. 8. Sample radio-HPLC of crude [18F]FBnTP 

Purification and Formulation of [18F]FBnTP  

Initially, the crude mixture was purified by semipreparative HPLC. The bulk of unreacted Ph3PBr2 

and PPh3 were removed with a Sep-Pak C18 Plus Short cartridge and the resultant mixture was 

injected into the HPLC system. After collection of fractions containing the desired product and 

removal of solvent with a rotary evaporator, the probe was reformulated in saline. Problems 

associated with this approach were loss of product activity to the C18 cartridge, difficulties to 

remove residual Ph3PBr2 that elutes shortly after [18F]FBnTP under reversed phase conditions, 

and stickiness of the probe to the flask after removal of the HPLC-solvent. Formulations suffered 

from low chemical purities and low pH, both of which can be attributed to residual Ph3PBr2. The 

cationic nature of [18F]FBnTP led to use an analytical SCX HPLC column for the determination 

of Am and resulted in a well separated UV signal of the product. UV and radio-impurities eluted 

at considerably earlier retention times than the cationic product activity, allowing for an accurate 

determination of AUC for Am measurements. This led us to consider using a cation exchange 
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cartridge for purification instead of HPLC, similar to a previously reported use of SPE purification 

for a cationic probe with a Sep-Pak Plus Accell CM cartridge44. In several radioactive and 

nonradioactive test runs, we optimized conditions to trap and wash [18F]FBnTP on the Sep- Pak. 

The probe was efficiently trapped on the Accell CM even in the presence of large amounts of 

Ph3PBr2, PPh3, and other impurities, making the prepurification requirement obsolete. Trapping 

was achieved in a nearly quantitative manner by diluting the organic solvent in the last step (MeCN 

or EtOH) with water (water/solvent > 7). Water can function as an activator of the carboxylic acid 

functionality on the Accell CM resin to enable binding with the cationic probe. After trapping of 

[18F]FBnTP, the Sep-Pak was washed with EtOH to remove all noncationic radioactive and 

nonradioactive impurities without any notable losses shown in figure 2.9. below. 
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Figure 2. 9. Sample radio-HPLC of waste activity after Accell CM cartridge purification showing negligible losses of 
product in the waste. 

While elution with 0.9 % saline proved inadequate for complete release of [18F]FBnTP, ~ 90 % 

elution was achieved by increasing the ionic strength of saline with 0.5 % (w/v) Na-ascorbate 

which also stabilized the final formulation against radiolytic decomposition. The probe was 

obtained in RCP > 99 % and high chemical purity shown in figure 2.10 below.  
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Figure 2. 10. Sample radio-HPLC of [18F]FBnTP formulated in 2% EtOH + 0.5% (w/v) Na-ascorbate. A UV-trace 
inset with re-scaled Y-axis is shown for better visibility of small signals. 

The purification process from the end of the synthetic sequence to the final formulation took less 

than 4 min. Unfortunately, considerable radiolysis of the probe was observed during Sep-Pak 

purification when starting with 23.2–33.0 GBq [18F]fluoride. Analysis of the activity that had 

passed through the Accell CM revealed a radiosignal of an unidentified, nonionic radiolysis 

product that accounted for up to 87 % of the waste activity and was not observed in low-activity 

runs. Addition of radical scavengers such as Na- ascorbate, ascorbic acid, and N-tert-butyl-α-

phenylnitrone (PBN)41 or reservatrol-3-β- mono-D-glucoside (polydatin)45 either prevented 

trapping of [18F]FBnTP on the Accell CM or did not hinder radiolysis. Trapping efficiencies were 

low in pure EtOH and water is known to facilitate radiolysis41. We therefore considered activation 

of the Sep-Pak with hydroxide or organic bases prior to purification in the absence of water but 

the trapping efficiencies remained low. Consequently, RCY of 28.6 ± 5.1 % (n = 3) were observed 

with starting activities of up to 12.0 GBq, whereas starting activities reaching 33.0 GBq resulted 

in lower RCY of 16.1 ± 0.4 % (n = 3). Despite the radiolytic decomposition during purification, the 

highest AY of 3.0 GBq was obtained from 33.0 GBq [18F]fluoride. Considerable higher AY will be 
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achieved if radiolysis can be prevented in the final step. The probe was used in small animal 

imaging studies which will be reported elsewhere. Representative maximum intensity projection 

images of [18F]FBnTP in a wild-type mouse are shown below in figure 2.11. 

 

Figure 2. 11. Representative MIP images of [18F]FBnTP in a wild-type mouse at 60 min post-injection 

Clinical Quality Control  

Formulations of the probe in 2 % (v/v) EtOH in saline + 0.5 % (w/v) Na-ascorbate were subjected 

to a quality control established at the UCLA Ahmanson Biomedical Cyclotron Facility in 

accordance with the U.S. Pharmacopeia. RCP at the end of synthesis was > 99 % and remained 

> 95 % for at least 8 h. Chemical purity was estimated to be high. Doses were clear, colorless, 

and free of particulate matter with pH ranging from 5.0 to 5.8. Half-life of doses matched that of 

fluorine-18 (109.8 min) and energy of gamma rays was 511 keV. No kryptofix-222 (K222) levels 

were observed with the spot test. Since the presence of Na-ascorbate gave false positive results, 

samples were spotted on a silica plate and developed in a mixture of methanol and 30 % 
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ammonium hydroxide (9:1) prior to placing the plate in the iodine chamber. Other than the 

purposely added EtOH, no residual solvents were detected by gas chromatography. Sterile filters 

were intact after use. Doses contained < 175 endotoxin units (EU) per mL and no growth was 

observed at days 3, 7, and 14 as required to pass the sterility test.  

2.8 Conclusion  

A robust synthesis protocol for the production of multiple doses of the potentiometric PET probe 

[18F]FBnTP was established on the ELYXIS FLEX/CHEM radiosynthesizer. Purification and 

formulation was achieved in < 4 min with a Sep-Pak Accell CM cartridge. RCY of 28.6 ± 5.1 % (n 

= 3) were obtained which is a significant improvement to previous reports. Despite our best efforts, 

radiolysis was not prevented in the final purification step when starting activities exceeded 12.0 

GBq [18F]fluoride. Although a possible alternative would be the use of a SCX semipreparative 

HPLC column and addition of radical scavengers to the mobile phase, this would add additional 

time and complication. Avoidance of radiolysis with the more elegant Sep-Pak purification can 

further improve AY in preparing multipatient doses. The reported automated synthesis of clinical 

grade [18F]FBnTP on a commercially available platform paves the way for the use of the probe 

in future clinical imaging studies.  
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Chapter 3: In Vivo Imaging of Mitochondrial Membrane Potential in Non-Small Cell Lung 
Cancer 

 

3.1 Introduction 
 

Mitochondria are essential regulators of cellular energy and metabolism, and have a crucial role 

in sustaining the growth and survival of cancer cells. A central function of mitochondria is the 

synthesis of ATP by oxidative phosphorylation, known as mitochondrial bioenergetics. 

Mitochondria maintain oxidative phosphorylation by creating a membrane potential gradient that 

is generated by the electron transport chain to drive the synthesis of ATP.46 Mitochondria are 

essential for tumor initiation and maintaining tumor cell growth in cell culture and xenografts.47,48 

However, our understanding of oxidative mitochondrial metabolism in cancer is limited because 

most studies have been performed in vitro in cell culture models. This highlights a need for in vivo 

studies to better understand how oxidative metabolism supports tumor growth. Here we measure 

mitochondrial membrane potential in non-small cell lung cancer in vivo using a voltage-sensitive, 

positron emission tomography (PET) radiotracer known as 4-[18F]fluorobenzyl-

triphenylphosphonium (18F-BnTP).33 By using PET imaging of 18F-BnTP, we profile 

mitochondrial membrane potential in autochthonous mouse models of lung cancer, and find 

distinct functional mitochondrial heterogeneity within subtypes of lung tumors. The use of 18F-

BnTP PET imaging enabled us to functionally profile mitochondrial membrane potential in 

live tumors. 

3.2 Methods and Materials 
Cell Culture 

Cells were maintained at 37 °C in a humidified incubator with 5% CO2. A549 cells were obtained 

from ATCC. The RH2 lung cancer cell line was previously established in our laboratories. All cell 

lines were routinely tested and confirmed to be free of mycoplasma using the LookOut 
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Mycoplasma PCR Detection Kit (Sigma). Cells were grown in DMEM plus 5% fetal bovine serum 

(FBS; Hyclone/Gemini) and 1% penicillin/ streptomycin (Gibco). 

Studies in genetically engineered mouse models 

We performed studies with the genetically engineered mouse model of lung cancer, in which 

KrasLSL-G12D mice (which carry a loxP-Stop-loxP sequence followed by the KrasG12D point 

mutation allele) were crossed with Lkb1-deficient (Lkb1lox/lox) and R26-LuciferaseLSL (which 

carry a loxP-Stop-loxP sequence followed by luciferase at the Rosa26 locus) mice, to generate 

KrasG12D;Lkb1−/−;R26LSL-Luc (KL) mice, as previously described.49 In brief, lung tumors were 

induced by intranasal administration of 5 × 105 transduction units of Lenti-PGK-Cre (FCT071, 

Kerafast) and developed nearly 100% lung adenocarcinomas, as previously described.49,50 KL 

mice that inhaled Lenti-PGK-Cre were used in studies with phenformin treatment. For studies in 

which mice were imaged with both 18F-BnTP and 18F-FDG probes, KL mice inhaled Cre-

expressing adenovirus (Adeno-Cre), which leads to development of both ADC and SCC tumors. 

For all treatments, KL mice were imaged with 18F-BnTP and sorted into two groups based on the 

tumor maximum percentage injected dose per gram (%ID/g) values. Then, the values were 

normalized to the maximum %ID/g uptake of the heart, so that two groups would have similar 

matched maximum %ID/g values, as described in ‘PET–CT imaging studies’. Treatment was 

initiated on the same day or the next day after 18F-BnTP imaging. Mice were treated with 125 mg 

kg−1 day−1 phenformin for 5 days or 15 mg kg−1 day−1 IACS-010759 for 12 days. The drugs 

were delivered by oral gavage. All experimental procedures that were performed on mice were 

approved by the UCLA Animal Research Committee (ARC). Mice were euthanized before the 

ARC-approved end points were reached; none of the tumors exceeded maximum ARC-defined 

volumes. Both male and female mice were used in all experiments and no preference in mouse 

gender was given for any of the studies. 

Studies in syngeneic mice 
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We established the L3161C mouse cell line from a lung tumor dissected from a 

KrasG12D;p53−/−;Lkb1−/− (KPL) mouse. After resection, the tumor was minced and incubated 

in collagenase/dispase (10269638001, Sigma) for 3 h. Cells were filtered using a 70-μm strainer, 

centrifuged, resuspended in DMEM with 5% FBS and plated in a 6-cm dish. The next day, medium 

was changed and cells that attached were cultured. We confirmed that the L3161C cell line was 

ADC by implanting cells into syngeneic mice, detecting lung tumors and staining with H&E and 

CK5 and TTF1. For some experiments, L3161C cells expressed pBabe or pBabe-NDI (from 

Addgene plasmid 72876,) as previously described.51 For imaging studies, 1 × 105 L3161C cells 

suspended in 20 μL PBS were implanted into the left lung lobe via transthoracic injection. Two 

weeks after injection, mice were imaged by computed tomography. Mice with similar sized tumors 

were used for 18F-BnTP imaging. For treatment studies, syngeneic mice were imaged with 18F-

BnTP, and split into two groups (three groups for Fig. 3.3b) based on tumor maximum %ID/g, 

such that maximum %ID/g values of tumors in both groups would be similar, as described in 

‘PET–CT imaging studies’. Treatment was then initiated for the specified time. Mice were treated 

with a single dose of 0.25 mg kg−1 oligomycin or 0.5 mg kg−1 rotenone; both drugs were delivered 

by intraperitoneal injection. For other studies, mice were treated with 125 mg kg−1 day−1 

phenformin or 500 mg kg−1 day−1 metformin for 5 days; both drugs were delivered by oral gavage 

[18F]FBnTP synthesis 

The radiotracer 18F-BnTP was synthesized as previously described.52 The three-pot, four-step 

synthesis of 18F-BnTP was performed using the automated radiochemical synthesizer ELIXYS 

FLEX/CHEM (Sofie Biosciences). The no-carrier-added [18F]fluoride was produced from the (p, 

n) reaction of [18O]H2O with an RDS-112 11 MeV cyclotron (Siemens) in a 1-mL tantalum target 

with Havar foil. [18F]Fluoride in water was pushed through a strong cation-exchange (SCX) 

cartridge and trapped on a QMA cartridge. [18F]Fluoride was then eluted with a solution of 

Kryptofix 222 (10 mg, 27 μmol) and K2CO3 (1 mg, 7 μmol) in an acetonitrile:water (3:5, 0.8 mL) 
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mixture. Azeotropic evaporation was performed at 110 °C under a stream of nitrogen (7 p.s.i.) to 

remove excess water using acetonitrile. The 4-trimethylammoniumbenzaldehyde 

trifluoromethansulfonate (5 mg) precursor was solvated in DMSO (0.8 mL), added to the reactor 

vial containing the dried [18F]fluoride and allowed to react at 90 °C for 5 min with stirring. The 

resulting 4-[18F]fluorobenzaldehyde (18F-FBA) mixture was diluted with water containing 1% 

(w/v) Na-ascorbate solution (5 mL total) and passed through an Oasis WCX cartridge (41 kPa) 

for 1.5 min. The WCX cartridge was dried with nitrogen (138 kPa) for 1 min and eluted with DCM 

(3 mL). The mixture was passed through a glass column containing NaBH4·(Al2O3)x (350 mg) 

on the top half portion and K2CO3 (2 g) on the bottom half portion for a flow-through reduction of 

18F-FBA to 4-[18F]fluorobenzyl alcohol ( 18F-FBnOH), which was directed to the second reactor 

vial (21 kPa). A subsequent elution and rinsing of the column was performed using DCM (1 mL, 

containing 0.2% (v/v) of water; 21 kPa). The mixture containing 18F-FBnOH was reacted with 

Ph3PBr2 (100 mg) in DCM (1.1 mL) at 35 °C for 10 min resulting in the formation of 4-[18F] 

fluorobenzyl bromide (18F-FBnBr). The resulting mixture was passed through a silica cartridge 

and directed towards the third reactor vial (14 kPa). A solution of PPh3 (3 mg) in ethanol (0.6 mL) 

was added, followed by removal of most of the DCM under vacuum and a stream of nitrogen (21 

kPa) at 45 °C for 6.5 min while stirring. Ethanol (1 mL) was added and the mixture was evaporated 

to approximately 0.5 mL under vacuum and a stream of nitrogen (48 kPa) at 80 °C for 2.5 min 

while stirring. The mixture was reacted at 160 °C for 5 min in a sealed position, which converted 

the 18F-FBnBr to the desired 18F-FBnTP. The reaction vial was cooled to 35 °C and diluted with 

water (3 mL) while stirring. The mixture was passed through a Sep-Pak Plus Accell CM cartridge 

(55 kPa) and the cartridge was washed with ethanol (20 mL). The product was released with 2% 

ethanol in saline plus 0.5% (w/v) Na-ascorbate (10 mL) and passed through a sterile filter into a 

vented sterile vial. Under optimized conditions, the resulting 18F-FBnTP PET tracer was obtained 

in AY of 1.4–2.2 GBq starting from 9.4 to 12.0 GBq [18F]fluoride in 90–92 min (radiochemical 
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yield = 28.6 ± 5.1% with n = 3). Molar activities ranged from 80 to 99 GBq μmol−1 (end of 

synthesis) and radiochemical purity was >99%. 

PET-CT imaging studies 

All PET–CT imaging was performed on KL mice or syngeneic mice transthoracically implanted 

with L3161C using either single tracer imaging with 18F-BnTP or dual radiotracer imaging with 

18F-BnTP and 18F-FDG, as previously described49,53. To reduce variability between mice imaged 

with 18F-BnTP, the maximum %ID/g for each tumor was normalized to maximum %ID/g of heart, 

as indicated in the figures. For waterfall plots in Figs. 3.2g, 3.3b, d, e and Extended Data Fig. 2.4c, 

d, we calculated the percentage change in the uptake of the 18F-BnTP probe after treatment 

relative to before treatment, using maximum %ID/g of the tumor that was normalized to maximum 

%ID/g of the heart for each mouse.  

Respirometry analysis 

Experiments were conducted on a Seahorse XF96 Extracellular Flux Analyzer (Agilent 

Technologies) to measure oxygen consumption rate (OCR) and extracellular acidification rate. 

L3161C, A549 or RH2 cells were seeded into an XF96 microplate at density of 12,000–15,000 

cells per well. Cells were plated in growth medium and maintained overnight in a tissue culture 

incubator (37 °C, 5% CO2). On the day of the experiment, assay medium (Seahorse XF Base 

Medium supplemented with 2 mM l-glutamine, 1 mM pyruvate and 10 mM glucose) was freshly 

prepared. The cells were washed twice with assay medium and brought to a final volume of 175 

µl per well. The XF96 plate was placed in a 37 °C incubator without CO2 for 30 min before loading 

the plate into the instrument. Injection of compounds during the assay included: the mitochondrial 

ATP synthase inhibitor oligomycin (final concentration 2 μM); the chemical uncoupler FCCP (final 

concentration 1 μM); and the complex I inhibitors rotenone (final concentration 2 μM) and 

phenformin (final concentration 1 mM); and the complex III inhibitor antimycin A (final 

concentration 2 μM). At the conclusion of the assay, the cells were fixed with 4% 
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paraformaldehyde, stained with Hoechst, and cell number per well was determine based on nuclei 

number using an Operetta High-Content Imaging System (PerkinElmer). OCRs were normalized 

to cell number per well. Activity of complex I was measured in permeabilized cells using XF PMP 

assay where complex I dependent OCR was measured by determining OCR in the presence of 

pyruvate and malate (as substrates for complex I) before and after addition of rotenone (complex 

I inhibitor). 

Measurement of mitochondrial ΔΨ 

Experiments were conducted by analysing TMRE fluorescence using flow cytometry. A549 and 

L3161C cells were collected on the day of the assay and 500,000 cells were aliquoted into a 

microcentrifuge tube. Cells were resuspended in 0.5 ml DMEM and 5% FBS with different 

concentrations of phenformin, oligomycin or FCCP as indicated. Cells were incubated in a tissue 

culture incubator (37 °C, 5% CO2) for 2 h. After 2 h incubation, medium with TMRE was added to 

tubes, such that final concentration of TMRE was 7 nM and concentrations of phenformin, 

oligomycin and FCCP were constant. Cells were incubated for an additional 1 h in a tissue culture 

incubator (37 °C, 5% CO2). Cells were washed twice in phenol-red-free DMEM and cellular 

fluorescence was acquired with a BD LSRII analyser at UCLA Flow Cytometry Core. Data were 

analysed with Flowing Software. 

In vitro [18F]FBnTP uptake assay 

On the day of the assay, cells were trypsinized, collected in DMEM plus 5% FBS and counted. 

Then, 1,000,000 cells were aliquoted into a microcentrifuge tube, resuspended in 0.5 ml medium 

containing DMEM and 5% FBS plus vehicle, 1 mM phenformin, 8 μM oligomycin or 8 μM 

oligomycin with 4 μM FCCP. Cells were incubated in a tissue culture incubator (37 °C, 5% CO2) 

for 2 h. After 2 h incubation, 0.5 ml of media with 18F-BnTP was added to tubes, such that final 

concentration of 18F-BnTP was 10 μCi ml−1 and concentrations of phenformin, oligomycin and 

FCCP were constant. Cells were incubated for a further 1 h in a tissue culture incubator (37 °C, 
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5% CO2). The uptake was terminated by centrifugation at 4 °C (134g, 5 min). Cells were washed 

twice with cold media. After the final wash, cell pellet was resuspended in 500 μL of media, and 

300 μL was used in a gamma counter, while 100 μL was used to count viable cells using ViCell 

counter (Beckman). Counts per minute were normalized to viable cells. 

Immunohistochemistry 

After the fixation step in 10% neutral buffered formalin overnight, lungs were transferred to 70% 

ethanol and further processing and embedding was done by the Translational Pathology Core 

Laboratory at UCLA. The following antibodies were used: anti-CK5 (EP1601Y) (Abcam, ab52635 

1:100), anti-TTF1 (8G7G3/1) (DAKO, 1:1,000), anti-Ki67 (SP6) (ThermoScientific, RM-9106-S1, 

1:200), anti-GLUT1 (Alpha Diagnostic, GT11-A, 1:400), anti-cleaved caspase 3 (CST, 9664, 

1:1,000). Slides were scanned onto a ScanScope AT (Aperio Technologies). Digital slides were 

analysed with Definiens and QuPath software. 

Western blot analysis 

Whole-cell lysates from lung tumors isolated from mice were prepared as previously described.50 

In brief, tumors were homogenized in buffer containing phosphatase and protease inhibitors (20 

mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 50 mM sodium fluoride, 1 mM EDTA, 1 mM 

EGTA, 2.5 mM pyrophosphate, 1 mM sodium orthovanadate, protease inhibitor tablet), 

centrifuged and the supernatant was normalized, aliquoted and stored in −80 °C freezer. Lysates 

were separated on 4–12% Bis-Tris protein gels (Thermo), transferred to PVDF membrane and 

probed with the following antibodies: SP-C (1:5,000, AB3786 Milipore); GLUT1 (1:2,000, GT11-

A, Alpha Diagnostic); NDUFS1 (1:2,000, ab169540, Abcam); NDUFS1 (1:2,000, sc-271510, 

Santa Cruz); NDUSV1 (1:500, sc-100566, Santa Cruz), NDUFV2 (1:2,000, sc-271620, Santa 

Cruz), TOM20 (1:10,000, FL-145, Santa Cruz), TOM40 (1:2,000, 18409-1-AP, Proteintech); 

TOM70 (1:2,000, 14528-1-AP, Proteintech); TIM23 (1:2,000, 11123-1-AP, Proteintech); actin 
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(1:8,000, 4970 and 3700, Cell Signaling Technology). Intensity of bands was quantified using 

Image 3.J.  

Blue native gel 

Blue native (BN)–PAGE was performed as previously described54 with minor modifications. In 

brief, mitochondria (100 μg protein) were solubilized for 15 min with digitonin using a 6 g:1 g 

digitonin:protein ratio. Insoluble material was removed by centrifugation at 21,000g for 30 min at 

4 °C, the soluble component was combined with BN– PAGE loading dye and separated on a 3–

13% acrylamide–bisacrylamide precast BN–PAGE gel. For separation, cathode buffer (15 mM 

Bis-Tris, pH 7.0, and 50 mM tricine) containing 0.02% (w/v) Coomassie blue G was used until the 

dye front had reached approximately one-third of the way through the gel before exchange with 

cathode buffer lacking Coomassie blue G. Anode buffer contained 50 mM Bis-Tris (pH 7.0). 

Native complexes were separated at 4 °C at 110 V for 1 h, followed by 12 mA constant current. 

Thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), lactate dehydrogenase (140 

kDa), and bovine serum albumin (BSA 67 kDa) were used as markers (GE Healthcare). 

Liquid chromatography-mass spectrometry 

Tumors were homogenized with a Tissue Master (Omni international) in 1 ml chilled 80% 

methanol. Tumor suspensions were spun down at 4 °C for 5 min at 17,000g, and the top layer 

taken as extracted metabolites. The volume equivalent of 1 mg of tumor was transferred into glass 

vials and the samples were dried with a EZ2-Elite lyophilizer (Genevac). Dried metabolites were 

resuspended in 100 μL of 50%:50% acetonitrile:dH2O solution; 10 μL of these suspensions were 

injected per analysis. Samples were run on a Vanquish (Thermo Scientific) UHPLC system with 

mobile phase A (5 mM ammonium acetate, pH 9.9) and mobile phase B (acetonitrile). Separation 

was achieved at a 200 μL min−1 flow rate on a Luna 3mm NH2 100A (150 × 2.0 mm) at 40 °C 

with a gradient going from 15% A to 95% A in 18 min followed by an 11 min isocratic step. The 

UHPLC was coupled to a Q-Exactive (Thermo Scientific) mass analyser running in positive mode 
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at 3.5 kV with an MS1 resolution of 70,000. Metabolites were identified using exact mass (MS1), 

retention time, and fragmentation patterns (MS2) at normalized collision energy 35. Quantification 

was performed via area under the curve (AUC) integration of MS1 ion chromatograms with the 

MZmine 2 software package. For the quantification of absolute moles of phenformin, one tumor 

from the vehicle group was selected to provide a representative tumor small molecular matrix. 

The volume equivalent of 1 mg of this tumor was distributed into several glass vials and 10 μL of 

pure aqueous phenformin standards (0.1–0.5 mM) was added to these samples to span the 

possible range of phenformin concentrations. From this point on, samples were treated as 

described above. AUC values from the phenformin standards were used to fit a linear regression 

model that related MS1 AUC to the moles of phenformin present. The linear regression equation 

was used to convert MS1 AUC to moles of phenformin in all tumor samples and expressed relative 

to the tissue mass of each tumor. 

Statistical analysis 

The in vivo experiments were analysed using analysis of variance (ANOVA) models to evaluate 

the main effects of the two treatment types on the various quantitative outcome measures. 

Categorical outcomes were compared between groups with Fisher’s exact test. The sample size 

of 7–10 KL mice per group provided a 99% power to detect differences in the outcomes of 

percentage CC3, Ki67 and 18F-BnTP %ID/g positivity, based on the observed results previously 

described50, assuming a two-sample t-test (a simplification of the ANOVA analysis plan) with a 

two-sided 0.05 significance level. Mouse experiments involving imaging of KL mice with 18F-

BnTP were repeated with three separate cohorts several months apart. For imaging studies with 

both genetically engineered mouse models and syngeneic mice, after basal 18F-BnTP imaging, 

mice were split into two groups (three cohorts for Fig. 3b) based on maximum %ID/g values, such 

that maximum %ID/g values of tumors in both groups would be similar after normalization to the 

maximum probe uptake in the heart. Variation is indicated using standard deviation or standard 
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error of the mean as described. Differences between groups were determined using unpaired 

two-tailed t-test or one-way ANOVA if more than two groups were compared. Western blot 

analysis of mitochondrial markers was completed on lung nodules isolated from three separate 

cohorts of mice. Investigators were not blinded to the allocations for treatment groups. This is 

because allocations to the groups were done on the basis of the maximum uptake of the 18F-

BnTP probe, which was calculated using AMIDE computer software. Maximum uptake values 

were based on the percentage injected doses of the 18F-BnTP probe, which were calculated 

independently of the investigators. Regions of interest were defined for tumor and heart by 

investigators, and were used to calculate the maximal uptake value. Regions of interest were 

independently reviewed by two authors and verified in a blinded manner. For the histological 

analysis, quantification of the Ki67 and CC3 staining was done using automated morphometric 

Definiens software that defines positive and negative staining regions using established 

algorithms before analysis. Histological analysis was verified in a blinded review. 

3.3 Results and Discussion 
Mitochondria are required for lung tumorigenesis as was shown in a KrasG12D-driven genetically 

engineered mouse model of lung cancer.55 We therefore used KrasG12D mutant, Lkb1 (also 

known as Stk11)-deficient (KrasG12D;Lkb1−/−; hereafter referred to as KL) genetically 

engineered mouse models to perform 18F-BnTP PET imaging on lung tumors in vivo.50,56 18F-

BnTP is a positively charged lipophilic cation that localizes to the negatively charged mitochondrial 

inner membrane in a voltage-dependent manner.57,58 18F-BnTP has been studied in rodent and 

canine myocardium to detect myocardial infarction33,59 and in tumor xenografts as a surrogate 

marker of apoptosis after chemotherapy treatment.30 Although mass spectroscopy-based 

approaches have been used to study mitochondrial membrane potential (ΔΨ)60, to our knowledge, 

no study has used 18F-BnTP PET to measure mitochondrial ΔΨ using autochthonous mouse 

models of lung cancer. We first synthesized 18F-BnTP as previously described52 and performed 
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PET imaging on lung tumors in KL mice ten weeks after tumor induction. We identified both 18F-

BnTP-positive lung tumors and heart (Fig. 3.1a).  

 

Figure 3. 1. PET imaging of 18F-BnTP and biodistribution analysis of KL lung tumors identified differential uptake 
between lung ADC and SCC. 

a, Overlay of PET and computed tomography (PET–CT) scanning of a KL mouse with lung 
tumors, imaged with 18F-BnTP. Right panel is rotated 90° compared to the left. Heart and tumor 
are indicated. B, bladder; GI, gastrointestinal tract; K, kidney; L, liver. b, Biodistribution of 18F-
BnTP probe in tissue from wildtype FVB strain49 mice measured by gamma counter ex vivo after 
1 h uptake (n = 5 mice). c, Biodistribution of the 18F-BnTP probe in normal tissue of KL mice 
measured by the maximum percentage injected dose per gram after 1 h uptake (n = 12 mice). d, 
18F-BnTP uptake in lung ADC and SCC from KL mice, measured as the ratio of the maximum 



39 
 

percentage injected dose per gram (%ID/g) in tumors and heart (n = 5 mice, n = 10 ADC tumors, 
n = 7 SCC tumors). e, Representative transverse image of the heart (H) and lungs of a KL mouse 
imaged by computed tomography (CT; left) and 18F-BnTP PET (right). T1, ADC; T2, SCC. f, 
Immunohistochemistry staining of T1 and T2 tumors from e. Scale bar, 100 μm. Data are mean 
±} s.d. P value determined by unpaired two-tailed t-test. Experiments in b and c were performed 
once. Data in a, d–f are representative of experiments repeated three times, with similar results. 
 

We performed biodistribution analysis of tissues by measuring either gamma counts or the 

percentage of injected dose per gram, and confirmed high uptake of the tracer in the heart, liver 

and intestine as well as low uptake in normal lung, skeletal muscle and brain (Fig. 3.1b, c). 

Analysis of 18F-BnTP PET imaging in KL mice identified two distinct populations of lung tumors 

distinguished by either high or low uptake of 18F-BnTP (Fig. 3.1d, e). Notably, we confirmed that 

tumors with high 18F-BnTP avidity segregated with lung adenocarcinoma (ADC), whereas tumors 

from lung squamous cell carcinoma (SCC) had uniformly lower avidity for 18F-BnTP (Fig. 3.1d). 

We confirmed lung tumor histology by staining tumors for cytokeratin 5 (CK5) to mark SCC, and 

thyroid transcription factor 1 (TTF1) or surfactant protein C (SP-C) to identify ADC (Fig. 3.1f, 

Extended Data Fig. 2.1). We suspected low mitochondrial content in lung SCC may have 

explained the reduced mitochondrial ΔΨ and 18F-BnTP uptake. Therefore, we stained tumors for 

the pan-mitochondrial marker TOM20 and confirmed similar staining intensities for both lung ADC 

and SCC (Fig. 1f). We performed additional analysis of the mitochondrial membrane proteins 

TOM20, TOM40, TOM70 and TIM23 in lung ADC and SCC from KL mice and showed that ADC 

(SP-C:actin ratio > 0.5) had no discernible difference in expression of these proteins compared 

to SCC (SP-C:actin ratio < 0.5) (Extended Data Fig. 2.1). These results demonstrate that both 

tumor subtypes have similar mitochondrial content but a twofold difference in 18F-BnTP affinity 

(Fig. 3.1d). We next sought to validate 18F-BnTP as a voltage-sensitive marker of both ΔΨ and 

oxidative phosphorylation (OXPHOS) by treating cells with the mitochondrial complex I inhibitor 

phenformin, which dissipates ΔΨ and inhibits OXPHOS61 (Fig. 3.2a). Short-term treatment with 

phenformin of the human lung ADC cell line A549 or the mouse lung ADC line L3161C (derived 

from a KrasG12D;p53−/−;Lkb1−/− (KPL) mouse; p53 is also known as Trp53) significantly 
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reduced ΔΨ in a dose-dependent manner but did not affect cell viability (Extended Data Fig. 2.2a–

e). Similarly, acute treatment of A549 cells with phenformin significantly reduced the uptake of 

18F-BnTP, similar to results with TMRE staining (Extended Data Fig. 2.2f). Phenformin also 

resulted in a marked reduction in cellular OXPHOS in both A549 and L3161C cells, as measured 

by respirometry (Extended Data Fig. 2.2g, h). Furthermore, we treated L3161C cells with 

oligomycin, a complex V ATPase inhibitor, which induces increased ΔΨ. We detected a significant 

increase in TMRE and 18F-BnTP uptake after treatment with oligomycin, and ΔΨ was significantly 

reduced after the addition of the mitochondrial uncoupler FCCP (Extended Data Fig. 2.2i, j), 

consistent with the response to the MitoClick probe.60 Oligomycin with or without FCCP did not 

significantly affect cell viability (Extended Data Fig. 2.2k). We next measured uptake of 18F-BnTP 

in lung tumors from KL mice before and after treatment with phenformin or vehicle (saline) (Fig. 

3.2b). Representative PET images show reduced uptake of 18F-BnTP in lung tumors treated with 

phenformin (Fig. 3.2c). Treatment groups showed no significant difference in 18F-BnTP uptake 

values before the start of the treatment (Fig. 3.2d), but showed a significant reduction in 18F-

BnTP uptake in the mice that received phenformin (Fig. 3.2e). Three independent experiments 

performed in KL mice demonstrated a significant reduction in 18F-BnTP uptake in lung tumors 

after treatment with phenformin compared with vehicle (Fig. 3.2f). We further quantified the 

percentage change in 18F-BnTP uptake after treatment and showed that phenformin induced a 

significant drop in tracer uptake compared with mice treated with vehicle (Fig. 3.2g). Lung ADCs 

from KL mice are sensitive to phenformin50, and it was therefore possible that the reduced 18F-

BnTP uptake was due to phenformin-induced cell death. Staining of cleaved caspase 3 (CC3) 

and Ki67 showed no evidence of phenformin-induced apoptosis or reduced cell viability (Appendix 

Extended Data Fig. 2.3a–d), consistent with previously published studies that showed that a 

longer duration of phenformin treatment induced cellular apoptosis.50,62 Mass spectrometry 

analysis of KL lung tumors treated with phenformin showed a significant increase in intra-tumoral 

phenformin compared with tumors treated with vehicle (Extended Data Fig. 2.3e). Collectively, 
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results in Fig. 3.2 demonstrate that 18FBnTP is a voltage-sensitive probe that detected changes 

in mitochondrial ΔΨ and OXPHOS in vitro and in vivo in lung tumor cells. We then investigated 

whether 18F-BnTP could selectively measure changes in mitochondrial ΔΨ and OXPHOS in vivo 

after treatment with a broader panel of inhibitors of the electron transport chain. The complex I 

inhibitors included metformin, phenformin and rotenone, which all reduce ΔΨ and suppress 

OXPHOS50,61,63 as well as the complex V inhibitor oligomycin, which induces an increase in ΔΨ. 

We used an orthotopic mouse model in which we transthoracically implanted L3161C lung tumor 

cells into the left lobe of syngeneic recipient mice (Fig. 3.3a) to profile mitochondrial ΔΨ in lung 

tumors. Notably, this enabled us to spatially localize a single lung tumor in the left lobe of the 

mouse and perform PET imaging of 18F-BnTP in mouse lung ADC tumors (Extended Data Fig. 

2.3f–h). We measured 18F-BnTP uptake in these orthotopically implanted mice after acute 

treatment for 4 h with either oligomycin or rotenone(Fig. 3.3a).64 We used a safely tolerated dose 

of rotenone (0.5 mg kg−1) or oligomycin (0.25 mg kg−1) below the toxic dose range.65 Uptake of 

18F-BnTP in lung tumors was significantly increased after the delivery of oligomycin, whereas 

rotenone treatment significantly reduced 18F-BnTP uptake (Fig. 3.3b). Our results demonstrate 

that 18F-BnTP PET detected acute changes in mitochondrial ΔΨ in lung tumors after inhibition of 

respiratory complexes I or V. At a cellular level, metformin, like phenformin, inhibits mitochondrial 

complex I, resulting in reduced OXPHOS66–68, and is broadly used worldwide to clinically manage 

type 2 diabetes.69 We therefore sought to determine whether PET imaging of 18F-BnTP could 

measure direct changes in the ΔΨ and complex I activity of lung tumors in vivo after systemic 

treatment of mice with metformin (Fig. 3.3c). Our results show that uptake of 18F-BnTP in lung 

tumors was significantly reduced in the mice that received metformin compared with the vehicle-

treated mice (Fig. 3.3d). As expected, metformin resulted in less inhibition of 18F-BnTP uptake 

than its more potent analogue phenformin (Fig. 3.3d, e). Similar to phenformin, metformin did not 

induce apoptosis and cell death or alter tumor growth, as measured by CC3 or Ki67 staining, 
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respectively (Extended Data Fig. 2.3j). These results confirm that 18F-BnTP imaging can 

accurately detect a loss of ΔΨ after delivery of metformin. 

 

Figure 3. 2. Treatment of KL mice with the complex I inhibitor phenformin suppresses 18F-BnTP uptake in lung 
tumors. 

a, Schematic drawing representing voltage-dependent uptake of 18F-BnTP into the mitochondria. 
Bioenergetics driven by the electron transport chain (ETC) and OXPHOS are shown. b, 
Schematic drawing of imaging and treatment regiments for KL mice treated with 125 mg kg−1 
day−1 phenformin. p.o., per os (orally). c, Representative images from a KL mouse before (top) 
and after (bottom) treatment for 5 days with 125 mg kg−1 day−1 phenformin. Values for maximum 
percentage injected dose for the heart and tumor are indicated. d, Quantification of maximum 
percentage injected dose for tumors in vehicle (Veh) and phenformin (Phen) groups before 
treatment. Each dot represents an individual tumor (n = 11 tumors for vehicle and phenformin 
groups). e, Quantification of maximum 18F-BnTP uptake in tumors after treatment with 125 mg 
kg−1 day−1 phenformin or vehicle for 5 days. Each dot represents an individual tumor (n = 11 
tumors for vehicle and phenformin groups). f, Average 18F-BnTP uptake in KL mice after 5 days 
of treatment with vehicle (n = 48 tumors; 10 mice) or phenformin (n = 23 tumors; 10 mice). Each 
dot represents an individual tumor. g, Waterfall plot of the percentage change in probe uptake 
after treatment of mice with vehicle or phenformin for 5 days. Each bar represents an individual 
tumor. Data are mean ±} s.d. P values determined by unpaired two-tailed t-test. Data in d–f are 
from two separate mouse experiments. Data in g are from three individual mouse experiments. 
 

We next tested whether expression of the Saccharomyces cerevisiae NADH dehydrogenase 

(ND1), which oxidizes NADH in a similar manner to mammalian mitochondrial complex I, would 

render lung tumor cells insensitive to biguanides and prevent the loss of 18F-BnTP uptake after 
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inhibition of complex I.51,68 Expression of ND1 in L3161C lung tumor cells (L3161C-ND1) 

conferred resistance to phenformin as L3161C-ND1 cells maintained higher OXPHOS after 

phenformin treatment than cells expressing the vector alone (Extended Data Fig. 2.4a, b). 18F-

BnTP PET imaging demonstrated that L3161C-ND1 tumors were resistant to phenformin and 

showed no loss of 18F-BnTP uptake compared to vector-expressing L3161C tumors (Extended 

Data Fig. 2.4c), whereas vehicle-treated L3161C-ND1 and vector tumors were both positive for 

18F-BnTP uptake (Extended Data Fig. 2.4d). Our results demonstrate that 18F-BnTP imaging is 

sensitive to functional changes in complex I activity.  

 

Figure 3. 3. 18F-BnTP detects mitochondrial complex I inhibition in vivo. 

a, Schematic drawing of the transthoracic (TT) implantation of KPL (bearing mutated Kras and 
deficient in p53 and Lkb1) lung ADC cells into syngeneic recipient mouse, imaging and treatment 
regiments. b, Waterfall plot of the percentage change in 18F-BnTP uptake after treatment of mice 
with a single dose of vehicle (n = 7 mice), 0.25 mg kg−1 oligomycin (n = 9 mice) or 0.5 mg kg−1 
rotenone (n = 7 mice). P values determined by one-way ANOVA. c, Schematic drawing of the 
treatment and imaging regiment for syngeneic mice implanted transthoracically with lung ADC 
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cells from KPL mice, and treated with vehicle or complex I inhibitor for the indicated time. d, 
Waterfall plot of the percentage change in 18F-BnTP uptake after treatment of mice with vehicle 
(n = 4 mice) or 500 mg kg−1 metformin (n = 5 mice) for 5 days. e, Waterfall plot of the percentage 
change in 18F-BnTP uptake after treatment of mice with vehicle (n = 4 mice) or 125 mg kg−1 
phenformin (n = 6 mice) for 5 days. Experiments in b, d and e were performed once. Statistical 
significance for d and e was calculated using unpaired two-tailed t-test. 
 

NSCLC is marked by genetic, metabolic and histological heterogeneity in tumors.53,70,71 We next 

sought to perform multi-tracer PET imaging in KL mice using the 18F-BnTP and [18F]fluoro-2-

deoxyglucose (18F-FDG) PET tracers to non-invasively profile mitochondrial ΔΨ and glucose 

metabolism, respectively. Multi-tracer PET imaging of KL lung tumors revealed distinct metabolic 

heterogeneity between lung tumors in which we identified three distinct tumor populations: (1) 

glycolytic 18F-FDG-positive and 18F-BnTP-negative tumors; (2) oxidative 18F-BnTPpositive and 

18F-FDG-negative tumors; and (3) tumors with increased uptake of both tracers (Extended Data 

Fig. 2.5a). Histological analysis of lung tumors imaged by PET revealed that 18F-FDG-positive, 

18F-BnTPnegative tumors were SCC as confirmed by positive staining for CK5 and TTF1, 

whereas 18F-BnTP-positive, 18F-FDG-negative tumors were positive for TTF1 and negative for 

CK5 staining, confirming ADC histology (Extended Data Fig. 2.5b, c). Both lung ADCs and SCCs 

showed distinct 18F-BnTP and 18F-FDG profiles, which suggests that these tumor subtypes may 

have distinct bioenergetic profiles.  
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Figure 3. 4. Multi-tracer PET imaging of KL lung tumors with 18F-BnTP and 18F-FDG. 

a, PET–CT images of a KL mouse with two tumors, T1 and T2. Top, 18F-BnTP/CT overlay; 
bottom, 18F-FDG/CT overlay. b, Western blot of T1 and T2 tumors isolated from mouse in a and 
probed with the indicated antibodies. c, Western blot of tumors isolated from KL or KP 
(KrasG12D;p53−/−) mice and probed with the indicated antibodies. d–i, Experiments performed 
on human A549 (ADC) and RH2 (SCC) cell lines. d, Western blot probed with the indicated 
antibodies. Loading control (β-actin) is shown for each blot; intensity of bands relative to actin is 
indicated. e, Quantification of TMRE fluorescence (n = 3 biological replicates). f, Basal oxygen 
consumption rate (OCR) (n = 15 technical replicates). g, Extracellular acidification rate (ECAR) 
(n = 15 technical replicates). h, Coomassie staining of mitochondria isolated from A549 and RH2 
cells separated on blue native gel. I, II and III, complex I, II and III, respectively; SC, supercomplex. 
Densitometry quantification of the ratio of complex I (CI) to complex V (CV) or complex III (CIII) is 
indicated. i, Complex I activity in human A549 and RH2 cells (n = 25 technical replicates). j, 
Schematic of the treatment regimen for KL mice. k, Percentage of lung area occupied by tumors 
in KL mice treated with vehicle or 15 mg kg−1 IACS-010759 (n = 9 mice (vehicle), n = 13 mice 
(IACS)). l, Percentage of Ki67-positive cells per tumor area quantified for TTF1- positive (TTF1+) 
tumors for KL mice treated as indicated in j (left; n = 861 (vehicle); n = 1,068 (IACS)) and CK5-
positive (CK5+) tumors (right; n = 31 (vehicle); n = 26 (IACS)). Data are mean ±} s.e.m. m, 
Transverse view of a KL mouse imaged with 18F-BnTP PET–CT (top) and 18F-FDG PET–CT 
(bottom). Tumor is outlined. n, Haematoxylin and eosin (H&E) staining of the PET imaged tumor. 
Tumor histology is indicated. Scale bar, 1.0 mm. o, Representative images of tumors stained with 
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GLUT1 (left) and CK5 plus TTF1 (right). Scale bar, 25 μm. Data are mean ±} s.d. P value 
determined by unpaired two-tailed t-test. Experiments in a–h were performed twice with 
similar results. Experiments in i, k and l were performed once. Data in m–o are representative of 
three independent mouse experiments. a.u., arbitrary units. 
 

Previous studies have shown that lung SCC tumors from KL mice are refractory to phenformin, 

which suggests that lung SCC tumors may contain intrinsic defects in complex I that modulate 

response to complex I inhibition.49,62 Supporting this, a study of mitochondrial proteins in human 

NSCLC showed that late-stage lung carcinomas have reduced expression of NDUFS1 and 

NDUFV172, which are complex I subunits involved in the transfer of electrons from NADH 

(Extended Data Fig. 2.6a). We performed a PET-guided biochemical analysis of NDUFS1 and 

NDUFV1 in lung ADCs and SCCs in KL mice. We found that 18F-BnTP-negative, 18F-FDG-

positive SCC tumors (shown in red) had a marked reduction in NDFUS1 and NDUFV1 proteins 

compared with 18F-BnTP-positive, 18F-FDG-negative ADC tumors (shown in blue) (Fig. 3.4a, b, 

Extended Data Fig. 2.6b–d). We analysed NDFUS1 and NDUFV1 proteins in lung ADC and SCC 

tumors from KL mice across three independent experiments and discovered that SCCs (red 

boxes) had a consistent reduction in NDFUS1 compared to ADCs (blue boxes) (Fig. 3.4c, 

Extended Data Figs. 2.6e, 7). Lung ADCs and SCCs were distinguished by the levels of SP-C 

protein. In addition, immunoblots for TOM20, TOM40, TOM70 or TIM23 showed similar 

distribution of mitochondrial content between SCC and ADC tumors (Fig. 2.4b, c, Extended Data 

Fig. 2.1). We then examined the NDUFS1 and NDUFV1 proteins in the human lung ADC cell line 

A549 and the human lung SCC line RH2. Identical to mouse lung tumors, we identified a decrease 

in the levels of both NDUFS1 and NDUFV1 proteins in RH2 cells compared with A549 cells 

(Fig. 3.4d). Functional analysis of mitochondrial ΔΨ in human and mouse ADC and SCC cell lines 

demonstrated that the SCC tumor cells had a significantly reduced ΔΨ compared with ADC cells 

(Fig. 3.4e, Extended Data Fig. 2.8a). RH2 cells had a reduced oxygen consumption rate and an 

increased extracellular acidification rate compared with A549 cells (Fig. 3.4f, g). Analysis of 

mitochondrial complexes in Coomassie-stained gels showed that RH2 cells had lower levels of 



47 
 

complex I than A549 cells (Fig. 3.4h). In addition, RH2 cells had reduced complex I activity 

compared with A549 cells (Fig. 3.4i). These results suggest that ΔΨ and complex I activity may 

be predictive of responses to complex I inhibitors in which 18F-BnTP-positive lung ADCs are 

predicted to have increased sensitivity compared with 18F-BnTP-negative lung SCCs. 

We next demonstrated that both human and mouse lung ADC cell lines were more sensitive than 

lung SCC cell lines to low doses of the complex I inhibitors phenformin and IACS-

010759(Extended Data Fig. 2.8b–d).73 We tested IACS-010759 in vivo in KL mice and determined 

that 18F-BnTP-positive tumors were sensitive to complex I inhibition. KL mice were imaged by 

18F-BnTP and 18F-FDG PET before treatment to confirm the presence of 18F-BnTP-positive 

tumors and binned into equal groups based on tumor uptake of 18F-BnTP (Fig. 3.4j, Extended 

Data Fig. 2.9a). Mice receiving IACS-010759 showed a significant reduction in tumor burden 

compared to those that received vehicle control (Fig. 3.4k, Extended Data Fig. 2.9b, c). Our data 

predicted that 18F-BnTPpositive ADCs would show increased sensitivity to IACS-010759 

compared with 18F-BnTP-negative SCCs. Analysis of tumor cell proliferation showed a significant 

reduction in Ki67+ cells in TTF1+ ADCs treated with IACS-010759, whereas CK5+ SCCs were 

refractory to IACS-010759 (Fig. 3.4l). We next asked whether PET imaging of 18F-BnTP and 18F-

FDG could detect metabolic heterogeneity within individual lung tumors. We identified 

heterogeneous uptake of both 18F-BnTP and 18F-FDG within single lung nodules from KL mice 

(Fig. 3.4m). Histological analysis revealed squamous cell differentiation in the 18F-FDG-positive, 

18F-BnTPnegative region marked by positive staining for CK5 and GLUT1. By contrast, the 18F-

BnTP-positive, 18F-FDG-negative tumor region was marked by positive staining for TTF1 and 

low expression of GLUT1, confirming ADC histology (Fig. 3.4m–o, Extended Data Fig. 2.10). 

These results demonstrate that multi-tracer PET imaging with 18F-BnTP and 18F-FDG could 

identify distinct mitochondrial and metabolic heterogeneity within individual lung tumors. Our study 

represents a new and non-invasive approach to using 18F-BnTP PET imaging to profile 

mitochondrial ΔΨ and functional mitochondrial heterogeneity within NSCLC. We detected distinct 
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mitochondrial ΔΨ and complex I activity profiles in lung SCC and ADC tumors that were predictive 

of responses to complex I inhibitors. Our results suggest that 18F-BnTP may function as a non-

invasive biomarker to guide the delivery of complex I inhibitors in cancer. PET imaging of 18F-

BnTP represents a valuable resource not only to the field of cancer metabolism but also to other 

fields that are actively investigating mitochondrial activity in ageing, physiology and disease. 
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Chapter 4: Classes of Drugs that Mitigate Radiation Syndromes 

 

4.1 Introduction 
 

Historically, tissue damage after exposure to low density ionizing radiation (IR) such as X-rays 

and γ-rays was ascribed to cell death resulting in large part from the generation of short-lived free 

radicals and their destructive effects on DNA, events that were widely considered to be 

determined within minutes to hours after exposure. The finding by the Walter Reed Army Drug 

Development Program in the 1950s that thiol-based free radical scavengers, from which WR2721 

(Amifostine) emerged as the lead compound, non-selectively radioprotect normal tissues if given 

close to the time of radiation exposure, support this contention (Murray and McBride, 1996).74 

Unfortunately, such radioprotectors are far less effective if given after exposure, which is an 

essential requirement for radiation mitigation in the context of radiological accidents or terrorist 

action. Government agencies have outlined a general framework for the development of such 

mitigators in animal models; agents must be efficacious when administered at least 1 d after IR 

exposure by a route suitable for mass administration. Despite these tight restrictions, promising 

mitigators have emerged that are active against potentially lethal, acute radiation syndromes 

(ARS) in animal models that closely mimic the human situation (Bond et al., 1965; Kim et al., 

2009; Burdelya et al., 2012; Medhora et al., 2012; Himburg et al., 2014; Jiang et al., 2014; Cohen 

et al., 2016; Micewicz et al., 2017; Steinman et al., 2018)12,75–82, and in many ways they challenge 

historical radiobiological concepts that DNA damage and repair, and rapid apoptosis, is 

essentially complete within 24 h since mitigation of radiation-induced syndromes only start at this 

time point. ARS were first characterized in radiobiological studies performed largely in inbred mice 

shortly after WWII. As whole-body irradiation (WBI) doses were increased, the dose causing 50% 

mortality (LD50) of mice plotted against mean/ median survival time (MST) was found to be 

discontinuous with mortality being expressed within several dose-time windows, each with a 

characteristic pathogenesis (Quastler, 1945a; Quastler, 1945b; Quastler, 1945c; Austin et al., 
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1956; Sacher and Grahn, 1964; Bond et al., 1965).83–87,75 Lethality in the lowest dose range occurs 

between 10 and 30 d and can generally be ascribed to hematopoietic failure (H-ARS). An increase 

in dose precipitates an earlier phase of mortality at around 5–9 d due to gastrointestinal damage 

(GI-ARS). H-ARS and GI-ARS are primarily due to depletion of highly proliferative stem/ 

progenitor compartments and failure of these tissues to maintain their functional compartment 

(Schaue and McBride, 2019; McBride and Schaue, 2020).88,89 The MST therefore reflects the 

tissue turnover time. A third, cerebrovascular/central nervous system syndrome (CVS/CNSARS) 

was identified 1–2 d after very high doses of WBI that is mechanistically different in being marked 

by brain edema, hemorrhage, and inflammation. Many variables may influence these morbidity 

and mortality patterns after WBI, including infection, immunosuppression, coincidental trauma, 

burns, and other exigent circumstances. In addition, individuals who survive ARS often develop 

delayed effects of acute radiation exposure (DEARE) that are largely associated with chronic 

inflammation and may display a multi-organ disease syndrome (MODS) with a shortened life span 

(Williams and McBride, 2011; Micewicz et al., 2019).90,91 Although colony stimulating factors such 

as Neupogen (G-CSF), Neulasta (pegylated G-CSF), and Leukine (GMCSF) have been approved 

by the FDA for H-ARS mitigation in humans (Singh and Seed, 2020)92, their efficacy may be 

limited with respect to other ARS and DEARE syndromes (Farese et al., 2019).93 They may even 

exacerbate radiobiological damage in some tissues (van Os et al., 2000; Li et al., 2015).94,95 Since 

WBI causes multi-organ damage, mitigators should be agnostic with respect to tissue type, which 

might require that they act through shared highly conserved pathways. Rebalancing all damaged 

tissue systems might prevent a later downward spiral into MODS. Additional advantageous 

properties might be selectivity for radiation tissue damage without other normal tissue effects, and 

formulation in effective doses that are easily administered and not highly dependent on time and 

route of administration. We have used high throughput screening (HTS) and structure-activity 

relationship (SAR) analyses to identify classes of novel mitigators with at least some of these 

attributes when tested in vivo (Micewicz et al., 2017).12 Remarkably, the HTS platform employed 
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simple radiationinduced apoptotic death of a CD4+ CD8+ T lymphocyte line (Kim et al., 2009; Kim 

et al., 2011; Micewicz et al., 2017)76,96,12, suggesting that common core pathways are being 

targeted (Lant and Derry, 2014; Contreras et al., 2018).97,98 We initially reported on results of a 

screen of 65,000 bioactive compounds that identified several classes of agents that could mitigate 

both radiation-induced lymphocyte apoptosis in vitro and H-ARS in vivo. These included purine 

nucleosides and multiple tetracyclines and fluoroquinolones, but not other antibiotics (Kim et al., 

2009; Kim and McBride, 2010).76,99 For the antibiotics, mitigation was unrelated to anti-microbial 

activity and SAR analysis identified them all as belonging to a class possessing a common ring 

structure. We then interrogated small chemical libraries of 85,000 compounds using the same 

screening platform and reported on a class of novel 4- nitrophenylsulfonamide compounds (NPS), 

in particular piperazine derivatives (NPSP), with a lead compound NPSP512 that uniquely 

mitigated multiple ARS and late DEARE (Micewicz et al., 2017; Micewicz et al., 2019)12,91 

including H-ARS, GI-ARS, radiation-induced pneumonitis and pulmonary fibrosis, neurological 

motor, sensory and memory deficits, and DEARE (Micewicz et al., 2017; Micewicz et al., 2019; 

Bhat et al., 2020; Duhachek-Muggy et al., 2020)12,91,100,101, as well as radioprotecting mice against 

H-ARS when given prior to WBI and displaying anti-tumor activity (Micewicz et al., 2017; Bhat et 

al., 2020; Duhachek-Muggy et al., 2020).12,100,101 Here, we describe other classes of mitigators 

from the HTS chemical screen and other sources. Over 20 H-ARS mitigators are described and 

their properties compared and discussed. We also describe the challenge in formulating the 

NPSP512 compound that led to analog synthesis designed to improve its pharmacological 

properties. 

4.2 Materials and Methods 
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HTS Assay 

The HTS assay has been described previously (Kim et al., 2009; Micewicz et al., 2017).12,76 In 

brief, TIL1 CD4+ CD8+ lymphocytic cells of C3H murine lineage (McBride et al., 1992)102 were 

grown in MEM medium with 10% fetal calf serum and irradiated with 2 Gy. One hour later, 85,000 

compounds were individually added from the ChemBridge DIVERSet (San Diego, CA, United 

States) or the Asinex (ASN) or Asinex Targeted (AST) libraries (Moscow, Russia). The AST library 

is configured around inhibitors of GPCRs (14 groups), kinases (six groups), ion channels (four 

ligand dependent groups), and proteases, while the others cover a broader pharmacophore 

space. Compounds were added at 10 µM final concentration in 1% DMSO. Mitigation of radiation-

induced apoptosis was assessed at 24 h by measuring ATP release (ATPlite, PerkinElmer, MA, 

United States). Based on the 99% confidence limits compounds that increased viability to above 

130% of the irradiated (diluent) controls (100%) were retested over a range of concentrations 

using both ATPlite and Annexin/P.I. (Fisher, Carlsbad, CA, United States) for apoptosis. For in 

vivo assays, compounds were obtained from ChemBridge (San Diego, CA, United States) or 

synthesized in house (MJ, PR). Purity and stability were assessed by LC/MS and NMR. All 

chemicals were stored in 15 µL DMSO or freshly suspended in 1 ml of 2 % Cremophor EL in 

water, and injected s. c. in the flank in 0.2 ml volumes, unless otherwise stated. All control mice 

received the same diluent as the experimental groups. Other vehicle formulations are noted in 

the text. The HTS data are archived in The Collaborative Drug Discovery Vault (https:// 

app.collaborativedrug.com/vaults/425/searches/new) and freely available. 

Similarity and Substructure Analyses 

Data were compared for similarity and chemical features on a Collaborative Drug Discovery vault 

platform (CDD™, Burlingame, CA, United States). The entire library was ranked by structural 

similarity to a referenced hit based upon the Tanimoto coefficient, excluding coefficients 
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In Vivo Testing 

C3Hf/Sed//Kam and C57Bl/6 gnotobiotic male and female mice were bred at UCLA in our 

Radiation Oncology AAALACaccredited facility. Where indicated, Foxp3DTR/EGFP and Nrf2−/− 

, both on the C57Bl/6 background were used with the goal to monitor ARS under conditions of 

limited immune suppression and/or limited anti-oxidant defense, respectively. Foxp3DTR/EGFP 

transgenic mice (a gift from Dr Chatila) have the Diphtheria toxin receptor under the control of the 

Foxp3 promoter (a master regulator of regulatory T cells, i.e., Tregs) that allows the conditional 

depletion of Tregs upon exposure to Diphtheria toxin (DT). In order to deplete Tregs mice were 

i.p., injected with DT at 1 µg/mouse (Sigma-Aldrich) every 3 days starting 2 days prior to WBI for 

a total of three injections while on maintenance antibiotics: Sulfatrim, 1 g/L Kanamycin and 1 g/L 

Ampicillin in drinking water (Haribhai et al., 2011)103. Nrf2−/− came from the Jackson Labs (Bar 

Harbor, ME, United States). All mice were housed at four per cage and randomized to 

experimental groups of n 8 at around 9–12 weeks of age, restricting the weight to match groups, 

e.g. males were 28–30 g when used. All IACUC-approved protocols and NIH guidelines were 

adhered to and defined criteria for premature humane euthanasia were strictly followed. WBI was 

performed on unanesthetized and unrestrained mice using an AEC Gamma Cell 40 cesium 

irradiator (Cs-137) at a dose rate of around 60 cGy/min or a Gulmay Medical RS320 Irradiation 

System X-ray unit operated at 300 kV (Gulmay Medical Ltd., Surrey, UK) with a permanent 4 mm 

Be filter and 1.5 mm Cu and 3 mm Al giving a HVL of 3 mm Cu. Institutional probit analyses were 

used to determine the dose that would cause lethality of 70% of mice within 30 d (LD70/30). 

Dosimetry used a Capintec ionization chamber calibrated to NIST standards and film 

(GAFCHROMIC EBT2, International Specialty Products, Wayne, NJ, United States) to check that 

deviations in the field uniformity is <5%. Partial body irradiations used 300 kV X-rays (Gulmay, 

Surrey, UK) with anesthesia and Cerrobend (1 cm) to prevent exposure to unirradiated body parts. 

Mice were anaesthetized with an i.p. injection of 80 mg/kg Ketamine (Putney, NADA#200–073) 
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and 4 mg/kg Xylazine (AnaSed, NADA# 139–236; Lloyd labs #4811). We have outlined the 

radiation syndromes our mice experience in considerable detail (Micewicz et al., 2017; Bhat et 

al., 2020; Duhachek-Muggy et al., 2020).12,100,101 In brief, H-ARS mortality occurred during the 

“classic” time frame between days 10–30 after exposure. Hematological damage is confirmed by 

Hemavet CBC observations made on blood from a separate group of identically treated mice so 

as not to influence survival data. To rule out infection as a cause of death, plasma is cultured for 

aerobes and anaerobes, which is facilitated by the use of gnotobiotic mice, which have a limited 

flora that does not change over the experimental period. Active mitigators allowed for CBC 

recovery around day 10–14, especially for lymphocytes and neutrophils. GI-ARS occurs 5–9 days 

after abdominal exposure and is accompanied by epithelial denudation that is prevented by 

mitigators. Lethality after lung irradiation in C3H mice is due to pneumonitis and occurs 80–140 

days after exposure, while C57Bl/6 mice present with fibrotic death after 150–200 days. We 

followed both lung pathologies by CT scans and all syndromes by histology. 

Chemical Synthesis of the NPSP512 Derivatives QS1 and 52A1 

QS1: The synthetic approach was adapted from Laval et al. (2009).104 40 mmol (6.49 g) of 1-

phenylpiperazine was placed in a 250 ml Erlenmeyer flask equipped with a magnetic stirrer. 

Subsequently, 45 ml of anhydrous tetrahydrofuran (THF), 80 mmol (8.8 ml) of 4-methylmorpholine 

and 50 ml of anhydrous dimethyl sulfoxide (DMSO) were added, and the solution was cooled in 

an ice bath for 10 min with vigorous mixing. Then, 44 mmol of appropriate sulfonyl chloride was 

dissolved in 25 ml of anhydrous THF, and the resultant solution added in 2.5 ml portions to the 

reaction mixture over a period of 10 min with mixing. The flask was covered and mixing continued 

overnight (∼18 h) after which the reaction mixture was transferred to a 500 ml round-bottom flask, 

and the THF evaporated using a rotary evaporator (bath temp 35° C). The remaining residue was 

diluted with water and formed precipitate was collected by filtration. Dried crude compounds were 

crystalized from either ethyl alcohol or acetonitrile giving corresponding compounds with overall 
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yield of 72–98%. 52A1 (4-(4-[2(aminomethyl)phenyl]piperazine1sulfonyl) 

phenyl)(hydroxy)oxoammonium): In brief, 3.73 g (10 mmol) of sulfonamide was placed in a 250 

ml one-neck round-bottom flask equipped with a magnetic stirrer. Subsequently, 100 ml of 

anhydrous benzene, 2.97 ml (10 mmol) of titanium (IV) isopropoxide (Ti(OiPr)4), and 8.86 ml (50 

mmol) of 1,1,3,3- tetramethyldisiloxane (TMDS) was added to a glass stopper capped bottle and 

all mixed for 24 h (60° C). The dark brown solution was then acidified with 4N HCl in 1,4-dioxane 

and evaporated on rotary evaporator. Crude compound was precipitated by addition of dry diethyl 

ether, separated by centrifugation, and dried under the vacuum. Subsequently, solid residue was 

extracted with hot water (3 × 50 ml), and combined extracts lyophilized, purified crystallization 

and a hydrochloride salt made. The formula weight was 377.44.  

Pharmacokinetics Analysis 

Pharmacokinetic data were obtained from blood plasma samples taken at indicated times after a 

single s.c., injection of NPSP mitigators at 5 or 10 mg/kg into C3H male mice. Plasma samples 

(20 µL) and an internal standard (1 µL; F512, 50 pmol) were added to methanol (79 µL, Fisher 

Scientific Optima® LC/MS) for a total volume of 100 µL, as well as 52A1 standards (1 µL of 10, 

50, 100, 250 pmol) similarly prepared. These were vortexed for 2 s and centrifuged for 5 min at 

16,000 rcf to obtain supernatants that were run on a 100 × 2.1 mm C18 column (Phenomenex 

Kinetex) using the 1290 Infinity LC system (Agilent 6460). The mobile phase was 0.1% formic 

acid in Milli-Q water, and 0.1% formic acid in acetonitrile. After elution, the NPSP was 

characterized on a triple quadrupole LC/MS system with an electrospray ionization source (Agilent 

6460). Data acquisition was made in the positive ion mode for multiple reactions monitoring 

(MRM). The analyte signal was normalized to the internal standard and concentrations were 

determined by comparison to the calibration curves for plasma using linear regression analysis. 

PK values were obtained using SummitPk software to calculate Cmax and T1/2. 
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Statistics 

Kaplan-Meier plots with log rank statistics were used to test for significant survival differences. 

Probit analyses were performed using SPSS v20 software and NCSS PASS 13 Power Analysis 

and Sample Size Software, Kaysville, Utah for power analysis. Analyses of variance were 

performed on all other data with a Brown-Forsythe test where homogeneity of variance 

assumptions were not met. Multiple comparisons procedures using Sidak were also performed. 

The Kruskal-Wallis non-parametric test was performed for some data distributions with less 

stringent assumptions. Significance was assessed at the 5% level using SPSS v20 software (IBM 

SPSS Statistics, Armonk, NY, United States). 

4.3 Results 
 

In Vitro Screening 

Primary HTS of the chemical libraries identified 220 potential “hits” that enhanced lymphocytic 

cell survival to >130% which was outside the 99% confidence limits of the control. Maximal 

common substructure analysis classified most of these hits to fall within 11 clusters, each with a 

common core pharmacophore and containing at least three active compounds (Figure 4.1–

shaded).  
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Figure 4. 1. Maximal Common Substructure analysis of in vitro HTS “hits” 

Maximal Common Substructure analysis of in vitro HTS “hits” (shaded) showing clusters of at 
least three active compounds. The 15 validated hits cherry-picked for in vivo testing are shown 
along with the extent to which they mitigated 2 Gy in vitro radiation cytotoxicity (in bold) compared 
to controls treated with 2 Gy alone (100%). 

 

Secondary screening validated 23 compounds, of which 15 were cherry-picked for in vivo testing 

for mitigation of H-ARS in mice; the others being difficult to obtain. Four had a quinoline scaffold 

and came from the largest cluster (a total of 14 compounds at four levels of similarity). Five bore 

a 4-nitrophenylsulfonamide motif. All compounds had very little activity on non-irradiated cells 

suggesting some selectivity for radiation damage. 

In Vivo Screening 

H-ARS was induced in C3H or C57Bl/6 male or female mice by WBI with LD70/30 doses 

estimated from institutional probit curves. Unless otherwise stated, all drugs were tested using 

the same schedule of five daily s. c. injections starting 1 d after LD70/30 doses of WBI, most at 

three different doses unless limited by availability. All 15 compounds shown in Figure 1 mitigated 

H-ARS at least one dose regimen without observed toxicity. 
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4-(Nitrophenylsulfonyl)-4-Phenylpiperazine Compounds 

We previously reported on a novel and unique class of 4- nitrophenylsulfonamide (NPS) H-ARS 

mitigators, four of which were 4-(nitrophenylsulfonyl)-4-phenylpiperazines (NPSP) (Micewicz et 

al., 2017).12 Lead NPS and NPSP compounds effectively mitigated H-ARS in both strains of mice 

and both sexes. The lead NPSP compound 5355512 [a.k.a. 512 or #5 (Bhat et al., 2019)]105 

mitigated multiple radiation syndromes. The shared nitrophenylsulphonamide moiety obviously is 

the active warhead for this class of drugs, but we chose a piperazine derivative as the lead 

compound because of its more favorable PK properties (Micewicz et al., 2017).12 We hypothesize 

that this enabled activity at 5mg/kg, which is easier to deliver to humans than the 75 mg/kg 

required for activity of simpler NPS compounds (Micewicz et al., 2017).12 In keeping with this 

hypothesis, analogs of NPSP512 that we synthesized without piperazine lost low dose (5 mg/kg) 

efficacy (Figure 2). Although the piperazine group could be modified with retained activity, not all 

NPSPs in our HTS dataset with >70% similarity were active mitigators and this appeared to be 

due to subtle chemical features associated with the piperazine group (Micewicz et al., 2017).12 

 

Figure 4. 2. Efficacy of Piperazine Group 
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The piperazine group is essential for efficacy of 512 at 5 mg/kg, but can be modified without loss 
of activity, P1 being able to fully mitigate H-ARS (p = 0.0085) whereas P2 and P3 analogs without 
piperazine lost activity. 

 

Formulation, Quarternization, and Derivatization of 512 

For preliminary in vivo studies, drugs were dissolved in DMSO and formulated in Cremophor EL 

to minimize inter-drug differences in solubility. However, high concentrations of Cremophor have 

been reported to be associated with occasional hypersensitivity reactions in patients (Gelderblom 

et al., 2001)106, and the FDA now consider it an undesirable excipient. NPSP512 needed to be 

formulated for further advancement. Dozens of FDA-approved excipients were tested without 

much success. By analogy with x-ray crystallography of N-(4-nitrophenyl)-N-phenylsulfonamide 

(Gomes et al., 1993)107, it seems that NPSPs can “stack” head to tail in alternate hydrophobic and 

hydrophilic layers to form large intermolecular complexes that “crash out” over time in aqueous 

solution. This was not a problem in our preliminary studies because solutions for injection were 

made fresh before use. Since we could find no excipient that could overcome this problem, we 

resorted to synthesis of chemically modified analogs. Guided by the extensive SAR studies, we 

knew that the groups attached to piperazine most likely affected solubility and chose this as the 

target for modification. NPSP512 was quaternized as shown in Figure 3A and designated QS1. 

QS1 was 50 times more soluble in water than NPSP512 reaching 2.4 mg/ml. Although not shown 

here, like the parent molecule, QS1 mitigated radiation-induced apoptosis and enhanced 

mobilization of CD11b+Ly6G+Ly6C+ myeloid cells (Micewicz et al., 2017).12 The optimal dose of 

QS1 needed for mitigating H-ARS lethality in C3H mice was determined using 1, 5, 10, or 

20 mg/kg injected s. c., 5× daily starting 1 d after an LD70/30 WBI dose and found to be 5 mg/kg 

(not shown)—identical to that for the parent compound (Micewicz et al., 2017).12 In several 

different H-ARS experiments, 5 mg/kg s.c., (5x) increased survival from 30% to 90–100%, a 

regime that was also effective for gavage delivery (Figure 4.3B). A single injection of QS1 24 h 

after WBI was also effective if given s. c., but not by gavage. Like the parent 512, the standard 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B58
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B58
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5 d schedule of 5 mg/kg s. c. mitigated GI-ARS lethality in mice receiving 20 Gy to the abdomen 

(Figure 4.3C) and radiation pneumonitis after 16 Gy to the thorax (Figure 4.4D). PK studies 

(Figure 4.3E) showed that the Cmax for QS1 was almost 100-fold higher than for NPSP512 but 

that it had a very short half-life and could not be detected in plasma for longer than 3–4 h after 

injection, likely due to its metabolism. For comparison, the Cmax for NPSP512 occurs after 2 h and 

drug is detectable for up to 24 h (Micewicz et al., 2017).12 The PK characteristics were very similar 

in non-irradiated and WBI mice when drug was injected 24 h after WBI, but when injected 72 h 

post-WBI the Cmax was lower indicating radiation changes the plasma fluid volume over time. 

 

Figure 4. 3. Quaternization of NPSP512 to Yield QS1 

(A) Quaternization of NPSP512 to yield QS1. (B) QS1 at 5 mg/kg mitigates H-ARS lethality in 
C3H male mice after LD70/30 WBI (p < 0.0001; Cs source; 7.725 Gy) if given 5× daily by s.c., or 
gavage, or 1× if given s.c., (p = 0.0023), but not by gavage. (C) QS1 at 5 mg/kg, 5X daily s.c., 
mitigates GI-ARS after 20 Gy total abdominal irradiation in C57BL/6 male mice and (D) radiation 
pneumonitis in C3H mice after 16 Gy local thoracic irradiation. (E) PK parameters for 10 mg/kg 
QS1 injected s.c., assessed when drug is given 24 or 72 h after WBI showing a decrease in 
plasma concentration if given at 72 h. * = p < 0.05, **p < 0.01, ***p < 0.001. 

 

Although QS1 solubility was improved 50 fold by quaternization, its bioavailability became 

suboptimal compared to the parent molecule. Over 90 derivatives of NPSP512 were therefore 

synthesized in attempts to optimize its pharmacology with respect to a) viable substituents for the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B58
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-NO2 group, b) solubility in water, and c) enhanced oral bioavailability using lipidation to improve 

intestinal absorption (Madsen et al., 2007; Bellmann-Sickert et al., 2011).108,109 All were screened 

for anti-apoptotic activity in vitro and seven of the most promising were tested for ability to mitigate 

H-ARS in vivo (Figure 4.4). The water-soluble 2-(aminomethyl)-derivative of NPSP512, 52A1, 

emerged with greatly improved pharmacology while still being highly effective at mitigating 

lethality from H-ARS in C3H mice (Figure 4.4B). 52A1’s ability to mitigate GI-ARS in C57Bl/6 mice 

was also robust albeit just below reaching statistical significance (Figure 4.4C, p = 0.09) with the 

new FDA-preferred GI-ARS model, which is WBI with one leg shielded (2.5% bone marrow 

shielding) (Farese et al., 2019).93 Note that the MST for GI-ARS is delayed in gnotobiotic over 

more conventional mice (Wilson, 1963; Matsuzawa, 1965)110,111, and that 18.5 Gy is a high dose 

GI-ARS model that is not bone marrow-dependent, unlike lower dose models (Mason et al., 

1989)112. The PK of 52A1 was very similar to NPSP512, but with an almost 40-fold higher 

Cmax (Figure 4.4D). Lipidation of NPSP512 yielded a water insoluble hydrophobic compound that 

was suspended in Kollipher for oral delivery. The length of the fatty acid chain is an important 

parameter for improving bioavailability (Madsen et al., 2007).108 Derivatives with chains of up to 

20-carbon fatty acids were synthesized and tested by the oral route (not shown). The 12-carbon 

molecule, 52L12 was the most effective (p < 0.001; Figure 4.4B). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B51
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B89
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B54
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B53
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B53
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B51
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Figure 4. 4. 512 Derivatives synthesized and tested in H-ARS models 

(A) 512 derivatives synthesized and tested in (B) a model of H-ARS using LD70/30 doses (X-
rays) in C3H mice. Drugs were given 5× s.c., except for the lipidated 52L12, which was given by 
gavage in Kollopher EL. The water soluble 2-(aminomethyl)-derivative of 512, 52A1, was most 
effective. (C) 52A1 also mitigated GI-ARS in C57Bl/6 mice given 18.5 Gy WBI with 2.5% body 
shielding. (D) PK of 52A1 is similar in shape to 512 but the Cmax is almost 40 times higher. * 
= p < 0.05, **p < 0.01, ***p < 0.001.  

 

Quinoline Compounds 

The quinoline class detected by maximal common subclustering had four compounds that stood 

out after secondary screening. Their ability to inhibit radiation killing in vitro is shown in bold in 

Figure 4.1 and their ability to mitigate H-ARS is shown in Figure 4.5. Although drug availability 

and therefore dose response data was limited for three compounds, at least three of the four had 

significant in vivo activity at 75 mg/kg and lower doses seemed less effective, where tested. One 

of the compounds in Figure 4.5, 5346057 (a.k.a. 057, BCN057, or YEL002), was of interest 

because it was identified as active in another HTS yeast screen, performed in parallel based on 

the DEL assay that measures mitigation of radiation cytotoxicity and genotoxity in the diploid 

yeast S. cerevisiae strain RS112 (Hafer et al., 2010; Kim et al., 2011)113,96 indicating that a 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B42
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conserved pathway is involved in mitigation. 057 had a dose modification factor for H-ARS of 1.15 

when given s. c. in a daily 5 day course starting 24 h after WBI (Drs. Y. Revina, R. Schiestl pers. 

comm.). These drugs are very hydrophobic, which may be why high doses are needed for 

bioavailability. We had previously formulated 057 in 30% Captisol and shown that 90 mg/kg 

BCN057 given daily s.c., for 8 d starting on day +1 after 14, 15, and 16 Gy total abdominal 

irradiation mitigated GI-ARS in C57Bl/6 mice by enhancing regeneration of Lgr5+ intestinal stem 

cells in vivo and in organoid culture (Bhanja et al., 2018).114 The same compound, as YEL002, 

also decreased (131)I-induced DNA double strand breaks in thyroid cells (Hershman et al., 2011)115 

and prevented radiation-induced carcinogenesis in mice (RS, pers. comm.). The lead quinoline 

therefore seems active in more than one model of radiation damage and this is likely true for the 

whole class given their structural similarity. 

 

Figure 4. 5. Activity of Quinoline Class of Radiomitigators 

Activity of the quinoline class of radiomitigators of H-ARS in C3H male mice with drugs given s.c., 
at the stated doses (5× daily) starting 1 d after LD70/30 doses of radiation (Cs-137). *p < 0.05, 
***p < 0.001. 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B31
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Other HTS Compounds 

Since the two major groups of the most promising compounds in the HTS showed mitigator 

activity in vivo, “hit” compounds from the other groups (n = 6) with diverse structures shown 

in Figure 4.1 were also synthesized and tested for their ability to mitigate H-ARS in vivo after 

LD70/30 radiation doses (Figure 4.6). Although studies were limited by compound availability to 

five of these, all had some mitigating ability, and all but one reached statistical significance. 

 

Figure 4. 6. Five other HTS in vitro "hits" 

Five other HTS in vitro “hits” mitigated H-ARS in C3H mice given once daily for 5 d starting 24 h 
after LD70/30 doses of WBI (Cs). * p < 0.05, **p < 0.01, ***p < 0.001. 

 

To determine if compounds that were suboptimal during the initial in vitro screen (and below the 

potency of the 15 prime candidates), could still be active against H-ARS, we picked and tested 

four based on the fact that these four had increased in vitro cell survival to 135–145% and fell 

within the 122 compounds initially identified by HTS. The in vitro data are shown in bold in Figure 

4.7. There was some efficacy, but only one was statistically significant and only at one 

concentration (Figure 4.7), which validated our selection process. 
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Figure 4. 7. Other lesser HTS "hits" tested 

Other, lesser HTS “hits” tested in C3H mice with 5X daily drug doses, as stated, starting 24 h after 
WBI at LD70/30 doses. *p < 0.05. 

 

Other Classes of Mitigators 

Purine Nucleosides  

We previously reported that the nucleoside adenosine, its derivative deoxyadenosine, and its 

analog vidarabine, which are 97% similar, were hits in our earlier bioactive HTS screen and 

showed some ability to mitigate H-ARS in mice (Kim et al., 2011).96 Nucleotides have a very short 

half-life in vivo but agonists and antagonists specific for one or more of the four known adenosine 

receptors, A1, A2a, A2b, and A3, have been generated with effects ranging from pro-to-anti-

inflammatory and aiding-to-limiting bone marrow recovery. We have investigated whether they 

might have better properties as H-ARS mitigators. The A1 and A2 receptor agonist 5′-(N-

ethylcarboxamido)adenosine (NECA) at 0.1 mg/kg s.c., (5x) in our standard H-ARS model 

increased survival of C3H male mice after 8 Gy WBI from 0 to 50%. The A2 agonist CGS21680 at 

2 mg/kg s. c. (5x) increased survival of C57Bl/6 mice after 9 Gy WBI from 20 to 80% and of C3H 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B42
https://www.ncbi.nlm.nih.gov/protein/CGS21680
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mice after 8 Gy WBI from 0 to 25% (not shown). However, the A3 agonist 2-Cl-IB-MECA, the A2 

agonist CV1808 at 1 mg/kg, and IB-MECA at 1 mg/kg, were ineffective. Although these studies 

were limited, there was little evidence that these compounds were sufficiently superior to warrant 

further development as sole mitigators. 

Natural Disaccharides  

Natural disaccharides, in particular D-(+)-trehalose, have been shown to protect DNA, cells, and 

organisms against UVB (Cejková et al., 2010; Cejková et al., 2012; Emanuele et al., 2014)116–118 

and ionizing (Ledney et al., 1992; Yoshinaga et al., 1997; Webb and DiRuggiero, 2012; Liu et al., 

2017; Paithankar et al., 2018)119–123 radiation damage, although few studies have been performed 

in mammalian systems. Trehalose is a multifunctional molecule that can act as an antioxidant 

(Elbein et al., 2003; Cejková et al., 2010)124,116 and anti-inflammatory agent (Ledney et al., 

1992; Cejková et al., 2011)119,125, reducing stress in multiple models. We had included it in 

excipient testing for NPSP512, only to find that alone it mitigated H-ARS lethality. Animal survival 

was increased by both single and five daily doses of 400 mg/kg trehalose/mouse administered 

24 h after WBI by the s. c. route, and to a lesser extent orally (Figure 4.8). Comparison with 

several other saccharides (sucrose, raffinose, maltose, lactose) and carnosine, suggested that 

trehalose is superior at mitigation. Although the administered dose was high (∼12 mg/mouse), its 

solubility (68.9 g/100 g in H2O) (Higashiyama, 2002)126, ready availability, high thermostability, 

and established lack of toxicity—it being a component of various pharmaceutical formulations and 

a frequent food additive—makes it a particularly intriguing candidate for clinical development. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B13
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B15
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B23
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B92
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B86
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B48
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B48
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B65
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B22
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B13
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B14
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B32
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Figure 4. 8. Trehalose Class of Radiomitigators 

Trehalose (A) and mitigation of radiation damage by (B) Trehalose (s.c., LD70/30), (C) Trehalose 
(oral, LD70/30). Each dose was 12 mg/animal in water. *p < 0.05, ***p < 0.001. 

 

4.4 Discussion 
We have used maximal common substructure analysis to classify 220 drugs capable of increasing 

lymphocytic survival in vitro 24 h after exposure to 2 Gy ionizing radiation. Remarkably, almost all 

of these could be attributed to 11 clusters of three or more compounds. Further screening to select 

for the most active compounds resulted in 15 drugs to test in vivo, and in spite of their diverse 

structures, almost all of these mitigated against H-ARS in vivo. Five had a 4-

nitrophenylsulfonamide (NPS) group in common that is likely the active moiety. Here we showed 

that a piperazine moiety in 4-nitrophenylsulfonamidepiperazines (NPSP) improved the 

pharmacokinetics making the drug active at lower concentrations. Our lead NPSP, and all active 

agents in this class, act broadly by mitigating multiple acute and late radiation syndromes 

(Micewicz et al., 2017; Bhat et al., 2020; Duhachek-Muggy et al., 2020)12,100,101 at doses 
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convenient for human administration. This is important because all tissues suffer radiation 

damage after WBI. 

Unfortunately, these studies were performed with the drug formulated in Cremophor, which the 

FDA considers an undesirable excipient. The sulfonamide pharmacophore has been used as a 

drug since the 1930s and is a current component of well over 100 approved drugs with anti-

bacterial, anti-cancer, anti-carbonic anhydrase, anti-diabetic, anti-protease, anti-inflammatory, 

and many other activities (Supuran, 2017)127; to which radiation mitigation can now be added. 

Given their popularity, the lack of literature on their solubility and lipophilicity, which are key 

parameters for drug development and utilization, is puzzling (Perlovich et al., 2014)128. 

Formulation attempts to find suitable excipients for NPSPs unexpectedly failed and can be 

explained by the tendency for these structures to “stack” and crash out of solution over time, but 

we were able to overcome these limitations by synthesizing alternative structures QS1 and 52A1 

that retained their mitigation properties while having markedly improved water solubility and 

bioavailability. 

Four of the 15 chemicals selected for further study were quinolines, which is another versatile 

scaffold for drug development forming a broad spectrum of drugs with anti-microbial, anti-

inflammatory, anti-diabetic, anti-cancer, anti-malarial, anti-kinase, and other activities (Hussaini, 

2016)129. Three of the four quinolines are shown here to have significant activity as H-ARS 

mitigators. These compounds are even more hydrophobic than NPSP512 but the lead compound 

057 could be formulated in Captisol™ and has been shown to also mitigate H-ARS (Bhanja et al., 

2018)114 and other radiation-induced conditions (R. Schiestl, pers. comm.). Another 4 of the 15 

selected compounds, which were of diverse structures, were also active against H-ARS, as was 

Trehalose, which we tested as a possible excipient rather than a mitigator. 

This study raises the question as to why a 24 h HTS screen using apoptosis by lymphocytic cells 

after 2 Gy irradiation should yield multiple mitigators of H-ARS that can be classified and grouped 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B81
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B66
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B36
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167044/#B5
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by common chemical moieties, and why at least some of these compounds can, additionally to 

being effective against hematopoietic death can also mitigate damage to epithelial structures in 

multiple tissues, where the critical cellular target for lethality is quite different. For H-ARS, in most 

species, damage to the myeloerythroid-restricted common progenitor cell compartment, and not 

the lymphocyte, is most likely to result in H-ARS, and transfer of these cells is sufficient to prevent 

H-ARS, bridging the developmental gap until more pluripotential stem cells develop (Na Nakorn 

et al., 2002).130 The FDA-approved mitigator, G-CSF is thought to act against H-ARS by acting 

as a survival and proliferative signal for this population (Williams et al., 1990)131, although it can 

also decrease reactive oxygen species (ROS) and prevent apoptosis through activating the anti-

oxidant, anti-inflammatory Nrf2 pathway (Yamaguchi et al., 2020).132 For GI-ARS, Lgr5+ epithelial 

cells in the base of the crypt appear to be the weak link (Hua et al., 2012).133 In this case, a 

quiescent, Bmi1+ “reserve” stem cell population (Tian et al., 2011; Yan et al., 2012)134,135 may 

repopulate empty stem cell niches after injury, reprograming themselves as Lgr5+ cells (Tetteh et 

al., 2015; Wabik and Jones, 2015; Beumer and Clevers, 2016; Jones and Dempsey, 

2016; Gehart and Clevers, 2019).136–140 

Our HTS discovery of multiple classes of ARS mitigators using radiation-induced cell death of 

lymphocytic cells as targets might implicate a role for apoptosis in ARS. However, mitigators are 

given 24 h after IR in vivo, when most rapid p53-dependent apoptosis is over. A second wave of 

radiation-induced, p53-independent apoptosis does occur as do later waves of ROS production 

and inflammation and those are the much more likely mitigator targets (Schaue and McBride, 

2010; Schaue et al., 2015).141,142 Pro-inflammatory cytokines are generated through radiation-

activated NF-κB and MAPK pathways, the classic DSB-initiated DNA damage response, and 

nucleic acid sensing pathways downstream of micronuclei and cytoplasmic nucleic acids that are 

increased after IR (Maelfait et al., 2020).143 From an evolutionary perspective, inflammatory 
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programs enacted in immune and non-immune cells aim to remove potential pathogens, but after 

WBI they come at a risk of exacerbating radiation damage. 

This simple view must be tempered by the fact that pro-oxidant, pro-inflammatory milieus provoke 

an anti-inflammatory antagonistic response, often involving the anti-oxidant Nrf2 pathway. 

Mechanistically it is still not entirely known how tissues transition to an anti-inflammatory state 

that can support cell proliferation and restore tissue function, but it is clear that healing is 

compromised by RT and that radiation disease evolves over time with cyclical changes in 

inflammatory/anti-inflammatory pathways and in redox and metabolic status (Schaue et al., 

2015).142 The contribution of Nrf2 can be judged by the fact that mice with the Nrf2 pathway 

deleted are about 15% more radiosensitive to WBI than wild type C57Bl/6 mice (Figure 4.9), which 

is in keeping with the finding that NRF2-mediated Notch signaling improves hematopoietic 

stem/progenitor function after IR (Kim et al., 2014).144 Similarly, depletion of anti-inflammatory 

Tregs increases the pro-inflammatory response to IR (Schaue et al., 2012)145 and radiosensitizes 

C57Bl/6 mice to WBI (Figure 4.9). In fact, when studied, all of the mitigators mentioned in this 

paper, and others like G-CSF (Yamaguchi et al., 2020)132, quench radiation-induced inflammation 

and ROS production (Kim et al., 2009; Micewicz et al., 2017; Bhat et al., 2020)12,76,100 and it is 

reasonable to speculate that this is a requirement for effective mitigation. However, this is not the 

complete story, as can be seen from the other properties of the mitigator classes we discovered. 

Tissue recovery after injury engages many complex, interactive, highly conserved pathways 

within an entire responsive biological network which offers many possible points of intervention. 
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Figure 4. 9. Impact of Nrf2 and Treg depletion on responses to WBI 

The impact of Nrf2 depletion (A) and Treg depletion in Diphtheria toxin (DT)-treated 
Foxp3DTR/EGFP transgenic mice (B) (**p = 0.0037) on responses to WBI compared to aged-
matched controls. **p < 0.01. 

 

Both lead compounds from these two major classes of mitigators, the NPSPs and quinolones, 

where found to stimulate proliferation in stem cell organoid cultures of intestine, brain, lung and 

bone marrow (Micewicz et al., 2017; Bhanja et al., 2018; Bhat et al., 2019; Bhat et al., 

2020; Duhachek-Muggy et al., 2020).12,100,114,105,101 This includes Lgr5+ stem cells present in 

steady state and during post-injury tissue regeneration in the intestinal crypts, and other tissues. 

The balance between self-renewal and differentiation in these stem/progenitor cells is tightly 

controlled by a complex interplay of evolutionary conserved signaling pathways, including Wnt, 

Notch, bone morphogenetic protein, and Hedgehog (Clevers, 2019).146 Smoothened, a key 

component of the sonic hedgehog (SHH) signaling pathway is activated in the gut by NPSP 512 

leading to nuclear translocation of the GLI1 transcriptional activator to mitigate GI-ARS 

(Duhachek-Muggy et al., 2020).101 Further, the quinoline 057 activates canonical Wnt-β-catenin 

signaling to mitigate GI-ARS (Bhanja et al., 2018)114 and extracellular vesicular delivery of Wnt 

rescues intestinal stem cells from radiation toxicity (Saha et al., 2016).147 It is reasonable to 

suggest that these agents may work through the same integrated signaling network. The SHH 

and Wnt signaling pathways are closely linked and, with Bmi-1, are involved in regulating 
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embryonic and post-natal development, and stem cell proliferation (Ouspenskaia et al., 2016)148 

to affect tissue repair and regeneration (Singh et al., 2018; Cao et al., 2020).149,150 We speculate 

that these developmental signaling pathways are reactivated in many tissues to promote tissue 

recovery and that mitigators can promote this process. Our colleagues (Himburg et al., 2017)151 

have shown that, while IR activated canonical Wnt signaling, the Wnt antagonist Dickkopf-1 

(Dkk1) mitigated H-ARS and promoted recovery of both long-term repopulating hematopoietic 

stem and progenitor cells, both directly and through niche interactions perhaps illustrating the 

complexity inherent in these pathways. 

Others have reported that inhibition of the Wnt activator GSK-3β by SB21676324 mitigated H-

ARS in C57Bl/6 male, but not female C57Bl/6 or C3H mice, indicating sex and strain differences 

(Daniel et al., 2020).152 The only sex difference we found was that NPSP512 stimulated neural 

progenitor populations in female, but not male mice (Bhat et al., 2020).100 Investigation of these 

pathways with a view to reconciling divergent results will need to take into account differences 

between tissues and sexes, comparison of varying radiation doses and administration schedules, 

and the degree of canonical activation of the Wnt pathway, which substantially impacts stem cell 

proliferation and differentiation (Luis et al., 2011).153 It is worth noting that Wnt signaling also 

provides crucial proliferative and survival signals to immature T cells (Ma et al., 2012)154, and our 

use of such cells for mitigator screening may have inadvertently biased our HTS towards agents 

that increase cell survival through activating these signaling pathways. 

We suggest that the mitigators described here have, in addition to anti-inflammatory properties, 

the ability to enhance stem cell signaling through elements of the 

Hedgehog/Patch/Smoothened/Gli, BMP/TGF-β, FGF, WNT and Notch networks that govern 

embryogenesis, homeostasis and repair of adult tissues (Katoh and Katoh, 2006; Amankulor et 

al., 2009; Pitter et al., 2014; Caradu et al., 2018; Guo et al., 2018; Moparthi and Koch, 2019; Zhou 

et al., 2019).155–161 As far as mitigation of radiation damage is concerned, the enormous 
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complexity inherent in these networks and the importance of context indicate a need for much 

further consideration as to mechanism. However, it should be pointed out that there is a close 

relationship between pathways controlling tissue repair and regeneration and inflammation, which 

may account for why these two aspects appear to be linked as common properties shared by 

classes of mitigators (Omenetti and Diehl, 2008; Amankulor et al., 2009; de la Roche et al., 

2013; Braune et al., 2017; Shen et al., 2017; Caradu et al., 2018; Guo et al., 2018; Razumilava 

et al., 2018).162,156,163–165,158,159,166 
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Chapter 5: Environmental Electrophilic Inhibition of GAPDH at Submicromolar 
Concentrations 

 

5.1 Introduction 
 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an enzyme that is abundant in the cell 

and is responsible for catalyzing the oxidative phosphorylation of glyceraldehyde 3-phosphate to 

1,3-diphosphoglycerate, which is an intermediate for glycolytic adenosine triphosphate (ATP) 

synthesis.13 Inhibition of GAPDH has been observed to interrupt aerobic glycolysis in activated 

immune cells, and overall a reduction in the inflammation process.167 GAPDH contains an active 

site cysteine thiolate (Cys 152 in Human GAPDH, Cys 149 in Rabbit GAPDH), which is located 

in a pKa-lowering microenvironment (pKa= 6.03).13,14 The catalytic Cys 152 appears to reside in 

a pKa-lowering catalytic triad possibly involving Histidine (His179) present in the three-

dimensional structure of human GAPDH.14 The Cys152 of the enzyme is capable of reacting with 

environmental electrophiles through the irreversible Michael addition, which has been shown to 

irreversibly inhibit the enzyme activity of GAPDH in a dose and time dependent manner.14 

Environmental electrophiles such as acrylamide (ACR) and methyl vinyl ketone (MVK) have been 

shown to selectively chemically modify the Cys 152 at lower concentrations, and at higher 

concentrations ACR can react with Cys 152 and Cys 247.14 Additionally, parabenzosemiquinone 

(p-BSQ), an abundant (100-200 µg/cigarette) long-lived radical quinone is present in cigarette 

smoke and diesel smoke, which after inhalation is converted to 1,4-benzoquinone (BQ) in vivo via 

the quinone reductases (NQ01).15–18 Previous studies have utilized bottom-up proteomics for the 

identification and quantification of the Cys 152 labelled modifications by environmental 

electrophiles, which include alkenes and quinones.21,22 Here, we describe a mass spectrometry 

based approach for the identification and quantification of BQ and MVK at physiologically relevant 

submicromolar concentrations using intact protein analysis, catalytic activity studies, and bottom-

up proteomics.  



75 
 

5.2  Methods and Materials 
 

Intact protein methods 

10 µg of Human or Rabbit GAPDH was aliquoted into 1.5 mL micro centrifuge tubes with 100 mM 

HEPES buffer. The reaction was performed at 24 ºC for 2 hours with varying concentrations of 

electrophile ranging from 0.5 µM to 10 µM. The experiments were performed using size-exclusion 

chromatography on the LTQ XL linear ion trap, with an Agilent LC running Methanol: Chloroform: 

0.1% Aqueous Formic Acid (4:4:1). 

Proteomics methods 

10 µg of Rabbit GAPDH, and 500 nM to 10 µM 1,4-parabenzoquinone (BQ) were added to the 

reaction vial with a total volume of 15 µL for 2 hrs in the dark. 10 mM Iodoacetamide (IAM) and 6 

mM tris(2-carboxyethyl)phosphine (TCEP) were added to a total volume of 25 µL for 30 mins in 

the dark. 6 µL of Trypsin was added to the total volume of 30 µL and placed on the oscillating 

rack for 2 hrs. 100 µL of HEPES buffer (100 mM) was added to the trypsinized mixture. Stage tips 

with C-18 resin were activated with 40 L of MeOH, 40 µL of elution buffer (80% MeCN, 0.1% 

TFA), 80 µL of loading buffer (2% MeCN, 0.1% TFA), and the 130 µL trypsinized sample was 

loaded into the stage tip and desalted. The sample was centrifuged for 2 mins at 1000 RPM to 

desalt, then 40 L of elution buffer was added and centrifuged again for 2 mins at 1000 RPM to 

elute the peptides. The sample was then dried in the speed vac to dryness for 20 mins. The 

samples were then reconstituted in 10 µL of 0.1% TFA and 5 µL was injected for HPLC analysis 

on the Q-Exactive Plus using DDA analysis. The mobile phase consisted of A [0.1% formic acid 

in DI water] and B [0.1% formic acid in acetonitrile], and the gradient elution employed was: 0% 

B for 4 min, 5% B to 25 % B to 54 min, 25 % B to 45% B to 69 min, 45% B to 95% B at 74 min 

and held for 3 min, 95% B to 0% B at 80 min and held for 10 min with a total time of 90 min, with 

a flow rate of 500 nL/min. The Mascot software search engine was used for peptide fragment and 
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chemical modification identification, wherein BQ-induced modification and S-

carbomidomethylation at Cys were set as dynamic modifications. Xcalibar was used for data 

processing and quantification of peptide abundances. 

Catalytic activity methods 

30 µg (2.5 units/mL) of Rabbit GAPDH, and 100 nM to 10 µM 1,4-parabenzoquinone (BQ) were 

added to the reaction vial with a total volume of 250 µL for 2 hrs in the dark. 2 mM 1,4-dithiothreitol 

(DTT) was added to quench the reaction with a total volume of 300 µL for 30 mins in the dark. 

10x PBS buffer (50 µL), 8 mM DTT (10 µL), 15 mM of glyceraldehyde-3-phosphate (G3P) (10 µL) 

was added to the reaction mixture and the reaction proceeded once G3P was added to the 

reaction. The assay was conducted at 24 ˚C and was incubated for 2 mins, then analyzed using 

a 96 well plate reader at 340 nm for 40 seconds of monitoring. 

5.3  Results and discussion 
 

Intact protein analysis 

 

In figure 5.1 below, intact protein mass spectrometry was performed for the Human GAPDH has 

a corresponding mass at 35,916 Da and the protein appears to be somewhat homogenous. 

 

Figure 5. 1. Human GAPDH protein intact protein mass spectrum 
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In figure 5.2 below, the intact protein mass spectrum of Human GAPDH is treated with varying 

concentrations of BQ ranging from 500 nM to 10 µM. The compound at A corresponds to the 

intact mass for Human GAPDH, the compound at B corresponds to one addition of BQ to the 

catalytic cysteine, and the compound at C corresponds to two BQs reacting with two cysteines of 

the intact protein. The mono modified protein appears to dominate as the concentration of BQ is 

increased from 500 nM to 10 µM. 

In figure 5.3 below, the intact protein mass spectrum for the Rabbit GAPDH has a corresponding 

mass at 35,696 Da and the protein appears to be somewhat heterogenous. 

 

Figure 5. 2. Human GAPDH treated with 500 nM BQ Pane 1, 5 µM BQ Pane 2, 10 µM BQ Pane 3 

Figure 5. 3. Rabbit GAPDH protein intact protein mass spectrum 
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In figure 5.4 below, the intact protein mass spectrum of Rabbit GAPDH is treated with varying 

concentrations of BQ ranging from 500 nM to 10 µM. The compound at A corresponds to the 

intact mass for Human GAPDH, the compound at B corresponds to one addition of BQ to the 

catalytic cysteine, and the compound at C corresponds to two BQs reacting with two cysteines of 

the intact protein. The doubly modified protein appears to dominate as the concentration of BQ is 

increased from 500 nM to 10 µM and the intact protein appears to be fully modified at the 10 µM 

concentration.  

Catalytic activity analysis  

 

In figure 5.5 below, catalytic activity studies were performed on Human GAPDH at 24 ˚C after an 

initial 2 hour exposure to BQ at varying concentrations ranging from 100 nM to 10 µM. The control 

sample without BQ appeared to have the largest slope, which is indicative of the highest 

conversion of NAD+ to NADH. Whereas, with increasing amount of BQ concentration the rate of 

NAD+
 conversion decreased initially by 20% at 100 nM and had almost complete inhibition at 10 

µM.  

 

Figure 5. 4. Rabbit GAPDH treated with 500 nM BQ Pane 1, 5 µM BQ Pane 2, 10 µM BQ Pane 3 
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Bottom-up proteomics analysis 

 

 In Table 5.1 below, peptide location, peptide sequence, theoretical masses and observed 

masses, and position of cysteine modification for each species of GAPDH and electrophile are 

tabulated and listed. The asterisk (*) is indicative of the cysteine modification site. 

Table 5. 1. GAPDH location of modification and mass observed 

 

Protein Peptide # Positi
on 

Peptide Sequence Theoreti
cal MS 

Observed 
MS 

Cys 

GAPDH+ 
BQ 

(Human) 

1 146-
162 IISNASC

*
TTNCLAPLAK 

1881.89
88 

1881.8964 152 

GAPDH+ 
BQ 

(Rabbit) 

1 144-
160 

IVSNASC
*
TTNCLAPLAK 1867.87

82 
1867.8808 149 

2 233-
246 

VPTPNVSVVDLTC
*
R 1604.78

41 
1604.7869 245 

GAPDH 
+ MVK 
(Rabbit) 

1 144-
160 

IVSNASC
*
TTNCLAPLAK 1831.91

46 
1831.9172 149 

2 233-
246 

VPTPNVSVVDLTC
*
R 1568.82

07 
1568.8233 245 

Figure 5. 5. Rabbit GAPDH Activity Assay with BQ treatment at varying concentrations 
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In Figure 5.6 below, a representative chromatogram of the trypsinized Rabbit GAPDH control is 

shown. The sample was monitored using the mass spectrometer for the various peptide masses 

containing the carbomidomethylation (CAM) modification and reference peptide. The abundances 

of these modified peptides were used for quantification of the modification. 

 

 

In Figure 5.7 below, a representative chromatogram of the trypsinized Rabbit GAPDH treated with 

BQ at 10 µM is shown. The sample was monitored using the mass spectrometer for the various 

peptide masses containing CAM and BQ modifications. Prominent abundance peaks were formed 

indicative of the BQ + CAM labelled peptide 1 and the BQ labelled peptide 2. The abundances of 

these modified peptides were used for quantification of the modification. 

 

Figure 5. 6. Representative chromatogram of Rabbit GAPDH peptide 144-160 control sample 

Figure 5. 7. Representative chromatogram of Rabbit GAPDH peptide 144-160 exposed to 10 µM BQ 
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Figure 5.8 below, a representative chromatogram of the trypsinized Rabbit GAPDH control. The 

sample was monitored using the mass spectrometer for the various peptide masses containing 

the CAM modification and reference peptide. The abundances of these modified peptides were 

used for quantification of the modification. 

 

 

In Figure 5.9 below, a representative chromatogram of the trypsinized Rabbit GAPDH treated with 

MVK at 1 µM is shown. The sample was monitored using the mass spectrometer for the various 

peptide masses containing CAM and MVK modifications. Prominent abundance peaks were 

formed indicative of the MVK + CAM labelled peptide 1 and the MVK labelled peptide 2. The 

abundances of these modified peptides were used for quantification of the modification. 

 

Figure 5. 9. Representative chromatogram of Rabbit GAPDH peptide 144-160 exposed to 1 µM MVK 

Figure 5. 8. Representative chromatogram of Rabbit GAPDH peptide 144-160 control sample 



82 
 

0 5 10

0.0E+00

2.0E+07

4.0E+07

6.0E+07

8.0E+07  Peptide 1 (2 CAM)

 Peptide 1 (BQ + CAM)

A
b
u
n
d
a
n
c
e

Concentration (µM)

 

Figure 5. 10. Abundance versus concentration of peptide 1 treated with BQ 

Figure 5. 10 (above) shows the abundance versus concentration dependence of peptide 1 

labelled with 2 CAM and peptide 1 labelled with BQ + CAM over the concentration range from 

100 nM to 10 µM. The abundance of BQ + CAM steadily increased with increasing BQ 

concentration exposure, whereas 2 CAM started to decrease at higher BQ concentrations. 
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Figure 5. 11. Abundance versus concentration of peptide 2 treated with BQ 
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Figure 5. 11 (above) shows the abundance versus concentration dependence of peptide 2 

labelled with CAM and peptide 1 labelled with BQ over the concentration range from 100 nM to 

10 µM. The CAM labelled peptide 2 did not appear to be consumed over the concentration range 

due to the lower reactivity of peptide 2 towards BQ. 
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Figure 5. 12. BQ dose dependent response for peptide 1 versus peptide 2 

Figure 5. 12 (above) shows the abundance versus concentration dependence of peptide 1 versus 

peptide 2 labelled with BQ over the concentration range from 100 nM to 10 µM. There appeared 

to be a dose dependent response of BQ towards both peptide 1 and peptide 2, with peptide 1 

having a faster reactivity rate and peptide 2 have a slower reactivity rate towards BQ.  
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Figure 5. 13. Modification of peptide 1 versus peptide 2 exposed to BQ 

Figure 5. 13 (above) shows the percent modification of peptide 1 versus peptide 2 exposed to BQ 

over the concentration range 100 nM to 10 µM. Peptide 1 appeared to be readily modified by BQ 

and at 10 µM BQ exposure, roughly 37% of the peptide was modified with respect to the 

unmodified control peptide. Peptide 2 appeared to have a slower reactivity rate than peptide 1 

towards BQ and at 10 µM BQ exposure there was roughly 8% of the peptide that was modified. 

The theoretical maximum of modification is 50% since 20 µM of protein is being used and 10 µM 

of electrophile is the maximum amount that was used.   
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Figure 5. 14. Abundance versus concentration of peptide 1 treated with MVK 

Figure 5. 14 (above) shows the abundance versus concentration dependence of peptide 1 

labelled with 2 CAM and peptide 1 labelled with MVK + CAM over the concentration range from 

100 nM to 10 µM. The abundance of MVK + CAM steadily increased with increasing MVK 

concentration exposure, whereas 2 CAM started to decrease at higher MVK concentrations. 

0 5 10

0.0E+00

2.0E+07

4.0E+07

6.0E+07

8.0E+07

 Peptide 2 (CAM)

 Peptide 2 (MVK)

A
b

u
n
d

a
n

c
e

Concentration (µM)

 

Figure 5. 15. Abundance versus concentration of peptide 2 treated with MVK 
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Figure 5. 15 (above) shows the abundance versus concentration dependence of peptide 2 

labelled with CAM and peptide 1 labelled with MVK over the concentration range from 100 nM to 

10 µM. The CAM labelled peptide 2 abundance started to decrease at the higher MVK 

concentrations, whereas the MVK labelled peptide 2 abundance was steadily increasing over the 

concentration range. 
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Figure 5. 16. MVK dose dependent response for peptide 1 versus peptide 2 

Figure 5. 16 (above) shows the abundance versus concentration dependence of peptide 1 versus 

peptide 2 labelled with MVK over the concentration range from 100 nM to 10 µM. There appeared 

to be a dose dependent response of MVK towards both peptide 1 and peptide 2, with peptide 1 

and peptide 2 having similar reactivity towards MVK.  
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Figure 5. 17. Modification of peptide 1 versus peptide 2 exposed to MVK 

Figure 5. 17 (above) shows the percent modification of peptide 1 versus peptide 2 exposed to 

MVK over the concentration range 100 nM to 10 µM. Peptide 1 appeared to be readily modified 

by MVK and at 10 µM MVK exposure, roughly 37% of the peptide was modified with respect to 

the unmodified control peptide. Peptide 2 appeared to have an equally high reactivity rate towards 

MVK and at 10 µM MVK exposure since there was roughly 34% of peptide 2 that was modified. 

The theoretical maximum of modification is 50% since 20 µM of protein is being used and 10 µM 

of electrophile is the maximum amount that was used.   
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Figure 5. 18 (above) is a representative peptide fragment mass spectrum of peptide 1 that was 

treated with 10 µM of BQ in the Rabbit species. The y-ion peptide ladder is used to confirm the 

mass and location of the cysteine labelled modification. 

 

Figure 5. 18. Representative peptide fragment mass spectrum of peptide 1 treated 
with BQ (Rabbit) 

Figure 5. 19. Representative peptide fragment mass spectrum of peptide 1 treated with 

MVK (Rabbit) 
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Figure 5. 19 (above) is a representative peptide fragment mass spectrum of peptide 1 that was 

treated with 1 µM of MVK in the Rabbit species. The y-ion peptide ladder is used to confirm the 

mass and location of the cysteine labelled modification 

Figure 5. 20 (above) is a representative peptide fragment mass spectrum of peptide 1 that was 

treated with 10 µM of BQ in the Human species. The y-ion peptide ladder is used to confirm the 

mass and location of the cysteine labelled modification. 

 

 

 

 

 

Figure 5. 20. Representative peptide fragment mass spectrum of peptide 1 treated with 
BQ (Human) 
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Figure 5. 21. Representative peptide fragment mass spectrum of peptide 1 treated with MVK (Human) 

 

Figure 5. 21 (above) is a representative peptide fragment mass spectrum of peptide 1 that was 

treated with 10 µM of MVK in the Human species. The y-ion peptide ladder is used to confirm the 

mass and location of the cysteine labelled modification. 

5.4  Conclusion 
 

The intact protein analysis showed that GAPDH modification at the varying concentrations 

ranging from 500 nM to 10 µM of BQ was successful for both the Human and the Rabbit. The 

human and Rabbit GAPDH were modified at sub-micromolar concentrations, which is in good 

agreement with previous studies. The submicromolar inhibition was apparent in the catalytic 

activity assay studies, which showed about a 20% decrease in turnover at 100 µM concentrations. 

In addition, the Rabbit GAPDH enzyme was almost completed inhibited at 10 µM BQ exposure, 

which was demonstrated by the unchanged slope which is indicated of no conversion from NAD+ 

to NADH. These results supported the intact protein results that showed that the modification of 
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GAPDH occurred with BQ, which started near 500 nM on the intact protein studies. Moreover, 

bottom-up proteomics confirmed the peptides mass fragments containing both the BQ and MVK 

modifications that were localized to the Cys 152 and Cys 247 on the Human protein and Cys 149 

and Cys 245 on the Rabbit protein. The modification of peptide 1 by BQ appeared to have a dose 

dependent response as the concentration increased from 100 nM to 10 µM, wherein peptide 1 

with 2 CAM appeared to decrease along the concentration range as expected. The modification 

of peptide 1 by MVK appears to have a somewhat log curvature, which is indicative of a saturation 

process. An unexpected result appeared that yielded a third species for peptide 1 when exposed 

to higher concentrations of MVK. The 2 MVK peptide 1 appears to begin to form at concentrations 

near 800 nM, which may account for the decrease in peptide 1 modification as the concentration 

increases due to a competing species now forming at a faster rate. Peptide 1 was modified faster 

with respect to BQ and MVK. Additionally, the modification of peptide 2 by BQ and MVK appeared 

to have a dose dependent response as the concentration increased from 100 nM to 10 µM, 

wherein the CAM modified peptide decreased minimally with BQ and drastically with MVK. This 

shows that MVK appeared to favor peptide 2 much greater than BQ favored peptide 2. Peptide 2 

was modified equally as fast with respect to MVK and slower with respect to BQ. Peptide 1 was 

observed to be modified about 37% for BQ and as well as MVK exposure. This is in good 

agreement with what is expected to be the theoretical limit of 50% modification given that 20 µM 

of GAPDH and 10 µM of electrophile were the max concentration used. Overall, a mass 

spectrometry-based approach for the identification and quantification of BQ and MVK at 

physiologically relevant submicromolar concentrations using intact protein analysis, catalytic 

activity studies, and bottom-up proteomics was successfully performed. 
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Chapter 6: Future Outlook 

 

6.1  [18F]FBnTP PET Analogues 
 

In chapter 2 and 3 of the PET probe [18F]FBnTP synthesized using an automated synthesizer and 

was a useful imaging agent for imaging the in vivo mitochondrial potential in NSCLC, however 

due to its lipophilicity it was not able to cross the blood brain barrier (BBB). Currently, [18F]FBnTP 

contains a phosphonium group with three aryl groups that are lipophilic and bulky, which also is 

recognized by the p-glycoprotein (P-gp) receptor and is removed as a xenobiotic.168 A benefit of 

crossing the BBB is that various neurological diseases may stem from mitochondrial dysfunction 

in the brain such as parkinsons and alzheimers disease.169 In order to address this limitation of 

[18F]FBnTP, hydrophilic analogues can be synthesized with the goal and capability of penetrating 

the BBB. One route to increase the hydrophilicity is to modify the phosphonium group on 

[18F]FBnTP, replacing the aryl rings for smaller or more polar functional groups. Groups that 

contain methyl or hydroxyethyl moieties can increase the hydrophilicity of the phosphonium 

groups and at the same time help retain the functionality of the PET probe of interest. 

6.2  52A1 Stability 
 

The 512 compound used for the radiation mitigation studies initially encountered a formulation 

issue, which required the synthesis of a novel analogue. 52A1 was then synthesized to alleviate 

this solubility issue that had arose from having a low lattice energy, which caused crystallization 

to form. 52A1 is a much better analogue than 512, however, there appears to be an additional 

formulation issue. Wherein the NO2 moiety on the benzene ring appears to be a labile group, 

which can readily reduce the NO2 to the NH2 group during the last step of the synthesis. An 

alternative route could be to possibly protect this nitrous group during the reaction since that 

appears to labile step of this synthesis. Alternatively, a different class of the radiation mitigation 
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compounds found in the High Throughput Screening (HTS) could be explored further if this issue 

is not resolved. 

6.3  GAPDH in vitro exposure 
 

Future studies can include performing catalytic activity studies at 37˚C with the Human and Rabbit 

GAPDH since there could be drastic differences in reactivity towards these electrophiles between 

species at a biologically relevant temperature. Additionally, kinetic studies can be performed in 

order to assess the rate at which BQ and MVK modify each peptide containing the reactive 

cysteines. This can be achieved by conducting a catalytic activity study with a quicker scanning 

speed of the well plate reader to measure smaller intervals of time. In addition, a time course 

study can be performed by exposing BQ and MVK to quicker exposure times in order to measure 

the time dependent uptake of these electrophiles. Additionally, there is evidence that electrophiles 

such as 1,2 napthoquinone (NQ) and 2,3-dibutadione may not be cleared by the cell due to their 

off-target abilities to react with additional amino acids such as Arginine. Another area of 

exploration can be to perform proteomics studies on environmental samples as well as include 

cell studies with exposure to BQ, MVK. These environmental samples can include those exposed 

to biomass burning or E-cigarette smoke, which contain higher concentrations of MVK and BQ 

respectively. These samples can be analyzed using catalytic studies and proteomics can be 

performed right after with the same samples to get a comparable study for both methods. 
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Appendix 

Electrochemical Fluorination and Radiofluorination of Methyl(phenylthiol)acetate Using 

Tetrabutylammonium Fluoride (TBAF) 

A1.1 Introduction 

Incorporation of fluorine into a lead molecule can have a positive impact on metabolic stability, 

pKa, intrinsic potency, membrane permeability and pharmacokinetic of bioactive molecules.170–175 

Organofluorine molecules can rarely be found in nature and hence the introduction of a fluorine 

atom into a naturally occurring organic molecule requires the development of appropriate 

synthetic methods developed in the lab. Fluorine gas and fluorinating agents derived from it have 

widely been used as the source of fluorine atom for fluorination of organic compounds.176–179 

However, fluorination of organic substances using fluorine gas is difficult because fluorine gas is 

highly toxic and reactive. Furthermore, the 18F isotope of fluorine, which has been established 

as the most promising isotope for Positron Emission Tomography (PET), is most accessible and 

practical for PET tracer development in 18F-fluoride form produced via a 18O-H2O(p,n)18F 

nuclear reaction in a cyclotron.180 PET has extensive clinical applications in early disease 

diagnosis, treatment progression monitoring as well as in drug discovery and development.1 

Despite the synthesis of a wide variety of 18F labeled PET probes, their clinical translation is often 

hindered due to a lack of viable late-stage synthesis methods with 18F-fluoride and the 110- 

minute half-life of the isotope.181 The biggest roadblock in making a wider scope of fluorinated 

molecules easily accessible, is that precursors with no positive charge at the site of fluorine 

labeling are not readily amenable to nucleophilic substitution reactions with fluoride.182 

Development of PET tracers and availability of fluorinated bioactive molecules synthesized by 

nucleophilic fluoride would benefit from a convenient late stage fluorination method.183 

Electrochemical nucleophilic fluorination of organic molecules has been reported as a powerful 
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method for introduction of the fluorine atom into organic compounds.184–186 Electrochemical 

fluorination has commonly been performed in solutions containing an excess of poly HF salts 

such as Et3N.3HF and Et3N.4HF as a fluoride source.187–190 However, HF salts are expensive, 

toxic and corrosive. Tetrabutylammonium fluoride (TBAF) is a source of fluoride which is less 

toxic, easier to handle and also inexpensive compared to HF salts, making it a suitable alternative 

for electrochemical fluorination. A further advantage of using TBAF, instead of HF salts as a 

source of fluoride, is the traditional use of 18F-TBAF in radiofluorination.191 Previous attempts at 

electrochemical radiofluorination with 18F-poly-HF salts, which severely limits specific activity and 

places a theoretical limit on radiochemical yield, have been reported.192,193 However, previous 

reports on the use TBAF for electrochemical fluorination of phenyl(2,2,2-trifluoroethyl)sulfane, 

have not been successful.184 [18F]fluoride in form of 18F-TBAF in this report was obtained by first 

trapping [18F]fluoride anion on an anion exchange resin in order to remove the water, and 

subsequent elution of [18F]fluoride from the cartridge using tetrabutylammonium fluoride.  

Electrochemical fluorination using TBAF was only made possible with the addition of 

trifluoromethanesulfonic (triflic) acid during electrolysis. Triflic acid is a known super acid whose 

conjugate base is a very weak nucleophile.194 The addition of triflic acid may form HF molecules 

that can participate in electrochemical fluorination, while the very weak conjugate base of triflic 

acid will not react with the intermediate carbocations formed during electrochemical oxidation.  

The successful electrochemical fluorination of methyl(phenylthio)acetate using TBAF as a source 

of fluorine will be shown. Furthermore, 18F-methyl 2- fluoro-2-(phenylthio)acetate was 

radiosynthesized using 18F-TBAF as a source of fluorine. The products were detected and 

analyzed using HPLC, GC-MS and NMR. Effect of several parameters such as electrolysis 

potential, time, temperature, triflic acid concentration and TBAF concentration were investigated 

and optimized.  
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A1.2 Experimental Methods and Materials 

High-resolution mass spectra and chromatograms were obtained with an Agilent 5975C TAD inert 

MSD mass spectrometer coupled with an Agilent 7890A gas chromatograph. Cyclic 

voltammeteric (CV) and electrosynthesis experiments were performed using the Metrohm 

PGSTAT128N electrochemical workstation. All CVs were performed at room temperature using 

a 200 mV/s scan rate.  

Radiofluorination conversion was measured using Radio-thin-layer-chromatography (radio- TLC). 

Radio-TLC was performed on silica plates (TLC Silica gel 60 W F254s, Merck). After dropping a 

sample volume (∼1–5 μL) using a glass capillary, the plate was developed in the mobile phase 

(ACN). Chromatograms were obtained using a radio-TLC scanner (miniGita Star, Raytest).  

Analytical High Performance Liquid Chromatography (HPLC), equipped with a UV and gamma 

detector was used to determine radiochemical purity (RCP) of the radio-fluorinated product. HPLC 

was performed using a 1200 Series HPLC system (Agilent Technologies) equipped with a 

GabiStar flow-through gamma detector (Raytest). Data acquisition and processing was performed 

using GINA Star Software version 5.9 Service Pack 17 (Raytest). Typically, 20 μL of radioactive 

sample was diluted with 180 μL of ACN and 5–20 μL of this solution was injected for HPLC 

analysis. Column: Phenomenex Luna 5u C18 (2) 100 A, 250 × 4.6 mm, 5 micron. Gradient: A = 

ACN; B = water; flow rate = 1.8 mL/min; 0–12 min 90% B to 5% B, 12–13 min 5% B, 13–14 min 

5% B to 90% B.  

Radio-TLC chromatograms were used to measure radiochemical conversions (RCC). RCP and 

RCC were measured by dividing the area under the curve (AUC) for the desired product by the 

sum of AUC for all peaks. The TLC purity accounts for unreacted 18F-fluoride while the HPLC 
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purity corrects for radiochemical side-products. The radiochemical fluorination efficiency (RCFE) 

was determined by the equation: RCFE = TLC RCC × HPLC RCP.  

The GC-MS, TLC and HPLC analysis were performed on crude samples, and the reported yields 

in optimization studies are based on the quantification of GCMS results. The reaction products 

were HPLC purified and isolated for purposes of proton and fluorine NMR analysis for further 

identification.  

The electrochemical fluorination and CVs were carried out using a conventional undivided 3-

electrode cell with two platinum wires (length = 200 mm, diameter = 0.33 mm) as working and 

counter electrode and Ag/Ag+ reference electrode in a 13.2 mL solution containing dry ACN (11 

mL), 2 mL of 1 M TBAF solution in tetrahydrofuran (THF) (154 mM TBAF final concentration), 120 

μL of triflic acid (104.6 mM final concentration) and 50.8 μL of methyl(phenylthio)acetate (25 mM 

final concentration). The reference electrode solution was 10 mM AgNO3 plus 100 mM 

tetrabutylammonium perchlorate in dry ACN. The reference electrode solution was separated 

from the reaction mixture by porous glass frit. 

The counter electrode and working electrode were cleaned before each experiment using 

potential cycling in 1 M sulfuric acid solution in water. The electrodes were cycled between −2 V 

and 2 V (2 electrode configuration) 10 times before each experiment.  

Trifluoromethanesulfonic acid (triflic acid, CF3SO3H, 99%) and methyl(phenylthio)acetate 

(C9H10O2S, 99%) were purchased from Oakwood Chemical. Acetonitrile (ACN, anhydrous, 

98%), tetrabutylammonium fluoride solution 1.0 M in THF (TBAF solution, ~5 wt% water) and 

platinum wire (99.9%) were purchased from Sigma-Aldrich.  
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Electrolysis was performed using a constant potential technique while the solution was stirred at 

300 rpm. In order to prevent formation of polymerized products on the working electrode, the 

polarity of the electrode was alternated every 60 s between the chosen fluorination potential and 

−0.6 V; electrode was kept at −0.6 V for 5 s.  

No-carrier-added 18F-fluoride was produced by the (p,n) reaction of 18O–H2O (84% isotopic 

purity, Medical Isotopes) in a RDS-112 cyclotron (Siemens) at 11 MeV using a 1 mL tantalum 

target with havar foil.195 The radioactive isotope was trapped on an anion exchange resin by 

passing through the 1mL of bombarded 18O–H2O. Most of the water on the resin was removed 

by washing with 10 mL of anhydrous ACN and drying with ultra-pure N2 for 10 min. [18F]fluoride 

was subsequently eluted out from the cartridge with a 2 mL solution containing 0.5 mmol TBAF 

in THF + ACN solution (1:1). In a typical experiment, approximately 5 mCi was eluted from the 

anion exchange cartridge in 18F-TBAF form in dry ACN.  

A1.3 Results and Discussion 

Figure A1.1 shows CVs of different combination of chemicals used in the electrochemical 

fluorination experiments. It can be seen that the CV of ACN + precursor shows a very small 

cathodic or anodic current between −1 V to 2 V. While CVs of ACN + triflic acid and ACN + triflic 

acid + THF also shows very small anodic current at potentials higher than 0 V vs Ag/Ag+, a high 

cathodic current can be observed at potentials below 0 V vs Ag/Ag+, which can be attributed to 

the hydrogen evolution on the working electrode. Although ACN + precursor and ACN + triflic acid 

don’t show any anodic current at positive potentials, a combination of these (ACN + triflic acid + 

precursor) displays an anodic current at potentials higher than 1 V vs Ag/Ag+.  



99 
 

 

Figure A1. 1. CVs of different combination of materials were used in the electrochemical fluorination of 

methyl(phenylthio)acetate. The CVs were run using 200 mv.s−1 at room temperature (21°C) 

This can be due to the oxidation of the precursor, promoted by the addition of triflic acid. 

Furthermore, CVs of ACN + TBAF and ACN + TBAF + precursor are very similar, in the way that 

they don’t show any cathodic current, while at potentials higher than 0.5 V vs Ag/Ag+ an increase 

in anodic current can be observed. Similarity in anodic current is due to the high oxidation current 

from the TBAF solution which has a lower onset potential and occurs at much higher rate 

compared to the oxidation of the precursor and masks any additional negligible current 

contribution from the oxidation of the precursor. The addition of triflic acid to these solutions 

causes a sharp decrease in the anodic current, which is in line with the proposed reaction of triflic 

acid with TBAF, with hydrogen fluoride as a possible product of this reaction.  

The anodic fluorination of methyl(phenylthio)acetate was carried out at constant potential in an 

undivided cell. The products were analyzed using GC-MS. Figure A1.2 shows a representative 

GC-MS chromatogram of the solution before and after electrolysis at 1.4 V for 30 min at room 

temperature. The chromatogram of the solution before electrolysis shows only one peak for the 
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precursor with the m/z equal to 182. Figure A1.2 shows that after electrolysis the precursor peak 

area has decreased and the product peak is observed at 11 min with the m/z of 200. 

 

Figure A1. 2. GC-MS chromatogram of the solution before and after electrochemical fluorination. The solution 
contains 25 mM of 1, 154 mM TBAF and 104.6 mM of triflic acid in acetonitrile. 

The 11 min product is attributed to methyl 2-fluoro-2- (phenylthio)acetate (2) (monofluorination). 

The schematic for the electrochemical fluorination of methyl(phenylthio)acetate (1) has been 

shown in the Figure A1.3.  

 

Figure A1. 3.  Schematic of the electrochemical fluorination of methyl-2(phenylthio)acetate 1 using TBAF 

Product yields and precursor conversion of the electrofluorinated samples are presented in Figure 

A1.4 with different oxidation potentials and in Figure A1.5 with different electrolysis times.  
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Figure A1. 4. Effect of electrolysis potential on the yield of product and precursor conversion. Synthesis has been 
performed at the constant time of 30 min, using ACN solution containing 154 mM of TBAF, 25 mM of precursor 1 and 
104.6 of triflic acid 

Experiments were performed in triplicates. It can be seen that by increasing the potential from 1 

V to 1.4 V vs Ag/Ag+ both the yields and precursor conversion increase. However, further 

increase in the potential reduces yields.  

 

Figure A1. 5 Effect of time on the yield of product and precursor conversion. Synthesis has been performed at 
constant potential of 1.4 V vs Ag/Ag+, using ACN solution containing 154 mM of TBAF, 25.1 mM of 1 and 104.56 of 
triflic acid 
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This may be due to enhanced product oxidation and decomposition at potentials higher than 1.4 

V vs Ag/Ag+. It can also be seen from Table A1.2 that by increasing electrolysis time, the yield 

increases with time until a saturation is reached at 36% yield for 2 at 100 min when most of the 

precursor has been consumed.  

Table A1. 1. Effect of acid type on the product yield and precursor conversion. Synthesis was performed at constant 
time and potential of 30 min and 1.4 V vs Ag/Ag+, using ACN solution containing 154 mM of TBAF, 25 mM of 1 and 
104.6 mM acid 

 

 A shorter electrolysis time of 30 min with a comparable yield of 29% was selected for further 

optimization. This was selected in preparation for radiochemical fluorination with 18F-fluoride, 

which has a 110 min half-life, and benefits from increased non-decay-corrected radiochemical 

yield with shorter synthesis times.  

The effect of triflic acid concentration was also examined. The results are shown in Figure A6. 

When acid concentration increases from 0 to 104.6 mM yield of 2 increases from 0.7% to 29%. 

Further increase in acid concentration beyond 104.6 mM results in a decrease in yield of 2 until a 

yield of 0.03% is reached using 208 mM triflic acid.  

Type of Acid Methyl 2-fluoro-2-

(phenylthio) acetate yield 

(%)  

Precursor conversion 

(%)  

Trifluoromethanesulfonic 

Acid 

29 ± 2  74 ± 14 

Sulfuric Acid 3.0 ± 0.2 11 ± 2 

Acetic Acid 0.3 ± 0.1 42 ± 8 
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Electrofluorination was performed using triflic acid, acetic acid and sulfuric acid to study the effect 

of acid type on product yield. The results are shown in the Table A1.1, with triflic acid providing 

the highest precursor conversion and yield for 2.  

Table A1. 2. shows the results of the electrofluorination experiments performed at three different temperatures. It was 
observed that elevating the temperature has a positive effect on the electrofluorination yield 

Temperature (°C) Methyl 2-fluoro-2-

(phenylthio)acetate (%) 

Precursor conversion (%) 

0 7.6 ± 0.5 65 ± 12 

21 29 ± 2 74 ± 14 

60 44 ± 3 63 ± 12 

For instance, the yield of the 2 could be increased from 8% to 44% by increasing temperature 

from 0 °C to 60°C. Elevating the temperature can enhance the diffusion of the molecules in the 

solution leading to increased yields. The solution was also sonicated in order to confirm if 

promoting convection in the solution could enhance the yield. Sonication at room temperature 

increased the yield of 2 from 29% to 42%, a similar gain in yield as was observed with the increase 

in temperature.  

It was also observed that triflic acid to TBAF concentration ratio has a crucial effect on the 

electrofluorination yield. As the TBAF concentration was decreased and triflic acid concentration 

was maintained constant, much lower yield of 2 was observed as compared to when TBAF and 

triflic acid concentrations were proportionally decreased together to maintain a constant ratio. The 

triflic acid to TBAF ratio, with 154 mM of TBAF, was optimized at 0.68 from the data in Figure 

A1.6.  
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Figure A1. 6. Effect of triflic acid concentration on the product yield and precursor conversion. Synthesis has been 
performed at constant time and potential of 30 min and 1.4 V vs Ag/Ag+, using ACN solution containing triflic acid, 

154 mM of TBAF and 25 mM of 1 

To study the effect of acid to TBAF concentration ratio, two sets of experiments were performed. 

In the first set the concentration of TBAF was changed and the triflic acid concentration was kept 

constant, in the second set the TBAF concentration was changed and the triflic acid concentration 

also was changed in order to keep the triflic acid to TBAF concentration ratio constant at 0.68. 

The results are compared and presented in the Table A1.3 for TBAF concentration ranging from 

154 mM to 10 mM.  

Synthesis was performed at constant time and potential of 30 min and 1.4 V vs Ag/Ag+, using 

ACN solution containing triflic acid, TBAF, and 25 mM of 1.  

Table A1. 3. Effect of triflic acid to TBAF concentration ratio on the product yield and precursor conversion 

TBAF 

Concentration 

(mM)  

Acid Concentration 

(mM)/TBAF 

concentration (mM)  

Methyl 2-fluoro-2-

(phenylthio)acetate 

yield (%) 

Precursor conversion 

(%)  

154 0.68 29 ± 2 74 ± 14  
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 1.36 0.03 ± 0.01 95 ± 3  

100 0.68 21 ± 2 68 ± 12  

 1.04 5.0 ± 0.3 69 ± 13  

25 0.68 6.0 ± 0.4 37 ± 7  

 4.16 0 94 ± 3  

10 0.68 3.0 ± 0.2 24 ± 4  

 10.40 0 74 ± 13 

One of the advantages of using TBAF as a fluoride source in electrochemical fluorination is its 

compatibility and traditional use in radiofluorination with 18F-fluoride. Compared with poly-HF 

salts, TBAF introduces fewer carrier 19F-fluoride molecules, increasing specific activity and 

radiochemical yield, which is measured with respect to 18F-fluoride incorporation into the desired 

product. Since the concentration of 18F-fluoride used in radiochemistry is negligibly small, we 

studied the effect of decreasing TBAF concentration on electrofluorination yield. The results are 

shown in Table A1.4, indicating that lowering the fluoride concentration from 308 mM to 154 mM 

does not significantly change the yield of 2, however a further decrease in fluoride concentration 

below 154 mM decreases yield of 2.  

Synthesis was performed at constant time and potential of 30 min and 1.4 V vs Ag/Ag+, using 

ACN solution containing 154 mM of TBAF, 25 mM of 1 and the ratio of triflic acid to TBAF 

concentration was kept constant at 0.68.  
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Table A1. 4. Effect of TBAF concentration on the product yield and precursor conversion 

TBAF 

Concentration (mM) 

Methyl 2-fluoro-2- 

(phenylthio)acetate 

yield (%) 

Precursor 

conversion (%) 

Methyl 2-fluoro-2- 

(phenylthio)acetate 

yield (%)a 

308 29 ± 2 76 ± 14 2.5 ± 0.2 

154 29 ± 2 74 ± 14 5.0 ± 0.3 

100 21 ± 2 68 ± 12 5.0 ±0.3 

25 6.0 ± 0.4 37 ± 7 5.5 ± 0.4 

10 3.0 ±0.2 24 ± 4 7.5 ± 0.5 

5 0.15 ± 0.01 10 ± 2 0.75 ± 0.05 

While lowering fluorine concentration below the concentration of precursor would limit the 

theoretical chemical yield, the decrease in yield at higher concentrations may be attributed to the 

limited lifetime of carbocations formed at the surface of the working electrode. At lower 

concentrations of TBAF, cationic intermediates created on the anode with no fluoride in close 

vicinity, will have a diminishing chance to react with the fluoride nucleophile before they undergo 

side reactions. Table A1.4 also shows the yield of 2 based on the fluoride concentration. It can be 

seen that by lowering the fluoride concentration from 308 mM to 10 mM the yield of 2 increases, 

while a further decrease in concentration of fluoride below 10 mM causes a drastic decrease in 

the yield of 2.  

Electrochemical radiofluorination of the 1 was successfully achieved using the optimized 

parameters obtained from the cold electrofluorination experiments. (1.4 V, 30 min, 60°C, 154 mM 

of TBAF, 25 mM of 1 and 104.6 mM of triflic acid). Radiochemical fluorination efficiency obtained 

by TLC and gamma HPLC was 7 ± 1% (n = 3). The chemical yield (based on the initial precursor 

concentration) obtained from the decayed samples analyzed by GC-MS showed a yield of 43% ± 
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3% (n = 3), which would predict a fluorination yield (based on the initial fluorine concentration) of 

7 ± 1% (n = 3) for the mono-fluorinated product, in line with the radiochemical yields obtained.  

A1.4 Conclusions 

For the first time, electrochemical fluorination of methyl(phenylthio)acetate has been achieved 

using TBAF as a source of fluorine under controlled potentiostatic conditions. It was observed 

that the use of triflic acid along with TBAF is crucial for successful fluorination and that the TBAF 

to triflic acid concentration ratio plays a key role in the process. Electrochemical cell parameters 

such as potential, electrolysis time, and temperature as well concentrations of fluoride source and 

triflic acid were optimized. CVs guided the selection of oxidation potentials and our understanding 

of the electrochemical oxidation/reduction response of the system. The optimum oxidation 

potential of 1 was found to be 1.4 V vs Ag/Ag+. Potentials higher than 1.4 V vs Ag/Ag+ resulted 

in lower yields, likely due to the breakdown of the product. Fluorination at potentials between 1.3 

V vs Ag/Ag+ and 1.1 V vs Ag/Ag+ required a long time to achieve acceptable yields, which isn’t 

desirable for radioelectrochemical fluorination with 18F-fluoride, which has a 110 min half- life. It 

was also observed that elevating temperature and sonication could enhance the yield. The 

highest yield for the mono fluorinated product at 44% was obtained after 30 min of electrolysis at 

1.4 V vs ag/Ag+ using an ACN solution containing 154 mM of TBAF, 25 mM of precursor 1 and 

104.6 mM of triflic acid at 60°C.  

Electrochemical radiofluorination of methyl 2- [18F]fluoro-2-(phenothio) acetate was confirmed by 

GC-MS, radio-TLC and HPLC analysis. A radiochemical fluorination efficiency of 7 ± 1% was 

achieved under the same conditions as the optimized cold reaction for the mono fluorinated 

product.  
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In Vivo Imaging of Mitochondrial Membrane Potential in Non-Small Cell Lung Cancer 

A2.1 Extended Figures 

 

Figure A2. 1. Mitochondrial markers in KL mouse lung tumors 

Whole-cell lysates from lung tumors isolated from KL mice were immunoblotted with the indicated 
antibodies. Tumors with high levels of the ratio of SP-C to actin (>0.5) were defined as ADCs 
(blue box), whereas tumors with low SP-C to actin ratios (<0.5) were defined as SCCs (red box). 
Each lane represents an individual tumor isolated from KL mice. Western blot was done on 20 
individual tumors isolated from KL mice from three independent experiments. 
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Figure A2. 2. Measuring mitochondrial membrane potential in vitro in A549 and L3161C cells 

a, Gating strategy used for the quantification of TMRE signal. The R2 region representing single 
cells was used for quantification of the TMRE signal. b, Overlay histogram showing shifts in TMRE 
staining in L3161C cells treated with vehicle, 8 μM oligomycin or 8 μM oligomycin plus 4 μM 
FCCP. c, TMRE measurements in A549 cells treated with the indicated concentrations of 
phenformin or FCCP for 3 h (n = 3 biological replicates). d, TMRE measurements in mouse cell 
line L3161C treated with the indicated concentrations of phenformin or FCCP for 3 h (n = 3 
biological replicates). e, Viability of A549 cells treated with the indicated concentrations of 
phenformin for 3 h (n = 3 biological replicates). f, Uptake of 18F-BnTP probe measured by gamma 
counter in A549 cells treated with 1 mM phenformin for 3 h (n = 5 biological replicates). g, OCR 
per cell measured in A549 cells treated acutely with 1 mM phenformin (n = 25 technical 
replicates). h, OCR per cell measured in mouse cell line L3161C treated acutely with 1 mM 
phenformin (n = 25 technical replicates). i, TMRE measurements in mouse cell line L3161C 
treated with vehicle, 8 μM oligomycin, or 8 μM oligomycin with 4 μM FCCP for 3 h (n = 3 biological 
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replicates). j, Uptake of 18F-BnTP probe measured by gamma counter in mouse L3161C cells 
treated with vehicle, 8 μM oligomycin, or 8 μM oligomycin with 4 μM FCCP for 3 h (n = 6 biological 
replicates). k, Viability of L3161C cells treated as in j (n = 6 biological replicates). Data are mean 
±} s.d. Experiments in c–i, were repeated twice with similar results. Experiments in j and k were 
done once. 

 

Figure A2. 3. Short-term treatment with phenformin does not lead to changes in proliferation or apoptosis 

a, Transverse 18F-BnTP PET–CT overlay (left) of mouse lung (middle) after treatment with 
phenformin. H&E staining of a lung lobe with an ADC tumor (right). b, Representative slides 
stained with H&E (left), CC3 (middle) and Ki67 (right), from tumors from KL mice treated with 
vehicle (top) or phenformin (bottom). Experiment was performed once on slides from n = 5 
(vehicle) and n = 6 (phenformin) mouse lungs. c, d, Quantification of staining for Ki67 (c) and 
CC3 (d) for tumors from KL mice treated with vehicle (n = 5 mice) or phenformin (n = 6 mice). 
Experiment was performed once. e, Phenformin in lung tumors isolated form KL mice was 
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quantified using liquid chromatography–mass spectroscopy. Tumors were isolated from mice 
treated with vehicle (n = 6) or 100 mg kg−1 (n = 2) or 200 mg kg−1 phenformin (n = 2) for 5 days. 
Experiment was performed once. f, Representative 18F-BnTP PET–CT overlay of a tumor formed 
by transthoracically implanted L3161C lung cells into syngeneic recipient mice. This image is 
representative of at least 20 PET–CT images. g, H&E slide of a tumor formed as in f. h, Higher 
magnification image of H&E staining of tumor formed by L3161C mouse cell line as in f. j, 
Representative slides stained with Ki67 (top), and CC3 (bottom) from tumors formed by 
transthoracically transplanted L3161C cells that were treated with vehicle, metformin or 
phenformin. Experiment was performed once on slides from n = 8 (vehicle), n = 5 (metformin) or 
n = 6 (phenformin) tumors. Data are mean ±} s.d. P values determined by unpaired two-tailed t-
test. 

 

Figure A2. 4. Expressing ND1 in mouse L3161C lung ADC cell line reduces sensitivity of mitochondrial membrane 

potential to phenformin in vitro and in vivo 

a, Basal OCR rate per cell for L3161C cells expressing empty vector (pBabe; black) (n = 12 
technical replicates) or L3161C cells expressing ND1 (L3161C-ND1; red) (n = 12 technical 
replicates) treated with 50 μM phenformin for 24 h. b, Basal OCR rate per cell for L3161C-pBabe 
(black) (n = 12 technical replicates for all conditions, except n = 6 for 250 μM and n = 9 for 500 
μM phenformin) and L3161C-ND1 cells (red) (n = 12 technical replicates) treated with the 
indicated concentrations of phenformin for 24 h. Data are mean ±} s.d. c, Waterfall plot of the 
percentage change in maximum uptake of 18F-BnTP after treatment relative to before treatment 
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for mice transthoracically implanted with L3161C cells expressing empty vector (pBabe; n = 5 
mice) or ND1 (n = 5 mice) and treated with 125 mg kg−1 phenformin for 5 days. d, Waterfall plot 

of the percentage change in maximum uptake of 18F-BnTP in tumors formed by transthoracically 
implanted L3161C-pBabe (n = 3 mice) or L3161C-ND1 cells (n = 5 mice) treated with vehicle for 
5 days. Experiments in a–d were performed once. P values determined by unpaired two-tailed t-
test. 

 

Figure A2. 5. Multi-tracer imaging and immunohistochemistry markers in lung tumors from KL mice 

a, Representative PET and computed tomography (CT) images of three KL mice imaged with 
18F-BnTP (top) and 18F-FDG (bottom) on sequential days. H, heart; T, tumor. Arrows and circles 
denote tumors. b, Whole lung slides stained with H&E, TOM20, GLUT1, or CK5 plus TTF1 from 
three mice. Scale bars, 5 mm. c, Representative higher magnification images of the tumors circled 
in b stained with H&E, TOM20, GLUT1, CK5 plus TTF1 as indicated. Scale bars, 25 μm. Data 
are representative of three independent mouse experiments. 
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Figure A2. 6. PET–CT and biochemical analysis of KL tumors 

a, Crystal structure of complex I (PDB accession 5lc5), with NDUFS1 and NDUFV1 subunits in 
red, and FeS clusters in yellow.b–d, PET–CT images from three KL mice that were imaged on 
sequential days with 18F-BnTP (top) and 18F-FDG (bottom). Tumors are circled. Maximum 
uptake value for each tumorafter normalization to maximum uptake of the heart is indicated. e, 
Western blot analysis from lung nodules that were isolated from mice imaged in b–d. Two lung 
tumors from mouse 5372 (imaged in b) are shown—T1 in blue (low 18F-FDG and GLUT1 levels; 
high 18F-BnTP, NDUFS1 and NDUFV1 levels); and T2 in red (high 18F-FDG and GLUT1 levels; 
low 18F-BnTP, NDUFS1 and NDUFV1 levels). Experiments in b–d are representative of three 
independent mouse experiments. Experiment in e was performed once. 
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Figure A2. 7. Levels of NDUFS1 and NDUFV1 in KL tumors 

Whole-cell lysates from lung tumors isolated from KL mice were immunoblotted with the indicated 
antibodies. This western blot was done on 20 individual tumors isolated from KL mice from three 
independent experiments. 

 

Figure A2. 8. Sensitivity of mouse and human lung cancer cell lines to complex I inhibitors phenformin and IACS-
010759 

a, TMRE measurement as determined by flow cytometry comparing mouse ADC (n = 3 biological 
replicates) and mouse SCC (n = 3 biological replicates) cell lines. b, Cell viability of mouse ADC 
(n = 3 biological replicates) and mouse SCC (n = 3 biological replicates) cells was measured in 
the presence of indicated concentrations of phenformin for 48 h. c, Cell viability of human ADC 
(A549; n = 3 biological replicates) and human SCC (RH2; n = 3 biological replicates) cells was 
measured in the presence of indicated concentrations of phenformin for 48 h. d, Cell viability of 
human ADC (A549; n = 3 biological replicates) and human SCC (RH2; n = 3 biological replicates) 
cells was measured in the presence of indicated concentrations of IACS-010759 for 48 h. Data 
are mean ±} s.d. P values determined by unpaired two-tailed t-test or one-way ANOVA (for b–d). 

Experiments were repeated twice with similar results. 
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Figure A2. 9. Characteristics of tumors from KL mice treated with vehicle or IACS-010759 

a, Uptake of 18F-BnTP in tumors from KL mice before the start of treatment with vehicle or 15 mg 
kg−1 IACS-010759. Each dot represents a tumor; n = 44 (vehicle), n = 66 (IACS) tumors. b, c, 
H&E staining images from lung sections from KL mice treated with vehicle (b) or 15 mg kg−1 
IACS-010759 (c) for 12 days, with tumors delineated by red lines. Quantification of these data is 
shown in Fig. 3.4l. Experiment was performed once.  

 

Figure A2. 10. Intra-tumoral heterogeneity in KL mice 

Higher magnification images of tumor shown in Fig. 3.4n, o with GLUT1 staining (left) and CK5 
and TTF1 staining (right). Areas corresponding to ADC and SCC are indicated, with rectangular 
boxes corresponding to magnified images shown in Fig. 3.4n. Data are representative of three 
independent mouse experiments. 
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Electrochemical Flash Fluorination and Radiochemicalfluorination 

A3.1 Introduction 

Fluorinated organic compounds have distinguishing physical, biological and chemical properties 

with a wide range of applications in fields such as agrochemicals, pharmaceuticals and materials 

science.196–198 Recently, there has been growing interest in the chemistry and properties of 

fluorinated organic compounds.198,172,199 Fluorine gas and anhydrous HF have been broadly used 

for fluorination of organic compounds.176,200,173 However, these chemicals are costly, highly 

reactive, corrosive, hazardous, and difficult to handle. There is a consensus in the community that 

given the wide-ranging applications of fluorine in design of bioactive molecules  and  molecular  

imaging  through  positron  emission tomography (PET), there is still a strong demand for further 

development of new synthetic methodologies to expand the chemist’s toolbox for easier access 

to a broader scope of fluorinated and radiochemical compounds.201 There have been significant 

recent developments in the area of nucleophilic fluorination, a more accessible form of 

fluorination, and their application to radiochemistry with [18F]fluoride, such as syn-thesis  of  aryl  

fluorides  directly  from  the  corresponding phenols,178 hypervalent iodine reagents used as 

fluorine sources in fluorocyclization reactions,202,203 radiofluorination of diaryl-iodonium salts and 

Cu-catalyzed mesityl-aryl-iodonium precursors,204 metal-catalyzed aryl fluoride bond formation,205 

and recent reviews on these advances and their limitations206. Despite the development of modern 

fluorination techniques, many challenges still exist in terms of limited substrate scope, lack of 

functional group tolerance, difficulty in synthesizing the precursors and their stability, and the need 

for strict control of synthesis conditions. No one technique can address all the challenges for site 

specific fluorination. The electro-chemical approach to fluorination of stabilized cations presents 

a unique method for direct and very rapid fluorination in one step under mild conditions. The 

method described here can target moieties such as thioethers not amenable to late-stage 

fluorination with existing methodologies, allowing their radio-fluorination for PET tracer 
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development. Electrochemistry is gaining renewed prominence as a versatile tool in organic 

synthesis.207,208 Electrochemical fluorination of organic compounds can be a powerful alternative 

technique for direct fluorination. Electrochemical oxidation can create an electron-poor carbon, 

potentially without the need for chemical modification, preparing the organic molecules for 

nucleophilic fluorination.186,209 Fluorine atoms can be added to organic compounds in one step 

under mild conditions using electrochemistry, even for electron rich moieties such as aromatic 

and heteroaromatic rings, without the need to have leaving groups.210,192 Traditionally, the 

oxidative formation of a carbocation intermediate in electroorganic synthesis has been performed 

in the presence of an excess of nucleophile due to the instability of the carbocations. The 

presence of reactive and low oxidation potential nucleophiles and products in the anodic chamber 

during electrolysis can limit reaction yields and scope. To overcome this problem Yoshida and 

co-workers developed the cation pool method, with which they could stabilize the carbocations 

formed during the electrochemical oxidation of carbamates by performing the electrochemical 

oxidation at low temperatures (-72˚C) followed by addition of nucleophiles such as allylsilanes 

post electrolysis.211 Subsequently, the same group reported thiofluorination of alkenes and 

alkynes using low-temperature  anodic  oxidation  of  ArSSAr  in  Bu4NBF4/CH2Cl2.212 In their 

process, the counter anion of the supporting electrolyte (BF4
-), which was present during the 

electrolysis was also the source of fluoride. Here, for the first time, the electrochemical fluorination 

and radiofluorination of organic molecules using the cation pool technique is reported, where the 

fluoride is added post electrolysis. This approach enables the use of the cation pool method for 

the widely useful application of rapid and late-stage fluorination and radiochemistry. The cation 

pool method has tremendous potential especially for radiofluorination experiments. The excess 

concentration of reactive cations can provide an efficient reaction mechanism for late-stage 

fluorination under low fluoride concentrations encountered during radio-fluorination.213 

Furthermore, radiochemical yield, which is reduced by decay of the radioisotope, can benefit from 

a rapid late-stage fluorination reaction.  The cation pool can be prepared prior to cyclotron 
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production of [18F]fluoride isotope, thereby, providing a truly late-stage fluorination reaction, 

maximizing radiochemical yield by minimizing decay through a flash  reaction  of  the  previously  

prepared  cations  with[18F]fluoride.  

A3.2 Methods 

In this study, a divided electrochemical cell was used for electrolysis. The anodic and cathodic 

chambers were separated by a Nafion membrane. Methyl (phenylthio) acetate (12 mM) was used 

as substrate and 2,2,2-trifluoroethanol (TFE) as solvent with different supporting electrolytes in 

the anodic chamber. TFE, tetrabutylammonium perchlorate (TBAP) and triflic acid were used in 

the cathodic chamber. 1,1,1,3,3,3-Hexafluoroiso-propanol (HFIP) has also recently been reported 

as a solvent for electroorganic synthesis with a stabilizing effect on carbocation intermediates.214–

217 However, yields were negligible due to instability  of fluorinated  products  reported  here  in  

HFIP. Previous reports on electrochemical fluorination of Methyl(phenylthio) acetate guided our 

choice for the substrate.214,218 Traditional fluorination of sulfoxides have been based on fluoro-

Pummerer rearrangement with DAST, electrophilic fluorination of thioethers and the combinations 

of chemical oxidants with nucleophilic fluorinating reagents.219 Previous electro-chemical 

fluorination of thioethers were performed with excess amounts of HF salts or TBAF present in the 

cell during electrolysis, resulting in low fluoride conversion yield and preventing no-carrier-added 

fluorination.210,220,221 

A3.3 Results and Discussion 

Here, electrochemical oxidation was performed for 60 min at a constant potential of 1.6 V vs Ag 

wire quasi-reference electrode followed by addition of a fluoride nucleophile to the anodic 

chamber at the end of electrochemical oxidation. The mixture was stirred and allowed to react for 

30 min while the temperature was rising to room temperature. With 168 mM of CsF, KF, Et3Nx3HF 

and tetrabutylammonium fluoride (TBAF) used as fluoride (nucleophile) sources, respective yields 

of 4.5%,1.4%, 4% and 4.5% of methyl 2-fluoro-2-(phenylthio) acetate were obtained. The yields 
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were quantified using gas chromatography mass spectrometry (GC-MS). Figure A3.1 shows the 

schematic of the reaction and representative GC-MS chromatograms can be found in the 

supporting information.  

 

Figure A3. 1 Schematic of the cation pool method for fluorination of methyl-2-(phenylthiol) acetate 

Electrolysis was repeated with TBAF at different temperatures of 21˚C, 0˚C, -20˚C and-40˚C and 

chemical yields of 2.2%, 4%, 6% and 3% were obtained respectively. The drop in the yield from -

20˚C to -40˚C is due to the low oxidation current resulting in the slowing of precursor oxidation. 

68% of the precursor was consumed when oxidation was performed at -20˚C, while only 12% of 

the precursor was consumed at -40˚C. -20˚C was chosen as the optimum temperature for further 

optimization. The effect of changes in supporting electrolyte on the chemical yield is shown in 

Table A3.1.  
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Table A3. 1. Effect of supporting electrolyte on the chemical yield of 2 

Electrolyte (TFE based) Yield [%] 

50 mM NBu4ClO4 (TBAP) 0 

300 mM NBu4ClO4 (TBAP) 0 

300 mM NBu4ClO4 + 14.2 mM triflic acid 6.0 

300 mM NBu4BF4 + 14.2 mM triflic acid 1.3 

300 mM p-toluenesulfonic acid + 14.2 mM triflic acid 2.0 

142 mM triflic acid 12.5 

Electrolysis was carried out using 12 mM of 1 in TFE for 60 min at 1.6 V vs Ag wire at -20 ˚C 

followed by addition of 168 mM of TBAF post electrolysis. It can be seen from Table A3.1 that 

TBAP alone results in negligible product formation, while addition of 14.2 mM of triflic acid 

increases the yield to 6%. The highest yield of 12.5% was obtained where only 142 mM of triflic 

acid was used without addition of salts as supporting electrolyte. 

Further optimization was performed using only triflic acid as supporting electrolyte and the effect 

of triflic acid concentration on the yield was examined. Yields of 3.6%, 12.5% and 0% was 

obtained when 71 mM, 142 mM and 284 mM of triflic acid were used, respectively. The effect of 

precursor concentration on the product yield is presented in Table A3.2.  

Table A3. 2. Effect of precursor 1 concentration on the chemical yield of product 2 

Precursor concentration [mM] Yield [%] (n=3) 

0.5 8.5 ± 0.9 

1 9.6 ± 1.0 

2 11.5 ± 1.2 
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4  10.6 ± 1.1 

6 12.7 

12 11.2 ± 1.3 

24 9.2 ± 1.0 

 

Electrolysis was carried out using precursor 1, and 142 mM of triflic acid in TFE for 60 min at 1.6 

V vs Ag wire at -20 ˚C. 168 mM TBAF was added at the beginning of the electrochemical 

oxidation. Precursor concentration changes from 0.5 mM to 24 mM resulted in only a moderate 

change in the yield. Due to the diminishing [18F]TBAF concentration during no-carrier-added 

radiochemistry experiments, the effect of lowering of TBAF concentration and ratio of TBAF to 

triflic acid concentration were also investigated and the results are shown in table A3.3.  

Table A3. 3. Effect of TBAF concentration and TBAF concentration/triflic acid concentration ratio on the chemical 

yield of product 2 

TBAF Concentration [mM] TBAF concentration/triflic 

acid concentration 

Yield [%] 

21 1.18 1.6 

 0.15* 0 

42 1.18 3.8 

 0.30* 0 

84 1.18 4.0 

 0.60* 0 

168 1.18* 12.5 
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 0.60 0 

 2.36 3.6 

Electrolysis was carried out using 12 mM of 1 and triflic acid in TFE for 60 min at 1.6 V vs Ag wire 

at -20 ˚C. The values marked with an asterisk in the second column reflects experiments where 

triflic acid concentration was kept constant at 142 mM. It was observed that by lowering the TBAF 

concentration the product yield decreased to 1.5% when 21 mM of TBAF was used. It was further 

observed that the ratio of TBAF to triflic acid concentration plays a crucial role with optimum 

product yield obtained when this ratio is maintained at 1.18. This may be due to the instability of 

product at low pH where TBAF addition can act as a base to increase the pH of the solution. Using 

the optimized parameters, radiofluorination of 1 was performed with the cation pool method with 

142 mM of triflic acid and 24 mM of 1in TFE in the anodic chamber. Radio-chemical fluorination 

efficiencies (RCFEs) were calculated based on conversion of [18F]fluoride to product 2. Initially 

[18F]fluoride in the form of [18F]TBAF was added to the anodic chamber after60 min of 

electrolysis, however no radio-fluorinated product was observed. Due to the diminishing TBAF 

concentrations in the radiochemistry experiment, addition of a non-nucleophilic base was 

necessary to increase the pH to 3, at which point the product was observed to be stable. To 

address this challenge,5 mCi of [18F]fluoride was mixed with 300 mM of 2,6-di-tert-butyl-4-

methylpyridine and the mixture was added to the anodic chamber after electrolysis resulting in 

RCFE of 5.7±1.0% (n=3) and molar activity of 1.13±0.2 Ci/mM (n=3).Similar  to  cold  experiments  

with  [19F]-TBAF,  samples  for characterization were taken 30 min after [18F]fluoride addition. 

Notably, RCFE of 4.8±0.6% (n=3) was obtained after just 5 min post [18F]fluoride addition. 

Successful radiofluorination of methyl 2-(methylthio) acetate and methyl 2-(ethylthio) acetate 

were performed using cation pool technique with same condition as above, the RCFE of 

20.6±2.0% and 18.2±1.5% were obtained, respectively (Figure A3.2).  
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Figure A3. 2. Schematic of the radiofluorination reactions 

A3.4 Conclusion 

In Summary, this report demonstrates a new tool for rapid late-stage fluorination and 

radiofluorination using the cation pool method. This is made possible through generation and 

pooling of stable cations under low temperature using TFE as solvent, and the subsequent 

fluorination reaction of carbocations with fluoride under non-oxidative conditions. Cation pool 

fluorination prevents further oxidation of the fluorinated product during the electrolysis and rapid 

late-stage radio-fluorination can minimize the losses of [18F]fluoride due to radioactive decay. 

More in-depth studies of scope and the use of microfluidic platforms are currently in progress to 

increase yields and introduce automation. Flash fluorination and radio-fluorination based on the 

cation pool method can be used to produce PET radiotracers and fluorinated pharmaceuticals, 

potentially expanding the library of fluorinated bioactive molecules available for medicinal 

chemistry and molecular imaging. 
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A3.5 Extended Information & Figures 

Materials 

2,2,2-trifluoroethanol (TFE, 99.9%, C2H3F3O), trifluoromethanesulfonic acid (triflic acid, 

CF3SO3H, 99%), methyl (ethylthio)acetate (99%, C5H10O2S) and methyl(phenylthio)acetate 

(C9H10O2S, 99%) were purchased from Oakwood Chemical. Acetonitrile (ACN, anhydrous, 

98%), tetrabutylammonium fluoride solution 1.0 M in THF (TBAF solution, ∼5 wt% water), cesium 

fluoride (99%, CsF), Potassium fluoride (≥99.9%, KF), triethylamine trihydrofluoride (98%, 

(C2H5)3N·3HF) and platinum wire (99.9%) were purchased from Sigma-Aldrich. 

Tetrabutylammonium perchlorate (TBAP, >98.0%, C16H36ClNO4) methyl (methylthio)acetate 

(>99.0%, C4H8O2S), tetrabutylammonium tetrafluoroborate (>98.0%, C16H36BF4N) and 

ptoluenesulfonic acid (>98.0%, C7H8O3S·H2O) were purchased from TCI America. 2,6-Di-

Tertbutyl-4-methylpyridine (98%, C14H23N) was purchased from Ark Pharm, Inc. Nafion® 

membrane N117, 7 mils (178 µm thickness) was purchased from Fuel Cell Earth. Analytical grade 

(AG) MP1M anion exchange resin was purchased from Bio-Rad. 

Electrochemical Synthesis 

The electrochemical oxidation (the cation pool formation) and cyclic voltammetry (CV) were 

performed using an H shape divided 3-electrode cell with two platinum wires (length = 200 mm, 

diameter = 0.33 mm) as working and counter electrodes and Ag wire as quasi-reference 

electrode. The cathodic chamber and anodic chamber were separated by a nafion membrane. 

The anodic chamber contained 10 ml of TFE as solvent, methyl(phenylthio)acetate (precursor) 

and different supporting electrolytes such as triflic acid, tetrabutylammonium perchlorate, 

tetrabutylammonium tetrafluoroborate and p-toluenesulfonic acid. The cathodic chamber 

contained 10 ml of TFE as solvent, 300 mM tetrabutylammonium perchlorate and 757 mM of triflic 

acid. The reference electrode (Ag wire) was immersed in the anodic reaction mixture. The counter 

electrode and working electrode were cleaned before each experiment using potential cycling in 
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1 M sulfuric acid solution in water. The electrodes were cycled between −2 V and 2 V (2 electrode 

configuration) 10 times before each experiment. The electrochemical oxidation of 

methyl(phenylthio)acetate (carbocations formation) was performed at constant potential of 1.6 V 

vs Ag wire for 60 min. At the end of electrolysis, the nucleophile (TBAF) was added to the anodic 

chamber and allowed to react for 30 min while the reaction mixture was stirred using a magnetic 

stirring bar at 500 RPM and temperature was rising to the room temperature. The CVs and 

electrochemical oxidation experiments were performed using the Metrohm PGSTAT128N 

electrochemical workstation. The CVs were performed using a 200 mV/s scan rate and no stirring. 

Figure A3.5.1 shows the CV of background (TFE + supporting electrolyte in the anodic chamber) 

and CV of the cation pool reaction mixture (methyl(phenylthio)acetate + TFE + supporting 

electrolyte in the anodic chamber).  

 

Figure A3. 3. CV using TFE + triflic acid with and without precursor 

CVs of TFE and triflic acid with and without precursor (background). The CVs were run with 200 
mv.s−1 scan rate at room temperature (21 °C) using a divided cell and no stirring. It can be seen 
from figure A3.5.1 that the oxidation of precursor starts at 0.9 V vs Ag wire and reaches a peak 
at 1.08 V vs Ag wire due to the diffusion limit. The CV of the background shows very small anodic 
currents up to 1.5 V vs Ag wire; by increasing the potential further the background anodic current 
starts to increase to higher values. It also can be seen that adding the precursor to the solution 
can suppress the cathodic currents at potentials lower than 0.5 V vs Ag wire. 
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Gas Chromatography–Mass Spectrometry (GC-MS) Spectra 

The product identification and quantification was performed using GC-MS. Mass spectra and 

chromatograms were carried out using an Agilent 5975C Triple-Axis Detector (TAD) inert MSD 

mass spectrometer coupled with an Agilent 7890A gas chromatograph. The mass spectrum was 

set to electron ionization mode with a voltage of 1.9 kV. The mass range was 50-250 (amu). The 

details of gas chromatograph’s column and the method are outlined below: Inlet was set at 120 

°C and had 1:10 split ratio. Oven was set to 120 °C and held for 1 min, then increased to 138 °C 

at a rate of 1 °C/min and held for 15 mins. Column was Agilent 122-5532, maximum operating 

temperature 325 °C; 30 m length, 250 µm internal diameter and 0.25 µm film thickness. A constant 

flow of 1 mL/min was delivered to the transfer column. The transfer column Agilent G3185-60062, 

450 °C; 0.17 m length, 100 µm internal diameter and 0 µm film thickness delivered a constant 

flow of 1.5 mL/min to the source. The GC-MS method had a 10 min solvent delay in order to 

enhance the MS filament lifetime. Figure A.3.5.2 is the GC-MS calibration plot used in the 

quantification of product 2 yield.  
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Figures A3.5.3, A3.5.4 and A3.5.5 show the GC-MS mass spectra of the products 2, 4 and 6, 

respectively. Figure A3.5.6 shows a representative GC-MS chromatogram of the crude product.  

 

Figure A3. 5. The mass spectrum of the product 2 

Figure A3. 4. The GC calibration plot used in the quantification of formation of 

product 2 
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It can be seen from figure A3.5.6 that after electrolysis, 70% of the precursor has been 

consumed and no product peak can be observed at 21.7 min. The product is only observed after 

the injection of TBAF post electrolysis, pointing to the reaction of fluoride anions with stabilized 

carbocations formed during electrolysis.  

 

Figure A3. 6. The mass spectrum of the product 4 

 

Figure A3. 7. The mass spectrum of the product 6 
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Figure A3. 8. GC-MS chromatograms of the crude reaction mixture before and after electrochemical oxidation and 
after fluoride addition 

Electrolysis was carried out using 12 mM of 1 and 142 mM of triflic acid in TFE for 60 min at 1.6 
V vs Ag wire at -20 °C. 168 mM TBAF was added at the end of electrochemical oxidation and 
allowed to react for 30 min while the reaction mixture was stirring and temperature was rising to 
the room temperature. 
 

Nuclear Magnetic Resonance (NMR) Spectra  

19F-Nuclear-Magnetic-Resonance (19F-NMR) was performed on the 19F-fluorinated thioether 

reference standards. 19F-NMR spectroscopic data were in agreement with previous reports [1-8]. 

Nuclear magnetic resonance spectroscopy (NMR) The identity of the product 2 was also further 

characterized by 19F-NMR. The 19F-NMR spectrum was obtained on a Bruker AV400 (400 MHz). 

19F chemical shift is reported in parts per million (ppm) using the trifluoro acetic acid (CF3COOH) 

as a reference. Figures A3.5.7, A3.5.8 and A3.5.9 show the 19FNMR spectra of the products 2, 

4 and 6, respectively. 19F-NMR spectroscopic data for products 2 and 6 were in agreement with 

previous reports. 
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Figure A3. 9. The 19F NMR of the HPLC purified product 2 plus trifluoro acetic acid as standard for further 
identification of the fluorinated product obtained by cation pool method 

 

Figure A3. 10. The 19F NMR of the HPLC purified product 4 plus trifluoro acetic acid as standard for further 
identification of the fluorinated product obtained by cation pool method 
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Figure A3. 11. The 19F NMR of the HPLC purified product 6 plus trifluoro acetic acid as standard for further 
identification of the fluorinated product obtained by cation pool method 

Radiochemical characterization  

No-carrier-added 18F-fluoride was produced by the (p,n) reaction of 18O–H2O (84% isotopic 

purity, Medical Isotopes) in a RDS-112 cyclotron (Siemens) at 11 MeV using a 1 mL tantalum 

target with havar foil.27 The radioactive isotope was trapped on analytical grade (AG) MP-1M 

anion exchange resin by passing through the 1 ml of bombarded 18O–H2O. Most of the water on 

the resin was removed by washing with 10 mL of anhydrous ACN and drying with ultra-pure N2 

for 10 min. [18F]fluoride was subsequently eluted out from the cartridge with a 2 ml TFE containing 

25 mM TBAP salt. In a typical experiment, approximately 5 mCi was eluted from the anion 

exchange cartridge in 18F-TBAF form in TFE. Radiofluorination conversion was measured using 

Radio-thinlayer-chromatography (radio-TLC). Radio-TLC was performed on silica plates (TLC 

Silica gel 60 W F254s, Merck). After dropping a sample volume (∼1–5 μL) using a glass capillary, 

the plate was developed in the mobile phase (ACN). Chromatograms were obtained using a radio-

TLC scanner (miniGita Star, Raytest). Analytical High Performance Liquid Chromatography 

(HPLC), equipped with a UV and gamma detector was used to determine radiochemical purity 

(RCP) of the radio-fluorinated product. HPLC was performed using a 1200 Series HPLC system 
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(Agilent Technologies) equipped with a GabiStar flow-through gamma detector (Raytest). Data 

acquisition and processing was performed using GINA Star Software version 5.9 Service Pack 

17 (Raytest). Typically, 20 μL of radioactive sample was diluted with 180 μL of ACN and 5–20 μL 

of this solution was injected for HPLC analysis. Column: Synergy 4u Polar RP 80 A, 250 × 4.6 

mm, 4 micron. Gradient: A = ACN; B = water; flow rate = 1.8 mL/min; 0–28 min 95% B to 45% B, 

28–29 min 45% B to 5% B, 29–32 min 5% B, 32–34 min 5% B to 95% B. Radio-TLC 

chromatograms were used to measure radiochemical conversions (RCC). RCP and RCC were 

measured by dividing the area under the curve (AUC) for the desired product by the sum of AUC 

for all peaks. The TLC purity accounts for unreacted 18F-fluoride while the HPLC purity corrects 

for radiochemical side-products. The radiochemical fluorination efficiency (RCFE) was 

determined by the equation: RCFE = TLC RCC × HPLC RCP 
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Figure A3. 12. Analytical a) UV HPLC and b) gamma HPLC profiles of the crude sample after electrolysis 

Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 1, 142 mM of triflic acid. 2 ml of TFE solution containing 25 mM TBAP and 5 
mCi 18F-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after 18F-fluoride addition. 
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Figure A3. 13. UV HPLC profile of purified product 

Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 1, 142 mM of triflic acid. 2 ml of TBAF solution was added after electrolysis was 
finished and the sample was HPLC purified 30 min after TBAF addition. 

 

Figure A3. 14. Analytical a) UV HPLC and b) gamma HPLC profiles of the crude sample after electrolysis 

Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 3, 142 mM of triflic acid. 2 ml of TFE solution containing 25 mM TBAP and 5 
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mCi 18F-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after 18F-fluoride addition. 

 

Figure A3. 15. UV HPLC profile of purified product 

Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 3, 142 mM of triflic acid. 2 ml of TBAF solution was added after electrolysis was 
finished and the sample was HPLC purified 30 min after TBAF addition. 
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Figure A3. 16. Analytical a) UV HPLC and b) gamma HPLC profiles of the crude sample after electrolysis 

Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 5, 142 mM of triflic acid. 2 ml of TFE solution containing 25 mM TBAP and 5 
mCi 18F-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after 18F-fluoride addition. 
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Figure A3. 17. UV HPLC profile of purified product 

Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 5, 142 mM of triflic acid. 2 ml of TBAF solution was added after electrolysis was 
finished and the sample was HPLC purified 30 min after TBAF addition. 

 

Figure A3. 18.  Gamma TLC of the crude sample post radio-electrochemical synthesis 

Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 1, 142 mM of triflic acid. 2 ml of TFE solution containing 25 mM TBAP and 5 
mCi 18F-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after 18Ffluoride addition 
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Figure A3. 19. Gamma TLC of the crude sample post radio-electrochemical synthesis 

Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 3, 142 mM of triflic acid. 2 ml of TFE solution containing 25 mM TBAP and 5 
mCi 18F-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after 18F-fluoride addition 

 

Figure A3. 20. Gamma TLC of the crude sample post radio-electrochemical synthesis 

Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 5, 142 mM of triflic acid. 2 ml of TFE solution containing 25 mM TBAP and 5 
mCi 18F-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after 18Ffluoride addition. 
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Figure A3. 21. Calibration curve of UV absorbance vs. molar mass 

Calibration curves of UV absorbance versus molar mass were created in advance for 

calculating Am. 
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Electrochemical No-Carrier-Added Radiofluorination of Thioethers 

 A4.1 Introduction 

Positron Emission Tomography (PET) is an established molecular imaging technology widely 

used for the visualization of biological processes in clinical and research settings.1 This 

technology relies on radioactively labeled molecules, called tracers. Fluorine-18 is the most 

frequently used radionuclide in PET due to its wide availability, physical half-life (t1/2 = 109.8 

min), which closely matches biological half-life of many small molecules, and its favorable 

decay characteristics for imaging. Importantly, [18F]fluoride is routinely produced in a no-

carrier-added (NCA) form, that is, without added stable 19F-species. Tracer formulations 

prepared from NCA [18F]fluoride222 contain only nanomolar quantities of the physiologically 

active molecule. This low amount allows for imaging without perturbing the biochemical 

process under investigation. If 19F-carrier is added for production purposes, product molar 

activity (Am – amount of radioactivity per mole of product) is decreased and total amount of 

physiologically active tracer in the final formulation is increased. Low Am formulations can 

lead to saturation of the biological target under investigation and is suitable for only a handful 

of applications. Thioethers are attractive scaffolds for PET tracer development, yet 

approaches for their radiolabeling are limited. Examples of biologically relevant thioethers 

include radiolabeled methionine and cysteine, which are important in elucidating amino acid 

metabolism in multiple diseases.223–225 The strongly nucleophilic sulfur atom hinders the use 

of weakly nucleophilic [18F]fluoride in labeling reactions. Due to this interference, methionine 

radiolabeling mostly relies on electrophilic agents based on [11C]carbon, a suboptimal choice 

due to 20 min half-life of this isotope. Despite these limitations, [11C]-methionine has 

demonstrated significant clinical utility226, urging further development in this area227. Several 

pharmaceuticals in clinical use contain thioether scaffolds and can be potentially radiolabeled 

by electrochemical radiofluorination if appropriately protected precursors are 
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synthesized.226,228 Among them are nucleotide receptor antagonist Ticagrelor229, antiretroviral 

Nelfinavir230, and a urate transporter inhibitor Lesinurad231. Using [18F] fluoride for 

radiolabeling of thioethers remains an important but elusive target. 

A4.2  Experimental 

In brief, electrolysis was performed in a 1.5 mL electrochemical cell that included a silver wire 

pseudo reference electrode with platinum anode and cathode electrodes. Cyclic Voltammetry 

was used to determine the onset oxidation potential of the precursor allowing for tailored 

voltage selection for the process of electrochemical fluorination.  

A4. 3 Results and Discussion 

 In this paper we report no-carrier-added electrochemical fluorination (NCA-ECF) of a range 

of thioethers (Figure A4.1).  

 

Figure 4A. 1. Scope of the NCA-ECF. Radiofluorination was performed on platinum electrodes under potentiostatic 
conditions 

This success is enabled by electrochemical methodology, which to the best of our knowledge, is 

the first report of electrochemical production of NCA radiotracers in quantities typically used in 

clinical settings. Outside of radiochemistry, electrochemical methods offer a unique approach to 
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the fluorination of thioethers.186,232–235 Unfortunately, it relies on excess of (HF)n salts and thus 

cannot yield NCA products. Fuchigami et al. first proposed a mechanism for the electrochemical 

fluorination (ECF) of thioethers190,236 (Figure A4.2).  

 

Figure 4A. 2. Proposed mechanism for the NCA-ECF compared to Fuchigami mechanism 

In this mechanism, fluoride plays a 3-fold role: it stabilizes the radical cation intermediate after 

first oxidative step, acts as a base in the elimination step and as a nucleophile to produce the 

α-fluorinated sulfide.237 There is a clear need for an excess of fluoride for this reaction to 

proceed in good yields.238 The use of fluorinating agents that are not HF-based is still very 

rare.239 In previous reports, we applied the Fuchigami methodology for the electrochemical 

18F-fluorination of a model compound, methyl-2-(phenylthio)acetate.215,217 Predictably, only 

low Am product was produced and lowering HF concentration reduced Radiochemical Yield 

(RCY) without significant gain in Am. We hypothesized that an auxiliary reagent could be used 

to replace fluoride in two roles that it plays in the Fuchigami mechanism: to stabilize the radical 
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intermediate and to act as Lewis base. This study reports the successful search for a Brønsted 

acid that plays a role of this auxiliary reagent and facilitates no-carrier-added electrochemical 

radiofluorination (NCA-ECF). Table A4.1. summarizes RCY, [18F]fluoride conversion 

(Radiochemical Conversion, RCC; assessed with radio-TLC) and radiochemical purity (RCP; 

assessed with radio-HPLC) in a series of experiments exploring radiolabelling conditions of 

methyl(phenylthiol) acetate.  

 

Table 4A. 1. NCA-ECF of Precursor 1 Using Potential Auxillary Groups (average of 3 
experiments). PPTS= Pyridinium p-Toluenesulfonate; TBA-OTf= Bu4N+ CF3SO3-; 
TfOH= CF3SO3H; TBAP= Bu4NClO4. 
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To establish a baseline yield, NCA-ECF of [18F]1 in acetonitrile (MeCN) with 

tetrabutylammonium perchlorate (TBAP) as the electrolyte was investigated. The non-

isolated, decay-corrected RCY of the reaction was 0.5 ± 0.2% (n = 3; Table A4.1, entry 1). 

Using dimethoxyethane (DME) as a solvent failed to produce any radioactive products (Table 

A4.1, entry 2) despite its reported ability to solvate quaternary ammonium cations, thereby 

increasing the availability of fluoride for ECF.240,241 We explored the use of relatively weak 

nucleophilic triflate (OTf) and tosylate (OTs) additives in an attempt to provide stability for the 

cation-radical without competing with [18F]fluoride nucleophile.242 TBAP was replaced with 

either pyridinium tosylate or Bu4N-OTf in the NCA synthesis of [18F]1. While the use of OTf 

yielded no product (Table A4.1 entry 8), a more nucleophilic243 OTs additive led to an observed 

RCY of 3.9 ± 1.2% (n = 3): an order of magnitude increase from that observed with TBAP. 

This led us to hypothesize that using triflic or toluenesulfonic acids instead of their salts might 

have a beneficial effect. In this way, respective conjugate bases would form after cathodic 

reduction of acidic protons in situ. However, low pH was previously reported to diminish 

product yields in ECF215, leading us to examine two concentrations of TfOH and pTSA (2 mM, 

10 mM). Unfortunately, these studies did not lead to product formation. In search of additives 

that would be more nucleophilic than OTs, yet only modestly competitive with [18F]fluoride 

species, we discovered that Eberson suggested use of trifluoroethanol (TFE) and 

hexafluoroisopropanol (HFIP) for stabilization of radical cations.244 These solvents are known 

to have high dielectric constants, low polarizabilities and propensities to solvate competing 

anions thereby increasing the cationic intermediate lifetime.219,220,244–246 Recently, fluorination 

of thioethers has been successfully demonstrated in these solvents.247 This data encouraged 

us to try TFE and HFIP in NCA-ECF. This strategy proved to be fruitful and good conversion 

of [18F] fluoride in the NCA synthesis of [18F]2 was observed with TFE and HFIP as the solvent 

and TBAP as the electrolyte. Whereas in the case of HFIP, considerable amounts of unknown 

byproducts were formed, with TFE, the vast majority of [18F]fluoride incorporation resulted in 
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the formation of the desired product [18F]2. It is likely that the byproducts are formed through 

formation of perfluorinated ethers previously described.248 The observed RCY of 49.8 ± 1.0% 

with TFE as the solvent marked a breakthrough in the NCA-ECF of thioethers. In a series of 

follow-up experiments, the previously investigated triflate and tosylate compounds (pTS, 

TBATF, TfOH and pTSA) were retested as additives to the solvent TFE, resulting in reduced 

formation of [18F]2 as compared to the use of neat TFE. The promising results with TFE as 

the solvent can be explained by the proposed fluoro-Pummerer-type mechanism. Fig. A4.2 

presents a combined illustration of commonly accepted fluoro-Pummerer mechanism (Fig. 

A4.2, right) and its modification that we suggest to explain the no-carrier added reaction 

reported here (Fig. A4.2, left). Trifluoroethanolate enhanced by reduction of TFE on the 

cathode in the single chamber cell, acts as a promoting agent in the fluoro-Pummerer-type 

rearrangement. TFE and HFIP alcoholates stabilize the sulfur carbocation after the first anodic 

oxidation. Following the second anodic oxidation reaction, fluorinated alcoholate abstracts 

proton in the α-position to sulfur forming a sulfonium ion. The latter can react with either 

[18F]fluoride or competing nucleophiles to yield the desired product or an auxiliary-ether, 

respectively. Indeed, a substantial amount of the auxiliary-ether was observed using GC–

MS.215 HFIP alcoholate seems to have weaker stabilizing effect on the sulfur carbocation as 

suggested by the increased formation of undesired side products. TFE is likely to extend the 

cation intermediate lifetime, thereby increasing the probability of the nucleophilic attack at 

diminishing NCA concentrations of fluoride. In a limited study of the scope of this approach, 

NCA-ECF of several thioethers in TFE was performed (Fig. A4.1). Excellent RCYs were 

observed in the formation of [18F]2 and [18F]3. Notably, both respective substrates lack the 

phenyl group adjacent to sulfur as compared to substrate 1. Poor RCY was observed in the 

formation of [18F]4. The nitrile group potentially exerts a destabilizing effect on the 

sulfonium/carbenium cation resulting in the formation of unidentified radiochemical side 

products. A similar trend was seen in case of [18F]5 with the second lowest RCY within the 
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scope, likely caused by electron withdrawing properties of the phosphonate group. The NCA-

ECF of 2-(phenylthio) acetamide to yield [18F]6 is notable since the primary amide has an 

oxidation potential similar to that of sulfur. The fact that this transformation proceeds without 

the protection of the primary amide illustrates the versatility of this methodology, in that a wider 

range of thioethers can potentially be fluorinated without prior modification. A complete 

radiosynthesis of [18F]2 that includes the HPLC isolation of the final product was performed. 

Up to 700 MBq of [18F]2 were synthesized within 90 min from the end of bombardment in 88 

± 3% isolated RCY and RCP of >95%. Am ranged from 4.7 to 5.3 GBq/μmol, representing 

>100x increase compared to previous reports on electrochemical radiofluorination, and 

approaching values observed in other NCA techniques.249 

A4.3 Conclusion 

This is the first example of no-carrier added radiofluorination of thioethers. The methodology 

tolerates a range of functional groups, including unprotected amides. This methodology offers 

the possibility to produce high Am 18F-fluorinated thioethers as tracers for PET imaging. 

Further research is underway to increase the yield of NCA-ECF and extending the scope 

beyond thioethers and to biologically relevant molecules. 
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