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Abstract of the Dissertation 

Radiolabelling and Pharmacokinetics of Antibacterial Agents Using Positron Emission 

Tomography 

by 

Hui Wang 

Doctor of Philosophy 

in 

Chemistry 

Stony Brook University 

2015 

 

Target tissue pharmacokinetics (PK) is the link between plasma PK and  pharmacodynamic (PD) 

effects. Tissue PK can be determined noninvasively using positron emission tomography (PET), 

which images molecules labelled with positron emitting isotopes and is an important tool for 

studying drug action in animals and humans. In applying this technology to infectious diseases, 

we have synthesized several antibacterial agents and determined their biodistribution in models 

of Staphylococcus aureus and Mycobacterium tuberculosis infection.  Not only do these studies 

inform PK-PD relationships, but they also serve as the first steps in developing novel tracers for 

imaging bacterial infection in vivo.  

 

PT119 is a  potent long residence time inhibitor of the Staphylococcus aureus enoyl-ACP 

reductase with antibacterial activity (PD) in two S. aureus infection models.  To correlate the 

observed PD with plasma PK, PT119 was radiolabeled with carbon-11 to evaluate its  
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biodistribution and PK in both healthy and S. aureus infected mice using PET. The 

biodistribution of [
11

C]PT119 and/or its labeled metabolites did not differ significantly between 

the healthy group and the infected group, and PT119 was found to distribute equally between 

serum and tissue during the ∼1 h of analysis permitted by the carbon-11 half life. These data 

suggest that the in vivo efficacy of PT119 is not due to accumulation of the drug at the site of 

infection and supports the importance of drug-target residence time in this system. 

 

Pyrazinamide (PZA) is a first-line tuberculosis drug whose mechanism of action still remains to 

be fully elucidated.  To explore the biodistribution of this important drug, PZA was labeled with 

fluorine-18 and 5-[
18

F]fluoropyrazinamide (5-[
18

F]PZA) was imaged in M. tuberculosis infected 

mice using PET. The imaging was rapid, noninvasive, and simultaneously allowed multiple 

tissues to be visualized simultaneously. Compared to uninfected animals, M. tuberculosis-

infected mice had a higher PET signals within the lungs (ratio: 1.6:1). The results indicate that 

the accumulation of the probe in infected lungs, due to pathogen-specific metabolism, 

contributes to the in vivo efficacy of PZA, and suggests that 5-[
18

F]PZA may be able to monitor 

pathogen burden in infected patients. 

 

Furthermore, para-amino benzoic acid (PABA) from tetrahydrofolate (THF) biosynthesis 

pathway has been proposed as a promising candidate to detect bacterial infection in vivo, due to 

its ability to accumulate selectively in bacterial cells over mammalian cells. A three-step 

radiolabelling strategy for 2-[
18

F]PABA has been successfully developed.  
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Chapter 1 Introduction: Positron Emission Tomography and Its Applications in Diagnosis 

of Infectious Diseases and Drug Development 

 

Overview 

Positron Emission Tomography (PET) is a non-invasive molecular imaging technique for 

measuring the spatial and temporal distribution of the positron emitters in the human body by 

coincidence detection of the annihilation photons resulting from positron decays (1, 2). Unlike 

magnetic resonance imaging (MRI) or X-ray computerized tomography (CT), which mainly 

provides anatomical information, PET, as well as single-photon emission computed tomography 

(SPECT), have the ability to monitor metabolic processes in living systems, namely functional 

imaging. PET and SPECT rely on the use of exogenous radioactive probes which provide a 

detectable signal. These biologically active probes can be designed to be tissue or receptor-

specific and provide valuable information about metabolism, receptor/enzyme function, and 

biochemical mechanisms in living systems (3).  

 

Principles of PET 

PET is an analytical imaging technology developed to use molecules labeled with positron 

emitting radioisotopes as probes at the molecular level to image human biological process in real 

time (4-7). Carbon-11, nitrogen-13, oxgen-15, and fluorine-18, are the most commonly used 

positron emitting radioisotopes (Table 1.1). Positron emitters of Cu, Zn, Br, Rb, I, Fe, Ga are 

also used. 
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Table 1. 1 Physical properties of the most commonly used short-lived radionuclides in PET 

(2, 3) 

Isotope 

Half-life 

(min) 

Specific 

activity
a
 

(Ci/mmol) 

Maximum 

energy 

(MeV) 

Range 

(mm) 

in H2O
b
 

Product 

Decay 

product 

11
C 20.4 9.22 × 10

6
 0.96 4.1 

[
11

C]CO2 

[
11

C]CH4 

11
B 

13
N 9.97 1.89 × 10

7
 1.19 5.4 

[
13

N]NOx 

[
13

N]NH3 

13
C 

15
O 2.04 9.08 × 10

7
 1.72 8.2 [

15
O]O2 

15
N 

18
F 110 1.71 × 10

6
 0.635 2.4 

[
18

F]F
- 

[
18

F]F2 

18
O 

a
Theoretical maximum; in reality the measured specific activities are 5000 times lower because 

of unavoidable dilution with the stable element. 
b
Maximum linear range. 

 

In a typical PET imaging study, a positron-labeled probe (radiotracer) is administrated (most of 

times intravenously) into the subject, and then PET scans are performed to provide real time 

measurements of multi-compartment radiotracer concentration and also radiolabeled metabolites 

concentration. In PET, the radionuclide decays within the body by positron emission, and the 

emitted positron (β
+
) travels a short distance (0.5 – 2.0 cm, depending on its specific kinetic 
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energy), after which it collides with an electron in the surrounding tissues, which results in an 

annihilation event. The energy equivalent (E = mc
2
) of the annihilation event is emitted through 

two 511 keV gamma ray photons (γ) that travel at 180° to each other (Figure 1.1) (3). The two 

gamma ray photons are detected simultaneously and also electrically when  they strike two 

opposing detectors (8). During a PET scan, the system counts the number of times each detector 

pair is hit simultaneously, thus the raw data generated from a PET scan are simply the list of 

counts obtained along each line of response (9). With the sophisticated three-dimensional (3D) or 

two-dimensional (2D) reconstruction algorithms, raw projection data can be converted into high 

quality images to provide quantitative measurements of radiotracer concentration in a subject at 

spatial resolutions of a few millimeters. In recent years, an important advance in imaging 

instrumentation is the integration of PET and CT into one device (10-12), providing valuable 

insight by combining functional information from PET images to detailed anatomical images 

from CT scans (13). 
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Figure 1. 1 Schematic representation of the principles behind PET. 

Figure is reproduced from (3). A biologically active molecule is labeled with a positron emitting 

radioisotope (radiotracer) such as 
11

C. Positrons emitted from the radiotracer are antielectrons 

that travel a short distance and collide with an electron in the surrounding tissue. As a result, 

annihilation occurs through the emission of two 511 keV gamma ray photons 180° apart. The 

two gamma rays photons are both detected simultaneously and electronically when  they strike 

two opposing detectors. 

 

In summary, there are four components of a typical PET study: production of radionuclides, 

incorporation of radionuclides and purification of the probe, quality control, data acquisition and 

reconstruction. The first two components will be discussed in detail at the end of this chapter. 

 

The contribution of PET in the diagnosis of infectious diseases 

Early detection and diagnosis of infection and inflammation is crucial for the optimal 

management of patients with infectious diseases. Traditional diagnostic method starts from 
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obtaining  medical history and performing physical exam. Additionally, a more detailed test 

would include the culture of infectious agents isolated from a patient, typically blood or urine 

sample. Several tests such as microbial culture, microscopy, biochemical tests and molecular 

diagnostics can be performed with cultured samples to identify the infectious organism. In some 

cases, when occult infection is suspected to be present, a biopsy is performed followed by tests 

that are similar to blood and urine test to identify the pathogen (14). However, clinicians 

encounter substantial challenges in detecting and localizing the exact sites of infection using 

traditional techniques.  

 

In order to complement the current diagnostic techniques for infectious diseases, several 

different modern nuclear imaging modalities have emerged as important tools for clinicians over 

the past decades.  Modern anatomical imaging techniques such as x-ray computed tomography 

(CT), ultrasonography (US) and magnetic resonance imaging (MRI) can provide excellent 

structural resolution for visualizing different important diseases including those related to 

infection and inflammation (15), but these anatomical imaging techniques are restricted to those 

diseases associated with structural abnormalities, which usually would not happen at early stage 

of diseases. Additionally, a lesion after the cure of infectious disease has minimal anatomical 

difference compared to the active infection, which also makes it difficult for clinicians to 

evaluate the status of the disease using anatomical imaging modalities (16). However, metabolic 

and functional imaging techniques, such as Positron Emission Tomography (PET) and Single 

Photon Emission Computed Tomography (SPECT), have the capacity to visualize cellular 

functions and molecular processes of living systems through an exogenous biologically active 

probe. These biologically active probes interact with the molecular target of interest in the living 
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subject and ideally could identify the localization of infection and also quantify inflammation 

foci (17). These molecular imaging modalities have the potential to complement the role of 

anatomic imaging modalities in most clinical settings (18). 

 

Among these very useful molecular imaging modalities, the most widely used one is PET, which 

utilizes the radiotracer 
18

F-fluorodeoxygucose (FDG) . The concept of Positron Emission 

Tomography (PET) with 
18

F-fluorodeoxygucose (FDG) was born in mid-1970s, when 
18

F-FDG 

was developed in Brookhaven National Laboratory  by the team led by Dr. Al Wolf and Dr. 

Joanna Fowler (19). In 1976, the first human PET study with [
18

F]-FDG was performed at the 

University of Pennsylvania. The study included imaging of both the brain and the whole body 

using very primitive techniques. During the elementary stage of [
18

F]-FDG-PET imaging, the 

focus was to determine the difference in brain function between normal subjects and subjects 

with neuropsychiatric disorders (20-23). However, a major extension of [
18

F]-FDG-PET 

usefulness from brain function imaging to oncology occurred in the 1980s. Based on the 

knowledge that malignant cells have significantly elevated glycolysis activity (24, 25), coupled 

with the introduction of whole-body PET imaging techniques, whole-body [
18

F]-FDG-PET 

imaging became the methodology for the diagnosis, staging, treatment planning, and treatment 

monitoring of malignant disease (26-30). Furthermore, the integration of PET and CT technology 

added another dimension to the [
18

F]-FDG-PET imaging and further enhanced its role in 

oncology. The advantages of [
18

F]-FDG-PET/CT include but are not limited to: optimal spatial 

resolution, accurate anatomical localization of abnormalities, rapid diagnostic results, whole-

body analysis, and lack of metallic hardware artifacts (18, 31, 32). Due to the inherent nature of 

18
F-FDG to detect elevated glycolysis activity, organs such as kidneys, bladder, brain, and 
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meninges that have a high metabolism under normal conditions will be difficult to interpret on 

18
F-FDG-PET/CT images (18). In a typical 

18
F-FDG-PET study, 

18
F-FDG is injected 

intravenously, and then the PET detector can identify hypermetabolic foci. A semi-quantitative 

analysis is performed by determining the standardized uptake value (SUV), which is related to 

the concentration of 
18

F-FDG in the corresponding tissue or organs (33).  

 

Role of 
18

F-FDG-PET for the diagnosis of infectious diseases 

Despite the great success of 
18

F-FDG-PET/CT in oncology, it was also observed that 

inflammatory cells involved in host response to infectious diseases could take up 
18

F-FDG. The 

increased uptake of 
18

F-FDG in activated inflammatory cells, such as lymphocytes or 

macrophages, is related significantly to increased levels of glycolysis. This is a result of 

increased numbers of cell surface glucose transporters, particularly after cellular stimulation by 

multiple cytokines (34-37). In addition, a fraction of FDG uptake in malignant tissues is a result 

of increased glycolysis in the large numbers of inflammatory cells that are present (38). It has 

also been reported that standardized uptake values (SUVs) of inflammatory and non-neoplastic 

lesions tend to remain stable or decrease, while those of malignant lesions tend to increase 

overtime (39-41). In order to differentiate between malignant and inflammatory processes, dual-

time-point 
18

F-FDG-PET/CT has been proposed based on the discovery. Moreover, in recent 

years, systemic assessment of the value of 
18

F-FDG-PET/CT in the diagnosis of infectious and 

inflammatory diseases has been conducted. Therefore, in this chapter, the contribution of 
18

F-

FDG-PET/CT in the diagnosis of musculoskeletal infection, soft tissue infection, cardiovascular 

diseases and tuberculosis will be briefly introduced.  
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Musculoskeletal Infections 

Osteomyelitis. Osteomyelitis is a bone infection caused by bacterial, fungal, or bacterial 

microorganisms. The diagnosis of sub-acute or chronic osteomyelitis is problematic especially in 

the case of pre-existing alterations of osseous structures due to previous surgery or trauma. In 

this clinical setting, 
18

F-FDG-PET/CT is very effective (33). De Winter et al. conducted 

prospective studies on the usefulness of 
18

F-FDG-PET/CT for the diagnosis of chronic skeletal 

infections in 60 patients who have undergone recent surgery. The authors reported a sensitivity, 

specificity, and overall accuracy of 100%, 86%, and 93%, respectively (42). 

 

Diabetic foot. Five to 10% of diabetic patients have foot ulcers that evolve to osteomyelitis, and 

peripheral neuropathy is common in patients with diabetes mellitus (DM) (43). Osteomyelitis 

compromises up to 33% of the diabetic foot infections, which is often due to direct, contiguous 

contamination from the soft tissue lesions (44). In this clinical setting, because systemic 

symptoms or signs of infection are often absent in patients with osteomyelitis in the setting of 

DM (45), and also a large portion of diabetic patients with deep foot infection do not have 

leukocytosis in spite of active disease (46), detecting elevated markers for inflammation using 

18
F-FDG-PET/CT has become useful in this clinical setting (Figure 1.2) (47). 
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Figure 1. 2 
18

F-FDG-PET and MRI images of a patient with diabetic foot and suspected bone 

infection. The FDG-PET image shows significant uptake in the soft tissue in the plantar aspect of 

the foot, and also reveals a focus of abnormal activity in the talus. Image reproduced from (47). 

 

Infected prosthesis. 
18

F-FDG-PET/CT also has a great potential for diagnosing of patients with 

suspected orthopedic prosthetic infection, because the procedure is weakly affected by artifacts 

from metallic implants. A preliminary prospective study including 62 patients evaluated the 

accuracy of 
18

F-FDG-PET for the investigation of painful lower limb prostheses. A final 

diagnosis was made by surgical exploration or clinical follow-up for one year. The sensitivity, 

specificity, and accuracy for PET were 90.9%, 72%, and 77.8% respectively to detect infection 

in knee prosthesis (48).  
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Soft Tissue Infection 

Fever of unknown origin (FOV). FOV is defined as a body temperature higher than 38.3 °C, 

lasting for at least three weeks, without any diagnosis after three days of investigations for 

inpatient or three outpatient consultations (49, 50). Infections, malignancies, collagen vascular 

diseases, and autoimmune disorders account for the majority of cases of FOV. No diagnosis can 

be made in up to 50% of cases (51), so accurate localization and characterization of the cause of 

FOV will substantially improve the management of these patients who suffered from the 

symptoms and signs (18).
 18

F-FDG-PET has been shown to be superior than 
67

Ga SPECT in 

patients with FUO (52). In a prospective study with 
18

F-FDG-PET, Stumpe et al. studied 45 
18

F-

FDG-PET scans from 39 patients with suspected infectious foci and reported 40 true-positive, 4 

false-positive, and 1 false-negative result (53). A structured diagnostic protocol relying on 
18

F-

FDG-PET/CT procedure is proposed in Figure 1.3 (33) to enrich the tool box of physicians to 

manage FOV. 
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Figure 1. 3 Proposed structured diagnostic protocol for 
18

FDG-PET/CT in patients presenting 

with fever of unknown origin (FOV). Image reproduced from (33). 

 

Other soft tissue infections. 
18

F-FDG-PET is a valuable tool for the evaluation of other soft 

tissue infections such as possible infection of vascular grafts (54), even if the CT results are 
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negative (55). In addition to this, 
18

F-FDG-PET has the potential for the evaluation of other 

uncommon entities, such as various stages of malarial infection (56), cystic fibrosis (57), and 

chronic granulomatous disease (58, 59). 

 

Cardiovascular diseases 

Infective endocarditis. The gold standard for the diagnosis of infective endocarditis (IE) is 

considered to be the modified Duke criteria (60). However, this diagnosis can still be 

challenging, especially in the case of prosthetic valve endocarditis (PVE), for which 

echocardiography can be inconclusive in almost 30% of all cases (61). The usefulness of 
18

FDG-

PET/CT in this clinical setting is reported in a very important prospective study in which the 

authors recruited 72 patients with suspected PVE and applied both 
18

FDG-PET/CT and modified 

Duke criteria to make diagnosis (62). When abnormal FDG uptake around the prosthetic valve 

was added as a new major criterion, the sensitivity of these new modified Duke criteria at 

admission increased from 70% to 97% (p = 0.008), without any decrease of specificity (62). This 

study suggests that 
18

FDG-PET/CT is a promising tool in the diagnosis of PVE, when using the 

modified Duke criteria cannot be used to make a final diagnosis.  

 

Infection of cardiovascular implantable electronic devices. Infection of cardiovascular 

implantable electronic devices (CIED) is a serious complication and can lead to complete 

removal of the device. The diagnosis of infection remains very challenging. Consequently, 

18
FDG-PET/CT could be useful in the management of patients suspected of having a CIED 
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infection, to assess the extent of the infectious process and to help restrict lead removal to the 

appropriate patients (63). 

 

Tuberculosis 

Tuberculosis (TB) is a global health threat and one of the most lethal infectious diseases 

worldwide.  In 2011, nearly 9 million people fell ill from TB and 1.4 million died (64). The 

World health Organization (WHO) has estimated that one-third of the world’s population is 

infected with this pathogen. Therefore, a prompt diagnosis of TB is critical for infection controls 

and patients management. Diagnosis of TB infection, especially extra-pulmonary disease, is 

confounded by limited current diagnostic strategies, which include radiological and 

bacteriological tests, the tuberculin skin test (TST), and the interferon-gamma release assays 

(IGRAs) (65). In the last two decades, the functional imaging technique that monitors glucose 

metabolism in tissues (
18

F-FDG PET/CT) has emerged as a novel diagnostic tool for fevers of 

unknown origin (FOV) and occult infections. In the case of TB, active granulomatous 

inflammation could induce accumulation of 
18

F-FDG. Several case reports have evaluated the 

use of 
18

F-FDG PET/CT in a small number of TB patients to evaluate therapeutic response, and 

concluded that 
18

F-FDG PET/CT can be used as an early non-invasive marker for therapeutic 

response (66-70). 
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Other radiolabeled compounds for the diagnosis of infectious and inflammatory diseases 

Despite the fact that 
18

F-FDG-PET/CT is a highly sensitive and widely used imaging tracer in 

many different clinical settings, the inherent nature of  
18

F-FDG makes it difficult to differentiate 

among oncologic, inflammatory, and infectious processes. 
18

F-FDG-PET/CT is dependent on 

host inflammatory responses. But these host inflammatory responses might be reduced or 

missing in immunosuppressed patients such as those undergoing cancer chemotherapy, those 

with HIV/AIDS, and organ transplant patients. Therefore, there is a pressing need for a rapid, 

whole-patient imaging technique that targets the pathogen directly instead of the host immune 

response so that direct localization of the pathogen is possible. 

 

Imaging enterobacteriaceae infection with 
18

F-fluorodexoysorbitol  

Enterobacteriaceae, including pathogens such as Escherichia coli and Klebsiella pneumoniae, are 

the most common cause of Gram-negative bacterial infections in humans, and also are a cause of 

serious multidrug-resistant (MDR) nosocomial infections. In addition to this, several 

enterobacteriaceae species are formally recognized as biothreat pathogens by the U.S. Centers 

for Disease Control and Prevention (CDC) (71). Pathogenic Enterobacteriaceae are differentiated 

from other organisms through their use of selective metabolism of sorbitol as a metabolic 

substrate. Weinstein at al hypothesized that a positron-emitting analog of sorbitol, 2-[
18

F]-

fluorodeoxysorbitol (
18

F-FDS), would be a potentially useful radiotracer to selectively visualize 

and localize these bacteria in vivo. Adopting the radiosynthesis methods described in reference 

(72), the authors derived 
18

F-FDS from commercial 
18

F-FDG for use as a diagnostic tool with 

broad utility (73). The results showed that 
18

F-FDS-PET rapidly differentiated true infection 
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from sterile inflammation in an Escherichia coli murine myositis model while 
18

F-FDG could 

not distinguish the infected thigh from the sterile, inflamed thigh qualitatively (Figure 1.4) (73). 

Furthermore, the result showed that 
18

F-FDS-PET was able to distinguish Escherichia coli 

infection from Gram-positive bacteria Staphylococcus aureus infection in a mixed infection 

murine myositis model (73). Probes such as 
18

F-FDS would allow noninvasive monitoring of 

disease progression or regression, without repeated time-consuming cultures. 

 

 

Figure 1. 4 PET/CT images of 
18

F-FDS in E. coli myositis mice model.  

18
F-FDS signal is observed in the infected (yellow arrow) but not in the inflamed (control) sterile 

thigh (red arrow), while 
18

F-FDG signal was observed in both infected and inflamed thighs. 

Image reproduced from (73). H, heart; I, intestine; Bl, bladder.  
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Radiolabelled antibiotics 

In an effort to circumvent the dependence of radioactive probes on host inflammatory responses 

to detect infection, various antibiotics and peptides, inherently designed to specifically target 

infectious agents instead of host inflammation, have been radiolabelled and evaluated. The 

radiolabelling of antibiotics was pioneered by Solanki et al (74) in late 1980s. In the next two 

decades, the radiolabelled antibiotics extended to ciprofloxacin (Infecton), sparfloxacin, 

ceftizoxime, isoniazid, ethambutol, fluconazole, entroflaxacin (75). Of these probes, 
99m

Tc-

ciprofloxacin is the one that has been studied most extensively.  It is a synthetic broad spectrum 

fluoroquinolone antibiotic that binds to prokaryotic topoisomerase IV and DNA gyrase (76, 77). 

In a large multi-center study of using [
99m

Tc]-ciprofloxacin for diagnosis of osteomyelitis 

infection, Britton et al reported that the overall sensitivity and specificity were 85.5% and 81.6% 

for a total of 879 patients (78, 79). However, when it comes to the knee prosthesis animal model, 

the specificity of [
99m

Tc]-ciprofloxacin is much lower (80, 81). Ciprofloxacin, in addition to 

fleroxacin and trocafloxacin,  have also been radiolabelled with fluorine-18 for PET imaging 

(82). The evaluation of [
18

F]-ciprofloxacin and [
18

F]-fleroxacin in an infected animal model (rat 

and rabbit model) concluded that: (1) sufficiently high concentrations were achieved to deliver 

antibacterial activity; (2) CNS toxicity is unlikely because of low distribution in brain; and (3) 

uptake of radiolabelled probe at infection site was not significantly higher than in the control site 

(83, 84). These results indicate that the low specific activity of the radiolabelled antibiotics are 

diluted to therapeutic dose by co-injected cold standard drugs (83, 84). From a synthetic point of 

view, the specific activities of [
18

F]-ciprofloxacin and [
18

F]-fleroxacin are limited by the fluorine 

exchange labelling method, which is about 1000 times lower than nucleophilic substitution (15). 

To date, radiolabelled antibiotics represent a promising methodology for determining 
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pharmacokinetics in vivo using PET, but requires further clinical studies before they can be used 

as infection/inflammation probes. 

 

 

Radiolabelled antimicrobial peptides 

Antimicrobial peptides are part of the innate immunity, and are produced by different cell types 

such as phagocytes, epithelial cells, and endothelial cells (85). Radiolabelled antimicrobial 

peptides were evaluated as infection probes based on their ability to kill a variety of pathogens 

(bacteria, fungi, virus), and also based on the presumption that radiolabelled antibiotics which 

might provide false-negative results because of emerging drug resistance. The basic common 

mechanism of antimicrobial peptides is that the electrostatic interaction of cationic domains with 

the negatively charged surface of the micro-organisms (86). 

 

Human neutrophil peptide-1 (HNP-1). Human neutrophil peptide (HNP)-l, a member of the 

family of defensins, is one of the most extensively studied antimicrobial peptides (87). [
99m

Tc]-

HNP-1 was able to visualize Staphylococcus aureus and Klebsiella pneumonia infection in mice 

model rapidly, and the signal was from the accumulation of [
99m

Tc]-HNP-1 at the site of 

infection (88). However, the T/NT (infected/uninfected) was low (~1.3) and decreased over time 

(88). 

 

Ubiquicidin UBI. Ubiquicidin 29-41 (UBI 29-41, Thr-Gly-Arg-Ala-Lys-Arg-Arg-Met-Gln-Tyr-

Asn-Arg-Arg, MW 1.693 kDa), was originally isolated from mouse macrophage cells, has been 

radiolabeled with 
99m

Tc and evaluated for the purpose of detecting infection. [
99m

Tc]-UBI 29-41 
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allowed rapid visualization of both Gram-positive and Gram-negative bacteria infection with 

very little accumulation in sterile inflammatory tissues (89). In another imaging study in S. 

aureus infected rabbits undergoing ciprofloxacin treatment, the uptake of [
99m

Tc]-UBI 29-41 

decreased after antibiotic treatment (90), implying the potential use of this probe for 

chemotherapy monitoring. 

 

Inflammation Probes 

Inflammation is “the response of tissues to any injury in order to bring serum molecules and cells 

of the immune system to the site of damage” (16), while infection means “contaminations with 

microorganisms” (91). Characteristic processes of inflammation include locally increased blood 

supply, enhanced vascular permeability, enhanced transudation of plasma proteins and influx of 

leukocytes (16). Meanwhile, powerful defense mechanisms, consisting of leukocytes and plasma 

proteins are also activated (92). Correspondingly, one of the strategies to non-specifically image 

inflammation is to utilize the increased vascular permeability and blood supply, such as 
67

Ga-

citrate and radiolabelled non-specific immunoglobulins. On the contrary, the specific strategy is 

to utilize the influx of  leukocytes, including radiolabeled leukocytes, anti-granulocyte 

monoclonal antibodies or leukocyte receptor-binding ligands (16). 
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Table 1. 2 Summary of radiolabeled compounds for infection/inflammation imaging (16). 

Physiological 

Process 

Targeting 

mechanisms 

Tracer 

category 

Examples 

Enhanced 

vascular 

permeability 

Non-specific  

[
67

Ga]-citrate (93, 94) 

non-specific immunoglobulins (95, 96) 

Liposomes (97-99) 

Avidin/[
111

In]-biotin (100) 

Endothelial 

activation 

Antigen binding Antibodies 

F(ab’)2-anti-E-selectin (101) 

Anti-ICAM-1 Mab (102, 103) 

Enhanced influx 

of granulocytes 

Granulocyte 

influx 

 Radiolabeled granulocytes (104, 105) 

Increased 

metabolic 

requirements 

Enhanced 

glucose uptake 

 [
18

F]-FDG (18, 33) 

Presence of 

microorganisms 

Affinity for 

microorganisms 

Antimicrobi

al agents 

Ciprofloxacin (16, 78) 

Antimicrobial peptides (79, 86) 
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The role of PET in drug discovery & development 

Pharmacokinetics (PK) refers to the time-course study of drug absorption, distribution, 

metabolism, and excretion (ADME), whereas pharmacodynamics (PD) refers to the biological 

effects that the drugs exert on the subjects. Historically, due to various limitations associated 

with technology and also the knowledge gap, anti-infective therapy (dose and duration of 

treatment) is established using plasma PK data together with drug efficacy data once the 

treatment is initiated. However, most drugs exert their efficacy not within the plasma 

compartment, but at the site of infection. Once the drug is distributed to the target tissue from 

central compartment (plasma), then it binds to binding targets such as enzymes, ion channels, 

receptor proteins. Therefore, target tissue concentrations and target occupancy are the gaps 

between plasma PK and PD effect (Figure 1.5). Because of its ability to obtain direct 

quantitative information of the radiolabelled drugs in vivo non-invasively, PET has been 

creatively applied to lab animals and humans to address critical questions in drug discovery and 

development, including measuring target tissue concentration and target engagement. 
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Figure 1. 5 The links between serum pharmacokinetics and drug effect.  

PET is used to measure both target tissue PK and target engagement. Image is adapted from 

reference (106). 

 

Drug tissue distribution 

As discussed above, often the drugs do not exert their effects from plasma compartment, but at 

the target tissue, which in the  case of antibiotics is the site of infection. The assumption of the 

equilibrium between plasma drug concentration and tissue concentration does not always hold 

true (106). Actually the drug concentrations in the target compartment could be substantially 

different from the plasma compartment. Of the many factors that restrict drug distribution into 

tissue, the blood-brain barrier is the best example (107). If the drug fails to reach optimal 

concentrations in the target tissue, consequences such as failed therapy will occur, and also the 

triggering of bacteria resistance in the case of antibiotics (108-110). As a result, considering 

impaired drug distribution is recommended for current medical treatment (111). Now that people 
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realize that the drug concentration at the infection site is a better predictor than plasma 

concentration when it comes to clinical outcome (112), regulatory authorities such as Food and 

Drug Administration (FDA) in the United States and European Medicines Evaluation Agency 

(EMEA) in Europe require tissue concentrations of drugs in the development of new antibiotics 

(113). 

 

Measuring drug tissue distribution using PET 

Non-invasive imaging techniques, such as PET and Single Photon Emission Computed 

Tomography (SPECT), have the capacity to image drugs and other bioactive molecules labelled 

with positron emitters, and to provide an advanced methodology to acquire information of drug 

absorption, distribution, metabolism, and excretion quantitatively in vivo in real time. With the 

rapid expansion in innovative radiochemistry, PET imaging has emerged as a powerful tool in 

the field of drug discovery and development, especially in the phase of determining drug tissue 

distribution, and the reliability has been established and compared to direct measurements (114). 

Another advantage that sets PET imaging from other techniques is that the methodology 

developed for laboratory animals can be readily translated to human studies.  In a pioneering 

study, Fischman et al have evaluated the PK of 
18

F-travafloxacin in healthy human subjects using 

PET. Inter-tissue and inter-subject variability have been characterized (Figure 1.6) (115). 
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Figure 1. 6 Peripheral organ distribution of [
18

F]-travafloxacin determined by PET in a 

healthy male volunteer.  The area of maximum concentration on each image is represented as 

100% of the color scale. Image reproduced from (115). 

 

Measuring drug tissue distribution using other methods    

Another very important method of localization of drug molecules in biological tissues is mass 

spectrometric imaging (MSI). A number of different MSI technologies are available depending 

on the ionization method,  detection mode. (116). One of the most widely used techniques is 

Matrix-Assisted Laser Desorption/Ionization mass spectrometric imaging (MALDI - MSI) (116-

118). In a typical MALDI-MSI study, sections of selected tissues or dosed whole animals are 

coated with an UV-absorbing matrix. The analytes are then extracted from the tissue by organic 

solvent and co-crystalized with the matrix when the solution dries. A laser is irradiated across the 

surface of the tissue sample causing ionization of the matrix and analyte at the same time (119). 

MALDI-MSI is the most sensitive method currently available, with the spatial resolution of 50 – 
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200 μm in single organs and 500 – 1000 μm in whole body rodents (119). Besides sensitivity, 

other key advantages of MALDI-MSI include label-free (the fact that it doesn’t require the use of 

radioactive labels) and the ability to detect metabolites and endogenous species of the drug 

molecule. However, MALDI-MSI suffer the disadvantages of: (i) interference from matrix 

signal; (ii) the hypothesis that drug distribution in tissue is homogenous does not hold true all the 

time; (iii) the procedure is invasive, and the sample preparation is quite complicated; (iv) the 

extraction efficiency of drugs from tissue is another dimension of complexity (119, 120). 

Prideaux et al applied MALDI-MSI to image the second-line TB drug moxifloxacin in TB-

infected rabbits. Moxifloxacin was found to be distributed in granulomatous lesions at higher 

concentrations (Figure 1.7) (121).  

 

 

Figure 1. 7 MALDI-MS images of moxifloxacin distributions in the tuberculosis infected rabbit 

lung biopsy. The reference tissue is from H&E stain. Moxifloxacin remains higher concentration 

than surrounding lung tissues after 1.5 h. Scale bar = 5 mm. Image reproduced from (121).  

 

Microdialysis (MD) is another promising tool to measure drug tissue distribution (122). The 

technology was initially designed to measure concentrations of various neurotransmitters in 
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rodents brain, then extended to the area of PK (123). The principle of MD is to implant a MD 

probe, which connects with a semi-permeable hollow fiber membrane, into the tissue of interest. 

Consequently, a concentration gradient is set up which drives the diffusion of the drug from the 

tissue to the probe. The dialysate is then collected and analyzed at different time points (124, 

125). MD is the only feasible technique that allows continuous monitoring in any tissues. 

However, it suffers drawbacks associated with its invasive nature and recovery reliability 

limitation (126).   

 

Determine target engagement using PET 

In order to correlate drug efficacy and PK parameters, the ultimate question is: what percentage 

of drug targets (enzymes, ion channels, transporters) have to be occupied for therapeutic 

efficacy? To answer this question, there has been a growing appreciation of the value of 

biomarkers that can report on drug-target interactions in preclinical and clinical settings (127, 

128). The importance of target occupancy in drug development is obvious, especially when it 

comes to explaining the lack of efficacy: is it because of insufficient target occupancy or because 

of the invalid target? There are several established methods to measure target engagement in 

different systems. PET represents a very promising method to measure target engagement in 

human, especially for those targets that cannot be easily measured in blood samples (Figure 1.8) 

(129). For example, PET has helped with the identification of histamine H3 receptor antagonist 

GSK189254 by showing that the target occupancy of this drug candidate is 10-fold higher in 

humans than preclinical animal models, using a carbon-11 version of the drug (130). 
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Figure 1. 8 Measuring target engagement in humans using PET. 

Human subjects are pretreated with cold standard probe, then administered radiotracer. Engaged 

targets do not bind radiotracer while PET signal can be used to assess target engagement. Image 

reproduced from (129). 

 

 Production and incorporation of radionuclides 

Short-lived positron emitters, generated from a cyclotron (a compact particle accelerator which is 

capable of producing proton or deuteron beams) during irradiation of various target elements 

depending on the desired radioisotope (
11

C, 
13

N, 
15

O, and 
18

F), are usually converted in synthetic 

precursor form either within cyclotron target or immediately after exiting the target. Among all 

the positron emission isotopes, carbon-11 and fluorine-18 are of particular interest for the 

following reasons: (i) carbon is present ubiquitously in natural products and drug molecules; (ii) 

11
C-labelled molecules behave the same as their carbon-12 versions chemically and biologically; 

(iii) although there is a small pool of biologically active molecules with fluorine, the half-life of 

fluorine-18 (110 min) enables multiple step synthesis and transportation of the tracer to a 
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different site; (iv) fluorine-18 provides better resolution than carbon-11 because of the energy 

level (3). 

 

Radiolabelling with carbon-11 

Carbon-11 is usually generated by proton bombardment of nitrogen-14, followed by emission of 

an α particle (131, 132). The two most important carbon-11 precursors used in syntheses are: 

[
11

C]CO2, when small amounts of oxygen are present; or [
11

C]CH4, when hydrogen is present 

instead. From then, a wide range of precursors are generated (Figure 1.9) (3). The half-life of 

carbon-11 is 20.4 min, which restricts multiple step syntheses.  

 

 

Figure 1. 9 Important 
11

C precursors used in syntheses that are made from [
11

C]CO2  and 

[
11

C]CH4  (3). 
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The incorporation of a 
11

C-methyl group ([
11

C]CH3), namely 
11

C methylation, is the most widely 

used method for radiolabelling with carbon-11. [
11

C]Methyl iodide ([
11

C]CH3I) is the most 

common methylation agent, which is prepared by treating [
11

C]CO2 with LiAlH4, followed by 

gas-solid iodination at high temperature (133). A more reactive methylating agent is [
11

C]methyl 

triflate ([
11

C]CH3OTf). [
11

C]CH3OTf is prepared by passing gaseous [
11

C]CH3I through a silver 

triflate column at 200 ˚C (134), and has gained more popularity because its higher reactivity can 

lead to more rapid reactions. The methylation reactions are generally carried out either by 

nucleophilic reactions with amine, alcohol or thiol precursors or by palladium-mediated 

methylation with stannane. A typical carbon-11 methylation reaction usually involves trapping of 

the methylation agent ([
11

C]CH3I or [
11

C]CH3OTf)  in solvent and then heating this for a very 

short time (usually less than 5 min). Important radiotracers generated by carbon-11 methylation 

include Pittsburg Compound B ([
11

C]PIB) for imaging amyloid plagues in Alzheimer’s disease 

(135) and raclopride for imaging dopamine receptor (Figure 1.10) (136, 137).  

 

[
11

C]HCN is the precursor for 
11

C-cyanation reactions, which is of great interest because the 

nitrile group exists in a number of important drug molecules as well as biologically active 

molecules. [
11

C]HCN is prepared by reducing [
11

C]CO2 to [
11

C]CH4 in a nickel furnace, 

followed by reaction with NH3 over platinum (138). Examples of tracers generated by 
11

C-

cyanation reactions include [
11

C]metergoline (serotonin receptor antagonist) and [
11

C]RPR-

72840A (serotonin reuptake inhibitor) (Figure 1.10) (139, 140). 
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The carbonyl group also widely exists in drug molecules and biologically active molecules. 

Labelling precursors for carbonyl group include [
11

C]CO, which is prepared from [
11

C]CO2 

through heated zinc; [
11

C]RCOCl, prepared from corresponding Grignard reagents; and 

[
11

C]COCl2, prepared from reaction between [
11

C]CCl4 and Fe2O3 powder (3, 141). 

 

Radiolabelling with fluorine-18 

Fluorine-18 (t1/2 = 110min) is the most widely used radioisotope in PET imaging. Its favorable 

half-life enables sufficient time for multiple step synthesis. In addition to this, fluorine-18 has a 

short positron linear range in tissue (2.3 mm) which results in the highest resolution of PET 

images. Furthermore, fluorine-18 tracers are able to be transported to different sites because of 

its long half-life, as in the case of FDG these days, where commercially produced FDG gets 

distributed to hospitals hours away for routine clinical use.  

 

The strategies for introducing fluorine-18 into compounds of interest are limited when compared 

to carbon-11 labelling, and are divided into two main categories: nucleophilic and electrophilic 

fluorination. Nucleophilic 
18

F
- 
is generated from a nuclear reaction using enriched [

18
O]H2O, and 

is then eluted from a cation-exchange column to yield K
18

F. The principle of nucleophilic 
18

F-

fluorination reactions is to increase the reactivity by removing water from the reaction vial and 

also forming K
18

F∙K222 complex with azacryptand (K222) to expose the fluoride ion. Many very 

important PET tracers are produced using this method, such as [
18

F]FDG and [
18

F]FLT (Figure 

1.10), which are both used in oncology applications (142). Electrophilic fluorination is less 

favored because the use of 
18

F2 could result in low specific-activity labeled compounds and could 
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also afford non-specific labeling. However, emerging innovative approaches such as utilizing 

palladium aryl complexes for late-stage electrophilic 
18

F-fluorination represents a very promising 

methodology for combating these issues (143). 

 

 

Figure 1. 10 Examples of important PET tracers labeled with carbon-11 and fluorine-18. 
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Summary 

The introduction and advancement of PET instrumentation together with radioactive probes 

development (
18

F-FDG, radiolabelled antibiotics, antimicrobial peptides, and other biologically 

active compounds) have made significant contribution in the early diagnosis of infectious 

diseases. Furthermore, PET has also enabled the quantitative measurements of tissue 

concentrations and target engagement of drug candidate molecules, therefore reducing the 

attrition rate in drug development. In this thesis study, we will develop radiolabelling strategies 

for novel antibacterial agents (long residence time enoyl-ACP reductase inhibitors, Chapter 2 

and 3), currently prescribed antibiotics (pyrazinamide, Chapter 4), and also small molecules 

that target bacteria specifically (para – amino benzoic acid, Chapter 5), using positron emitting 

isotopes carbon-11 and fluorine-18. We have performed PET/CT scans, ex vivo analysis, cell 

uptake, PK/PD, and other methods to evaluate: (i) the tissue concentrations of radiolabelled 

compounds in living animals; (ii) their usefulness to detect and localize bacterial infection in 

vivo. The two clinical relevant pathogens, Mycobacterium tuberculosis and Staphylococcus 

aureus are used in this thesis study.   
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Chapter 2 Radiolabelling and Biological Evaluation of Time-Dependent Diaryl Ether 

Inhibitors of InhA, the Enoyl-ACP Reductase from Mycobacterium tuberculosis 

 

Background 

Mycobacterium tuberculosis is the causative agent of human tuberculosis (TB) (144), infects 

one-third of the world’s population and is responsible for 9.0 million new infections and 1.5 

million deaths in 2013 (145). The situation is complicated by HIV/AIDS infection, multidrug 

resistant TB (MDR-TB) and extensively drug resistant TB (XDR-TB) (146). In 2008, 22% of 

new TB cases were reported to be MDR-TB (147). The basic regimen recommended for TB 

treatment is comprised of the four front-line drugs: isoniazid (INH), rifampicin (RIF), 

pyrazinamide (PZA), and ethambutol (EMB). The regimen starts with two months initial phase, 

followed by INH and RIF for another four months (148). MDR-TB is resistant against INH or 

RIF, contributes to the spread and worsens the situation by lengthening the treatment from 6 

months to nearly 2 years. XDR-TB is resistant to both front-line and second-line drugs and is 

extremely difficult to cure (149). Taken together, novel drugs with activity against drug-resistant 

TB are therefore urgently needed. 

 

InhA, the enoyl-ACP reductase involved in the M. tuberculosis fatty acid biosynthesis (FAS II) 

pathway (150), catalyzes the last reaction in the elongation cycle, and is the target for INH, one 

of the most effective and widely used anti-tubercular drugs (150, 151). INH is a prodrug that is 

activated by the mycobacterial catalase-peroxidase enzyme KatG (Scheme 2.1) (150, 152-154). 

When NAD(H) is present, the activation of INH leads to the formation of covalent adducts with 
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the nicotinamide head group of NAD(H) forming the INH-NAD adduct, which is a slow, tight-

binding inhibitor of InhA (151). Because a substantial fraction of all clinical isolates that are 

resistant to INH result from KatG mutations (155-158), compounds that target InhA, but that do 

not require activation by KatG, are promising candidates for drug-resistant M. tuberculosis. 

 

Scheme 2. 1Formation of INH-NAD adduct. 

INH can be activated by either KatG or Mn
2+

 , Mn
3+

, producing a radical intermediate which in 

turn forms a covalent adduct with the nicotinamide head group of NAD
+
. 

 

Based on the above hypothesis, we developed a series of diaryl ethers (Figure 2.1) that are 

potent InhA inhibitors with minimum inhibitory concentrations (MICs) 1 – 2 μg/mL against both 

drug-sensitive and drug-resistant strains of M. tuberculosis (159). However, all compounds 

reported in Ref. 16 are rapid reversible inhibitors of InhA. In our previous studies on enoyl-ACP 

reductase inhibitors in other pathogens, in vivo efficacy of diaryl ether inhibitors correlates with 

their residence time (tR) on the enzyme target (160). The importance of incorporating residence 

time into lead optimization is also highlighted by the fact that INH-NAD adduct was shown to be 

a slow onset inhibitor of InhA (151). Additionally, slow onset inhibition is coupled to ordering of 

an active site loop, which leads to the closure of the substrate-binding pocket (161-163). 
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Figure 2. 1 Structures of the diaryl ether scaffold, PT70, and PT161.  

The diaryl ethers share a scaffold consisting of an alkyl phenol-A ring and a B-ring with various 

substituents. 

 

In the efforts of developing slow onset inhibitors of InhA, PT70 was discovered. PT70 binds 

preferentially to the InhA∙NAD
+
 complex and has a residence time of 24 min on the target (161). 

It binds to the enzyme target through a two-step induced-fit mechanism, in which the rapid 

formation of the initial EI complex is followed by the slow formation of the final enzyme-

inhibitor complex (EI
*
) (Scheme 2.2). Furthermore, PT70 has antibacterial activity in a mouse 

model of TB infection when delivered by intraperitoneal injection (164). The in vivo efficacy of 

PT70 supports the importance of residence time in this system. PT161 is also a diaryl ether InhA 

inhibitor. It has a MIC value of 0.3 μM, and a residence time of 107 min (unpublished data). The 

other important reason to choose PT161 is that it bears a fluorine on its B ring. 
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Scheme 2. 2 Kinetic scheme for time dependent inhibition. 

The time-dependent diaryl ether inhibitors bind through a two-step induced-fit mechanism, in 

which the rapid formation of the initial EI complex is followed by the slow formation of the final 

enzyme-inhibitor complex (EI
*
). 

 

Traditionally, due to the limitation of methodologies to access tissue pharmacokinetics (PK), 

plasma PK has been widely used as a surrogate to evaluate the exposure of candidate drugs and 

to compare with their corresponding minimum inhibition concentrations in the expectation to 

predict in vivo efficacies. However, the equilibrium between plasma and target tissue cannot 

always be taken for granted; drug levels in target tissues are often substantially different from the 

corresponding plasma levels (106, 113). In the case of antibacterial drugs, failure to reach 

optimal concentration at target site can not only cause failed therapy but also trigger resistance 

(165). In order to address these issues, the Food and Drug Administration (FDA) requires target 

tissue distribution studies at infected and uninfected sites (113). 

 

Positron Emission Tomography (PET) has emerged as a powerful tool and been widely used in 

creative ways to study drug actions in humans and laboratory animals (166). PET images three-

dimensional distribution of drugs non-invasively in real-time, and the methodology can be 

readily translated into humans (114). Another major benefit of PET imaging is that it is a 
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quantitative measurement. Besides the translational potential and quantitative potential, PET can 

also be used to determine target engagement in human subjects if specific binding of a 

radiotracer is observed. It is important to determine target engagement because the 

pharmacological validation of drug action requires verification that chemical probes engage their 

intended targets in vivo (129). 

 

The goal of this study is to develop radiolabelling methods to incorporate short-lived 

radioisotopes, 
11

C and 
18

F, into our drug leads (PT70 and PT161, Figure 2.1), then to study their 

biodistribution and pharmacokinetics in mice using PET. Here we report the radiolabelling of 

PT70 using 
11

C (half-life: 20.4 min) and its biodistribution in healthy mice. We also report our 

efforts to radiolabel PT161 using 
18

F (half-life: 109.77 min), a more widely used isotope because 

of its longer half-life. 
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Results and Discussion 

Organic Synthesis 

The synthesis of the precursor for [
11

C]PT70 (8) was adapted from methods previously described 

(164). Briefly, compound 3 was prepared from commercially available vanillin through three 

steps. Vanillin was protected with a benzyl group and coupled with a hexyl chain using a Wittig 

reaction to form compound 2 (159). Reduction of compound 2 with hydrogen generated 

compound 3. Compound 4 was synthesized by nucleophilic aromatic substitution of 3 with 1-

fluoro-2-nitrobenzene, and was converted to compound 5 by reduction with H2 catalyzed by 

palladium on charcoal. Compound 6 was prepared from 5 by utilizing the Sandmeyer reaction, 

which went through a diazonium salt intermediate prior to iodide anion attack (167). The 

deprotection was carried out with tribromoborane in dichloromethane to form 7, and compound 8 

was prepared with additional treatment of tributylchlorostannane on 7 under strong basic 

condition in diethyl ether (Scheme 2.3). In order to synthesize precursor for labelling [
18

F]PT161 

- a trimethylated  triflate salt (12), compound 3 was coupled to a very similar B ring to yield 

compound 9, then compound 9 is reduced to compound 10, using the same method when 

preparing for compound 5. Finally, compound 10 was converted to compound 11 with 

formaldehyde and Sodium cyanoborohydride via a reductive amination reaction, then got 

methylated with methyl triflate to yield compound 12 (Scheme 2.4).   
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Scheme 2. 3 Synthesis of precursor for [
11

C]PT70 

 

 

Scheme 2. 4 Synthesis of precursor for [
18

F]PT161 
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Radiosynthesis of [
11

C]PT70 

The radiosynthesis of [
11

C]PT70 was accomplished by using the modified Stille reaction using 

precursor 8 as shown in Scheme 2.5 (3). Initially, the reaction was successfully carried out in 

THF at 100 °C for 10 min. However, this involved a time consuming evaporation procedure 

before the chromatographic purification due to incompatible solvents and consequently we 

explored a range of solvent systems in order to identify conditions that would give the required 

rate, radiochemical yield and solvent compatibility. This screening approach resulted in the use 

of THF as the solvent with a 5 min reaction time. This reaction was also tolerant of the phenol 

group and no major side reactions were observed. The [
11

C]PT70 was subsequently purified by 

high performance liquid chromatography (HPLC) and concentrated in vacuo. The average decay-

corrected yield (DCY), calculated from [
11

C]CH3I, was 40% - 50% in a total synthesis time of 50 

min. Analytical HPLC and TLC demonstrated that the radiolabeled product was over 98% 

radiochemically pure, with a specific activity of 7 – 13 Ci/μmol at the end of bombardment 

(EOB).  

 

 

Scheme 2. 5 Radiosynthesis of [
11

C]PT70 
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Radiosynthesis of [
18

F]PT161 

Compound 9 and 12 have both been proposed for use as precursors to radiolabel PT161 with 

fluorine-18 (Scheme 2.6), because both the nitro group and the trimethylammonium triflate salt 

have been widely used as leaving groups for fluorination reactions (3). In the case of compound 

12, different combinations of solvent and temperature were explored without yielding the desired 

intermediate compound 13 (Table 2.1). Besides conventional heating, microwave reactor also 

failed (data not shown). One possible reason is that the ether bond deactivates the second 

benzene ring for the nucleophilic substitution reaction even though the trimethylammonium 

triflate salt is known to be an excellent leaving group for similar reactions. Another problem is 

that, the temperature has to be raised in order to overcome the deactivation effect of the ether 

bond, and this in turn causes decomposition of the precursor. Furthermore, the utility of 

compound 9 as precursor was also explored (Scheme 2.6). In this case, due to the increased 

stability of compound 9 over 12, we managed to elevate the reaction temperature to 180 °C and 

observed product formation with a very similar Rf value with intermediate 13 on TLC scanner. 

Unfortunately, the formed product was found not to be intermediate 13 on analytical HPLC 

equipped with both UV and RAD detector (data not shown).  
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Scheme 2. 6 Proposed radiosynthesis of [
18

F]PT161 

 

Table 2. 1 Reaction condition screening using compound 10 as precursor 

Solvent 

Temperature 

(°C) 

Yield@ 

2min 

Yield@ 

5min 

Yield@ 

10min 

Yield@ 

20min 

Yield@ 

30min 

Yield@ 

1h 

Decomposition/

byproduct 

DMSO 80 No Product. No 

DMSO 90 N.D. N.D. N.D. 1.1% 0.39% 1.79% No 

MeCN 105 0.16% 1.2% 0.73% N.D. N.D. N.D. Yes 

MeCN 130 0.05% 0.04% Evaporated Yes 

DMSO 130 N.D. 1.99% 2.03% 3.69% N.D. N.D. Yes 

DMSO 150 N.D. 0.9% 0.7% 0.6% N.D. N.D. Yes 
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Alternative strategy for radiolabelling diaryl ethers with fluorine-18 

A rapidly expanding methodology for incorporating fluorine-18 into biologically active 

molecules is to “click” fluorine-18 utilizing Cu-catalyzed azide-alkyne cycloaddition (CuAAC) 

and several copper-free click reactions (168). Lauren Spagnuolo from our lab designed and 

synthesized a series of triazole A ring diaryl ethers compounds. These triazole A ring diaryl 

ethers have long residence times on InhA and have promising MIC value against M. tuberculosis 

(data now shown). Lauren also designed a F18-fluorination method using click chemistry 

(Scheme 2.7) in order to circumvent the harsh conditions for directing fluorination as discussed 

previously. These fluorine-18 labelled molecules will not only enable the biodistribution 

determination of the parent compounds in living animals, but also provide promising tools to 

study drug-target interaction in vivo, such as target occupancy and in vivo residence time 

measurement. 

 

Scheme 2. 7 Proposed scheme for radiolabelling dirayl ether compounds with click 
18

F-

fluorination strategy 
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Biodistribution of [
11

C]PT70 in mice 

Peripheral organ drug distribution was determined in healthy mice (Table 2.2 and Figure 2.2). 

For all tissues measured, the highest concentration of drug was measured at 20 min after 

injection and decreased at later times. The distribution of [
11

C]PT70 in blood was also measured. 

The distribution of [
11

C]PT70 in liver is much higher than in other peripheral organs, since the 

liver is where the drug metabolism occurs. 

 

 

 

Table 2. 2 Biodistribution of [
11

C]PT70 in healthy mice. 

 Spleen Kidney Liver Lung Blood 

20 min 1.82 ± 0.28 2.21 ± 0.01 N.D. 1.36 ± 0.17 1.70 ± 0.02 

40 min 0.93 ± 0.14 1.45 ± 0.26 15.70 ± 1.22 1.26 ± 0.16 1.46 ± 0.17 

60 min 0.21 ± 0.01 0.31 ± 0.03 14.09 ± 0.01 1.35 ± 0.05 0.55 ± 0.14 

Values given are [%ID/cc], n = 3. 
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Figure 2. 2 Biodistribution of [
11

C]PT70 in healthy mice. 

Values given are %Injected dose/cc, n = 3. Radioactivity of each organ is counted using a 

gamma-counter. 

 

Pharmacokinetics (PK) of PT70 

The PK parameters that were determined included AUC, Cmax, Tmax and t1/2 for PT70 following 

dosing at 10 mg/kg intravenously (Figure 2.3 and Table 2.3). The AUC of PT70, which 

evaluates drug exposure, was 6.12 h*mg/L when integrated to 24 h. Delivery of PT70 at 10 

mg/kg iv resulted in a Cmax value of 2.19μM with a Tmax of 1 h. It has been reported that 

substituted diaryl ethers such as PT70, are subject to both Phase I and Phase II metabolism, 

including O-glucuronidation (169). This known metabolism contributes to the relatively low 

AUC and short t1/2 of PT70.  
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Figure 2. 3 In vivo Pharmacokinetics parameters for PT70 

The route is i.v. and dose is 10 mg/kg. Plasma concentration (μmol/L) is plotted with different 

time points being measured. 
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Table 2. 3 In vivo Pharmacokinetics parameters for PT70 

Parameter 
PT70 

iv 10 mg/kg 

t1/2  (h) 4.14 

Tmax (h) 1 

Cmax (μM) 2.19 

AUC0-t (mg/L*h) 6.12 

MRT 0-inf_obs (h) 6.59 

Cl_obs (mL/min/kg) 26.67 

Vss (L/kg) 100 

 

 

PET imaging of [
11

C]PT70 in baboon 

PET imaging studies in baboon were performed by Dr. Li Liu in Dr. Joanna Fowler’s facility at 

Brookhaven National Laboratory with the help of Dr. Jacob Hooker, and assistance from Dr. 

Michael Schueller, Youwen Xu, and Colleen Shea. PET imaging studies were performed with 

[
11

C]PT70 in baboons to determine their peripheral organ distributions. The time activity curves 

(TACs, Figures 2.4) were generated from the images acquired after i.v. administration to 

baboons by manually drawing the region of interests (ROIs). [
11

C]PT70 was administered iv and 

monitored over the 90 min dynamic PET scan. The injected [
11

C]PT70 cleared rapidly from the 

heart, lung and blood, with moderate accumulation in liver and kidney, while a large portion of 

radioactivity accumulated in the gallbladder (Figure 2.4).  
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Figure 2.4a. Time-activity curves of [
11

C]PT70 in major organs 

 

Figrue 2.4b. Whole body scan of [
11

C]PT70 

Figure 2. 4 PET imaging of [
11

C]PT70 in baboon 

Images were slices of healthy baboon summed from 0-120 min. 

 



 

48 
 

In a prior study, PT70 decreased bacterial load in both primary and secondary site of TB 

infection (164) in mice, which is supported by the tissue drug distribution data in this study 

(Table 2.2 and Figure 2.2), that the drug is rapidly distributed into lung and spleen. 

Furthermore, the PK and drug distribution data in baboon provide valuable information on organ 

distribution of this important drug in non-human primates. This study presents a promising 

model to evaluate pharmacokinetics/pharmacodynamics relationships based on target tissue 

concentrations. 
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Materials and Methods 

All chemicals were purchased from commercial vendors and used without further purification 

unless specified. Vanillin and benzyl bromide were purchased from Alfa Aesar. BBr3, 1-fluoro-

2-nitrobenzene, n-BuLi, and t-BuLi were purchased from Sigma-aldrich. Formaldehyde was 

purchased from Govt Sci. 

Organic Synthesis 

4-(Benzyloxy)-3-methoxybenzaldehyde (1) 

A solution of benzyl bromide (3.93 ml, 33 mmol) was added to the mixture of 4.56 g vanillin (30 

mmol) in 50 ml MeOH and 1.85 g KOH (33 mmol) in 50 ml H2O dropwise and the whole 

mixture was heated to reflux for 4 hrs. After the completion of reaction, the product was 

extracted with DCM and H2O, and the aqueous layer was further washed with DCM. The 

combined DCM layers were dried with MgSO4, and concentrated in vacuo. The crude product 1 

was purified by automated column chromatography with silica gel using 5% ethyl 

acetate/petroleum ether as the mobile phase. The product was obtained as a white solid with a 

yield of 52%. ESI-MS calculated for C15H14O3 [M+H]
+
 m/z = 243, found 243. 

 

1-((4-((E)-hex-1-enyl)-2-methoxyphenoxy)methyl)benzene (2) 

A solution of n-BuLi (2M solution in cyclohexane, 6.7 ml, 13.4 mmol) was added  

dropwise to an solution of n-pentyltriphenylphosphonium bromide (13.4 mmol) in DCM at -78 

°C. After 30 min, 2.5 g of 1 (10.3 mmol) was added to the mixture before the cooling bath was 

removed, and the reaction mixture was stirred overnight. The reaction was subsequently  

quenched by slowly adding 1M HCl, after which the pH was adjusted to 7 using NaHCO3 
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solution. The aqueous layer was extracted with DCM twice and the combined organic layers 

were washed with brine before drying with MgSO4. The crude product 2 was concentrated in 

vacuo prior to purification by automated column chromatography with silica gel using 5% ethyl 

acetate/petroleum ether as the mobile phase. The yield was 75%. ESI-MS calculated for 

C20H24O2 [M+H]
+ 

m/z = 297, found 297.  

4-Hexyl-2-methoxyphenol (3) 

Activated palladium on charcoal (200 mg) was added to 50 ml MeOH solution of compound 2 

(2.28 g, 7.8 mmol). The reaction mixture was stirred under hydrogen overnight and then filtered 

through celite. The crude product 3 in the filtrate was concentrated in vacuo and purified by 

automatic column chromatography with silica gel using 5% ethyl acetate/petroleum ether as the 

mobile phase. The product was a colorless liquid and the yield was 91%. ESI-MS calculated for 

C9H12O2 [M+H]
+
 m/z = 209, found 209. 

 

1-(4-Hexyl-2-methoxyphenoxy)-2-nitrobenzene (4) 

A solution of 1.484 g compound 3 (7.1 mmol) and 2.9 g K2CO3 dissolved in 5 ml DMF was 

stirred for 10 min prior to the addition of 1.303 g 1-fluoro-2-nitrobenzene (6.4 mmol). The 

reaction was heated to 120 °C under N2 for 2 h before quenching with 50 ml H2O. The aqueous 

layer was extracted 3 times with 30 ml diethyl ether and the combined organic layer was washed 

with 50 ml brine and dried with MgSO4. The crude product was concentrated in vacuo and was 

used for the next step without purification. 

 

2-(4-Hexyl-2-methoxyphenoxy)benzenamine (5) 
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Activated palladium on charcoal (200 mg) was added to a solution of compound 4 (2.0 g, 6.1 

mmol) in 25 ml of MeOH. The reaction mixture was stirred under hydrogen overnight and then 

filtered through celite. The crude product 3 in the filtrate was concentrated in vacuo and purified 

by automated column chromatography with silica gel using 5% ethyl acetate/petroleum ether as 

the mobile phase. The product was colorless liquid and the yield was 89%. ESI-MS calculated 

for C19H25NO2 [M+H]
+
 m/z = 300, found 300. 

1-(4-Hexyl-2-methoxyphenoxy)-2-iodobenzene (6) 

HCl (6M. 6.0 ml) and NaNO2 (1.5 g) were added to a solution of compound 5 (2g, 6.7 mmol) in 

50ml of 50% AcOH/50% H2O at 0 °C, and the mixture was stirred for 40 min prior to the 

addition of 4.8 g of KI (28 mmol). After 24 hrs, the reaction quenched with 200 ml solution of 

50% DCM/50% H2O. The organic layer was obtained and the aqueous later was extracted 2 

times with DCM. The combined organic layer was dried with MgSO4 and concentrated in vacuo. 

1.74 g of crude product was collected and used for next step without purification. 

 

2-(2-Iodophenoxy)-5-hexylphenol (7) 

6.3 ml BBr3 solution (1M, 6.3 ml) was added dropwise to a solution of compound 6 (1.74g, 4.2 

mmol) in 10 ml DCM at -78 °C, and the mixture was warmed to room temperature slowly. 

Before quenching the reaction with 10 ml MeOH, the reaction was cooled to -78 °C. The 

reaction was dried in vacuo and redissolved with 30 ml DCM. Organic layer was washed with 

NaHCO3, water and brine sequentially prior to dry with MgSO4. The crude product was 

concentrated in vacuo and purified by automated column chromatography with silica gel using 

4% ethyl acetate/petroleum ether as the mobile phase. The product was yellow liquid and the 

yield was 81%. 
1
H NMR (300 mHZ, = 8.1 Hz, 1H), 6.65 (dd, J = 8.1, 2.1 Hz, 1H), 5.51 (s, 1H), 
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2.56 (t, J = 7.8 Hz, 2H), 1.50- 1.62 (br, 2H), 1.21-1.40 (br, 6H), 0.89 (t, J = 6.6 Hz, 3H); ESI-MS 

for C18H21IO2 [M+H]
-
 m/z = 395, found 395. 

 

2-(2-(Tributylstannyl)phenoxy)-5-hexylphenol (8) 

t-BuLi (2M solution in cyclohexane, 1.14 ml, 2.28 mmol) was added dropwise to a solution of 7 

(300mg, 0.76 mmol) in 10 ml dry diethyl ether at -78 °C. The mixture was stirred for 30 min 

prior to the dropwise addition of tributylchlorostannane (0.818 ml, 3.04 mmol). The reaction was 

stirred at -78 °C and allowed to warm to room temperature overnight. The reaction was then 

quenched with 0.1 M phosphate buffer (pH 7) at -78 °C, and 100 ml 50% diethyl ether/50% H2O 

was added. The organic layer was collected and the aqueous layer was extracted with additional 

diethyl ether.. The combined organic layers were dried over MgSO4, and the solvent was 

removed in vacuo. The crude product was purified by automated column chromatography with 

silica gel using 1% triethylamine/4% ethyl acetate/95% petroleum ether as the mobile phase. The 

product was a yellow oil and the recovered yield was 25%. 
1
H NMR (300 mHZ, CDCl3) δ 7.48 

(dd, J = 7.2, 1.8 Hz, 1H), 7.22-7.28 (m, 1H), 7.08-7.12 (m, 1H), 6.88 (d, J = 2.1 Hz, 1H), 6.74 

(dd, J = 7.5, 2.4 Hz, 2H), 6.64 (dd, J = 8.4, J = 2.1, 1H), 5.35 (s, 1H), 2.56 (t, J = 7.5 Hz, 2H), 

1.47-1.63 (br, 8H), 1.24-1.36 (br, 12H), 1.04-1.10 (br, 6H), 0.84-0.92 (br, 12H); ESI-MS for 

C30H48O2Sn [M+H]
-
 m/z = 599, found 599. 

 

3-(4-ethyl-2-methoxyphenoxy)-N,N-dimethylpyridin-2-amine (11) 

Compound 10 (200 mg, 0.66 mmol) was dissolved in 20 mL acetonitrile. Then 600 μL 

formaldehyde (37% in H2O, 13.2 mmol) and sodium cyanoborohydride (280 mg, 4.4 mmol)  

were added to reaction mixture. After stirring at room temperature for 5 min, AcOH (300 μl, 4.4 
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mmol) was added dropwise into the flask over 10 min. The reaction was stirred at room 

temperature for 3 h. The reaction was then stopped. The pH of the solution was adjusted to 8,  

and then 100 ml DCM/H2O was added. The organic layer was collected and the aqueous layer 

was extracted with additional DCM. The combined organic layers were dried over MgSO4, and 

the solvent was removed in vacuo. The crude product was purified by automated column. 
1
H 

NMR (400 mHZ, CDCl3): δ 7.65 (dd, J = 3.0, J = 1.6, 1H), 7.21 (dd,  J = 8.0, J = 1.5, 1H), 7.03 

(d, J = 8.0, 1H), 6.86-6.94 (m, 1H), 6.74-6.83 (m, 2H), 3.74 (s, 3H), 2.9 (s, 6H), 2.6 (t, J = 8.0, 

2H), 1.58-1.69 (br, 2H), 1.28-1.38 (br, 6H), 0.82-0.94 (br, 3H); 13C NMR(400MHZ, CDCl3):  δ 

= 156.1, 151.1, 140.6, 140.2, 138.3, 136.9, 125.2, 122.6, 120.5, 118.2, 112.8, 55.6, 42.5, 35.8, 

31.6, 31.3, 28.9, 22.5, 13.9 ppm; ESI-MS for C20H28N2O2 [M+H]
-
 m/z = 329, found 329. 

 

3-(4-ethyl-2-methoxyphenoxy)-N,N,N-trimethylpyridin-2-aminium triflate (12) 

Compound 11 (330 mg, 0.99 mmol) was dissolved in 10 mL CH2Cl2. The temperature of the 

solution was reduced to -78°C and methyl triflate  (179 mg, 1.09 mmol) was then added slowly. 

Subsequently, the reaction was warmed to room temperature and maintained at room 

temperature for 24 hrs after which the solvent was removed by rotary evaporation. The crude 

product was purified by automated column chromatography with silica gel using 10% 

MeOH/95% CH2Cl2. 
1
H NMR (400MHZ, CDCl3): δ 8.29 (d, J = 8.0, 1H), 8.19 (d,  J = 4.0, 1H), 

7.21-7.26 (m, 1H), 7.10 (d, J = 8.0, 1H), 6.78-6.90 (m, 2H), 3.90 (s, 9H), 3.67 (s, 3H), 2.6 (t, J = 

8.0, 2H), 1.60-1.68 (br, 2H), 1.29-1.36 (br, 6H), 0.87-0.91 (br, 3H); 13C NMR(400MHZ, 

CDCl3):  δ = 154.62, 150.31, 149.20, 142.65, 138.03, 131.71, 128.92, 122.85, 120.74, 119.70, 

112.63, 55.92, 55.94, 35.98, 31.66, 31.31, 29.00, 22.57, 14.06  ppm; ESI-MS for C21H31N2O2 

[M+H]
-
 m/z = 343, found 343. 
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Radiosynthesis of [
11

C]PT70 

The synthesis of [
11

C]PT70 was performed using organotin or stannanes 6 as the precursor. The 

precursor (1.0 mg) was dissolved in 0.3 ml THF with 2 mg 

tetrakis(triphenylphosphine)palladium(0). After [
11

C]CH3I was purged into the solution and 

trapped at 0 °C, the reaction vessel was sealed and heated at 100°C for 5 min in an oil bath. The 

reaction mixture was diluted with 1 ml of aqueous ammonium formate (0.1M) prior to loading 

onto a semi-preparative HPLC column. HPLC purification was performed using a reverse phase 

PFP column (Phenomenex, Luna PFP 250×10, 5 μm), at a 5 ml/min flow rate with a mobile 

phase consisting of 68% MeCN/32% aqueous ammonium formate (0.1 M). The product was 

collected at the expected retention time (17 min) and the solvent was removed by rotary 

evaporation. After dilution with 4 ml saline with 1 ml sterile alcohol, the solution was filtered 

through an Acrodisc 13-mm Syringe Filter with 0.2 μm Supor membrane (Pall Corporation, Ann 

Arbor, MI) into a sterile vial for delivery. Radiochemical purity was determined by reverse-

phase analytical HPLC using a Phenomenex, Luna PFP, 250×4.6, 5 μm column operated at 1.0 

ml/min flow rate using a mobile phase of 70% MeCN/30% water, with 10 min retention time. 

Subsequently, purity was verified using TLC (5% EA/95% HE, Rf = 0.45) by co-spotting the 

labeled product with a standard. 

 

Radiosynthesis of [
18

F]PT161 

Aliquots of aqueous [
18

F]KF which has been delivered from the cyclotron was added into a 

Reacti-Vial preloaded with 5 mg Kryptofix 2.2.2 and 1 mg K2CO3. The solution was 

azeotropically dried with additional aliquots of MeCN at 105°C. A solution of 9 or 12 (2 mg 
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dissolved in 300 μL MeCN) was added to the Reacti-Vial containing the dried fluorine-18 

residue. After sealing, the Reacti-Vial was heated to temperature indicated in Table 2.1 for 

various time points and then quenched by the addition of 3 ml cold H2O. The product formation 

of intermediate 13 was monitored by TLC (20% EA/95% HE, Rf = 0.62) equipped with both UV 

and RAD detector by co-spotting the labeled product with a standard. 

 

Pharmacokinetics of PT70 

The pharmacokinetics (PK) of PT70 was conducted in healthy Swiss Webster mice. The 

administration route used in this study is iv (10 mg/kg). After a single drug administration, blood 

samples were collected at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 7 h and 24 h (n = 3). Each mouse 

was bled at two consecutive time points via retro – orbital bleeding and cardiac puncture, 

respectively, and ethylenediaminetetraacetic acid (EDTA) was used as the anticoagulant. Whole 

blood samples were centrifuged, and the plasma that resulted was treated with acetonitrile to 

precipitate the plasma proteins. After an additional centrifugation step, the supernatant was 

collected for LC-MS/MS analysis. The plasma concentration of PT70 from was calculated and 

analyzed using PK analysis software WinNonlin (NCA model). 
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Conclusions 

In summary, a novel time-dependent InhA inhibitor, PT70, with long residence time and in vivo 

efficacy against M. tb infected mice, has been labeled with the positron emission isotope carbon-

11. [
11

C]PT70 was synthesized using one-step modified Stille reaction, purified and formulated 

within 1 h, with over 98% radiochemical purity determined by HPLC. Biodistribution and PK of 

PT70 were determined in healthy mice. The tissue distribution of the drug resulted in efficacy for 

both primary and secondary infected organs in M. tuberculosis infected mice. Furthermore, we 

explored different radiolabelling routes for PT161, another time-dependent diaryl ether InhA 

inhibitor. Although current efforts didn’t allow the incorporation of fluorine-18 into diaryl ether 

inhibitors, a click-chemistry strategy has been proposed as an alternative route.  
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Chapter 3 Radiosynthesis, Pharmacokinetics and Pharmacodynamics of a Novel Enoyl-

ACP Inhibitor in Staphylococcus aureus-infected Mice 

 

This chapter is based on the work that has been published in: 

Wang, H.; Lu, Y.; Liu, L.; Alexoff, D.; Kim, S. W.; Fowler, J. S., and Tonge, P. J. 

“Radiosynthesis and biological evaluation of Novel Enoyl-ACP Reductase Inhibitor for 

Staphylococcus aureus”. European Journal of Medicinal Chemistry. 2014, 88(17): 66 -73. 

 

Introduction 

Target tissue pharmacokinetics (PK), the link between plasma PK and drug effects (106), has 

emerged as an important facet in drug discovery and development. Although plasma PK is often 

used as a surrogate for tissue PK, the equilibrium between plasma and target tissue cannot 

always be achieved; drug levels in target tissues are often substantially different from the 

corresponding plasma levels (106, 113). In the case of antibiotic compounds, suboptimal tissue 

drug concentrations resulting from estimates based on plasma PK, can not only lead to 

therapeutic failure but also trigger bacterial resistance (165). Thus, current Food and Drug 

Administration (FDA) guidelines require tissue drug distribution studies at infected and 

uninfected sites (113). Positron emission tomography (PET), which images drugs and other 

molecules labeled with positron-emitting isotopes (primarily nitrogen, oxygen, carbon, and 

fluorine), has been applied in creative ways to study drug action directly in humans and 
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laboratory animals (166). In addition, the methodology developed for studying drug distribution 

in laboratory animals using PET can be readily translated to humans (114).  

Staphylococcus aureus is a highly infectious pathogen that is carried by 30% of healthy people, 

usually in the anterior nasal cavities. It is the most common causative agents of nosocomial 

infections and is readily transferred to immunocompromised patients and causes post-surgical 

wound infections (170-172). S. aureus is able to acquire resistance to antibiotics rapidly, and 

methicillin-resistant strains (MRSA) emerged only one year after the introduction of this 

antibiotic in 1959 (173). MRSA infection has spread in the past few decades and is treated by 

vancomycin, the “drug of last resort” (174). Unfortunately, vancomycin-resistant strains (VRSA) 

were isolated in June 2002 (175) and there is therefore an urgent need to continuously discover 

new drugs to combat S. aureus.   

 

The type II fatty acid biosynthesis pathway (Figure 3.1a), which is usually found in plants and 

bacteria, is responsible for the de novo production of lipids for incorporation into the bacterial 

cell membrane (176). The final step in fatty acid elongation is catalyzed by the enoyl-ACP 

reductase enzyme, which has emerged as an attractive drug target in those pathogens that contain 

the FabI homologue (177). Isoniazid (Figure 3.1b), a front-line tuberculosis prodrug, is known 

to target InhA, the FabI homologue in Mycobacterium tuberculosis (151) while triclosan (Figure 

3.1b), a diphenyl ether inhibitor of the S. aureus FabI (saFabI), is recommended as a topical 

antiseptic to reduce MRSA skin colonization (178). Furthermore, three separate saFabI inhibitors 

are currently in clinical trials for treating infection caused by drug-resistant S. aureus (179-181).    
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Figure 3. 1a Fatty acid biosynthesis pathway in S. aureus. 

 

 

Figure 3.1b Examples of FabI inhibitors. 

 

We recently reported a series of 20 diphenyl ether saFabI inhibitors in which explored the SAR 

for long residence time inhibition of saFabI (182). Residence time is defined as the reciprocal of 

the enzyme-inhibitor dissociation rate constant, and is a promising early stage indicator of in vivo 

drug efficacy (160). Our most potent compound PT119 (Fig. 1b; Ki = 0.01 nM) has a residence 

time of 750 min because of its favorable interactions with the enzyme (182). It also shows a 

promising Minimum Inhibitory Concentration (MIC) value of 0.5 μg/mL against S. aureus 

(unpublished data).  

 

Herein, we report the radiolabeling of our lead compound PT119 with carbon-11 (half life: 20.4 

min) to evaluate its biodistribution in both healthy and S. aureus infected mice. We also report 
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the PK of PT119 by both intravenous and subcutaneous routes. Furthermore, we report the in 

vivo efficacy of PT119 in two different infection models. 
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Materials and Methods 

General 

All chemicals used in the study were purchased from commercial vendors and were used without 

further purification except where stated. Vanillin and benzyl bromide were purchased from Alfa 

Aesar. BBr3, 1-fluoro-2-nitrobenzene, n-BuLi, and t-BuLi were purchased from Sigma-aldrich.  

 

[
11

C]HCN was generated from [
11

C]CO2 using a custom-built automated synthesis unit (183). 

Briefly, [
11

C]CO2 was obtained from proton bombardment of a N2/O2 target (
14

N(p,α)
11

C) using 

an EBCO TR 19 cyclotron (Advanced Cyclotron System Inc., Richmond, Canada) and trapped 

on molecular sieves with an embedded Ni catalyst. The trapped [
11

C]CO2 was heated to 350 °C 

with H2 on nickel catalyst to produce [
11

C]CH4. Subsequent reaction of [
11

C]CH4 and NH3 was 

catalyzed by platinum at 950 °C and produced [
11

C]HCN, which was carried by a stream of 

argon into a shielded hot cell for radiosynthesis.  

 

Analytical and preparative high performance liquid chromatography (HPLC) were performed 

using a Knauer HPLC system (Sonntek Inc., Woodcliff Lake, NJ, USA) equipped with a model 

K-5000 pump, a Rheodyne 7125 injector, a model 87 variable wavelength monitor, and a NaI 

radioactivity detector. Specific activity was determined by measuring the radioactivity and the 

mass; the latter was derived from a standard curve (UV absorbance at 254 nm by peak area) after 

HPLC injection of different quantities of the authentic reference compound. The purities of the 

intermediate and final products were >95%.  
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Chemistry – synthesis of reference PT119 and precursor for labelling 

The synthesis of the reference compound PT119 has been described previously (164). Precursor 

7 was synthesized by multistep organic synthesis (scheme 3.1). First, vanillin was protected with 

a benzyl group and coupled with a hexyl chain using a Wittig reaction to form compound 2, after 

which hydrogenation was used to generate compound 3. Compound 4 was synthesized by 

nucleophilic aromatic substitution of 3 with 1-fluoro-2-nitrobenzene, and was converted to 

compound 5 by reduction with H2 catalyzed by palladium on charcoal. Compound 6 was 

prepared from 5 by utilizing the Sandmeyer reaction, which proceeded through a diazonium salt 

intermediate prior to iodide anion attack. The deprotection was carried out with tribromoborane 

in dichloromethane to form 7. 

 

Scheme 3. 1 Synthesis of reference PT119. 
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Radiosynthesis of [
11

C]-PT119 

The synthesis of [
11

C]PT119 was performed using the iodo-precursor 7. The precursor 7 (1.0 

mg), K222(0.2 mg) and tetrakis (triphenylphosphine) palladium (0) (2.0 mg) was placed in a vial 

with 0.2 ml DMSO and heated slightly until all the solid dissolved. This solution was then added 

to [
11

C]HCN that had been purged and trapped in 0.15 ml DMSO. The reaction solution was 

sealed in a reaction vial and heated at 135 °C for 5 min in an oil bath. The reaction was quenched 

by the addition of 1 ml water and the mixture was filtered through celite prior to injection onto a 

reverse phase PFP semi-preparative column (Phenomenex, Luna PFP 250×10, 5 μm), at a 5 

mL/min flow rate with a mobile phase consisting of 70% MeCN/30% aqueous ammonium 

formate (0.1 M). The product was collected at the expected retention time (10 min) based on a 

standard and the solvent was removed by rotary evaporation. After dilution with 1mL sterile 

alcohol plus 4 mL saline, the solution was filtered through an Acrodisc 13-mm syringe filter with 

0.2 μm Supor membrane into a sterile vial for delivery. Radiochemical purity was determined by 

reversed-phase analytical HPLC using a Phenomenex, Luna PFP, 250×4.6, 5 μm column 

operated at 1.0 mL/min flow rate using a mobile phase of 70% MeCN/30% H2O, with 10 min 

retention time. Subsequently, purity was verified using TLC (5% EA/95% HE, Rf = 0.4) by co-

spotting the labeled product with a standard. 

 

 

Scheme 3. 2 Radiosynthesis of [
11

C]PT119. 
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Uptake of [
11

C]PT119 in S. aureus cells 

[
11

C]PT119 and [
18

F]FDG were incubated with S. aureus suspended in PBS buffer containing 

2% brain-heart-infusion broth. In each Eppendorf vial, 2.5x10
7
 CFU of S. aureus were exposed 

to 30 μCi [
11

C]PT119 or 13 μCi of [
18

F]FDG. The mixture was incubated at 37 °C in a shaking 

water bath. The background group was incubated without bacteria. In competition studies, the 

uptake of [
11

C]PT119 and [
18

F]FDG was challenged with cold PT119 and D-glucose, 

respectively. For this purpose, the cells were preincubated with 2.5 μg/ml cold PT119 or 10 

mg/ml D-glucose at  37 °C for 30 min. An aliquot of 1 mL incubation mixture was taken out at 

20, 40, 60, 90, 120 min in triplicate. Then, the cell pellets were centrifuged and washed with PBS 

buffer twice to get rid of extracellular radioactivity. The radioactivity was determined in a well 

counter. After correction for background activity, results are reported as the mean percentages of 

radioactivity associated with the cell compared with the total radioactivity added. 

 

Infection models 

All animals used in this study were maintained in accordance with the American Association for 

Accreditation of Laboratory Animal Care criteria. The experimental protocol was approved by 

the Institutional Animal Care and Use Committees (IACUC) at Stony Brook University and 

Brookhaven National Laboratory.  

        

Six-week old, specific pathogen free, male Swiss Webster mice weighing 28 to 32 g were 

purchased from Taconic and housed in the Division of Laboratory Animal Resources (DLAR) at 

Stony Brook University under Biosafety Level - 2 (BSL - 2) conditions. All mice were given ad 
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libitum access to food and water throughout the entire study. Prior to infection, mice were 

rendered neutropenic by treatment with cyclophosphamide on day -4 (150 mg/kg) and day -1 

(100 mg/kg) via intraperitoneal injection (ip). 

 

Bacterial stocks were freshly prepared before inoculation. In general, MRSA strain BAA1762 

was cultured in Mueller Hinton broth at 37 °C to mid log phase (OD600 = 0.45, 2×10
8
 cells/ml). 

Bacterial cells were harvested by centrifugation (11,000 rpm, 3 min) and washed with sterilized 

brain heart infusion (BHI) broth. Final inoculums were generated by diluting bacteria to the 

desired concentrations in BHI broth. Two infection models were used in this study, a systemic 

infection model and a thigh muscle infection model. To induce systemic infection, mice were 

injected with 2×10
7
 bacterial cells (2×10

8
 cells/mL inoculum, 100 µL) intraperitoneally. Thigh 

infections were established by injecting 5×10
5
 bacterial cells (10

7 
cells/mL inoculum, 50 µL) into 

the left thigh muscles of mice. 

 

In vivo antibacterial efficacy of PT119 

In order to determine in vivo efficacy, PT119 was formulated in a mixed solvent consisting 

ethanol/PEG-400/saline (40/20/40). In the systemic infection study, PT119 (100 mg/kg) was 

given by subcutaneous (sc) injection on day 0 (1 hour post infection), day 1 and day 2 with a 24 

hour administration interval. The same dose of PT119 was administered each time. A group of 

infected mice treated with vehicle was used as a negative control whereas another group of 

healthy mice treated with vehicle was used as positive control. Survival was assessed twice a day 

after infection for 7 days in total and dead animals were removed as soon as they died. Survivors 

of the study were euthanized by CO2 inhalation as recommended by the American Veterinary 
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Medical Association (AVMA) guidelines on euthanasia. In the thigh muscle infection model, a 

single dose of PT119 (15, 40, 100 mg/kg) was given sc 1 hour post infection. A group of infected 

mice treated with vehicle was used as negative control. All mice were euthanized by CO2 

inhalation 24 hours post infection. Muscle tissue from the infected thighs was collected and 

homogenized in 1 mL of saline. Bacterial load was determined by counting colony forming unit 

(CFU) of serial dilutions on MH II-sheep blood agar plates. 

 

PK of PT119 

The pharmacokinetics (PK) of PT119 was conducted in healthy Swiss Webster mice. Two 

administration routes, iv (10 mg/kg) and sc (40 mg/kg), were studied. After a single drug 

administration, blood samples were collected at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 7 h and 24 h 

(n = 3). Each mouse was bled at two consecutive time points via retro – orbital bleeding and 

cardiac puncture, respectively, and ethylenediaminetetraacetic acid (EDTA) was used as the 

anticoagulant. Whole blood samples were centrifuged, and the plasma that resulted was treated 

with acetonitrile to precipitate the plasma proteins. After an additional centrifugation step, the 

supernatant was collected for LC-MS/MS analysis. The plasma concentration of PT119 from 

each administration route was calculated and analyzed using PK analysis software WinNonlin 

(NCA model). The bioavailability of sc administration was determined after dosing 

normalization. 
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Biodistribution of [
11

C]-PT119 

The in vivo biodistribution of [
11

C]PT119 was determined in healthy mice and in both systemic 

infection and thigh infection models. In brief, mice were anesthetized using isoflurane and 

stabilized in a mouse restrainer. Approximately 100 µCi of [
11

C]PT119 in 50 – 200 µl 

ethanol/saline (1/3, v/v) was administered using the lateral tail vein. Treated mice were returned 

to their home cages, allowed to recover from anesthesia and were free to move during the uptake 

period. Mice were euthanized by cervical dislocation at different time points. In the systemic 

infection group, infected mice as well as healthy control mice were sacrificed at 20 min, 40 min 

and 60 min. The carcasses were dissected immediately and organs of interest (spleen, lung, liver 

and kidney) were harvested. Blood samples were collected by cardiac puncture. Tissue or blood 

samples were transferred into glass vials, weighed and counted using a well counter (Picker, 

Cleveland, OH). In the thigh infection group, infected mice and healthy control mice were 

euthanized at 15 min, 30 min, 45 min and 60 min. Muscle tissue from both thighs, as well as 

blood, were collected, weighed and counted. Radioactivity values are given as the percentage of 

total injection dose/g (%ID/g) and are expressed as the mean ± standard deviation (SD, n=3). 
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Results 

Radiosynthesis of [
11

C]PT119 

The radiosynthesis of [
11

C]PT119 was accomplished by a one-step tetrakis (triphenylphoshpine) 

palladium (0) catalyzed cyanation (scheme 3.2). This method was adapted from the previously 

reported radiolabeling of an aromatic ring with [
11

C]HCN(184), and involved reaction with 

[
11

C]HCN in DMSO for 5 min at 135 °C. The reaction mixture was subsequently purified by 

HPLC and fractions from HPLC were concentrated in vacuo to generate the dry product. 

Analytical HPLC and TLC demonstrated that the product was over 98% radiochemically pure 

with a specific activity of 0.5 – 0.8 Ci/μmol at the end of cyclotron bombardment (EOB). The 

total synthesis time was 50 min.  

 

Uptake of [
11

C]PT119 in S. aureus cells  

The results of the S. aureus uptake studies is presented in Figure 3.2. The radioactivity 

associated with the cells decreased for [
11

C]PT119 and increased for [
18

F]FDG. In the 

competition group, no clear difference was observed for PT119 between with and without cold 

PT119 while binding of [
18

F]FDG decreased significantly after competition with D-glucose. The 

reason for the decrease of  [
11

C]PT119 binding could be intracellular metabolism. The binding of 

[
11

C]PT119 did not change significantly, probably because the binding sites were not saturated 

by the cold compounds. 
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The results suggest that both PT119 and FDG are taken up by S. aureus cell. However, we could 

not conclude decisively from this preliminary data whether the activity was intracellular or not. 

We speculated that the compound may have penetrated the cell membrane, for the fact that the 

washing of the cells did not remove the remaining radioactivity. 

 

 

Figure 3. 2 [
11

C]PT119 and [
18

F]FDG uptake of S. aureus cells, experimental group (blue) 

and competition group (red). 

15

20

25

30

35

40

45

0 50 100 150

B
in

d
in

g
 (

%
ra

d
io

a
c
ti
v
it
y
) 

Time (min) 

[11C]PT119 uptake 

0

0.5

1

1.5

2

2.5

3

3.5

0 50 100 150

B
in

d
in

g
 (

%
ra

d
io

a
c
ti
v
it
y
) 

Time (min) 

[18F]FDG uptake 



 

70 
 

Validation of S. aureus thigh infection model for PET imaging 

Mouse muscle thigh infection model is a standard preclinical model for both PD effects 

evaluation of drug candidates and  nuclear imaging studies for identifying bacterial infection 

tracer. In a previous study, Welling et al reported that T/NT ratio (infected thigh/uninfected 

thigh) of [
18

F]FDG in S. aureus mice thigh infection model is 2.3 – 2.6 (185). However, we did 

not observe accumulated [
18

F]FDG in the infected thigh when we first tried this animal model as 

shown in Figure 3.3a. We hypothesized that the bacteria burden is too high and the resulted 

necrosis has blocked the blood flow into the infected thigh. Therefore, we decreased the bacteria 

burden for inoculation to 10
7 
CFU. As a result, [

18
F]FDG accumulated in the left thigh (the 

infected one) as shown in Figure 3.3b. Furthermore, we did a quantitative analysis by counting 

radioactivity in the thighs (Figure 3.4 and Table 3.1), the results showed that the thigh infection 

model has been validated with a maximum T/NT ratio 1.28 at 20 min after administration of 

[
18

F]FDG (p < 0.005). 

 

 

 

 

 



 

71 
 

  

Figure 3. 3 [
18

F]FDG imaging of S. aureus thigh infecion model (slice, not projection, 

summed from 0-120 min). 

In Figure 3.3a, [
18

F]FDG did not accumulate in the infected thigh because of excess 

inflammation and limited blood flow; In Figure 3.3 b, [
18

F]FDG accumulated in the infected 

thigh after the inoculation load of bacteria decreased to 10
7
 CFU. 

 

 

Figure 3. 4 Quantitative analysis of T/NT ratio (infected/uninfected) for [
18

F]FDG in S. 

aureus thigh infected model. 
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Table 3. 1 Quantitative analysis of T/NT (infected/uninfected) ratio for [
18

F]FDG in S. 

aureus thigh infected model. 

Time (min) Ratio 

10 0.69 ± 0.02 

20 1.28 ± 0.09 

40 1.08 ± 0.28 

60 1.03 ± 0.16 

 

 

Biodistribution of [
11

C]PT119 in thigh infected mice 

In the S. aureus thigh infection model, the distribution patterns of [
11

C]PT119 in the infected 

thigh, healthy thigh and blood were found to be similar (Figure 3.5 and Table 3.2). There was 

no significant difference between infected thigh and healthy thigh, which suggests that S. aureus 

infection does not change the biodistribution of PT119. The distribution of [
11

C]PT119 between 

the thighs and serum was also similar, indicating rapid equilibriation of PT119 between these 

two compartments. 
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Table 3. 2 Biodistribution in thigh infection model. 

 Healthy thigh Infected thigh Blood 

15 min 0.98 ± 0.21 0.89 ± 0.20 0.72 ± 0.13 

30 min 0.63 ± 0.13 0.54 ± 0.06 0.42 ± 0.04 

45 min 0.42 ± 0.03 0.38 ± 0.05 0.28 ± 0.07 

60 min 0. 33 ± 0.02 0.34 ± 0.03 0.26 ± 0.01 

Values given are [%ID/cc], n =3. 

 

 

Figure 3. 5 Biodistribution of [
11

C]PT119 in S. aureus thigh infection model. 
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Biodistribution of [
11

C]PT119 in systemic infected and healthy mice 

Peripheral organ drug distribution was determined in healthy mice and those with systemic S. 

aureus infection (Figure 3.6 and Table 3.3). Again, no significant difference in drug 

concentration was observed between infected tissues and healthy tissues. For all tissues 

measured, the highest concentration of drug was measured at 20 min after injection and 

decreased at later times.  

Table 3. 3 Biodistribution in systemic infection model 

Healthy control: 

 Spleen Lung Liver Kidney Blood 

20 min 0.67 ± 0.12 3.19 ± 0.13 11.79 ± 1.09 2.22 ± 0.19 0.64 ± 0.08 

40 min 0.37 ± 0.03 1.75 ± 0.13 9.69 ± 1.40 1.41 ± 0.09 0.41 ± 0.07 

60 min 0.19 ± 0.01 1.32 ± 0.13 6.91 ± 1.60 0.93 ± 0.06 0.34 ± 0.03 

Values given are [%ID/cc], n = 3. 

 

Systemic infected: 

 Spleen Lung Liver Kidney Blood 

20 min 0.71 ± 0.05 3.28 ± 0.31 11.18 ± 0.89 2.41 ± 0.08 0.67 ± 0.09 

40 min 0.30 ± 0.10  1.78 ± 0.69 5.25 ± 1.69 1.15 ± 0.14  0.38 ± 0.14 

60 min 0.31 ± 0.03 2.01 ± 0.08 7.31 ± 1.76 1.13 ± 0.07 0.44 ± 0.01 

Values given are [%ID/cc], n = 3. 
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Figure 3. 6 Biodistribution of [
11

C]PT119 in S. aureus systemic infection model. 

 

PT119 has efficacy in the S. aureus infected mice    

The efficacy of PT119 was evaluated in both the S. aureus thigh muscle infection model and the 

systemic infection model. In the thigh infection model, a single dose of PT119 was delivered sc 1 

h post infection. Then the muscle from the infected thigh was collected to enumerate bacterial 

load 24 hours post infection. Untreated mice generally displayed 10
9
 CFU in infected thigh 24 

hours post infection. PT119 significantly reduced bacterial growth to 10
7
 CFU (40mg/kg; Figure 

3.7) and 10
6
 CFU (100 mg/kg; Figure 3.7). In the S. aureus systemic model, animals in the 

infection model were treated with PT119 for three consecutive days, starting from the day of 

infection and then monitored for four additional days. In general, our experiments showed that 
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all treated animals survived longer than untreated control animals, indicating that PT119 has 

antibacterial activity and is able to reduce the bacterial load. Untreated control mice had 0% 

survival rate with a median survival of 1 day, whereas treatment with 100 mg/kg PT119 

delivered sc resulted in a 50% median survival. 
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* P<0.01, ** P<0.001 

 

Figure 3.7a. In vivo efficacy in thigh infected model. 

 

 

 

 

 

Figure 3.7b. In vivo efficacy in systemic infected model. 

Figure 3. 7 In vivo efficacy of PT119 in two different models. 
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PK and subcutaneous bioavailability of PT119 

The pharmacokinetic parameters that were determined included AUC, Cmax, Tmax, F 

(bioavailability) and t1/2 for PT119 following dosing at 10 mg/kg iv and 40 mg/kg sc (Figure 3.6 

and Table 3.4). The AUC of PT119, which evaluates drug exposure, was 0.64 or 1.77 h*μg/mL 

when delivered iv at 10 mg/kg or sc 40 mg/kg, respectively. Delivery of PT119 at 10 mg/kg iv 

resulted in a Cmax value of 0.84 μg/mL with a Tmax of 0.08 h, whereas a 40 mg/kg dose delivered 

sc yielded a Cmax value of 0.28 μg/mL with a Tmax of 4 h.  The bioavailability (F) of PT119 was 

assessed to determine the fraction of the dose reaching the systemic circulation after 

administration. PT119 delivered sc at 40 mg/kg had an F value of 69% (Table 3.4).  
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Table 3. 4 In vivo pharmacokinetic parameters for PT119 delivered iv and sc 

Route and dose iv 10 mg/kg sc 40 mg/kg 

Vss (mL) 475.6  

VZ (mL) 704.1  

CL(mL/h) 438.8  

MRT* (h) 0.65 6.47 

t1/2 (h) 1.01 6.17 

Cmax (μg/mL) 0.84 0.28 

Tmax (h) 0.08 4 

AUC0-∞ (h*μg/mL) 0.64 1.77 

AUC (h*μg/mL)/MIC (μg/mL) 1.28 3.54 

Bioavailability F(0, ∞) (%)  69 

*MRT, mean residence time 
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Figure 3. 8 Bioavailability and in vivo pharmacokinetics of PT119. 
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Discussion 

The type II fatty acid biosynthesis pathway (FASII) is a promising target for novel antibacterial 

drug discovery (177, 186) and, using structure-based design, we have developed a series of 

diphenyl ethers that are potent FASII FabI enzyme inhibitors. Importantly, the activity of the 

FabI inhibitors against several bacterial pathogens confirms that this enzyme is a sensitive target 

for the development of broad-spectrum chemotherapeutics (159, 160, 187), and led to the 

discovery of PT119. Here, we extended our studies on PT119 and developed a radiolabelling 

method using the PET isotope carbon-11 to determine the biodistribution and pharmacokinetics 

parameters of this compound. The use of carbon-11 labeling enables the biodistribution of PT119 

to be determined without altering the structure of the parent compound. However, the short half-

life of carbon-11 (20.4 min) not only makes labelling challenging, but also limits the time 

window for monitoring drug distribution after administration. In this study, radiosynthesis and 

formulation of [
11

C]PT119 has been accomplished in 1 h using [
11

C]HCN, enabling at least one 

additional hour for determining the biodistribution of this compound. 

 

The use of PET imaging to study PK has many advantages over other conventional techniques 

(166, 188). Although in this study drug concentrations in tissues are determined by radioactivity 

measured in excised tissues (ex vivo), the method can be easily be translated to larger species 

including human subjects, where multiple measurements in the same subject at different times 

and in a variety of physiologic or pathologic states would be feasible. Another major benefit of 

PET imaging is that it is a quantitative measurement. Besides the translational potential and 

quantitative potential, PET can also be used to determine target engagement in human subjects if 

specific binding of a radiotracer is observed. It is important to determine target engagement 
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because the pharmacological validation of drug action requires verification that chemical probes 

engage their intended targets in vivo (129). 

 

The parent drug of PT119, triclosan, is an antibacterial agent that has been used worldwide in 

medical and consumer products for more than 20 years (189, 190). Despite the almost ubiquitous 

occurrence of the substance, PK studies are sparse (191). In a previous study of orally ingested 

triclosan in humans, the drug appears to be readily absorbed from the gastrointestinal tract and 

has a rapid turnover. However the high lipophilicity of the drug gives rise to questions regarding 

distribution properties and accumulation (192). We previously reported the PK and in vivo 

efficacy against Francisella tularensis of PT04, an analog of PT119 (169). Like PT04, which 

successfully cleared infection in an F. tularensis murine model (169), PT119 also decreased 

bacterial load in S. aureus murine model (Fig. 4). However, this study is the first to measure the 

tissue distribution of triclosan derivatives to our knowledge. The antibacterial efficacy of the 

saFabI inhibitor AFN-1252 (Affinium Pharmaceuticals, Toronto, ON, Canada) is reported to be 

driven by AUC/MIC rather than Time>MIC [34]. We would expect the same PD parameter to 

predict PT119 efficacy because both compounds have similar modes of action, and it is 

interesting to note that the AUC/MIC value for PT119 at 40 m/kg is only 3.5 despite the fact that 

this dose of PT119 reduces CFUs by 2 logs in the thigh infection model (AUC/MIC value for 

AFN-1252 at 30 mg/kg is 20 (193)). Since the PET studies suggest that PT119 has similar blood 

and tissue concentrations, we speculate that the in vivo efficacy of this compound results partly 

from the long half time of the saFabI:PT119 drug-target complex (tR 750 min). 
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A more detailed understanding of the relationship between PK of antimicrobial drugs and their 

action on target pathogens (PD) has led to greater sophistication in design of dosage schedules 

which improves the activity and reduce the selection pressure for resistance in antimicrobial 

therapy. This, in turn, may be informative in the pharmaceutical development of antimicrobial 

drugs (194). Like most antibacterial agents, PT119 requires transport to the site of infection and 

interaction with the pathogen. As a result, determining the drug concentration at the site of action 

is a more accurate approach to determining PD relationships than plasma drug concentration 

(195). This study presents a promising model to evaluate PK/PD relationships based on target 

tissue concentrations.  

 

It has been reported that [
18

F]FDG accumulated in S. aureus infected thigh muscles to a level 2.3 

– 2.6 times greater than in the healthy thigh (185). However, [
18

F]FDG is a non-specific marker 

of glycolytic activity that relies upon a host inflammatory response and cannot discriminate 

sterile inflammation from infection (196). By targeting intracellular pathogen enzymes rather 

than the inflammatory response of the host, radiolabelled drugs especially those with significant 

drug-target lifetime and quick clearance, are promising candidates for probes to detect and 

localize bacteria. We have previously demonstrated that PT119 has a significant residence time 

of 750 min on saFabI (182). Since the half-life of 
11

C is only 20.4 min, using a longer-lived PET 

isotope, such as 
18

F (half-life 109.8 min) or 
124

I (half-life 4.2 days), could potentially be used to 

achieve the goal though this would be a different drug molecule and the similarity in their 

properties would need to be determined. In addition, increasing the interval between tracer 

administration and imaging could further increase signal-to-background ratio by allowing the 

washout of the background PET signal in future investigation. 
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Conclusions 

In summary, a novel time-dependent saFabI inhibitor, PT119, with optimal drug-target 

interactions, long residence time and promising MIC, has been labeled with the positron 

emission isotope carbon-11. [
11

C]PT119 was synthesized using one-step cyanation, purified and 

formulated within 1 h, with >98% radiochemical purity. Synthesis of this compound allows for 

analysis of the biodistribution of the labeled drug in mice using PET. The studies demonstrated 

that there is rapid accumulation of drug and/or its labeled metabolites in tissues, but that there is 

no significant difference in distribution between infected animals and healthy animals during the 

~ 1h time course of the drug biodistribution following administration. Studies in mice also 

demonstrated that PT119 was able to decrease bacterial load in both the thigh muscle infection 

model and systemic infection model.  These studies provide an opportunity to review the 

pharmacokinetics of this new drug in two different S. aureus infected mice models which will 

aid in further optimization of this inhibitor series and will ultimately provide a more accurate 

approach to determine PK/PDs relationships than plasma drug concentration. These results also 

indicate that future PET studies in human subjects will yield valuable insights into the clinical 

application of this drug or other similar drugs, and also set the scene for imaging the distribution 

of the pathogen in vivo. 
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Chapter 4  Noninvasive Imaging of 5-[
18

F]-Pyrazinamide in  Mycobacterium 

tuberculosis-infected Mice Using Positron Emission Tomography 

 

Infected animal experiments were conducted in collaboration with Dr. Sanjay Jain and 

his team in Johns Hopkins University. 

 

Introduction 

Tuberculosis (TB) is one of the world’s most lethal infectious diseases. In 2011, nearly 9 

million people fell ill from TB and 1.4 million died (64). World health Organization 

(WHO) has estimated that one-third of the world’s population is infected with this 

pathogen, and many of them develop reactivation disease, sometimes decades after the 

initial infection (197, 198). HIV/AIDS infection, multidrug resistant TB (MDR-TB), and 

extensively drug resistant TB (XDR-TB) have made the problem more complex (146).  

 

While many bacterial infections are treated using a 1-2 week course of monotherapy, the 

treatment of TB requires the use of multiple antibiotics over a 6-9 month period, 

dramatically increasing the risk of noncompliance and enhancing the emergence of 

resistance (199). Current active TB is treated with first-line drugs, isoniazid (INH), 

rifampin (RIF), pyrazinamide (PZA), and ethambutol (ETB). This current regime has 

been used for decades and is primarily based on pharmacokinetics (PK) studies in serum 

combined with historical data on the efficacy (200, 201). Nevertheless, a growing number 

of studies support the importance of monitoring drug concentrations in infected tissues 



 

87 
 

(106, 113, 202). This is because most drugs exert their bactericidal effects at the site of 

infection than in the plasma and because drug equilibration between plasma and infection 

site cannot always be achieved (106, 113). Failure to reach optimal drug concentration at 

the site of infection may result in therapeutic failure and trigger bacterial resistance (113). 

In severely ill patients, normal physiology may be compromised, thus elevating the risk 

of renal and hepatic toxicity (203). Therefore, the Food and Drug Administration (FDA) 

now requires clinical studies of tissue drug distribution at uninfected and infected sites 

(113). Positron emission tomography (PET), which images drug and other molecules 

labeled with positron-emitting isotopes, provides a method of acquiring quantitative 

information on the dynamics of drug absorption, distribution, and elimination in a living 

animal or human. In addition, this methodology developed for imaging drug distribution 

in laboratory animals using PET can be readily translated to humans (115). Our group has 

reported a pioneering study in the field, using positron emission isotope carbon-11 to 

radiolabel first line TB drugs (INH, PZA, RIF) and to determine multiple tissue organ PK 

noninvasively in healthy baboon by PET (184). Two years later, we extended our work to 

determine PK in M. tuberculosis-mice using a fluorine-18 analog of INH, in collaboration 

with Dr. Sanjay Jain in Johns Hopkins University (204).   

 

PZA is another first-line TB drug used in combination with INH, ETB, and RIF for the 

drug-susceptible TB and frequently for multidrug-resistant TB (64, 205). Novel highly 

effective TB regimens still require PZA to be effective (206). PZA shortens TB treatment 

from the 9 to 12 months required before its introduction to the current standard of 6 

months, often referred to as a short course chemotherapy (207). Thus, PZA has important 
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therapeutic effect in current TB-regimen for the treatment of drug-sensitive, drug-

resistant, and latent TB.  

 

Despite its importance in clinic setting, the mechanism of PZA is poorly understood 

(208). The disconnect of poor in vitro activity and good in vivo sterilizing property 

remains an unsolved problem (209). Structurally, PZA is an analog of nicotinamide 

(NAM), requires amide hydrolysis by mycobacterial pyrazinamidase (PZase, a 

nicotinamidase) to pyrazinoic acid (POA) (210). Mutation in the pncA gene encoding the 

PZase is the major mechanism for PZA resistance in M. tuberculosis (211, 212). POA 

acts against M. tuberculosis, but the exact biochemical basis of action has not been fully 

established. It has been hypothesized that POA either disrupts M. tuberculosis membrane 

transport and energetics, or inhibits fatty acid synthase I (208, 213, 214).  

 

Extensive medicinal chemistry studies have been conducted on pyrazinamide. Among all 

the structural derivatives of PZA, 5-chloro-pyrazinamide (5-Cl-PZA) is the one most well 

studied. Unlike PZA, 5-Cl-PZA is active against mycobacterial species including PZA-

resistant strains of M. tuberculosis, and is only weakly converted by PZase (215). 

However, it lacks in vivo sterilizing activity in M. tuberculosis and M. bovis infected 

mice (216). 
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Here we present the synthesis of a PZA analog, 5-fluoro-pyrazinamide (5-F-PZA), and its 

corresponding radiolabelling route using fluorine-18. The 5-[
18

F]-PZA is used in PET 

imaging study in M. tuberculosis infected mice in order to provide more direct insight 

into the PK and biodistribution of the drug. Furthermore, we also explore the potential 

application of using 5-[
18

F]-PZA to detect bacteria because of its unique pathogen-

specific metabolism. 
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Results 

Chemistry 

The original proposed synthesis route for 5-F-PZA was presented in Scheme 4.1. In this 

two-step synthesis route, nucleophilic fluorination on the halogen precursor is followed 

by hydrolysis of cyano group to amide group based on the following rationales: (1) cyano 

group is a strong electron withdrawing group which can aid the nucleophilic fluorination 

reaction; (2) the reactivity of amide might interfere with the fluorination reaction, thus 

starting with a cyano group which can be hydrolyzed into amide subsequently. In reality, 

we successfully fluorinated the starting material by using potassium fluoride and phase-

transfer-catalyst tetrabutylammonium bromide (217). However, the hydrolysis failed due 

to the fact that fluorine on the para position is activated and not tolerable to various 

hydrolysis conditions (218, 219).  

 

Scheme 4. 1 Original proposed 2-step synthesis route for 5-F-PZA 
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Then we explored a one-step synthesis route for non-radioactive 5-F-PZA (Scheme 4.2). 

5-Cl-PZA, an important PZA analog with increased in vitro activity against M. 

tuberculosis, also commercial available as starting material here, is fluorinated with 

potassium fluoride and phase-transfer-catalyst tetrabutylammonium bromide (217). Other 

fluorination methods such as hydrogen fluoride and tetrabutylammonium fluoride prove 

not working for the purpose here. The compound 2 is characterized by GC-EI Mass: 

Calculated m/z for Molecular Ion C5H4FN3O (M
•+

): m/z=141, and 141 was found. 
1
H 

NMR (400 MHz, CDCl3 and CD3OD): δ 9.00 (s, 1H), δ 8.36 (d, J=7.8 Hz, 1H).  
19

F 

NMR (400 MHz, CDCl3 and CD3OD): δ 75.17 (d, J=7.3 Hz). 
13

C NMR (500 MHz, 

CDCl3 and CD3OD): δ 164.72 (s, 1’-C), δ 161.56 (d, J= 256.5 Hz, 5’-C), δ 142.41 (d, J= 

12.8 Hz, 3’-C), δ 142.27  (d, 2’-C) δ 131.78 (d, J=38.7 Hz, 6’-C). 

  

 

Scheme 4. 2 Synthesis of 5-F-PZA 

 

Characterization of 5-F-PZA 

As discussed before, PZA is a prodrug which will be converted into pyrazinoic acid 

(POA) upon deamination by pyrazinamidae (PZase) (210). The susceptibility of PZA to 

M. tuberculosis but not other mycobacteria is based on the presence of an active PZase 

and a deficiency in POA efflux (210, 220). An assay was developed by Wayne et al to 
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detect PZase activity by monitoring the color change upon the hydrolysis of PZA to POA 

(221). In this study, a modified Wayne PZase assay was used to evaluate 5-F-PZA and 

compare the result to PZA and 5-Cl-PZA (222). A PZA-susceptible strain M. tuberculosis 

H37Rv is used as positive control, while PZA resistant strain and BCG strain are used as 

negative control (Figure 4.1A). In the test group of 5-Cl-PZA, it is only weakly 

converted into corresponding carboxylic acid by not only H37Rv strain but also PZA 

resistant strain,  as shown in Figure 4.1B. In the test group of 5-F-PZA, it cannot be 

converted into the corresponding carboxylic acid by all the mycobacteria strains tested 

(Figure 4.1C). 

 

 

 

 

(A) PZA is converted into POA when tested with the M. tuberculosis 

H37Rv, but not with BCG and PZA-resistant strain. 
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(B) 5-Cl-PZA is weakly converted into 5-Cl-POA when tested with 

both M. tuberculosis H37Rv and PZA resistant strain, but with 

BCG. 

 

 

(C) 5-F-PZA is not converted into 5-F-POA when tested with M. 

tuberculosis H37Rv, PZA resistant strain, and BCG. 

 

Figure 4. 1 Wayne’s Modified Pyrazinamidase Assay.  

PZase activity was measured using a whole-cell Fe(II)-dependent colorimetric assay 

modified from that of Wayne (221). 
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Radiochemistry 

The radiosynthesis of 5-[
18

F]-PZA was accomplished using the one-step classical 

nucleophilic substitution to a chlorine leaving group (scheme 4.3). The average 

radiochemical yield of the reaction is 30% (non-decay corrected) using 2 mg precursor 

and a reaction time of 5 min in DMSO at 100 °C. The reaction mixture was subsequently 

purified by HPLC and fractions from HPLC were concentrated in vacuo to generate dry 

product. The final product was formulated in saline with a trace of sterilized ethanol. The 

specific activity of 5-[
18

F]-PZA is 0.074 Ci/μmol at the time of delivery to animals. The 

decay-corrected yield is 50%, and the purity is >95%, determined by HPLC.  The 

formation of 5-[
18

F]-PZA is confirmed with both analytical and semi-prep HPLC 

chromatography shown in Figure 4.2. 

 

 

Scheme 4. 3 Radiosynthesis of 5-[
18

F]-PZA 
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Figure 4. 2 Analytical and semi-preparation HPLC chromatography of 5-

[
18

F]fluoropyrazinamide. 

(A) Analytical HPLC spectrum. The left panel is the time course of UV signal. The 

right panel is the time course of radioactivity. (B) Semi-preparation HPLC spectrum. 

The left panel is the time course of UV signal. The right panel is the time course of 

radioactivity. 

 

PET Imaging 

The radiotracer 5-[
18

F]-PZA was prepared at Johns Hopkins University with a specific 

activity of 0.074 Ci/μmol at the time of delivery to the animal, and imaged using positron 

emission tomography (PET) followed by computed tomography (CT) scan in M. 

tuberculosis infected mice in collaboration with Dr. Jain’s lab.   

Imaging experiments were performed in C3HeB/FeJ mice for their intrinsic ability to 

form localized and well-defined TB lesions with central necrosis and hypoxia (223, 224). 

Mice were imaged 17-weeks after a low-dose aerosol infection. Pulmonary bacterial 
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burden was 6.7 ± 0.3 log10 CFU at the time of imaging. Coregistered 5-[
18

F]-PZA-

PET/CT images are shown in Figure 4.3. Discrete foci of 5-[
18

F]-PZA-PET activity 

colocalizing with the TB lesions (as seen on CT) were noted in the lung fields of the 

infected mouse, suggesting that 5-[
18

F]-PZA and/or its radiolabeled metabolite penetrated 

and concentrated at the site of TB lesions. High uptake in bone in both infected and 

uninfected animals were observed, suggesting either the presence of free radioactive 

fluoride or that 5-[
18

F]-PZA and or/its radioactive metabolites accumulate in bone.  

 

 

 

Figure 4. 3 5-[
18

F]-PZA in M. tuberculosis infected mouse 30 min post injection. 

Images were slices from mice at 30 min, not summed images. The arrow indicates the 

position of lung. 
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[
18

F]NaF PET/CT imaging was conducted to compare with 5-[
18

F]-PZA-PET/CT. 

Coregistered [
18

F]NaF PET/CT images were shown in Figure 4.4. Diffuse [
18

F]NaF PET 

activity was noted in the bone area including skull and also lung fields. 

   

Figure 4. 4 [
18

F]NaF in M. tuberculosis infected mouse 30 min post-injection. Images 

were slices from mice at 30 min, not summed images. The arrow indicates the position of 

lung. 

 

Organ compartment pharmacokinetics of 5-[
18

F]-PZA 

We performed additional quantitative analyses to evaluate the differences in 5-[
18

F]-PZA-

PET signal between M. tuberculosis-infected and uninfected mice. Following 

simultaneous 5-[
18

F]-PZA injections into paired infected and uninfected C3HeB/FeJ 

mice, we performed dynamic PET acquisitions overtime. As shown in Figure 4.5, there 

Lung 
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Head 
Head 

Spine 
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was more 5-[
18

F]-PZA and/or its radioactive metabolite PET activity in the lung fields of 

the infected mice than in uninfected mice. 

 

Figure 4. 5 Lung compartment pharmacokinetics of 5-[
18

F]-PZA.   

Infected group has 3 animals, uninfected group has 1 animal. SUV stands for 

standardized uptake value. 

 

Ex vivo biodistribution 

Mice were sacrificed after PET/CT scans for tissue biodistribution determination. As 

shown in Figure 4.6, the radioactivity in lung and brain of infected mice is much higher 

than uninfected mouse. Because the mice were sacrificed 80 min (60 min PET + 20 min 

CT) after injection, one the possible explanation for the higher signal-to-background ratio 

is that the background signal has been washed away. 
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Figure 4. 6 Ex vivo tissue biodistribution of 5-[
18

F]-PZA in M. tuberculosis infected 

and uninfected mice.  

Infected group has 3 animals, uninfected group has 1 animal. SUV stands for 

standardized uptake value. 

 

 

Microsomal Stability Assay 

Mice microsomal stability assay was performed to evaluate the metabolic stability of 5-F-

PZA. As shown in table 1, 87.3% of 5-F-PZA remains intact after incubating with mice 

microsomes for 40 min (Table 4.1, Figure 4.7). 
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Table 4. 1 Metabolic stability of 5-F-PZA in mouse liver microsomes. 

Incubation 

Time   (min) 

Area ratio 

Sample 01 

Area ratio 

Sample 02 

Average %Remaining 

0.0 0.9080 0.8700 0.889 100 

5.0 0.8470 0.8660 0.857 96.3 

10.0 0.8400 0.8480 0.844 94.9 

20.0 0.8340 0.8590 0.847 95.2 

40.0 0.7990 0.7530 0.776 87.3 

 

 

 

Figure 4. 7 Metabolic stability of 5-F-PZA in mouse liver microsomes. 
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Discussions 

PZA has been playing an important role in TB therapy since its introduction. The fact that 

PZA was considerably more active in vitro at acidic pH gave rise to the idea that the drug 

targets a subpopulation of TB bacteria that are dormant and residing in an acidified niche 

(225). Despite the ongoing argument on molecular target of PZA or POA (226-228), PZA 

continues to show its importance in combinational therapy. For example, PZA works 

synergistically with newly approved TB drug TMC207 (229). Dartois et al recently 

reported that vascular supply of host-derived (in addition to PZase converted) POA may 

contribute to the in vivo efficacy of PZA, therefore reducing the apparent discrepancy 

between in vitro and in vivo activity (230). Like most antimicrobial agents, PZA requires 

transport to the site of infection to be able to interact with the pathogen. Therefore, drug 

concentration at infection site is a more useful parameter to correlate with PD than serum 

drug concentration (195). Matrix-assisted laser desorption ionization (MALDI) mass 

spectrometry has the power to detect drugs within TB granulomas (121), but has to be 

performed in ex-vivo tissue samples. Clinical dialysis is another tool for continuous 

monitoring of drug concentration (231), but the technique requires precise anatomic 

knowledge of the lesion location for probe insertion. Here we present the utilization of 

PET imaging to generate in situ PK non-invasively in live animal and potentially to 

detect bacterial infection. The method can also be easily translated to healthy volunteers 

and patients.   
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Our data shows that 5-Cl-PZA is only weakly converted to its corresponding carboxylic 

acid (5-Cl-POA), but it is also subject to weak deamination by PZA-resistant strain and 

BCG strain. Taken together the fact that 5-Cl-PZA has much wider range of in vitro 

activity compared to PZA, it is likely that halogen substituted PZA present a different 

mechanism of action than its parent compound (232). In the case of 5-F-PZA, none of the 

tested mycobacteria species is able to convert it into its corresponding carboxylic acid (5-

F-POA).  

 

The 5-[
18

F]-PZA PET activity in infected mice correlates with TB lesions and is higher 

than in uninfected mouse. However, the 5-[
18

F]-PZA PET images resemble [
18

F]NaF-

PET images, rising the argument that the signal might be from free [
18

F] fluoride which is 

known to be a skeletal imaging reagent since 1962 (233). The metabolic stability of 5-F-

PZA has been evaluated and reveals that the compound is stable when incubated with 

mouse liver microsomes. It is common in PET imaging using isotope fluorine 18 that 

even a small percentage of defluorination can cause significant bone uptake due to its 

high sensitivity (234). Taking a close comparison between brain region of 5-[
18

F]-PZA 

and [
18

F]NaF PET, one can observe that PET activity accumulates in the brain in 5-[
18

F]-

PZA while in the skull in the case of [
18

F]NaF PET, which is consistent with the previous 

report that PZA’s ability to penetrate brain-blood-barrier (184) and the distribution 

pattern of [
18

F]fluoride. Alternatively, different labeling positions could be employed to 

increase the metabolic stability and thusly minimize or eliminate defluorination in vivo. 

Taken together, these data suggest that 5-[
18

F]-PZA accumulated in infected tissue due to 

pathogen-specific metabolism, therefore can be used as a promising probe candidate to 
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detect pathogen distribution in vivo. In addition, as a PK probe of PZA, the distribution 

data also offers explanation for the discrepancy between in vitro and in vivo activity, that 

the drug is accumulated in infected tissue. 

 

Another interesting discovery from our data is that the signal-to-background ratio is 

increasing over time, suggesting tracer specific retention and clearance of background 

signal. Since the half-life of fluorine-18 is 109.8 min, using a longer-lived PET isotope, 

such as iodine-124 (half-live 4.2 days), could potentially be used to achieve the goal. In 

addition, increasing the interval between tracer administration and imaging could further 

increase signal-to-background ratio by allowing the washout of the background PET 

signal in future investigation. 
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Conclusions 

In summary, we have developed a radiosynthesis route for 5-[
18

F]-PZA, a fluorinated 

analog of front-line TB drug PZA, as an imaging probe for determining PK in M. 

tuberculosis infected-mice using PET. The biodistribution and multicompartment 

pharmacokinetics of the labeled drug has been evaluated. Furthermore, metabolic 

stability of the tracer is determined using mouse liver microsomes to improve our 

understanding of the tracer’s fate in vivo. The data suggests 5-[
18

F]-PZA as a promising 

imaging probe with room to improve regarding in vivo stability and employing longer-

lived isotope. This methodology is rapid, non-invasive, and most importantly, can be 

readily translated to clinical settings.  
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Experimental Section 

Synthesis of Reference 5-Fluoropyrazinamide (2) 

5-Chloropyrazinamide (1, 50 mg, 0.3173 mmol), potassium fluoride (110.43 mg, 1.90 

mmol) and tetrabutylammonium bromide (20.46 mg, 0.064 mmol) were added to a 10ml 

RBF and put under vacuum for 1 hour to dry. After filling the RBF with N2, 10ml dry 

DMSO stored over molecular sieves were added into the RBF. The reaction mixture was 

heated to 110 
o 
C and reflux for 30 min under the protection of N2. TLC was used to 

confirm the completion of the reaction. After the reaction mixture cooled down to room 

temperature, it was extracted with iced water and ethyl acetate. The organic layer was 

dried with MgSO4. Then the dried organic layer was distilled under vacuum to give crude 

products. Silica gel column was used to purify the crude compound 2.  

 

GC-EI Mass: Calculated m/z for Molecular Ion(M
•+

): m/z=141, and 141 was found. 
1
H 

NMR (400 MHz, CDCl3 and CD3OD): δ 9.00 (s, 1H), δ 8.36 (d, J=7.8 Hz, 1H).  
19

F 

NMR (400 MHz, CDCl3 and CD3OD): δ 75.17 (d, J=7.3 Hz). 
13

C NMR (500 MHz, 

CDCl3 and CD3OD): δ 164.72 (s, 1’-C), δ 161.56 (d, J= 256.5 Hz, 5’-C), δ 142.41 (d, J= 

12.8 Hz, 3’-C), δ 142.27  (d, 2’-C) δ 131.78 (d, J=38.7 Hz, 6’-C). 

 

PZase assay 

The modified Wayne’s PZase assay was conducted as described before (221), with 

slightly modifications (222). Briefly, 7H9 broth base was dissolved in water, to which 2 

mL glycerol, PZA (or other tested compound) at a final concentration of 400 μg/mL, and 
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1.5% agarose were added. Four – mL aliquots of this melted agar were distributed in 

glass tubes and autoclaved. After the agar plate is prepared, actively growing culture was 

carefully inoculated and incubated at 37 °C for 4 days. 1 mL ferrous ammonium sulfate 

(1%) was added to each tube after incubation and observed for an initial 4 h for the 

appearance of a pink band (positive). The PZA-susceptible strain M. tuberculosis H37Rv 

was used as positive control, and the PZA-resistant strain was used as negative control.  

 

Radiosynthesis of 5-[
18

F]F-pyrazinamide (3) 

The development of radiosynthesis was conducted at Dr. Fowler’s lab in Broohkaven 

National Laboratory. The radiosynthesis for imaging studies were performed at Dr. 

Pomper’s lab (Johns Hopkins Medical Center) with assistance of Dr. Ronnie Mease. 

Aqueous [
18

F]KF was eluted from the resin with 1 ml K2CO3 (1mg) in MeCN/H2O 

solution (900 μL/100 μL) into a Reacti-Vial preloaded with 5 mg Kryptofix 2.2.2.. The 

solution was azeotropically dried with additional aliquots of MeCN at 105 °C. 2mg of 1 

was dissolved in 300 μL DMSO and the whole solution was added to the Reacti-Vial. 

The sealed Reacti-Vial was heated at 105°C for 5 min before it was quenched by addition 

of 3 ml cold H2O. The mixture was loaded onto a semipreparative HPLC column 

(Phenomenex, Luna PFP 250 × 10, 5 μm) operated at a 5 ml/min flow rate with a mobile 

phase consisting of 8% MeCN/92% H2O. The product was collected at the expected 

retention time (10 min) and the solvent was removed by rotary evaporation. After dilution 

with 1-2 ml of saline, the solution was filtered through an Acrodisc 13 mm syringe filter 

equipped with a 0.2 μm Supor membrane (Pall Corporation, Ann Arbor, MI) into a sterile 
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vial. Radiochemical purity was determined by reverse-phase analytical HPLC using a 

Phenomenex, PFP, 250 × 4.6, 5 μm column operated at 1 ml/min flow rate using a mobile 

phase of 8% MeCN/92% H2O.  

 

Microsomal Stability Assay 

Test compound was weighed and dissolved in 100% DMSO to obtain 10 mM stock 

solution. The stock solution was diluted to 500 μM with mixture of methanol and H2O 

(1:1) . The final concentrations of DMSO and methanol were equal or less than 0.1%. 

Liver microsomes incubations were conducted in duplicate in 96 - well plates. Each well 

contained 40 μl of 0.1M potassium phosphate buffer (pH 7.4), 2.5 mM MgCl2, 0.625 

mg/ml mouse liver microsomes, and test compound (1.25 μM) or positive control. After 

5-min preincubation at 37 °C, 10 μl of 5.0 mM NADPH in 0.1M potassium phosphate 

buffer was added to initiate the enzymatic reaction. The final component concentrations 

are 0.1M potassium phosphate buffer (pH 7.4), 1.0 mM NADPH, 2.0 mM MgCl2, 0.5 

mg/ml mouse liver microsomes, and test compound (1.0 μM) or positive control (1.0 

μM). Reactions were terminated at various time points (0, 5, 10, 20, 40 min) by adding 

100 μl of ice-cold acetonitrile containing internal standard. A parallel incubation was 

performed using  0.1M potassium phosphate buffer (pH 7.4) instead of NADPH as the 

negative control, and reactions was terminated at 40 min after incubation at 37°C.  
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Animal Experiment 

Protocols were approved by the Johns Hopkins Biosafety, Radiation Safety and Animal 

Care and Use Committees. 

 

In vivo aerosol infection 

Five- to six-week-old female C3HeB/FeJ (Jackson Laboratory) mice were aerosol 

infected with frozen stocks of M. tuberculosis H37Rv, using the Middlebrook Inhalation 

Exposure System (Glas-Col). Three mice were sacrificed at 1 day and 17 weeks after 

infection to determine the number of bacilli implanted in the lungs and the bacillary 

burden at the time of imaging. The entire lungs were homogenized in PBS and plated 

onto Middlebrook 7H11 selective plates (Becton Dickinson). All plates were incubated at 

37 °C for 4 weeks before the colonies were counted. A separate group of identically 

infected mice were used for imaging studies. 

 

Bio-containment and anesthesia 

Live M. tuberculosis-infected animals were imaged within a sealed bio-containment bed 

(Minerve) modified in-house to be compliant with biosafety-3 containment. Two 0.22 μm 

60 mm disc VACU-GUARD (Whatman) filters were used in series at both the inlet and 

the outlet to contain the bacteria within the device. A standard small animal anesthesia 

machine was used to deliver a mixture of Isoflurane (Henry Schein) and oxygen during 

transport and imaging. Animals were anesthetized, a 30 gauge needle (BD Bioscience) 
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was attached to polyethylene-10 tubing (Braintree Scientific) was inserted into the lateral 

tail vein of each mouse as a catheter for tracer delivery. Animals were sealed inside the 

bio-containment device in the biosafety level 3 facility and the external surfaces of the 

bio-containment device was decontaminated and transported to the imaging suite. During 

prolonged anesthesia (> 20 min), an infrared thermometer and a heat-lamp were used to 

measure and maintain ambient air temperature inside the bio-containment device. 

 

[
18

F]NaF-PET/CT imaging 

The night before each imaging time-point, mice were fastened for 12 hrs. Water was 

provided ad libitum. On the day of imaging, each mouse was weighed, injected with 200 

μCi of [
18

F]NaF via the tail vein and imaged 45 min post-injection using the Mosaic HP 

(Philips) Small Animal PET imager with 15 min static acquisition. A CT scan was also 

performed at the same time using the NanoSPECT/CT (BIOSCAN) in vivo animal 

imager. PET images were reconstructed and co-registered with CT images. Three mice 

were used for each group. 

 

5-[
18

F]-PZA-PET/CT imaging 

One week after PET scan with [
18

F]NaF, the same C3HeB/FeJ mice were weighed, 

injected with 200 μCi of 5-[
18

F]-PZA via the tail vein and imaged 20 min 

postinjectionusing the Mosaic HP (Philips) Small Animal PET images with 10 min 

dynamic acquisition windows for 120 min. Infected and uninfected controls were scanned 

two at a time as matched pairs. A different group of animals from the same cohort was 
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injected with 200 μCi of 5-[
18

F]-PZA via the tail vein catheter at the start of image 

acquisition, and dynamic windows were set for 5 2-minute windows, followed by 10 5-

minute windows for a total scan time of 60 minutes. CT scans were immediately 

performed subsequent to PET imaging using the NanoSPECT/CT (BIOSCAN) in vivo 

animal imager. PET data were reconstructed and co-registered with CT images. Images 

were automatically coregistered and presented VivoQuant 1.22, with a resulting 1:1 

correspondence. Each animal CT had two spherical (3 mm diameter) regions of interest 

(ROI) drawn manually in the lung fields making sure not to overlap the PET-active liver 

while but single ROIs were outlined for liver and brain. The standard uptake values 

(SUV) were computed by normalizing the ROI activity for each mouse to the injected 

dose and animal weight using Amide version 1.0.4. For each group, the mean lung 5-

[
18

F]-PZA-PET activity at each time-point was calculated by averaging the normalized 

lung SUV of all the ROIs in that group. Mean lung 5-[
18

F]-PZA-PET activity at each 

time-point was also calculated similarly for uninfected animals used as controls and 

imaged at the same time. At least 3 animals were imaged for each group. 

 

Statistical analysis 

Statistical comparison between groups was performed using one tail distribution, two 

sample, unequal variance t-test in Excel 2010 (Microsoft). Data are presented on a linear 

scale as mean ± standard error for the mean PET activities and on a logarithmic scale as 

mean ± standard deviation for CFU counts. 
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Chapter 5 Synthesis, Characterization, and Radiolabelling of 2-(
18

F)fluoro-4-

aminobenzoic acid ([
18

F]-PABA) for PET imaging 

 

Introduction 

Early and accurate diagnosis is of utmost importance in the attempts to combat bacterial 

infections. Currently available diagnostic methods often depend on the availability of 

clinical samples that contain bacteria, which is sometimes difficult to obtain. These 

methods can also be time consuming, in some cases are inaccurate (14, 18). 

Consequently, there is an urgent need to develop a method that can rapidly and 

specifically detect and localize bacteria in infected patients. 

 

Noninvasive anatomic imaging techniques, such as Computed Tomography (CT) and 

Magnetic Resonance Imaging (MRI), as well as functional imaging modalities, such as 

Position Emission Tomography (PET) and  Single Photon Emission Computed 

Tomography (SPECT), are used when an occult infection is suspected in clinical settings 

(235). Among these techniques, 2-deoxy-2-[
18

F]fluoro-D-glucose ([
18

F]FDG)-PET has 

emerged as a highly sensitive and widely used tool (33). PET is an excellent tool for non-

invasive imaging in which molecules of interest are radiolabelled with positron emitting 

isotopes such as carbon-11 and fluorine-18 (3). [
18

F]FDG is an analogue of glucose, and 

accumulates in tissues that have high glycolytic activity such as tumor cells (24, 25). The 

utility of [
18

F]FDG-PET to image bacterial infection (53, 236-238) and to monitor the 

response to therapy (239, 240) also has been evaluated.  However, [
18

F]FDG relies on 
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host inflammatory responses and can not differentiate among oncologic, inflammatory, 

and infectious processes. The fact that [
18

F]FDG accumulates in many other human cells 

limits the utility of [
18

F]FDG in the clinical diagnosis of bacterial infection (53, 238).  

 

In the efforts to identify and develop novel radiotracers that can specifically detect 

bacterial infection in human patients, we hypothesize that small molecules which are 

essential for bacterial metabolism but not for human cells will be actively and selectively 

taken up by bacterial cells where they will accumulate. Therefore, the radiolabelling of 

these small molecules with positron emitting isotopes should allow the detection and 

localization of pathogens in vivo with PET. Para-aminobenzoic acid (PABA) is our 

molecule of interest (Figure 5.1). PABA is the natural substrate for the enzyme 

dihydropteroate synthase (DHPS) which catalyzes the incorporation of PABA into 

tetrahydrofolate (Figure 5.2) (241), which functions as a one-carbon carrier in a variety 

of biosynthetic reactions (242). Bacteria need PABA for the purpose of tetrahydrofplate 

synthesis while human cells do not. Although bacteria can synthesize PABA de novo 

from the pentose phosphate pathway (241), studies also show that bacteria can take up 

and use PABA from exogenous sources (243). Our collaborator at Johns Hopkins 

University (Dr. Sanjay Jain) has demonstrated that bacterial cells accumulate PABA to 

much higher levels than mammalian cells (unpublished data). 
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Figure 5. 1 Structures of PABA, PAS, and 2-F-PABA 

 

Relevant to our hypothesis, important discoveries have recently been made to understand 

the mode of action for p-aminosalicylic acid (PAS), a structural analog of PABA and a 

second line drug for tuberculosis (244). It has been shown that instead of inhibiting 

DHPS as previously speculated, PAS is actually an alternative substrate for the DHPS 

enzyme and is incorporated into dihydropteroate in tetrahydrofolate synthesis pathway 

(245), which subsequently, inhibits dihydrofolate reductase (DHFR) (Figure 5.2) (246) 

in Mycobacterium tuberculosis. Similar to PAS, which carries a hydroxyl group at 2 

position, 2-F-PABA will also very likely to the natural substrate PABA and thus 

accumulate in infected tissues specifically due to bacterial uptake. 

 

In this study, we will develop the synthesis route for PABA analog, 2-F-PABA, and test 

whether or not it can be sequestered in bacteria through a mechanism similar to PABA 

and PAS (247). Then, we will develop radiolabelling strategy for 2-[
18

F]-PABA, and 

explore its ability to detect and localize bacterial infection.  
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Figure 5. 2 PAS is an alternative substrate for DHPS and the product analog 

inhibits DHFR. Reproduced from (246). 
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Methods and Materials 

Chemistry 

The starting materials (compound 1, 5, and 7) were purchased form Sigma-Aldrich and 

used without further purification. The nonradioactive chemistry method is developed by 

Zhuo (Dean) Zhang from Dr. Tonge’s research group. 

Synthesis of 2-F-PABA from 2, 4-Dinitrobenzonitrile 

 

Scheme 5. 1 Synthesis of 2-F-PABA from 2, 4-dinitrobenzonitrile 

 

2-Fluoro-4-nitrobenzonitrile (2) 

2, 4-dinitrobenzonitrile (1, 500 mg, 2.59 mmol), potassium fluoride (450.75 mg, 7.77 

mmol) and tetrabutylammonium bromide (167.02 mg, 0.52 mmol) were added to a 100 

ml RBF and put under vacuum for 1 hour to dry. After filling the RBF with N2, 50 ml dry 

DMSO stored over molecular sieves were added into the RBF. The reaction mixture was 

heated to 110 
o
C and refluxed for 30 min under N2. TLC was used to confirm the 

completion of the reaction. After cooling to room temperature, it was extracted with iced 

water and ethyl acetate. The organic layer was dried with MgSO4, and the concentrate in 

vacuo give the crude product. Purification by Combiflash using a silica gel column 
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yielded compound 2. EI-MS Calculated m/z for C7H3FN2O2 Molecular Ion ( [M]
 +• 

): 

m/z=166.02, found m/z=166.05, found m/z=120.03 for [M-NO2]
+•

. 
1
H NMR (400 MHz, 

CDCl3)  δ 8.19 (ddd, J=8.5, 2.1, 0.9 Hz, 1H), δ 8.13 (dd, J=8.4, 2.1 Hz, 1H), δ 7.91 (dd, 

J=8.5, 6.2 Hz, 1H). 
19

F NMR (400 MHz, CDCl3): δ -101.0492 – - 101.09 (m). 

 

2-Fluoro-4-nitrobenzoicacid (3) 

2-Fluoro-4-nitrobenzonitrile (2, 200 mg, 1.20 mmol), was added to a solution of KOH 

(1.12 g, 20 mmol) in H2O/EtOH (10 ml/2 ml). The reaction mixture was stirred for 4 h at 

40 
o
C. After completion of the reaction was confirmed by TLC, the reaction mixture was 

concentrated under reduced pressure. Then the reaction mixture was acidified to pH ~1 

using 10 M HCl and extracted with ethyl acetate. The organic layer was dried with 

MgSO4, and then evaporated under vacuum to give crude product. Purification by 

Combiflash using a silica gel column (MeOH/CH3Cl=5%, with 0.1% Acetic Acid) 

yielded compound 3. ESI-MS Calculated m/z for C7H4FNO4 Molecular Ion [M-H]
-
 in 

negative mode is m/z=184.01, found m/z=184.01 for  [M-H]
-
. 

1
H NMR (400 MHz, 

CDCl3 and CD3OD): δ 8.16 – 8.12 (m, 1H), δ 8.06 (dd, J=8.6, 1.7 Hz, 1H), δ 8.00 (dd, 

J=9.9, 1.9 Hz, 1H). 
19

F NMR (400 MHz, CDCl3 and CD3OD): δ 104.90 – 104.95 (m). 

(Commercially available standard 2-Fluoro-4-nitrobenzoicacid (3) 
1
H NMR (400 MHz, 

CDCl3 and CD3OD)  δ 8.14 (dd, J=8.6, 7.0Hz, 1H), δ 8.06 (ddd, J=8.6, 2.1, 0.8 Hz, 1H), 

δ 8.00 (dd, J=9.9, 2.1 Hz, 1H) 
19

F NMR (400 MHz, CDCl3 and CD3OD): δ 104.78 – 

104.82 (m)). 
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2-Fluoro-para-aminobenzoicacid (4) 

 2-Fluoro-4-nitrobenzoic acid (3, 100 mg, 0.54 mmol), zinc powder (353.20 mg, 5.40 

mmol) and ammonium chloride (433.53 mg, 8.10 mmol) were added to a 25 mL RBF 

containing MeOH/H2O (4.5/1 ml). The reaction mixture was heated to 80
o
C and refluxed 

for 20 min. Upon the completion of the reaction which was confirmed by HPLC, then 

reaction mixture was cooled to RT and concentrated under reduced pressure. The pH was 

then adjusted to 4, and the solution was extracted with ethyl acetate. The organic layer 

was dried with MgSO4, and then evaporated under vacuum to give crude product. 

Purification by Combiflash using a silica gel column (MeOH/CH3Cl=5%) yielded 

compound 4. ESI-MS Calculated m/z for C7H6FNO2 [M-H]
-
 in Negtive mode is 

m/z=154, found m/z=154 in Negative mode ESI-MS. Calculated m/z for [M+H]
+
 in 

positive mode ESI-MS is m/z=156, found m/z=156 in positive mode ESI-MS. 
1
H NMR 

(400 MHz, CD3OD) δ 7.66 (dd, J= 8.6, 8.6 Hz, 1H), δ 6.42 (dd, J= 2.2, 8.6 Hz), δ 6.32 

(dd, J=2.2, 13.8 Hz). 
19

F NMR (400 MHz, CD3OD): δ -110.5213 – -110.5825 (m). 
13

C 

NMR (400 MHz, CD3OD) δ 168.32 (d, J= 3.7 Hz, 7’-C), δ 166.05 (d, J= 254.7 Hz, 2’-C), 

δ 156.95 (d, J= 12.5 Hz, 4’-C), δ 134.98 (d, J= 3.1 Hz, 6’-C), δ 110.63 (d, J= 1.6 Hz, 5’-

C), δ 06.51 (d, J= 9.5 Hz, 1’-C), δ 101.51 (d, J=25.6 Hz, 3’-C). 
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Synthesis of 2-F-PABA from 2, 4- Dinitrobenzaldehyde 

 

Scheme 5. 2 Synthesis of 2-F-PABA from 2, 4-dinitrobenzaldehyde 

 

2-Fluoro-4-nitrobenzaldehyde (6) 

2, 4-dinitrobenzaldehyde (5, 100 mg, 0.51 mmol), potassium fluoride (88.72 mg, 1.53 

mmol) and tetrabutylammonium bromide (32.87 mg, 0.10 mmol) were added to a 10 ml 

RBF and put under vacuum for 1 hour to dry. After filling the RBF with N2, 2.5 ml dry 

DMSO stored over molecular sieves were added into the RBF. The reaction mixture was 

heated to 85 
o
C and refluxed for 20 min under N2. TLC was used to confirm the 

completion of the reaction. After cooling down to RT, the reaction mixture was extracted 

with iced water and ethyl acetate. The organic layer was dried with MgSO4, then 

evaporated under vacuum to give crude product. Purification by Combiflash using a 

Silica gel column yielded compound 6. EI-MS Calculated m/z for C7H4FNO3 Molecular 

Ion ( [M]
 +• 

): m/z=169, found m/z=169. 
1
H NMR (400 MHz, CDCl3): δ 10.45 (s, 1H), δ 

8.16 (dd, J=8.6, 1.9 Hz), δ 8.11 – 8.07 (m, 2H). 
19

F NMR (400 MHz, CDCl3): δ -117.43 

(dd, J=10.2, 7.1 Hz). 
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2-Fluoro-4-nitrobenzoic acid (3) 

2, 4-Dinitrobenzaldehyde (5, 100 mg, 0.51 mmol) and oxone (30.35 mg, 0.12 mmol) 

were dissolved in 0.5 ml DMF. The reaction mixture was stirred at RT for 4 h. After TLC 

confirmed the reaction was completed, the pH of the reaction mixture was adjusted to 1 

and the solution was extracted with iced water and ethyl acetate. The organic layer was 

dried with MgSO4, then evaporated under vacuum to give crude product. Purification by 

Combiflash using a silica gel column yielded compound 3. ESI-MS Calculated m/z for 

C7H4FNO4 Molecular Ion [M-H]
-
 in negative mode is m/z=184.01, found m/z=184.01 for  

[M-H]
-
. 

1
H NMR (400 MHz, CDCl3 and CD3OD): δ 8.23 – 8.19 (m, 1H), δ 8.12 – 8.09 

(m, 1H), δ 8.06 – 8.03 (m, 1H). 
19

F NMR (400 MHz, CDCl3 and CD3OD): δ 103.68 (dd, 

J=10.12, 7.76 Hz) . 

 

2-Fluoro-para-aminobenzoic acid (4) 

The method 2-F-PABA was synthesized from 2-fluoro-4-nitrobenzoic acid was the same 

as what was used before in the synthesis of 2-F-PABA from 2, 4-dinitrobenzonitrile. 
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Synthesis of 2-F-PABA from 2, 4- Dinitrobenzoic acid 

 

Scheme 5. 3 Synthesis of 2-F-PABA from 2, 4-dinitrobenzoic acid 

 

Methyl 2,4-dinitrobenzoate (8) 

2, 4-Dinitrobenzoic acid (7, 1 g, 4.71 mmol) was added to a 50 ml RBF and put under 

vacuum for 1 hour to dry. After filling the RBF with N2, 10 ml dry dichloromethane and 

a drop of N,N-dimethylformamide were added into the RBF. Then 1.62 ml oxalyl 

choloride was added to the solution drop wise under N2. The reaction mixture was stirred 

at RT for 2 hours. Then 2 mL methanol was added slowly into the reaction mixture, 

which was stirred at RT for 5 min. After TLC confirmed the reaction is completed, the 

solution was extracted with iced water and dichloromethane. The organic layer was dried 

with MgSO4, then evaporated under vacuum to give crude product. Purification by 

Combiflash using a silica gel column yielded compound 8. 
1
H NMR (400Hz, CDCl3): δ 
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8.81 (d, J=2.2 Hz, 1H), δ 8.55 (dd, J=8.4, 2.2 Hz, 1H), δ 7.95 (d, J=8.4 Hz, 1H), δ 4.00 (s, 

3H). 

 

Methyl 2-fluoro-4-nitrobenzoate (9) and methyl 2-nitro-4-fluorobenzoate (10). 

Compound 8 (400 mg, 1.72 mmol), potassium fluoride (307.72 mg, 5.30 mmol) and 

tetrabutylammonium bromide (114.04 mg, 0.35 mmol) were added to a 25 mL RBF and 

put under vacuum for 1 hour to dry. After filling the RBF with N2, 8 ml dry DMSO 

stored over molecular sieves was added into the RBF. The reaction mixture was heated to 

135 
o
C and refluxed for 30 min under N2. After TLC confirmed the reaction was 

completed, the reaction mixture was cooled down to RT, and was extracted with iced 

water and ethyl acetate. The organic layer was dried with MgSO4, then evaporated under 

vacuum to give crude product. Purification by Combiflash using a silica gel column 

yielded mixture of compound 9 and 10. The mixture was characterized by GC-EI-MS and 

NMR. The mixture can be further separated by silica gel column using combiflash to give 

pure compound 9 and 10. 

 

GC-MS: Two species were observed in the GC spectrum corresponding to the mixture of 

9 and 10, and both species gave two major ion peaks under EI-MS: m/z=190.00 for 

Molecular Ion C8H6FNO4 [M]
•+

 and m/z=168.00 for fragment  [M-CH3O
•
]
+
.  

 

Compound 9: 
1
H NMR (400 MHz, CDCl3): δ 8.14 (ddd, J=8.6, 6.6, 0.3 Hz, 1H), δ 8.08 

(ddd, J=8.6, 2.1, 0.5 Hz, 1H), δ 8.02 (ddd, J=10.1, 2.1, 0.3 Hz, 1H), δ 4.00 (s, 3H). 
19

F 
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NMR (400 MHz, CDCl3): δ 104.45 (dd, J=10.4, 6.8 Hz). 
13

C NMR (400 MHz, CDCl3): δ 

164.70 (d, J=3.6 Hz), δ 162.73 (d, J=261.2 Hz), δ 152.72 (d), δ 134.47 (d, J=1.4 Hz), δ 

125.67 (d, J=10.9 Hz), δ 120.24 (d, J=4.3 Hz), δ 113.90 (d, J=27.7 Hz), δ 53.50 (s). 

 

Compound 10: 
1
H NMR (400 MHz, CDCl3): δ 7.83 (dd, J=8.6, 5.4 Hz, 1H), δ 7.58 (dd, 

J=7.8, 2.5 Hz, 1H), δ 7.02 (dd, J=8.6, 7.5, 2.5 Hz, 1H), δ 3.92 (s, 3H). 
19

F NMR (400 

MHz, CDCl3): δ -103.58 – -103.63 (m).  

 

2-Fluoro-4-nitrobenzoic acid (3) 

40 mg compound 9 and KOH (22.54 mg, 0.40 mmol) were added to 10 ml RBF 

containing 2 ml MeOH. The reaction mixture was stirred for 30 min at 55 
o
C. After TLC 

confirmed the reaction was completed,  the pH of the reaction mixture was adjusted to 1 

and the solution was extracted with iced water and ethyl acetate. The organic layer was 

dried with MgSO4, then evaporated under vacuum to give crude product. Purification by 

Combiflash using asilica gel column yielded compound 3. ESI-MS Calculated m/z for 

C7H4FNO4 Molecular Ion [M-H]
-
 in negative mode is m/z=184.01, found m/z=184.01 for  

[M-H]
-
. Compound 3: 

1
H NMR (400 MHz, CDCl3 and CD3OD)  δ 8.16 (dd, J=8.6, 

7.0Hz, 1H), δ 8.07 (ddd, J=8.6, 2.1, 0.5 Hz, 1H), δ 8.01 (dd, J=9.9, 2.1 Hz, 1H). 
19

F 

NMR (400 MHz, CDCl3 and CD3OD): δ -104.59 – -104.64 (m).  
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Commercially available standard 2-Fluoro-4-nitrobenzoicacid (3) 

1
H NMR (400 MHz, CDCl3 and CD3OD)  δ 8.14 (dd, J=8.6, 7.0Hz, 1H), δ 8.06 (ddd, 

J=8.6, 2.1, 0.8 Hz, 1H), δ 8.00 (dd, J=9.9, 2.1 Hz, 1H). 
19

F NMR (400 MHz, CDCl3 and 

CD3OD): δ 104.78 – 104.82 (m). 

 

2-Fluoro-para-aminobenzoicacid (4) 

The method 2-F-PABA was synthesized from 2-fluoro-4-nitrobenzoic acid was the same 

as what was used before in the synthesis of 2-F-PABA from 2, 4-dinitrobenzonitrile. 

 

Radiochemistry 

The radiochemistry was developed in Dr. Joanna Fowler’s facility at Brookhaven 

National Laboratory with the help of Dr. Wenchao Qu, and technical assistance from Dr. 

Michael Schueller, Youwen Xu, and Colleen Shea. Analytical and preparative high 

performance liquid chromatography (HPLC) were performed using a Knauer HPLC 

system (Sonntek Inc., Woodcliff Lake, NJ, USA) equipped with a model K-5000 pump, a 

Rheodyne 7125 injector, a model 87 variable wavelength monitor, and a NaI radioactivity 

detector.  

 

Among the three non-radioactive synthesis routes developed for 2-F-PABA (Scheme 5.1, 

5.2, and 5.3), the one that starts from 2,4-dinitrobenzonitrile (compound 1) was chosen 
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for radioactive chemistry development because compound 1 is a good combination of 

reactivity and stability compared to 2,4-dinitrobenzaldehyde (compound 5, reactive but 

not stable) and 2,4-dinitrobenzoic acid (compound 7, stable but not reactive). The scheme 

for radiosynthesis of 2-[
18

F]-PABA is shown in Scheme 5.4. 

 

Scheme 5. 4 Radiosynthesis of 2-[
18

F]-PABA 

 

2-
18

F-4-nitrobenzonitrile (11) 

Aqueous [
18

F]fluoride was produced by the 
18

O (p, n) 
18

F reaction. The fluoride activity 

was trapped in Kryptofix 2.2.2 (5 mg) and potassium carbonate (1 mg) in 

acetonitrile/water solution (950/50 μL), and dried by azeotropic distillation with aliquots 

of acetonitrile. The solid residue was resolubilized with 0.2-0.3 mL of DMSO, containing 

a required amount of the precursor 2,4-dinitrobenzonitrile (compound 1, 2mg). The 

reaction mixture was stirred by vertex and kept in sealed vial for 5 min at RT. The color 

of the reaction mixture changed from yellow to maroon. The formation of intermediate 

11 was confirmed with a TLC scanner equipped with both UV and radioactivity detector, 

together with the byproduct: 4-
18

F-2-nitrobenzonitrile, characterized by both UV and 

radioactive Rf value on the TLC scanner (Figure 5.3). 
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Figure 5. 3 Radio TLC result for formation of intermediate 11.  

Major peak is 2-substitution product (71.69% conversion). Shift is consistent with 

cold standard UV. 

 

2-
18

F-4-Nitrobenzoicacid (12) 

The reaction mixture from the first step was loaded onto a C18 light sep-pack, which was 

pre-activated with 5 mL acetonitrile and 10 mL H2O. Then 10 mL H2O was used to wash 

the C18 light sep-pack to elute unreacted fluoride and other water-soluble impurities. 

After that, 0.3 mL methanol was used to elute the intermediate 11 into a vial which 

contains 1 mL 2M KOH solution. The reaction mixture was heated to 105 °C and stirred 

for 10 min, then quenched with 3 mL H2O. The formation of intermediate 12 is 

confirmed with TLC scanner equipped with both UV and radioactivity detector, 

characterized by both UV and radioactive Rf value on the TLC scanner (Figure 5.4). 
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Figure 5. 4 Radio TLC result for formation of intermediate 12. 

Major peak is 2-
18

F-4-nitrobenzoicacid 12 (91.67% conversion). Shift is 

consistent with cold standard UV. 

 

2-
18

F-para-aminobenzoicacid (13, 2-[18F]-PABA) 

The reaction mixture from step 2 was loaded into a C18 light sep-pack for concentration, 

and also getting rid of excess KOH solution which will be toxic to the subsequent 

reduction reaction. Then, 0.3 mL MeOH was used to elute intermediate 12 into a vial 

containing Zn powder (3.6 mg) and NH4Cl (4.5 mg) in 1mL H2O. The reaction mixture 

was heated to 105 °C, stirred for 5 min, and then filtered using an injection filter (RC 

membrane, 0.45 μm), after which it was loaded into a reversed-phase analytical HPLC 

using a Phenomenex, Luna PFP, 250×4.6, 5 μm column operated at 1.0 mL/min flow rate 

using a mobile phase of (1) 18% Acetonitrile/H2O (0.05%TFA) with 7.5 min retention 

time; or (2) 15% Methanol/H2O (0.05%TFA), with 18 min retention time. Two different 

analytical HPLC system with different retention time for the product, each showed the 

same UV and radioactivity retention time respectively, were employed here to confirm 

the formation of 2-[
18

F]-PABA. 
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C
o

u
n

ts
 (C

P
M

) 



 

127 
 

MIC screen 

Minimum inhibitory concentrations (MIC) for M. tuberculosis was determined by Dr. 

Xinxin Yang, for E. coli, P aeruginosa, K pneumoniae,  and S. aureus. were determined 

by Chendi Gu. 

 

MIC determination for M. tuberculosis. The MIC was determined by the broth dilution 

method. Middlebrook 7H9 broth supplemented with 0.05% Tween-80, 0.2% glycerol, 

and albumin/NaCl/glucose (ADC) complex containing serial two-fold concentrations of 

PAS, PABA, and F-PABA ranging from 100 to 0.1 μM were inoculated with 0.1 mL of 

the 1000 fold dilution of a log phase broth culture of M. tuberculosis H37Rv. The MIC 

was defined as the lowest concentration at which no visible growth was observed after 14 

days incubation at 37°C.  

 

MIC determination for other strains. MICs were determined in duplicate by broth 

microdilution. Briefly, compounds were dissolved in DMSO to get the stock solutions of 

10 mg drug/ mL. 2-fold dilution series covering 200 to 0.39 μg drug/mL at 1% final 

DMSO were prepared by diluting the  stock solutions in 100 μL cation adjusted Mueller 

Hinton II broth. 100 μL of cells in the logarithmic phase were then added to the drug-

containing media to a final concentration of 5 x 10
5
 CFU/mL and were incubated at 37 

°C overnight. The MIC was recorded the next day as the lowest concentration of drug 

which prevented visible growth under the condition of the test. 
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Results and Discussions 

Chemistry 

Three different schemes were developed and evaluated for the purpose of synthesis of 

non-radioactive 2-F-PABA. The first scheme starts with 2, 4-dinitrobenzonitrile (1). 

Fluorination of 1 completes within 30 minutes at the temperature of 85 
o
C, which is fast 

enough for radioactive synthesis. Two regioisomers (2-fluro-4-nitrobenzonitrile 2 and 2-

nitro-4-fluorobenzonitrile) were produced in the fluorination step. They can be separated 

by silica gel column chromatography. Two regioisomers were identified after hydrolysis 

by comparing to standard 2-fluoro-4-nitrobenzoic acid (3) which is commercially 

available. The hydrolysis of 2 is relatively slow at 40 
o
C, which takes about 4 hours. 

Further increase in temperature results in a reduced yield of 3. At 80 
o
C, no formation of 

3 was observed on TLC likely because the 5’ fluorine is not stable under basic conditions. 

However, hydrolysis of 2 under acidic conditions (HCl solution and HBr solution) was 

even slower. Although the last reduction step is fast and clean (the reaction completes in 

30 minutes at 80 
o
C), the slow hydrolysis step of this method might limit its application 

in radiosynthesis.  

 

2, 4-Dinitrobenzaldehyde (5) was used as the starting material for the second scheme. 

Fluorination of 5 is fast at 85 
o
C, and is completed within 20 min. For some reason, 2-

fluoro-4-nitrobenzaldehyde is the major product while its regioisomer 2-nitro-4-

fluorobenzaldehyde is the minor product. Also, the two regioisomers can be separated by 

silica gel column chromatography and their structures were determined by comparison to 
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standard 2-fluoro-4-nitrobenzoic acid after hydrolysis. Although the first step is fast, the 

second oxidation step is relatively slow and takes about 2 hours to complete. In addition 

2, 4-dinitrobenzaldehyde (5) was found to be unstable hence difficult to handle. 

Therefore, this scheme was left to be the alternative plan for radiolabelling PABA. 

 

The third scheme involved the fluorination of methyl 2, 4-dinitrobenzoate (8). As 

expected, two regioisomers 9 and 10 were produced. Due to steric hinderince of the ortho 

position, 9 is the minor product. To optimize the fluorination reaction, reaction mixtures 

were heated to different temperatures. As the temperature was incereased, the time 

needed for all starting material to be consumed became shorter. However, as temperature 

was over 135 
o
C, the yield of methyl 2-fluoro-4-nitrobenzoate (9) was reduced. The ratio 

of 10 to 9 was about 2 at 135 
o
C. According to 

1
H NMR, 9 and 10 cannot be separated by 

silica gel column. However, their responding products after hydrolysis can be separated 

by silica gel column. The following hydrolysis and reduction are fast,  and complete in 20 

min and 30 min, respectively.  

 

Taken together, the first scheme was chosen to be further used in the radiosynthesis of 2-

[
18

F]F-PABA, because  compound 1 is a good combination of reactivity and stability 

compared to 2,4-dinitrobenzaldehyde (compound 5, reactive but not stable) and 2,4-

dinitrobenzoic acid (compound 7, stable but not reactive). 
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Radiochemistry 

The radiosynthesis for 2-[
18

F]-PABA (Scheme 5.4) is based on the corresponding non-

radioactive synthesis route (Scheme 5.1). The characterization of first two steps were 

conducted by TLC scanner equipped with both UV and radioactivity detector. Because 

this reaction contains regioisomers which have similar retention times as the desired 

product, two different analytical HPLC systems were employed to characterize the final 

product formation. In Figure 5.5, each analytical HPLC system shows that the 

radioactivity signal coincides with the UV signal of the non-radioactive standard 

compound. 

 

Figure 5. 5 Two analytical HPLC system, each shows the formation of final product 

2-[
18

F]-PABA with different retention time. 
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Because the radiosynthesis route for 2-[
18

F]-PABA includes two more steps after 

fluorination step, the over yield is inherently low. In order improve the yield of the 

radiosynthesis, a new solid-phase extraction sep-pack (Oasis HLC sep-pack, Waters) was 

applied to intermediate 12 and compared to traditional C18 light sep-pack (Table 5.1). 

As a result, the trapping efficiency for intermediate 12 was improved 3 fold by using the 

Oasis HLB cartridge. 

 

Table 5. 1 Comparison of trapping efficiency for intermediate 12 using two different 

solid-phase extraction products 

Cartridge C18 sep-pack OASIS HLB cartridge 

Radioactivity loaded to the 

cartridge 

88 μCi 85 μCi 

Radioactivity trapped on 

the cartridge 

20 μCi 54 μCi 

Trapping  

efficiency 

22.7% 63.5% 

 

 

MIC screen result 

The Minimum Inhibitory Concentrations (MIC) of compound PAS, PABA, and 2-F-

PABA have been determined against M. tuberculosis,  E. coli, P aeruginosa, K 
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pneumoniae, and S. aureus. M. tuberculosis H37Rv growth was inhibited by PAS with an 

MIC of 1 μM, consistent with previous reports (245, 246), but not inhibited by PABA or 

2-F-PABA. As to other bacteria species tested, none of the compounds showed inhibition 

up to 200 μg/mL. Taken together, these results indicate that PAS is a narrow-spectrum 

antibiotic for M. tuberculosis (248). 
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Table 5. 2 MIC screen results for PABA, PAS, and 2-F-PABA 

NAME STRUCTURES 

MIC 

M. tb 

H37Rv 

E.coli 

MG1655 

P. 

aeruginosa 

PAO1 

K. 

pneumoniae 

ATCC 

13883 

S. aureus 

Newmann 

 

S. aureus 

ATCC 

BAA 

1762 

(MRSA) 

PAS 

 

1 μM 

>200 

μg/mL 

>200 

μg/mL 

>200 

μg/mL 

>200 

μg/mL 

>200 

μg/mL 

PABA 

 

>100 

μM 

>200 

μg/mL 

>200 

μg/mL 

>200 

μg/mL 

>200 

μg/mL 

>200 

μg/mL 

2-F-

PABA 

 

>100 

μM 

>200 

μg/mL 

>200 

μg/mL 

>200 

μg/mL 

>200 

μg/mL 

>200 

μg/mL 

*MIC for M. tb was determined by Dr. Xinxin Yang, for other bacteria species were 

determined by Chendi Gu. 
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Conclusion 

In summary, we have identified PABA as a molecule of interest for radiolalelling with 

PET fluorine-18 isotope. Based on the structural similarity of 2-F-PABA to PABA and 

PAS (the latter is also sequestered into folate biosynthesis pathway in a similar 

mechanism to PABA), 2-[
18

F]-PABA is proposed to be a promising PET imaging 

radiotracer to detect bacterial infection in human patients. We have developed three 

nonradioactive synthesis routes for 2-F-PABA, one of which is selected to proceed to 

radiosynthesis based on its merit of both reactivity and stability. Finally, we successfully 

incorporated fluorine-18 into PABA and optimized the overall reaction yield by 3-fold 

(from 15% to 45%, decay corrected).  
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