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Abstract

Deep seated bacterial infections caused by pathogens such as Staphylococcus aureus are difficult 

to diagnose and treat and are thus a major threat to human health. In previous work we 

demonstrated that positron emission tomography (PET) imaging with 2-[18F]F-p-aminobenzoic 

acid (2-[18F]F-PABA) could non-invasively identify, localize and monitor S. aureus infection with 

excellent sensitivity and specificity in a rodent soft tissue infection model. However, 2-[18F]F-

PABA is rapidly N-acetylated and eliminated, and in an attempt to improve radiotracer 

accumulation in bacteria we adopted a pro-drug strategy in which the acid was protected by an 

ester and the amine was replaced with a nitro group. Metabolite analysis indicated that the nitro 

group of ethyl 2-[18F]fluoro-4-nitrobenzoate (2-[18F]F-ENB) is converted to the corresponding 

amine by bacteria-specific nitroreductases while the ester is hydrolyzed in vivo into the acid. 
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PET/CT imaging of 2-[18F]F-ENB and the corresponding acid 2-[18F]F-NB in a rat soft tissue 

infection model demonstrated colocalization of the radiotracer with the bioluminescent signal 

arising from S. aureus Xen29, and demonstrated that the tracer could differentiate S. aureus 
infection from sterile inflammation. Significantly, the accumulation of both 2-[18F]F-ENB and 

2-[18F]F-NB at the site of infection was 17-fold higher than at the site of sterile inflammation 

compared to 8-fold difference observed for 2-[18F]F-PABA, supporting the proposal that the active 

radiotracer in vivo is 2-[18F]F-NB. Collectively, these data suggest that 2-[18F]F-ENB and 

2-[18F]F-NB have the potential for translation to humans as a rapid, noninvasive diagnostic tool to 

identify and localize S. aureus infections.
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Deep-seated infections caused by the Gram-positive pathogen Staphylococcus aureus, such 

as infective endocarditis, prosthetic joint infections and osteomyelitis, are life-threatening 

diseases that are challenging to diagnose leading to substantial morbidity and mortality.1 

Current diagnostic methods for deep seated infections can be slow or inaccurate, and often 

rely on the availability of clinical samples that contain bacteria which are difficult to obtain. 

While the availability of non-invasive imaging methods such as X-ray, computed 

tomography (CT) and magnetic resonance imaging (MRI), have improved the ability to 

diagnose infection, these methods rely on the physiological changes caused by the bacterial 

infection, and thus their results can be confused by other clinical changes unrelated to 

infection such as inflammatory disorders. Therefore, a non-invasive, sensitive and bacteria-

specific imaging tool is urgently needed to facilitate accurate diagnosis to better inform on 

clinical decision-making, leading to improved patient outcomes.

Nuclear medicine imaging modalities such as positron emission tomography (PET) and 

single-photon emission computed tomography (SPECT) are currently used clinically to 

detect and diagnose infectious diseases.2,3 This includes PET imaging of 

[18F]fluorodeoxyglucose ([18F]FDG) or radiolabeled white blood cells (WBC).4–6 

Unfortunately, these approaches lack specificity since they primarily detect the inflammatory 
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response to infection. Therefore, to overcome this obstacle molecular imaging probes that 

directly target bacteria are highly desired. Recent efforts to develop bacteria specific and 

bacteria-class specific PET tracers are summarized in several detailed recent reviews.7–9 In 

particular, the folate pathway is regarded as a promising imaging target to develop bacteria 

specific imaging tracers because folate must be biosynthesized by a wide range of bacteria. 

For example, 18F-fluoropropyl-trimethoprim,10 a 18F analog of the bacterial dihydrofolate 

reductase (DHFR) inhibitor trimethoprim, and 11C-p-aminobenzoic acid ([11C]-PABA),11 a 
11C-labeled dihydropteroate synthase (DHPS) substrate, have been explored as potential 

radiotracers for imaging Gram positive and Gram negative bacterial infections.

Previously our group successfully developed a bacteria-specific PET tracer, 2-[18F]F-p-

aminobenzoic acid (2-[18F]F-PABA) to identify and localize S. aureus in a rodent soft tissue 

infection model.12 In vitro enzymatic assays supported a mechanism for tracer accumulation 

in which bacterial dihydropteroate synthase (DHPS) catalyzes the incorporation of 2-[18F]F-

PABA into folate. However, in vivo metabolite analysis demonstrated that 2-[18F]F-PABA 

underwent rapid N-acetylation, a transformation that would prevent the incorporation of the 

radiotracer into folic acid. To avoid N-acetylation, we replaced the aromatic amine with a 

nitro group based on the premise that bacteria contain nitroreductases that are more efficient 

at reducing aromatic nitro groups compared to those found in the liver.13,14 A number of 

fluorescent, luminescent and MRI probes have also been developed using the activity of 

bacterial nitroreductases to reduce aromatic nitro functionality to the corresponding amine.
15–19 In addition, we posited that the rapid renal clearance of 2-[18F]F-PABA was partly 

responsible for the relatively low absolute uptake of this tracer at the site of infection. Thus, 

to reduce renal clearance, we converted the carboxylate to the less polar ethyl ester.20 A 

method for synthesizing ethyl 2-[18F]F-4-nitrobenzoate (2-[18F]F-ENB) in high 

radiochemical yield was developed and this second generation tracer together with the 

corresponding acid 2-[18F]F-4-nitrobenzoate (2-[18F]F-NB) were evaluated in a rat triceps 

infection model.

RESULTS

Synthesis of 2-[18F]F-ENB

Ethyl 2-[18F]F-4-nitrobenzoate (2-[18F]F-ENB) was prepared via one-step manual 

radiosynthesis using ethyl 2,4-dinitro benzoate as the starting material (Figure 1A). The 

radioactive product was collected following HPLC and the identity of the radiotracer was 

confirmed by demonstrating that the retention time of the labeled material matched that of 

the cold reference standard ethyl 2-F-4-nitrobenzoate (2-F-ENB) (Figure S1 and S2a, b). 

The overall synthesis time was 90 min with a radiochemical yield (RCY) of 7% (n=8, decay-

corrected). A primary factor in the moderate RCY of 2-[18F]F-ENB was assumed to arise 

from the steric hindrance of the ortho ethyl ester group which directed the radio-fluorination 

preferentially to the para-position. The specific activity of 2-[18F]F-ENB was calculated to 

be 3983 ± 1704 mCi/μmole using a standard curve based on the UV absorbance of 2-F-ENB 

at 287 nm, and the radiochemical purity was determined to be 99.2 ± 0.7 %. To improve the 

RCY of 2-[18F]F-ENB and facilitate clinical translation, an automated three-step 

radiosynthesis method using 2,4-dinitro benzonitrile as an alternative precursor was also 
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developed (Figure 1B and Figure S2c, d). The total synthesis time of 2-[18F]F-ENB was 90 

min with a typical decay-corrected yield of 29%, and the final product had an average 

specific activity of 2556 mCi/μmole.

2-[18F]F-ENB PET can distinguish infection from inflammation

The critical requirement for an ideal bacteria-specific tracer is its ability to distinguish active 

infection from sterile inflammation. Therefore, we developed a mixed infection and 

inflammation rat triceps model to evaluate 2-[18F]F-ENB. The model was established by 

intramuscular injection of S. aureus into the right triceps and a 10-fold higher burden of 

heat-killed S. aureus into the left triceps to induce sterile inflammation. Tissue histology 

confirmed the presence of S. aureus in the infected triceps while no bacterial colonies were 

found in the contralateral triceps (Figure S3). The level of inflammation in both triceps was 

evaluated by [18F]FDG, which is commonly used to assess the host inflammatory response. 

The radioactivity associated with [18F]FDG in the infected and the inflamed triceps was 

similar (0.8% ID/cc and 1.2% ID/cc, respectively, p>0.05) (Figure 2A and 2B). The 

biodistribution of 2-[18F]F-ENB was evaluated in this same model at 3 h post tracer 

administration showing that the ratio of radioactivity in the infected triceps to inflamed 

triceps was 17 (Figure 2C and 2D).

To further examine the biodistribution of the radiotracer in the infected and inflamed triceps, 

both triceps were excised following in vivo PET imaging and analyzed using ex vivo tissue 

PET imaging, bacterial culture and histology (Figures 2E, 2F, S3 and S4). This showed that 

the radioactive signal in the infected triceps co-localized with regions of S. aureus Newman 

infection.

2-[18F]F-ENB-associated radioactivity colocalizes with S. aureus bioluminescence.

The bioluminescent S. aureus strain Xen29 has previously been used to monitor antibiotic 

efficacy using preclinical bioluminescence imaging,21,22 and also as a complementary in 
vivo imaging modality.23 Therefore, to confirm that the PET signal in the infected triceps 

was derived from S. aureus, the triceps infection was induced using S. aureus Xen29 for 

colocalization experiments. At 180 min post tracer injection, the radioactive signal was 

predominantly observed in the infected triceps, consistent with the imaging data for the 

Newman strain of S. aureus (Figure 3B). Ex vivo PET imaging further demonstrated the 

localization of radioactivity in the infected triceps, while ex vivo bioluminescence showed 

colocalization of the PET signal with signal arising from bioluminescence imaging (BLI) 

(Figure 3C).

2-[18F]F-ENB is rapidly hydrolyzed to 2-[18F]F-NB but the nitro group is metabolically 
stable

We analyzed the in vitro metabolic stability of 2-[18F]F-ENB to assess the lability of the 

ester protecting group and the overall stability of the nitro group. We found that 2-[18F]F-

ENB was efficiently hydrolyzed in rat serum to the corresponding acid 2-[18F]fluoro-4-

nitrobenzoate (2-[18F]F-NB) with a half-life of 2 min whereas the nitro group was 

unaffected over the 85-min incubation period (Figure S5a–e). A similar result was observed 

in human serum although the half-life for hydrolysis was 35 min (Figure S5f). We then 
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analyzed the stability of 2-[18F]F-ENB in rat blood in vivo. After intravenous administration 

of 2-[18F]F-ENB into healthy rats, blood samples were taken at 5, 30 and 60 min and 

analyzed by radio-HPLC which demonstrated that 2-[18F]F-NB was the predominant 

radioactive component at each time point (Figure 4B). Analysis of urine samples at 30 and 

60 min post injection also revealed that the majority of the radioactive signal could be 

attributed to 2-[18F]F-NB (Figure 4C). Together, these data indicate that the ester is rapidly 

hydrolyzed but that the aromatic nitro group of 2-[18F]F-ENB is metabolically stable in 
vivo. The in vivo studies also revealed small amounts of 2-[18F]F-PABA and the N-

acetylated analog of 2-[18F]F-PABA in the blood and urine, and we note that both the liver 

and bacteria in the intestinal flora contain nitroreductases capable of reducing aromatic nitro 

groups.13,14 Based on studies with 4-nitrobenzoic acid, it is likely that intestinal bacteria are 

the primary source of the nitroreductase activity.13,14

2-[18F]F-NB is responsible for the radioactive signal at the site of infection

Due to the rapid hydrolysis of 2-[18F]F-ENB to 2-[18F]F-NB in plasma, we hypothesized 

that 2-[18F]F-NB would be the active radiotracer responsible for the PET signal at the site of 

infection. To test this hypothesis, 2-[18F]F-NB was radiosynthesized using a GE Tracerlab 

FXN Pro Radiosynthesis Module (Figure 5A and S6) and evaluated in the same infection 

model. At 3 h post injection, PET imaging results demonstrated that the radioactivity 

associated with 2-[18F]F-NB was localized at the site of infection and also colocalized with 

the bioluminescence signal arising from S. aureus Xen29 (Figure 5B–D). Quantitative 

analysis of the ROI showed that the signal at the infection site was 17-fold higher than the 

one at the site of sterile inflammation, an observation supported by ex vivo gamma counting 

(Figure S7c and 7d).

2-F-ENB and 2-F-NB are substrates for S. aureus NfsB.

We hypothesized that the accumulation of radioactivity at the site of infection was partly due 

to the conversion of 2-[18F]F-ENB into 2-[18F]F-PABA which could then be potentially 

incorporated into folic acid. Above we demonstrated that 2-[18F]F-ENB is rapidly 

hydrolyzed to 2-[18F]F-NB, and that 2-[18F]F-NB recapitulates the imaging results obtained 

with 2-[18F]F-ENB. We next assessed the ability of the aromatic nitro group in 2-F-ENB and 

2-F-NB to be reduced to the corresponding amine by the S. aureus-specific nitroreductase 

NfsB. S. aureus NfsB was cloned, expressed and purified, and F-ENB and F-NB were 

evaluated as substrates using NADH as the cofactor.24 NfsB was found to efficiently reduce 

both 2-F-ENB and 2-F-NB, with kcat/Km values of 5.7×105 M−1s−1 and 1.8×104 M−1s−1, 

respectively (Table 1 and Figure S8). This differential activity of S. aureus NfsB towards the 

ester and acid was also observed for both the Escherichia coli nitroreductases NfsA and 

NfsB towards methyl 4-nitrobenzoate and 4-nitrobenzoate.25 Thus, the data support the 

proposal that the in vivo signal at the site of infection could result from the conversion of the 

radiotracers into 2-[18F]F-PABA which is a substrate for DHPS.

2-F-NB can antagonize the bacteriostatic effect of sulfonamide with S. aureus Xen29

F-PABA is a substrate for dihydropteroate synthase (DHPS) in the folate biosynthesis 

pathway, and to provide further evidence for the proposed mechanism of action (MOA) of 

our second generation tracers, we established a phenotypic assay to evaluate the ability of F-
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PABA and F-NB to rescue the antibacterial effect of the DHPS inhibitor sulfamethoxazole 

(SMX). We first demonstrated that 2-[18F]F-NB was taken up by both S. aureus Newman 

and Xen29. Time dependent uptake of 2-[18F]F-NB was observed during the 120 min 

incubation period but not by heat killed bacteria, suggesting a specific uptake mechanism 

(Figure S9). We then validated the MOA assay with the endogenous DHPS substrate PABA, 

and showed that bacterial regrowth in the presence of sulfamethoxazole occurred upon the 

addition of PABA (Figure 6A). F-PABA also rescued bacterial growth in a concentration-

dependent manner and it was shown that 0.8 and 4 μg/mL of F-PABA increased the 

minimum inhibitory concentration (MIC) of sulfamethoxazole by 8-fold (1.56 to 12.5 

μg/mL) and to over 100 μg/mL, respectively (Figure 6B). Similarly, 2-F-NB also 

antagonized the activity of sulfamethoxazole, and 40 μg/mL 2-F-NB resulted in a shift in the 

sulfamethoxazole MIC from 1.56 μg/mL to 12.5 μg/mL (Figure 6C). In contrast, 2-fluoro-4-

nitroacetophenone (2-F-NAP), a structural analog of FNB and also an efficient substrate for 

the S. aureus nitroreductase NfsB (kcat/Km = 5.7×105 M−1s−1, Figure S8), was unable to 

rescue growth in the presence of sulfamethoxazole (Figure 6D). Furthermore, our previously 

established HPPK-DHPS-DHFR coupled assay demonstrated that 2-fluoro-4-

aminoacetophenone was not an efficient substrate for DHPS even at a concentration of 80 

μM, supporting the link between the folate pathway and the MOA of 2-F-NB.

DISCUSSION

Non-invasive imaging is a very promising approach for the detection and localization of 

deep-seated infections caused by pathogens such as S. aureus, and there are major ongoing 

efforts to develop molecular probes that selectively accumulate at the site of infection. 

Modalities that are being exploited include optical imaging based on fluorescent probes and 

nuclear imaging using radiotracers. Although bacteria-specific fluorescent probes have been 

used to detect S. aureus infection in animal models,18,26,27 the clinical translation of these 

compounds may be impacted by absorption and scattering of light by tissue. Nuclear 

medicine imaging modalities such as PET and SPECT, on the other hand, have great clinical 

potential for infection diagnosis due to their superior sensitivity and ability of the radiation 

to penetrate tissue. Consequently, there are numerous efforts to develop bacteria-specific 

PET probes with the appropriate pharmacokinetic properties, and radiotracers that are 

currently being evaluated include 18F-labeled maltohexaose (MH18F),28 6-[18F]-

fluoromaltose,29 2-[18F]F-fluorodeoxysorbitol,30 6-18F-fluoromaltotriose,31 

[18F]fluoropropyl-trimethoprim,10 and [11C]-D-amino acids.32,33 Although the evaluation of 

these radiotracers is ongoing, several suffer from poor signal to background ratio or are not 

taken up by S. aureus30, and none have so far progressed into clinical trials for the detection 

of S. aureus infection in humans.

One strategy to develop bacteria-specific radiotracers is to radiolabel compounds that are 

substrates for metabolic pathways that exist in bacteria but not in mammalian cells. 

Previously we reported the synthesis and PET imaging of 2-[18F]F-PABA, an 18F analog of 

p-amino benzoic acid (PABA).12 PABA is the substrate for dihydropteroate synthase 

(DHPS), an enzyme in the bacterial folate biosynthesis pathway,34 and we demonstrated that 

F-PABA is also a substrate for DHPS. We evaluated 2-[18F]F-PABA in a rat model of S. 
aureus infection and found that the radiotracer accumulated in the infected triceps at an 8-
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fold higher level than at the site of sterile inflammation in the contralateral triceps, but with 

low absolute uptake at the infected site (~ 0.2%ID/cc). More recently Mutch et al. reported 

the 11C-labelling of PABA which gave an infected-to-inflamed tissue ratio of ~3 fold in a 

soft tissue infection model.11 Both F-PABA and PABA were eliminated rapidly through the 

kidneys and were also susceptible to hepatic N-acetylation by the host. In an attempt to 

improve the pharmacokinetics of F-PABA and thus improve radiotracer uptake by S. aureus, 

we adopted a pro-drug approach in which the carboxylic acid group of F-PABA was 

protected by an ester and the amino group of F-PABA was replaced by the metabolically 

more stable nitro group. We hypothesized that ethyl 2-[18F]F-4-nitro benzoate (2-[18F]F-

ENB) might be converted into 2-[18F]F-PABA in situ through the reduction and hydrolysis 

of 2-[18F]F-ENB by S. aureus nitroreductases and esterases, resulting in the metabolic 

trapping of the radiotracer through incorporation of the resulting 2-[18F]F-PABA into folic 

acid by DHPS.

We analyzed the blood metabolites of 2-[18F]F-ENB and found that the ethyl ester was 

rapidly and efficiently hydrolyzed to the 2-[18F]F-NB acid in rat plasma both in vitro and in 

healthy rats whereas the aromatic nitro group was found to be more metabolically stable. We 

then evaluated both the ester 2-[18F]F-ENB and the corresponding acid, 2-[18F]F-NB, in a 

soft tissue model of S. aureus infection. PET imaging and ex vivo gamma counting 

demonstrated that both 2-[18F]F-ENB and 2-[18F]F-NB accumulated at the site of infection 

(S. aureus Newman) with a 17-fold difference in uptake between the infected triceps and the 

inflamed triceps (Figure 7), which is consistent with the observation of rapid hydrolysis of 

2-[18F]F-ENB to 2-[18F]F-NB and supporting the proposal that the active tracer in vivo is 2-

[18F]F-NB. Subsequently, in vivo PET imaging results were confirmed by the colocalization 

of the ex vivo PET signal of two radiotracers with the bioluminescent signal arising from the 

bioluminescent Xen29 strain of S. aureus.

To evaluate the proposed mechanism of action, enzymatic assay showed both the ester and 

acid were found to be substrates for the S. aureus nitroreductase NfsB. In addition, we 

showed that both F-ENB and F-NB antagonize the antibacterial activity of the DHPS 

sulfonamide inhibitor sulfamethoxazole. Taken together, these observations support the 

proposal that 2-[18F]F-ENB and 2-[18F]F-NB are converted into 2-[18F]F-PABA and 

accumulates at the site of infection through incorporation into folic acid.

The goal of protecting the 2-[18F]F-PABA carboxylate with an ester was to decrease the 

polarity of the compound and reduce the rate of renal clearance thereby increasing the 

period for uptake of the tracer at the site of infection. Although we observed rapid hydrolysis 

of the 2-[18F]F-ENB ethyl ester in rats, the ester was significantly more stable in human 

plasma (t1/2 of 35 min compared to 2 min), suggesting that 2-[18F]F-ENB may be a useful 

radiotracer for imaging infection in humans. Finally, while the nitro group of the second 

generation tracers was stable in both rat and human plasma, studies in non-human primates 

recapitulated the observation in healthy rats that the aromatic nitro group in 4-nitrobenzoic 

acid is preferentially metabolized by intestinal flora.35 Further studies will be required to 

determine the relative stability of the F-ENB and F-NB nitro group in humans. One 

outstanding question is whether hypoxia caused by necrosis of the infected tissue may be 

partially responsible for the accumulation of the nitroaromatic radiotracers given the 
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paradigm that nitroimidazole-based radiotracers, for example 18F-fluoromisonidazole (18F-

FMISO), are used to detect tumor hypoxia.36 Future studies will examine this possibility.

The studies in rats showed that 2-[18F]F-ENB and 2-[18F]F-NB resulted in similar levels of 

radiotracer accumulation at the site of infection, consistent with the rapid hydrolysis of the 

ester group. To facilitate the clinical translation of 2-[18F]F-ENB, we optimized the 

radiosynthesis of this tracer using a less sterically hindered precursor 2,4-dinitro benzonitrile 

with improved decay-corrected radiochemical yield. The entire radiosynthesis was 

automated using a GE Tracerlab FXN Pro Radiosynthesis Module which should facilitate 

the translation to the clinical applications.

CONCLUSION

Two second generation bacteria-specific PET tracers, 2-[18F]F-ENB and 2-[18F]F-NB, have 

been developed and evaluated as a diagnostic tool for identifying and localizing S. aureus 
which is a major cause of deep-seated infections. Mechanism of action studies support a 

mode of accumulation that involves the conversion of the tracers into 2-[18F]F-PABA which 

is then incorporated into folic acid by the bacterial DHPS enzyme. The radiotracers are 

clinically promising since they can be easily radiosynthesized and demonstrate excellent 

(17-fold) contrast between the sites of infection and sterile inflammation. Although studies 

in a rat model of soft tissue infection gave similar levels of accumulation for both 2-[18F]F-

ENB and 2-[18F]F-NB, the slower hydrolysis of the F-ENB ester in human compared to rat 

plasma suggests that protection of the carboxylate may alter the pharmacokinetics of the 

tracer in humans and modulate radiotracer accumulation in deep-seated infections.

METHODS

Study Design

The objective of this study was to synthesize and evaluate 2-[18F]F-ENB and 2-[18F]F-NB 

as noninvasive PET imaging diagnostic tools for identifying and localizing S. aureus 
infections in vivo. All protocols were approved by the Stony Brook Biosafety, Radiation 

Safety, and Animal Care and Use Committees, and all in vivo procedures were conducted 

under an IACUC approved protocol in compliance with the Animal Welfare Act and the 

Public Health Service Policy on Humane Care and Use of Laboratory Animals.

Bacterial Strains

Experiments utilized S. aureus Newman or a bioluminescent strain of S. aureus (Xen29, 

ATCC 12600) which contains a chromosomal copy of the modified Photorhabdus 
luminescens luxABCDE operon at a single integration site on the bacterial chromosome. S. 
aureus Xen29 was obtained from PerkinElmer.

Synthesis of ethyl 2-fluoro-4-nitrobenzoate (F-ENB)

Ethyl 2-fluoro-4-nitrobenzoate (F-ENB) was synthesized from 2-fluoro-4-nitrobenzoic acid 

(1) as shown in Scheme 1. 2-Fluoro-4-nitrobenzoic acid (200 mg, 0.943 mmol), EDC/HCl 

(199 mg, 1.037 mmol), DMAP (23 mg, 0.188 mmol), a drop of DMF were added to a 50 ml 
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RBF containing 15 ml DCM. The reaction mixture was stirred on ice for 30 min after which 

ethanol (2 mL) was added and the mixture stirred at room temperature overnight. After the 

reaction was shown to be complete by TLC (30% ethyl acetate in hexane), the crude product 

was purified by Combiflash using a silica gel column and petroleum ether and ethyl acetate 

(30% ethyl acetate in hexane) as the mobile phase to yield F-ENB. 1H NMR (400 MHz, 

DMSO-d6): δ 1.33 (t, J=7.09 Hz, 3 H), δ 4.37 (q, J=7.09 Hz, 2 H), δ 8.08 – 8.19 (m, 2 H), δ 
8.23 (dd, J=10.51, 1.71 Hz, 1 H). 19F NMR (376 MHz, DMSO-d6): δ −106.99 (s, 1 F).

Synthesis of 2-fluoro-4-aminoacetophenone

2-Fluoro-4-aminoacetophenone (F-AAP) was synthesized from 2-fluoro-4-

nitroacetophenone (2) as shown in Scheme 2. 2-Fluoro-4-nitroacetophenone (50 mg, 0.27 

mmol), Zn powder (178 mg, 2.73 mmol), ammonium chloride (219 mg, 4.0 mmol) were 

added to a 50 ml RBF containing 4.5 ml methanol and 1 ml H2O. The reaction mixture was 

heated at 85 °C for 30 min under reflux. After the reaction was shown to be complete by 

TLC (20% ethyl acetate in hexane), the reaction mixture was cooled to room temperature 

and the solvent was removed and the solid crude was resuspended in H2O and extracted with 

ethyl acetate. The crude product was purified by Combiflash using a silica gel column and 

petroleum ether and ethyl acetate (20% ethyl acetate in hexane) as the mobile phase to yield 

F-AAP. ESI-MS calculated for molecular ion C8H9FNO ([M + H]+): m/z = 154, found m/z = 

154 in positive mode. 1H NMR (400 MHz, CDCl3-d): δ 2.56 (d, J=5.38 Hz, 3 H) 4.21 (br. s., 

2 H) 6.31 (dd, J=13.20, 2.20 Hz, 1 H) 6.44 (dd, J=8.56, 2.20 Hz, 1 H) 7.77 (t, J=8.56 Hz, 1 

H) (Figure S10).

Manual radiosynthesis of ethyl 2-[18F]F-4-nitrobenzoate (2-[18F]F-ENB)

The radiosynthesis of 2-[18F]F-ENB was performed manually. Aqueous [18F]fluoride in 

ddH2O was trapped on a QMA cartridge and then eluted with a solution containing 

Kryptofix K2.2.2 (7 mg) and potassium bicarbonate (2 mg) in 2 mL of acetonitrile (MeCN). 

The solvent was azeotropically evaporated under Argon, and 3 aliquots of MeCN (1 mL 

each) were successively added to the reaction vessel and then evaporated to afford a dry 

residue. The solid residue was re-solubilized with 0.5 mL DMSO containing precursor (5 

mg). The reaction vessel was securely capped and the reaction mixture was stirred and 

heated at 95 °C for 10 min and subsequently diluted with H2O and loaded onto a 

preconditioned Waters C18 Light SepPak cartridge. The crude reaction product was eluted 

from the SepPak cartridge with MeCN (0.5 mL) into a receiving vial preloaded with H2O 

(0.5 mL). The resulting mixture was then loaded onto a semi-preparative HPLC column 

(Phenomenex Luna C18(2), 10 μm, 250 × 10 mm) and eluted with 45% MeCN/55% H2O at 

a flow rate of 4 mL/min. The product fraction (eluting at 19–21 min) was collected and 

diluted with H2O (30 mL). The diluted product solution was then passed through a second 

C18 Light SepPak cartridge. The final product was eluted from the SepPak with ethanol (0.3 

mL) into a product vial pre-charged with USP saline (2.2 mL). Finally, the formulated 

product solution was passed through a membrane filter (Millipore Millex GV, 0.22 μm) into 

a vented sterile vial. A portion of the product solution was then taken to spike in the 

reference compound solution and analyzed with analytic HPLC (Phenomenex Luna C18(2), 

10 μm, 250 × 4 mm, mobile phase: 45% MeCN/55% H2O, flow rate: 0.8 mL/min) for 

quality control analysis.
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Automated radiosynthesis of ethyl 2-[18F]F-4-nitrobenzoate (2-[18F]F-ENB)

[18F]F-ENB was synthesized using a GE Tracerlab FXN pro radiosynthesis box. 

[18F]Fluoride was produced at an offsite cyclotron and arrived at our facility around 4 h 

EOB. The [18F] fluoride was trapped on a Waters Sep-Pak light Accell plus QMA cartridge 

and then eluted with 1 mL of 96% MeCN containing potassium carbonate (4 mg/mL) / 

Kryptofix K2.2.2 (14.4 mg/mL) into the reaction vessel. This solution was evaporated to 

dryness under a stream of nitrogen at 70 °C for 7 min followed by 100 °C for 1 min. The 

reaction vial was cooled to 40 °C and 2.0 mg of 2,4- dinitrobenzonitrile in 1 mL DMSO was 

added. The reaction vessel was then sealed and stirred for 6 min after which the mixture was 

diluted with 8 mL of H2O before being loaded onto conditioned Oasis HLB and Sep-Pak 

light C18 cartridges in series. The cartridges are then back flushed with 3 mL MeCN to elute 

the desired 2-[18F]fluoro-4-nitrobenzonitrile which was returned to the original reaction 

vessel. The cartridges were eluted with 8 mL of H2O so that they could be reused after the 

second reaction. The MeCN was removed under a stream of nitrogen gas at 60 °C for 5 min, 

and 1 mL of 2 M potassium hydroxide was added to the residue. The reaction vessel was 

then sealed and heated to 105 °C for 10 min, and then cooled to 40 °C before 2 mL of 2M 

acetic acid and 5 mL of H2O were added. The mixture was stirred before being passed over 

previously used HLB and C18 cartridges. The cartridges were then back flushed with 1.5 ml 

MeCN to elute 2-[18F]fluoro-4-nitrobenzoic acid to a second reaction vessel, and the MeCN 

was removed under a stream of nitrogen at 60 °C. Ethyl tosylate (50 μg) in 1.0 mL DMF/

saturated Na2CO3(aq) was then added to the second reaction vessel which was then sealed 

and heated to 105°C for 5 min. After cooling, 4.5 mL of H2O was added to the reaction 

vessel, and the resulting mixture was then loaded onto a semi-preparative HPLC column 

(Phenomenex Luna C18(2), 10 μm, 250 × 10 mm) and eluted with 45% MeCN/55% H2O at 

a flow rate of 5 mL/min. The product fraction was collected and diluted with H2O (30 mL) 

and then passed through a second C18 Light SepPak cartridge. The final product was eluted 

from the SepPak with ethanol (1.0 mL) into a product vial pre-charged with USP saline (10 

mL). Finally, the formulated product solution was passed through a membrane filter 

(Millipore Millex GV, 0.22 μm) into a vented sterile empty vial. A portion of the product 

solution was then taken for quality control tests as performed in the manual radiosynthesis 

procedure.

Automated radiosynthesis of 2-[18F]F-4-nitrobenzoate (2-[18F]F-NB)

2-[18F]F-NB was synthesized using a GE Tracerlab FXN pro radiosynthesis box. 

[18F]Fluoride was produced at an offsite cyclotron and arrived at our facility around 4 h 

EOB. The [18F] fluoride was trapped on a Waters Sep-Pak light Accell plus QMA cartridge 

and then eluted with 1 mL of 96% MeCN containing potassium carbonate (4 mg/mL) / 

Kryptofix K2.2.2 (14.4 mg/mL) into the reaction vessel. This solution was evaporated to 

dryness under a stream of nitrogen at 70 °C for 7 min followed by 100 °C for 1 min. The 

reaction vial was cooled to 40 °C and 2.0 mg of 2,4- dinitrobenzonitrile in 1 mL DMSO was 

added. The reaction vessel was sealed and stirred for 6 min after which the mixture was 

diluted with 8 mL of H2O before being loaded onto conditioned Oasis HLB and Sep-Pak 

light C18 cartridges in series. The cartridges were then back flushed with 3 mL MeCN to 

elute the desired 2-[18F]fluoro-4-nitrobenzonitrile which was returned to the original 

reaction vessel. The cartridges were then eluted with 8 mL of H2O so that they could be 
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reused after the second reaction. The MeCN was removed under a stream of nitrogen gas at 

60 °C for 5 min, and 1 mL of 2 M potassium hydroxide was added to the residue. The 

reaction vessel was sealed and heated to 105 °C for 10 min after which it was then cooled to 

40 °C before 2 mL of 2M acetic acid and 2 mL of H2O were added. The mixture was loaded 

onto a semi-preparative HPLC column (Phenomenex Luna C18(2), 10 μm, 250 × 10 mm) 

and eluted with 25% MeCN containing 0.1% TFA at a flow rate of 5 mL/min. The product 

fraction (eluting at 14–16 min) was collected and diluted with H2O (30 mL). The diluted 

product solution was passed through a second HLB SepPak cartridge. The final product, 

2-[18F] fluoro-4-nitrobenzoic acid, was eluted from the SepPak with ethanol (1.0 mL) into a 

product vial pre-charged with USP saline (10 mL). Finally, the formulated product solution 

was passed through a membrane filter (Millipore Millex GV, 0.22 μm) into a vented sterile 

empty vial. A portion of the product solution was then taken for quality control tests as 

described in the manual radiosynthesis procedure.

The nitroreductase assay

NfsB was expressed and purified as described previously.24 The nitroreductase assay was 

performed at room temperature in 50 mM Tris-HCl buffer, pH 7.4, containing 5 mM EDTA 

in a total reaction volume of 500 μL. Reactions were initiated by the addition of NfsB to a 

final concentration of 45 nM, and the consumption of NADH was continuously monitored at 

340 nm. The kcat and Km values were determined at a fixed concentration of NADH (60 μM 

NADH for NfsB) by varying the concentration of 2-F-ENB, 2-F-NB or 2-F-NAP. The 

experiments were performed in triplicate and the initial velocities as a function of substrate 

concentration were globally fit to the Michaelis–Menten equation using GraphPad Prism 4.

In vitro cellular uptake of radiotracer

S. aureus Newman and S. aureus Xen 29 were aerobically grown to OD600 0.6 in LB media 

at 37 °C. To evaluate the uptake of 2-[18F]F-NB, the bacteria were incubated with 1 μCi/mL 

of the radiotracer at 37°C with rapid agitation. Heat-killed (90°C for 30 min) bacteria were 

similarly incubated with 2-[18F]F-NB. Aliquots (1 mL) were removed after 5 min, 30 min, 

60 min, 90 min, and 120 min and pelleted by centrifugation (11000 RPM, 3 min) and 

washed three times with cold phosphate buffered saline (PBS). Total radioactivity was 

measured using an automated gamma counter and is reported as the percentage of 

radioactivity added to the culture. A minimum of five replicates were used for each assay 

and time point.

Minimum Inhibitory Concentration (MIC)

Antibacterial susceptibility tests for aerobically growing bacteria were performed with the 

microbroth dilution assay according to the Clinical and Laboratory Standard Institute in 

transparent 96-well plates37. S. aureus Xen 29 (PerkinElmer) were utilized in this study. 

Briefly, bacteria were grown to mid-log phase (OD600 of 0.6–0.7) in cation-adjusted 

Mueller-Hinton (CAMH) media at 37 °C in an orbital shaker. Subsequently, bacteria were 

re-suspended in the M9 media. A final concentration of 106 CFU/mL per well was added to 

M9 media (1% glucose, 1% casaminoacids, 1mM thiamine, 0.05 mM nicotinamide, 2mM 

MgCl2, 0.1 mM CaCl2) containing 2-fold dilutions of SMX to give final concentrations 

ranging from 0.05 to 100 μg/mL either alone or in the presence of PABA (0.8 μg/mL and 4 
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μg/mL), F-PABA (0.8 μg/mL and 4 μg/mL), F-NB (10 μg/mL, 20 μg/mL and 40 μg/mL), or 

F-NAP (10 μg/mL, 20 μg/mL and 40 μg/mL). The plate was examined for bacteria growth 

using a UV-vis plate reader after 24 h incubation at 37 °C. The MIC was recorded as the 

lowest SMX concentration (μM) required to inhibit at least 90% of bacterial growth as 

judged by the absorbance of the culture media.

In vitro metabolic stability of the radiotracers in rat plasma

2-[18F]F-ENB (600 μCi) was incubated with Sprague Dawley rat plasma (5.0 mL) at 37 °C. 

Subsequently, 0.4 mL aliquots of the plasma were taken 2, 10, 30, and 85 min after addition 

of the tracer, and 0.6 mL of MeCN was added to quench the metabolism. The mixture was 

centrifuged at 13,400 rpm for 10 min to remove proteins, and both the supernatant and the 

protein pellet were analyzed by gamma counting to calculate the extraction efficiency. The 

supernatant was spiked with 50 μL cold standards (F-PABA, 2-fluoro-4-nitrobenzoic acid, 

ethyl 2-fluoro-4-aminobenzoate, ethyl 2-fluoro-4-nitrobenzoate, 1 mg/ml) and injected onto 

a semi-prep HPLC column (Phenomenex Luna C18(2), 10 μm, 250 × 10 mm) that was then 

eluted with 45% MeCN/55% H2O, 0.1% trifluoroacetic acid, at a flow rate of 4 mL/min. 

The radioactive fractions corresponding to each cold standard were collected and 

radioactivity was quantified using a gamma counter from which the percentage of each 

metabolite was calculated.

In vitro metabolic stability of the radiotracers in human plasma

2-[18F]F-ENB (600 μCi) was incubated with 5.0 mL human serum (catalog #: H4522 from 

Sigma) at 37 °C. Subsequently, 0.4 mL aliquots of the plasma were taken 2, 10, 30, and 85 

min after addition of the tracer, and 0.6 mL of MeCN was added to quench the metabolism. 

The mixture was centrifuged at 13,400 rpm for 10 min to remove proteins, and both the 

supernatant and the protein pellet were analyzed by gamma counting to calculate the 

extraction efficiency. The supernatant was spiked with 50 μL cold standards (F-PABA, 2-

fluoro-4-nitrobenzoic acid, ethyl 2-fluoro-4-aminobenzoate, ethyl 2-fluoro-4-nitrobenzoate, 

1 mg/ml) and injected onto a semi-prep HPLC column (Phenomenex Luna C18(2), 10 μm, 

250 × 10 mm) that was then eluted with 45% MeCN/55% H2O, 0.1% trifluoroacetic acid, at 

a flow rate of 4 mL/min. The radioactive fractions corresponding to each cold standard were 

collected and the radioactivity was counted using a gamma counter from which the 

percentage of each metabolite was calculated (n=3).

In vivo metabolite analysis

2-[18F]F-ENB (1 mCi) was injected via the tail vein into healthy female Sprague–Dawley 

rats (10 weeks old, Charles River). At 5, 30, and 60 min (n=3 rats at each time point), 1 mL 

of blood was obtained by cardiac puncture, centrifuged, and 50 μL of each standard 

(including N-acetyl F-PABA, F-PABA, 2-fluoro-4-nitrobenzoic acid, ethyl 2-fluoro-4-

aminobenzoate and ethyl 2-fluoro-4-nitrobenzoate, 1 mg/mL) was added to 0.4 mL aliquots 

of the resulting supernatant together with 0.6 mL MeCN. The mixture was centrifuged at 

13,400 rpm for 5 min to remove the protein, and the supernatant and protein pellet were 

analyzed by gamma counter to determine the efficiency of extraction. The supernatant was 

injected onto a semi-prep HPLC column (Phenomenex Luna C18(2), 10 μm, 250 × 10 mm) 

and chromatography was performed with 45% MeCN/55% H2O containing 0.1% 
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trifluoroacetic acid, at a flow rate of 4 mL/min. The radioactive fractions corresponding to 

each cold standard were collected and analyzed using a gamma counter from which the 

percentage of each metabolite was calculated (n=3).

Analysis of the radioactive metabolites in the urine was performed using a similar procedure 

from samples obtained from the bladder 30 and 60 min after tracer injection. The urine was 

diluted with 45% MeCN/H2O, centrifuged at 13400 rpm for 5 min and spiked with cold 

standards for radio-HPLC analysis.

Rat triceps infection

S. aureus (Newman or Xen29) was cultured overnight by inoculating 5 μL of bacteria from a 

glycerol stock into 10 mL of fresh Cation-Adjusted Mueller Hinton (CAMH) broth or tryptic 

soy broth (TSB). One hundred μL of the overnight culture was then used to inoculate 5 mL 

of fresh CAMH media or TSB media which was shaken at 37 °C for about 2 h until the 

culture reached an OD of 0.6. A 0.5 mL sample of the culture was subsequently centrifuged 

at 11,000 RPM for 3 min and the cell pellet was washed twice with 0.5 mL brain heart 

infusion (BHI) media before being resuspended in 0.15 mL BHI media. Healthy female 

Sprague–Dawley rats (10 weeks old, Charles River) were intramuscularly infected with S. 
aureus Newman or Xen29 in the right triceps with a bacterial burden of 8 log10 CFU (50 μL 

BHI culture). The rats were imaged by PET/CT 22 to 24 h after infection. After imaging, the 

infected triceps were collected, homogenized in PBS using a hand-held homogenizer, and 

the bacterial burden at the time of imaging was determined by plating the muscle tissues 

onto solid MH medium. After overnight incubation at 37 °C, CFUs were quantified by 

enumeration. For histological examination, tissue samples were also obtained from some of 

the infected animals, fixed overnight in 4% formaldehyde before being embedded in 

paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin (H&E) or Gram stain.

Sterile inflammation in the rat triceps

S. aureus (Newman or Xen29) was cultured as described above except that an additional 

culture was autoclaved to generate a sample of heat-killed bacteria. One mL of the 

autoclaved culture was centrifuged at 11,000 rpm for 3 min, and the cell pellet was washed 

twice with 1 mL BHI and then resuspended in 0.15 mL BHI. Female Sprague–Dawley rats 

were injected with 50 μL of the heat killed bacterial culture to induce inflammation in the 

left triceps. To confirm the absence of live bacterial cells present in the left triceps, the 

triceps were collected after imaging, homogenized and plated for CFU counting. A 

histological examination was also conducted as described above after imaging to confirm the 

presence of inflammation.

PET/CT Imaging

2-[18F]F-ENB or 2-[18F]F-NB(600 to 1000 μCi) was injected via a tail vein catheter into rats 

that were anesthetized using 2% isoflurane with oxygen. Immediately after tracer 

administration, a 120 min dynamic PET scan was performed, followed by an 8 min full-

body CT scan using a SIEMENS Inveon™ Docked PET/SPECT/CT. The CT data were 

reconstructed in real-time in voxel numbers that was automatically calculated by the 

software. After the imaging, the PET data were histogrammed into designated time frames, 
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followed by reconstruction into PET images using the OSEM 3D method. The images were 

subsequently analyzed by Amide version 1.0.4 (http://www.amide.sourceforge.net).

After the 120-min dynamic scan was complete, the rats were returned to their cages for 1 h 

to allow them to recover from anesthesia. Three h after tracer injection, a 20 min static PET 

scan was performed followed by an 8 min full-body CT scan. The image data were 

reconstructed and analyzed in the same way as 120 min dynamic scan.

After completion of the whole-body scan, the rats were euthanized by CO2 inhalation and 

the infected and inflamed triceps were excised and subsequently imaged with PET/CT 

scanner for 20 min. The image data were analyzed with Amide. The rest of the major organs 

were dissected and collected for ex vivo gamma counting described below.

For [18F]FDG PET imaging, rats were fasted 12 h before they were injected with 800 μCi of 

radiotracer via the tail vein. The animals were allowed to wake up between [18F]FDG 

injection and imaging, and PET scanning was performed 1 h after tracer administration 

using a 20-min list mode acquisition. The image data were reconstructed and analyzed in the 

same way as described above.

Bioluminescence imaging

Upon completion of PET/CT imaging of excised infected and inflamed triceps, the same 

triceps were imaged with the IVIS Lumina II imaging station. Image data collection was 

performed using a field of view of 8 or 10 cm, exposure time of 5 min, binning number of 

16, and an f1/stop of 1. The image analysis was performed with the Living Image software 

package. The signal intensity of the region of interest (ROI) is represented by radiance 

(p/sec/cm2/sr), which refers to the number of photons per second that are leaving a square 

centimeter of tissue and radiating into a solid angle of one steradian (sr).

Ex vivo radiotracer biodistribution

The biodistribution study was performed after the completion of ex vivo tissue PET/CT 

imaging and bioluminescence imaging described above. The major organs and tissues were 

collected, weighed and placed in gamma counter tubes. The organ-associated radioactivity 

was measured using a gamma counter (Wizard 2480, PerkinElmer) and is expressed as 

%ID/g (percentage of injected dose per gram of organ).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Radiosynthesis of 2-[18F]F-ENB.
(A) Manual synthesis: (i): [18F]potassium fluoride, Kryptofix222, potassium carbonate, 

dimethyl sulfoxide, 95 °C, 10 min. (B) Automated synthesis: (i):[18F]potassium fluoride, 

Kryptofix222, potassium carbonate, dimethyl sulfoxide, r.t., 10 min; (ii): 2M potassium 

hydroxide in H2O, 105 °C, 10 min; (iii): ethyl tosylate, potassium carbonate, 

dimethylformamide, 110 °C, 10 min.
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Figure 2: PET/CT imaging of a rat model of S. aureus Newman-induced triceps infection.
(A) [18F]FDG PET/CT of a rat in which 8.2 ± 0.2 log10 CFU of S. aureus Newman has been 

injected into the right triceps (red arrow) and with sterile inflammation in the left triceps 

(yellow arrow). The image was acquired 60–80 min after tracer injection. (B) Comparison of 

[18F]FDG accumulation 60–80 min post-injection at sites of infection and sterile 

inflammation, represented as % injected dose per cc (%ID/cc). (C) 2-[18F]F-ENB 

accumulation was observed in the infected (red arrow) but not inflamed triceps (yellow 

arrow) 180–200 min after tracer injection. (D) Comparison of 2-[18F]F-ENB accumulation 

in the infected triceps and inflamed triceps 180–200 min after tracer injection: ***P < 0.001 

from a two-tailed Mann-Whitney U Test (n = 7). (E) Ex vivo PET imaging of the excised 

infected triceps. The area of infection is highlighted in yellow. (F) Post-mortem ex vivo 
analysis of 2-[18F]F-ENB biodistribution at sites of infection and sterile inflammation 3 h 

after tracer injection, represented as % injected dose per gram (%ID/g): ***P < 0.001 from a 

two-tailed Mann-Whitney U Test (n = 8).
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Figure 3: PET/CT imaging of rats infected in the right triceps with the bioluminescent Xen29 
strain of S. aureus.
(A) Experimental design. (B) 2-[18F]F-ENB-derived radioactivity accumulates in the 

infected triceps (red arrow) but not the inflamed triceps (yellow arrow) at 3 h post tracer 

administration. (C) Ex vivo PET/CT imaging and bioluminescent imaging of the excised 

triceps demonstrated that the radioactivity in the infected triceps co-localized with the 

bioluminescence signal generated by S. aureus Xen29.
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Figure 4: Analysis of metabolites in the plasma and urine of healthy rats after intravenous 
injection (IV) of 2-[18F]F-ENB.
After IV administration of 2-[18F]F-ENB, the animals were sacrificed at each time point (n = 

3 rats) and the blood and urine samples were collected for radio-HPLC analysis. (A) A 

representative HPLC chromatogram is shown to illustrate the separation of four major non-

radioactive cold standards: 2-F-PABA (a), 2-F-NB (b), 2-F-PABA ester (c) and 2-F-ENB (d). 

The red trace is the HPLC chromatogram of a blood sample that reveals the presence of 

2-[18F]F-NB and 2-[18F]F-ENB. The percent of each metabolite in blood (B) and urine (C) 

is shown.

Li et al. Page 21

ACS Infect Dis. Author manuscript; available in PMC 2021 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: PET/CT imaging of 2-[18F]F-NB in a rat model of S. aureus Xen29 infection.
(A) Radiosynthesis of 2-[18F]F-NB. (i): [18F]potassium fluoride, Kryptofix222, potassium 

carbonate, dimethyl sulfoxide, r.t., 10 min; (ii): 2M potassium hydroxide in H2O, 105 °C, 10 

min; Overall decay-corrected radiochemical yield: 26% (n = 1). (B) Accumulation of 

2-[18F]F-NB-derived radioactivity was observed in the infected (red arrow) but not inflamed 

triceps (yellow arrow). (C) Ex vivo bioluminescence and (D) PET/CT imaging of excised 

triceps showed that the radioactivity in the infected triceps colocalized with the 

bioluminescent signal emitted by the S. aureus Xen29 strain.
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Figure 6: Impact of PABA analogs on the antibacterial activity of sulfamethoxazole (SMX)
(A) S. aureus Xen29 were incubated with SMX (0.048 μg/mL −100 μg/mL) either alone or 

in the presence of PABA (0.8 μg/mL and 4 μg/mL) demonstrating that PABA can rescue the 

inhibition of growth caused by SMX in a concentration-dependent manner. (B-D) F-PABA 

and 2-F-NB but not 2-F-NAP can rescue the inhibition of growth caused by SMX.
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Figure 7. A comparison of PET imaging of the triceps infection/inflammation model with 
2-[18F]F-ENB (A) and 2-[18F]F-NB (B).
Both radiotracers were shown to localize the S. aureus Xen 29 infection (red arrow) with no 

accumulation at the site of inflammation (yellow arrow), 3 h post injection of radiotracers.
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Scheme 1. Synthesis of ethyl 2-fluoro-4-nitrobenzoate
aReagents and reaction conditions: (a) N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC/HCl), N,N-dimethylpyridin-4-amine (DMAP), dimethylformamide 

(DMF), dichloromethane (DCM), ice bath, 30 min; ethanol, r.t. overnight.
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Scheme 2. Synthesis of 2-fluoro-4-aminoacetophenone
aReagents and reaction conditions: (a) Zn powder, ammonium chloride, methanol and H2O, 

85 °C, 30 min.
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Table 1.

Reduction of F-ENB and F-NB by NfsB
a

Substrate kcat (s−1) Km (μM) kcat/Km (M−1s−1)

2-F-ENB 16.1±1.7 28±8 5.7×105

2-F-NB 12.4±1.6 686±174 1.8×104

a
Initial velocities were monitored at 340 nm at a fixed concentration of NADH (40 μM) and at varying concentrations of 2-F-ENB and 2-F-NB. 

Data were fit to the Michaelis–Menten equation.
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