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Abstract: The discovery of penicillin began the age of antibiotics, which was a turning point in
human healthcare. However, to this day, microbial infections are still a concern throughout the
world, and the rise of multidrug-resistant organisms is an increasing challenge. To combat this threat,
diagnostic imaging tools could be used to verify the causative organism and curb inappropriate use
of antimicrobial drugs. Nuclear imaging offers the sensitivity needed to detect small numbers of
bacteria in situ. Among nuclear imaging tools, radiolabeled antibiotics traditionally have lacked the
sensitivity or specificity necessary to diagnose bacterial infections accurately. One reason for the
lack of success is that the antibiotics were often chelated to a radiometal. This was done without
addressing the ramifications of how the radiolabeling would impact probe entry to the bacterial cell,
or the mechanism of binding to an intracellular target. In this review, we approach bacterial infection
imaging through the lens of bacterial specific molecular targets, their intracellular or extracellular
location, and discuss radiochemistry strategies to guide future probe development.

Keywords: infection imaging; molecular imaging; positron emission tomography; antibiotics;
radiochemistry; chemistry

1. Introduction

Bacterial infections are a major biomedical problem, and at least six million global deaths were
due to infectious diseases in 2017 [1]. There are a variety of types of infections, from endemic,
community-acquired infections typical of the developing world, to rare atypical infections in
patients with complex medical problems seen in modern tertiary care centers. In the latter case,
many antimicrobial-resistant infections are attributable to hospital-acquired organisms (nosocomial
infections), resulting in prolonged in-patient stays and increased costs to both the individual and
society at large [2]. The increased individual cost associated with an antibiotic-resistant infection may
vary from several hundred dollars to over a hundred thousand dollars depending on the type of
bacterium and severity of the infection. More broadly, the total cost-burden on the gross domestic
product is estimated to be in the tens of billions of dollars in lost productivity [2]. The therapeutic
and prophylactic use of antimicrobials in humans has undoubtedly spurred some of this resistance, in
addition to antimicrobial use in biomedical research, as well as other anthropogenic activities such
as farming and agriculture [3]. Moreover, the overuse of antibiotics in human patients has been
highlighted by the development of highly resistant strains of lethal bacteria, for example, Clostridium
difficile [3]. While precision human imaging tools have been rapidly developed for cancer diagnostics,
the ability to specifically image bacterial infection in people has lagged behind. Such molecular tools
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would allow better management of antibiotics in human patients, especially in the hospital setting
where empiric use is common, and would allow tailored therapies.

Given that bacteria come from a different phylogenetic kingdom than humans, the development of
bacterial targeted imaging agents should be a relatively straightforward process. However, over the last
50 years, an infection specific agent has proven elusive [4,5]. If more probes were developed to target
specific strains or classes of bacteria, this could, in turn, lead to a more rapid and specific treatment,
resulting in improved clearance of the infection. Furthermore, the use of a narrower treatment could, in
turn, curb the rise of multidrug-resistant organisms. In order to appropriately treat a patient’s infection,
a physician may first determine what the causative organism is. The current microbiological methods
of diagnosing bacterial infections include microscopy, culture techniques, nucleic acid amplification
(PCR), and mass spectrometry, usually after tissue sampling or biopsy [6]. There is a multitude of
issues with these methods: Ex vivo cultivation of the bacterium in question (anaerobes); sample
contamination and error; single location of tissue sampling, and use of a single time point that may
not indicate temporal changes inherent in the highly dynamic infection pathobiology. Additionally,
imaging techniques are often applied in conjunction with microbiological methods. Current imaging
methods of diagnosing bacterial infections often include magnetic resonance imaging (MRI), ultrasound
(US), computed tomography (CT), positron emission tomography (PET), and single-photon emission
computed tomography (SPECT). Many of these methods rely on simple vascular flow (contrast
enhancement) and are unable to differentiate bacterial infection from sterile inflammation, anatomic
tissue changes, due to cancer or cancer-related treatments (e.g., radiation), or even other infections
(e.g., viral or parasitic) [7].

With these limits in mind, and given the sensitivity afforded by nuclear imaging, several research
groups have been developing new radiotracers, purported to be capable of determining whether a
particular site of uptake is due to cancer or a microbial infection. These investigational radiotracers
target infections through a variety of approaches, including labeled antibiotics, antimicrobial peptides,
and metabolic substrates [6,8–11]. Some of the past radiotracers have not worked, despite some
initially promising results [4,12]. While a new generation of tracers is under review or moving
into clinical trials [12–14], next-generation approaches should consider the structural features of the
protein-binding site, and more macroscopically, the subcellular locale of the target (i.e., whether the
target is intracellular or extracellular). The rational design of these new tracers must also consider the
size and structure of the probe itself, as well as its pharmacokinetics and biological half-life (t 1

2
) in

conjunction with the radiochemical t 1
2
. Many imaging agents developed from antibiotics have been

chelated to technetium-99m, in part, due to the ease of labeling, using off-the-shelf kits. However,
achieving bacterial specificity with these probes has been challenging, with the site of labeling in
some cases potentially interfering with proper binding to the target [15,16]. This review discusses an
approach that stresses the location of the target, and then retro-synthesizes the best radiochemical
approach based on the size of the probe. For instance, if an extracellular domain is to be targeted,
a radionuclide that requires chelation ought to be considered given the ease of generator derived
radioisotopes, such as gallium-68 or technetium-99m. Whereas, covalent modifications are more
difficult to achieve radiochemically, their ability to penetrate bacterial cells when paired with a small
molecule probe opens the spectrum of intracellular targets [12,13,17]. It, therefore, seems that location
of the target should be an important factor to consider when developing new probes, along with other
radiochemical factors, such as the ease of labeling, the half-life of the radioisotope, and modality of
imaging (PET or SPECT).

2. Radionuclide Choice: Chelation vs. Covalent Attachment

There are a wide variety of radionuclides that can be used for radiolabeling a compound, but
they fall into two main categories: Metals which must be chelated by some part of the molecule, and
nonmetals which are covalently attached. Shown in Table 1 are some of the most used radionuclides
for imaging purposes. This includes the common positron-emitting nuclides carbon-11, fluorine-18
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and gallium-68, as well as the γ-emitting nuclides technetium-99m and iodine-123. Discussed in
this section is the generation of some clinical radionuclides, their common methods of inclusion into
radiopharmaceuticals, and a common clinical application for these radionuclides. This section is
not meant to be an exhaustive review of radiochemistry or radiopharmaceutical chemistry (for an
exhaustive review, see Radiopharmaceutical Chemistry [18]). Rather, the goal is to highlight standard
approaches and considerations for developing bacterially-targeted radiochemical probes.

Table 1. Common radionuclides used in nuclear medicine [19,20].

Isotope T1/2 Attachment Production Decay Type Decay Energy Ideal Setting

11C 20.4 min Covalent Cyclotron β+ 1.0 MeV Research/Clinical
Imaging

18F 110 min Covalent Cyclotron β+ 0.6 MeV Clinical Imaging
68Ga 67.6 min Chelation Generator β+, γ 1.9 MeV,

1.1 MeV Clinical Imaging *
76Br 16.2 h Covalent Cyclotron β+ 0.8–3.9 MeV Clinical Imaging
89Zr 78.4 h Chelation Cyclotron β+ 0.9 MeV Clinical Imaging
90Y 64.1 h Chelation Separation β−, γ 2.3 MeV,

2.2 MeV Therapy
99mTc 6.0 h Chelation Generator γ 141 keV Clinical Imaging *
111In 2.8 d Chelation Cyclotron γ, EC 245 keV Clinical Imaging
123I 13.2 h Covalent Cyclotron γ, EC 159 keV Clinical Imaging
124I 4.2 d Covalent Cyclotron β+ 1.5–2.1 MeV Clinical Imaging
125I 59.4 d Covalent Cyclotron γ, EC 35 keV Preclinical Imaging
131I 8.0 d Covalent Cyclotron β−, γ 0.6 MeV,

364 keV Imaging/Therapy

177Lu 6.7 d Chelation Cyclotron β−, γ 0.5 MeV,
208 keV Therapy

* Indicates 1–2 patients per day, per generator.

2.1. Chelation of Radionuclide

Radioisotopes available for either diagnostics or therapeutics are often metals which include
copper-64, zirconium-89, gallium-68, yttrium-90, and technetium-99m. These metals cannot be attached
covalently to a molecule; instead, they require some form of chelation for inclusion in the molecule.
This could be in the form of a macrocyclic chelator attached to the pharmacophore by a linker, or
direct chelation by the molecule using the pharmacophore atoms. The latter poses a concern, since
the pharmacophore atoms used for chelation usually play an integral role in the in vivo targeting
properties. Often times these chelates change the pharmacodynamics and/or pharmacokinetics of the
molecule in question, which should be considered when developing the radiopharmaceutical.

A radionuclide that has recently gained more widespread use is gallium-68 which could be
useful for infection PET imaging. The reason for the interest is two-fold. First, gallium-68 is a
positron-emitting radionuclide, thus, allowing for its use in PET applications, and second is the ease
of gallium-68 generation from the decay of germanium-68 [21]. Germanium-68 has a T 1

2
of 271 days,

which makes it a useful parent isotope for a generator, as this longer T 1
2

means a generator need
only be purchased once a year. The increase in the use of gallium-68 and other radiometals has
led to the use or development of new macrocyclic chelators, including DOTA, NOTA, NODAGA,
and NOTP (Figure 1A). As an example of the growing use of chelators for PET imaging, one of the
most well-known gallium-68 radiopharmaceuticals is [68Ga]Ga-DOTA-Octreotide, or DOTATATE
(Figure 1B). DOTATATE targets the somatostatin receptors (specifically SSR2), which are overexpressed
in numerous malignancies, including breast, lung, lymphatic, and neuroendocrine tumors [22]. Since
these receptors are transmembrane proteins with extracellular domains, the chelated DOTATATE is
still able to bind to its target of interest, an important aspect of any chelated radiotracer.
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One of the most widely utilized radionuclides worldwide is technetium-99m, a γ-emitting nuclide
which is used in approximately 25 million yearly procedures [23]. Technetium-99m has a T 1

2
of 6 h,

and is the daughter radionuclide of molybdenum-99. Typically, technetium-99m is obtained from
a 99Mo/99mTc generator, aiding its worldwide application. The molybdenum is adsorbed onto an
aluminum oxide column in the form of [99Mo]MoO4

2− (99Mo-Molybdate), which then decays into
[99mTc]TcO4

− and can be eluted from the generator using a saline solution. The [99mTc]TcO4
− must then

be reduced and combined with a suitable ligand. A crucial note is that technetium has oxidation states
ranging from −1 to +7, and ligand complexes with Tc have been found as tetrahedral (4 coordinate),
tetragonal pyramidal (5 coordinate), octahedral (6 coordinate), capped octahedral (7 coordinate),
and pentagonal bipyramidal (8 coordinate). All of these different structural possibilities need to be
considered when developing 99mTc-based radiopharmaceuticals, as the differences in structure can
cause drastic changes in physical and biochemical properties.

2.2. Covalent Attachment of Radionuclide

While many metals are available for chelation, there are relatively fewer radionuclides available
for covalent attachment to a diagnostic or therapeutic probe, with the majority being halides. This
includes carbon-11, fluorine-18, bromine-77, and the various isotopes of iodine (I-123, I-124, I-125,
I-131). Whereas, chelated radionuclides typically possess similar moieties regardless of the metal
to be chelated, covalent attachment of radionuclides usually requires the generation of a variety of
precursors, depending on the radionuclide to be attached. In the case of carbon-11, which is typically
added as the electrophilic [11C]methyl iodide, the precursor must be sufficiently nucleophilic [24];
whereas, in the case of [18F], the precursor is usually an electrophile to allow for the addition of the
nucleophilic [18F]fluoride anions [25]. In the case of the other halogens, Br or I, this typically proceeds
via nucleophilic aromatic substitution of tributyltin (SnBu3) derivative [21,26].

Carbon-11 is a positron-emitting radionuclide with one of the shorter t1/2 of ~20 min, and is
produced by proton bombardment of nitrogen gas in the nuclear reaction 14N(p,α)11C [19]. It is
generally produced as either carbon dioxide ([11C]CO2) or methane ([11C]CH4) [24,27], depending
on the primary precursor desired; however, the vast majority of carbon-11 is generated as carbon
dioxide, a useful starting point for many labeling methods (Figure 2). The [11C]CO2 can be reduced to
[11C]methane, and the unreacted [11C]CO2 is separated from the [11C]methane by a carbon dioxide trap.
The [11C]methane can then be transformed into a reactive species, usually methyl iodide ([11C]CH3I)
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or cyanide ([11C]HCN). Methyl iodide is a useful material for electrophilic addition, as it is reactive to
even weak nucleophiles. Due to its relatively short T 1

2
, carbon-11 derivatives are not commonplace in

the clinic. Some uses for carbon-11 is its addition to amino acids, such as methionine, or derivatives of
amino acids, such as choline. l-[Methyl-11C]methionine is typically used for imaging of brain tumors,
where the use of [18F]fluorodeoxyglucose ([18F]FDG, see below) is hindered by high background
accumulation in the brain [27]. Another use is in [11C]acetate, which has shown use in myocardial
perfusion and oxygen metabolism, and more recently, in oncology for prostate cancer, renal cell
carcinoma, and brain tumors [28].
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Fluorine-18 is the most widely used positron-emitting radionuclide for imaging [25], usually in
the form of [18F]fluorodeoxyglucose ([18F]FDG). Fluorine-18 has a t1/2 of 110 min, making it much more
useful from a clinical imaging perspective than carbon-11 because it can be shipped over short distances
allowing wider access and improved biodistribution/pharmacokinetic characteristics. Fluorine-18 is
produced by the proton bombardment of heavy water ([18O]H2O) in the following nuclear reaction:
18O(p,n)18F [19], which means an oxygen-18 nucleus captures a proton and ejects a neutron. The
reaction is not very efficient, with a large percentage of [18O]H2O remaining. The solution containing
the [18F]fluoride anions is transferred through an ion exchange cartridge, which captures the ions,
and allows recovery of unreacted [18O]H2O. After recovery of the [18O]H2O, the [18F]fluoride anions
are eluted from the ion exchange cartridge with a counterion, usually carbonate (CO3

2−). For the
production of FDG, the fluoride ion needs to be anhydrous, as water can compete with the [18F]fluoride
anion when displacing the triflate (OTf, Figure 3). [18F]FDG is a metabolic tracer used for many different
clinical applications, including diagnosis and monitoring of sarcoidosis [29], and most commonly for
the detection of cancers [30,31]. Since cancer cells are continually dividing, they require more nutrients
than normal tissue. This means that a cancerous lesion will accumulate more [18F]FDG than the
surrounding tissue, allowing for high-contrast PET/CT imaging of the lesions. Unfortunately, one of
the main drawbacks of [18F]FDG is the fact that it is nonspecific, and will show increased accumulation
in any area with increased metabolic activity, including infection and sterile inflammation [32].
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Now that we have briefly reviewed the radiochemical approaches available, we will focus next on
optimal strategies for the next generation of radiochemical probes for infection. As we highlight these
various methods, it is important to keep in mind the possibilities for radionuclide inclusion (chelation
or covalent assemblies), whether these probes are targeting intracellular or extracellular molecules,
and the T 1

2
of the radionuclide vs. clearance of the radiotracer.

3. Intracellular Targets

Many antibiotic targets are located within the bacterial cell, which means the radiopharmaceutical
must be able to cross the bacterial cell wall and/or plasma membrane in order to identify a site of
infection. In this next section, we will discuss the several classes of intracellularly active molecules,
including β-lactams, macrolides, fluoroquinolones, and anti-folates, followed by a brief discussion of
metabolic tracers (reviewed elsewhere [14].)

3.1. Inhibitors of Peptidoglycan Cross-Linking–β-lactams

B-lactam antibiotics are still one of the most widely used. From the original penicillin, through
modern cephalosporins, these broad-spectrum antibiotics are crucial drugs for combating infection.
These drugs inhibit the family of proteins known as penicillin-binding proteins (PBP). PBP cross-link
the peptidoglycan layer of the bacterial cell wall, and inhibition of this process leads to cell death.
Many research groups have labeled these broad-spectrum antibiotics for use as imaging agents, albeit
with limited success. This lack of success as imaging agents could stem, in part, from the use of
99mTc-chelation, as opposed to covalent attachment of a radionuclide [8,9]. Another possible pitfall of
using β-lactams as imaging agents is the prevalence of microbial-resistance in the form of β-lactamases
though horizontal gene transfer for example [33].

Amoxicillin (Figure 4A) is one of the most widely prescribed β-lactam antibiotics, and as such,
would seem to be an enticing choice for functionalization into a radiotracer. One such method involved
its chelation to technetium-99m [15]. Javed et al. indicated a target/non-target (T/NT) ratio of 3.5 ± 0.08
at 1 h post injection and proposed a possible structure (Figure 4B), but there exists another possible
structure (Figure 4C). However, both of these structures have the possibility of sterically hindering the
binding of amoxicillin to PBPs [34,35] (Figure 4D,E).

There are several otherβ-lactam antibiotics which have been chelated to technetium-99m, including
cefazolin, ceftizoxime, and ceftriaxone. 99mTc-labeled ceftriaxone has been studied most extensively, but
with conflicting data. In mouse models, some groups show T/NT of 4.5 and 5.67 ± 0.6 against E. coli [34]
and S. aureus [35], respectively; whereas, others in mouse models against S. aureus have shown T/NT of
3.39 for infected muscle, with high uptake in both heat-killed bacteria and sterile inflammation (T/NT
of 3.12 ± 0.35 and 2.48 ± 0.45, respectively.) [36] These molecules most likely chelate technetium-99m
in a way analogous with amoxicillin. We speculate that the impaired binding is the main reason for
these borderline results, and we are not aware of any research which performed minimum inhibitory
concentration (MIC) assays with either the 99mTc-labeled β-lactams or the nonradiolabeled Tc-chelated
β-lactams. Such data would be interesting to verify if the antibiotic retains a similar MIC to the
non-labeled antibiotic. The conflicting results of these radiolabeled antibiotics should give pause to
anyone interested in using a 99mTc-chelated β-lactam or any intracellularly targeted probes. However,
it would be interesting to consider covalently attached radionuclides probe for PBPs if the binding
affinities were high enough (nanomolar range).



Int. J. Mol. Sci. 2019, 20, 5808 7 of 18

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 8 of 19 

 

 
Figure 4. (A) Amoxicillin; (B) Proposed structure for 99mTc-labeled amoxicillin; (C) Another potential 
structure for 99mTc-labeled amoxicillin; (D) Crystal structure of a similar β-lactam antibiotic 
(cloxacillin) bound to PBP 53 (PDB ID: 3MZD)35; (E) Mechanism for amoxicillin-binding to a target 
PBP [11]. 

There are several other β-lactam antibiotics which have been chelated to technetium-99m, 
including cefazolin, ceftizoxime, and ceftriaxone. 99mTc-labeled ceftriaxone has been studied most 
extensively, but with conflicting data. In mouse models, some groups show T/NT of 4.5 and 5.67 ± 
0.6 against E. Coli [34] and S. Aureus [35], respectively; whereas, others in mouse models against S. 
Aureus have shown T/NT of 3.39 for infected muscle, with high uptake in both heat-killed bacteria 
and sterile inflammation (T/NT of 3.12 ± 0.35 and 2.48 ± 0.45, respectively.) [36] These molecules most 
likely chelate technetium-99m in a way analogous with amoxicillin. We speculate that the impaired 
binding is the main reason for these borderline results, and we are not aware of any research which 
performed minimum inhibitory concentration (MIC) assays with either the 99mTc-labeled β-lactams 
or the nonradiolabeled Tc-chelated β-lactams. Such data would be interesting to verify if the 
antibiotic retains a similar MIC to the non-labeled antibiotic. The conflicting results of these 
radiolabeled antibiotics should give pause to anyone interested in using a 99mTc-chelated β-lactam or 
any intracellularly targeted probes. However, it would be interesting to consider covalently attached 
radionuclides probe for PBPs if the binding affinities were high enough (nanomolar range). 

Figure 4. (A) Amoxicillin; (B) Proposed structure for 99mTc-labeled amoxicillin; (C) Another potential
structure for 99mTc-labeled amoxicillin; (D) Crystal structure of a similar β-lactam antibiotic (cloxacillin)
bound to PBP 53 (PDB ID: 3MZD) [35]; (E) Mechanism for amoxicillin-binding to a target PBP [11].

3.2. Inhibitors of Protein Synthesis–Macrolide Antibiotics

Macrolide antibiotics are natural products that typically consist of a 14-16-membered macrocyclic
lactone ring, upon which one or more sugars are usually attached. Macrolides are effective primarily
against Gram-positive bacteria, and inhibit protein synthesis by binding to the large subunit of the
bacterial ribosome. While incredibly effective antibiotics, few macrolides have been used as radiotracers,
most likely due to their large size and the difficulty of chemical modification.

Two common macrolides are erythromycin and azithromycin (Figure 5). One attempt to label a
macrolide was through the use of erythromycin for chelation of technetium-99m, where the authors
were able to achieve 97% labeling, and T/NT ratios of 5 ± 0.6. Unfortunately, biodistribution
studies of 99mTc-labeled erythromycin in albino mice were unable to differentiate septic from aseptic
inflammation [37].
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Other macrolide antibiotics that were labeled with technetium-99m include vibramycin,
azithromycin, and clarithromycin. 99mTc-labeled vibramycin was tested against S. aureus in a rat
model, and showed T/NT ratios of 2.64, 2.15, and 1.80 against live bacteria, heat-killed bacteria, and
sterile inflammation, respectively. It, therefore, was not further investigated as an imaging agent.
99mTc-labeled azithromycin and 99mTc-labeled clarithromycin, on the other hand, showed higher
accumulation in infectious muscles as compared to controls. 99mTc-labeled azithromycin was tested
against S. aureus in a mouse model, achieving a max T/NT ratio of 6.20 ± 0.12 in live bacteria at 2 h. At
the same time points against heat-killed bacteria and sterile inflammation, T/NT ratios were 3.16 ± 0.14
and 2.60 ± 0.12, respectively [38]. Similarly, 99mTc-labeled clarithromycin was tested against S. aureus
in a mouse model, showing T/NT ratios of 7.33 ± 0.13, whereas, against heat-killed bacteria and sterile
inflammation, the T/NT were 3.1 ± 0.13 and 3.26 ± 0.12, respectively [39]. For both azithromycin and
clarithromycin, the higher uptake in live cells is a promising result; however, the high signals in both
heat-killed and sterile inflammation are a concern.

Similar to theβ-lactam antibiotics, the use of the antibiotic as a structural basis for chelation provides
limited success. While inherently difficult, modification of the peripheral sugars for radioflourination
might yield new potential radiotracers; however, the inherent difficulty in macrolide synthesis might
preclude their use as radiotracers with covalently bound radionuclides.

3.3. Inhibitors of DNA Synthesis–Fluoroquinolones

Fluoroquinolones are effective broad-spectrum antibiotics based on the 4-quinolone core structure.
These antibiotics bind to either DNA topoisomerases or gyrases, preventing the unwinding of DNA
leading to cell death. They are effective antibiotics against both Gram-positive and Gram-negative
bacteria. A concern with the fluoroquinolone class of antibiotics is the propensity for adverse side-effects.
In 2008, the US FDA added a black box warning for the increased risk of tendon damage, and in 2016,
this was amended to include serious side effects involving muscles, joints, nerves, and the central
nervous system. Given that tracer quantities are much lower than typical therapeutic doses, these
side-effects should not pose an issue.

The first radiolabeled antibiotic tested in humans was 99mTc-labeled ciprofloxacin, commonly
known by the trade name “Infecton”. In a rat model, it showed high sensitivity, but low specificity in
targeting experiments, while having superior biodistribution with renal clearance [40–44]. Ciprofloxacin
was further conjugated to gallium-68 via a propylamine moiety, and was able to image S. aureus [45].
Unfortunately, testing of 99mTc-labeled ciprofloxacin for infection localization in higher-order species,
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such as rabbits, dogs, camelids, or swine resulted in controversial data [46–49]. Furthermore,
[18F]ciprofloxacin was synthesized as an alternative to 99mTc-labeled ciprofloxacin; however, it was
shown to not be specific for imaging infections, casting some doubt on radiolabeled antibiotics in
general [50,51].

Second and third generation fluoroquinolones have also been labeled with technetium-99m and
fluorine-18. Enrofloxacin was labeled with technetium-99m, but was unable to distinguish between
infected muscle and control inflammation in a rat model [52,53]. Similarly, 99mTc-Norfloxacin tested in
rats showed modest T/NT ratios of ~3.0 and 1.0 for infected tissue and controls, respectively [54,55].
Fleroxacin is a third-generation fluoroquinolone which was labeled with fluorine-18, and evaluated in
E. coli infected mice, rats, and rabbits [56]. Unfortunately, T/NT ratios were low, and [18F]fleroxacin
was deemed a poor PET imaging agent. The fluoroquinolone antibiotic imaging story has led the
infection imaging field away from antibiotics; however, we suggest that if the binding mechanisms
are well described, and covalent radiochemistries are used, radiolabeled antibiotics may yet have
some promise.

3.4. Inhibitors of Folic Acid Synthesis–Sulfonamides and Trimethoprim

Folic acid (tetrahydrofolate) is an essential nutrient for nucleic acid synthesis in both prokaryotic
and eukaryotic organisms. Mammals possess an active transport system for folic acid, which is capable
of transporting it across the membrane; whereas, in most microorganisms, folic acid is synthesized de
novo from para-aminobenzoic acid (PABA) and dihydropterin pyrophosphate [57]. A common antibiotic
cocktail used to inhibit this synthesis in microorganisms is Bactrim, a formulation of sulfamethoxazole
(SMX) and trimethoprim (TMP). SMX inhibits the enzyme dihydropteroate synthase, whereas, TMP
inhibits dihydrofolate reductase (DHFR, Figure 6). Importantly, trimethoprim has a 103–104 higher
affinity for bacterial DHFR (eDHFR) than the human analogue. Thus, TMP could possibly allow high
enough target to the background for high-contrast imaging of a live in vivo bacterial infection.

Our group recently developed two antibiotic-derived radiotracer based on TMP, which was
modified to enable radiolabeling with either carbon-11 [58] or fluorine-18 [12]. Like most covalently
derived radiotracers, [18F]fluoropropyl-trimethoprim, [18F]FPTMP and [11C]TMP require chemical
synthesis of the precursors. Despite the effort that entails, the dimethoxy-phenol is our common
GMP precursor for the carbon-11 and fluorine-18 radiotracer (via a two-step radiosynthetic approach).
[18F]FPTMP showed a modest T/NT ratio of 2.7, with little to no increase in uptake for sterile
inflammation. This is compared to FDG, which showed similar uptake in infection and inflammation
(Figure 6B). More studies with [11C]TMP (currently in clinical evaluation) and [18F]-TMP are ongoing.

Subsequently, another group attempted chelation of trimethoprim, 99mTc-labeled TMP [16].
Unfortunately, this version of trimethoprim requires chelation of the technetium-99m utilizing the
2,4-diaminopyrimidine, which is an integral aspect for trimethoprim-binding to DHFR. [59] The
pyrimidine enters deep into the DHFR binding pocket, so any modification at this site will most likely
reduce binding, much like a 99mTc-chelated β-lactam. Indeed, 99mTc-labeled TMP shows no statistically
significant difference at 30 min or 240 min post injection. This again highlights the need to consider
radioligand-binding and location of the target before considering new approaches.
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Figure 6. (A) Enzymatic pathway for the production of tetrahydrofolic acid from p-aminobenzoic
acid. (B) Chemical structure of [18F]FPTMP. (C) A representative animal after [18F]FPTMP, ~200 µCi
i.v., shows uptake in the infected hindlimb muscle (arrow) 4 h after infection, but not in the area of
turpentine injection (arrowhead). Next-day imaging with FDG, ~300 µCi i.v., shows uptake in both
infection and chemical inflammation 1 h after injection (adapted from Sellmyer, et al., 2017).

3.5. Metabolic Tracers

While this review focuses on antimicrobial targeted-tracers, it is important to note the other
types of targeted and non-targeted tracers. As mentioned above, [18F]FDG is a nonspecific metabolic
tracer, which shows increased signal wherever there is increased metabolic activity, be it from cancer,
inflammation, or infection. This makes it a useful tool for determining if there is indeed an underlying
issue, and where it might be located; however, it cannot distinguish one type of disease from
another. Other groups have focused on metabolic tracers that are bacterially specific. These include
[11C]para-aminobenzoic acid (PABA) [60] and a derivative 2-[18F]-para-aminobenzoic acid [61], used
for the biosynthesis of tetrahydrofolate (Figure 6); 2-deoxy-2-[18F]fluoro-D-sorbitol [14,17], a common
energy source for bacteria; and 6′′-[18F]fluoromaltotriose [13,62], another energy source specific to
bacteria. These three tracers have shown T/NT ratios of 7.9, 7.9 and 3.4, respectively; thus, all three of
these tracers have potential as infection specific imaging agents, and these agents are currently moving
toward clinical translation with early promising results [14,63].

4. Extracellular Targets

In the previous section, we focused on intracellularly targeted antibiotics, with multiple examples
of chelated radiotracers that may affect target binding (e.g., 99mTc-labeled amoxicillin and 99mTc-labeled
trimethoprim [15,16]). While most antibiotics have intracellular targets, other bacterial specific
molecules exist that allow for extracellular targeting. Whereas, it might be difficult for chelated
molecules to enter a bacterial cell, the use of these derivatives for chelation of radionuclides would
be well suited for extracellular targeting. This includes the use of both antibodies and antimicrobial
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peptides, and in keeping with the antimicrobial theme of this review, we will focus mainly on the latter
in this section.

4.1. Antimicrobial Peptides

Antimicrobial peptides (AMPs), or host defense peptides as they are colloquially known, are short
peptidic fragments (fragments are typically <50 residues, full defensins are 2–6 kDa) that are employed
by hosts to eliminate a broad spectrum of pathogens, including both Gram-positive and Gram-negative
bacteria, fungi, and parasites [64]. AMPs are typically cationic, with charges ranging from +2 to +10,
due to the high abundance of lysine and arginine residues. These highly cationic peptides interact
with the negatively charged lipopolysaccharides (LPS) and lipoteichoic acid (LTA) found in bacterial
cell membranes [65]. AMPs have a higher affinity for LPS and LTA than the Ca2+ and Mg2+ ions, thus,
displacing them from the membrane. The displacement of these ions, along with the larger size of the
peptides, helps to disrupt and destabilize the structure of the membrane. This results in the formation
of pores in the bacterial membranes, subsequently causing depolarization and lysis of the cells.

Ubiquicidin (UBI) is the 59-residue parent AMP of UBI29-41, a 13-residue antimicrobial peptide
fragment (Figure 7) [66,67]. This fragment of UBI binds in an electrostatic fashion with the anionic
microbial cell membrane. UBI29-41 is perhaps the most widely studied AMP for bacterial imaging,
having been directly labeled with technetium-99m, or through the use of an appended chelating
ligand HYNIC. Preclinical studies of both 99mTc-labeled UBI29-41 and [99mTc]Tc-HYNIC UBI29-41 have
shown accumulation in infected tissues with T/NT ratios of 2–3, and no accumulation in tissues with
inflammation [68]. Furthermore, 68Ga derivatives have also been synthesized, utilizing the chelator
NOTA [69–71]. Similar to the 99mTc-labeled UBI, these 68Ga-labeled UBI derivatives also showed
increased accumulation in bacteria (T/NT 4.0 at 1 h), without any significant increase in uptake for
sterile inflammation. The success of these chelated AMPs suggests that chelated radionuclides are best
suited for externally-targeted tracers.
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β-defensins are a class of AMPs native to mammals, and like most AMPs, they show broad
spectrum activity against Gram-positive bacteria, Gram-negative bacteria, and some fungi [64]. In
a pilot study, Human β-defensin 3 (HBD-3) was labeled with 99mTc, and evaluated against S. aureus
in a rat model. The pilot study showed a modest T/NT of 2.5, while further studies have shown a
T/NT of up to 5.7. Furthermore, 99mTc-labeled HBD-3 was able to discriminate S. aureus infection from
sterile inflammation [72–74] This again supports that chelated probes may be especially well suited for
extracellular targets.

[68Ga]Ga-DOTA-TBIA101 is an analogue of depsidomycin [75], a naturally occurring cyclic
AMP, which was investigated against M. tuberculosis, E. coli, and S. aureus. In a rabbit model,
[68Ga]Ga-DOTA-TBIA101 showed weak T/NT ratios of 1.2–1.6 for E. coli, 1.2–1.3 for S. aureus, and
2.0–2.8 in M. tuberculosis, and the tracer also showed accumulation at sites of sterile inflammation [76,77].
It is interesting that the native cyclic-AMP showed activity against drug-resistant M. tuberculosis,
whereas, the synthetically derived straight chain tracer was nonspecific. It is possible that by
synthetically modifying the AMP to remove the macrocyclic core, the molecule is no longer as effective
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or specific for its target. Therefore, to ensure continued efficacy, efforts should be made to make
minimal changes to the core of a molecule.

There are some limitations of AMPs, and peptide-based drugs in general, which should be noted.
One challenge is the destruction of the molecule by peptidases, which cleave peptide bonds, while
another is the recognition of the peptide by the immune system before the drug/probe can reach its
target. One way to mitigate these issues could be macrocyclization of the peptide; however, this
could also change its shape and function, much like removing the macrocycle from depsidomycin
could have changed its function. Because of these issues with peptide-based drugs, many groups
have devoted their research to making peptidomimetics, or peptide-like molecules, which includes: β-
or γ-peptides [78,79], peptoids [80,81], spiroligomers [82,83], stapled peptides [84,85], and N-amino
peptides [86,87] among many others. As there is much work on overcoming the issues associated
with peptide-based drugs/therapeutics, it is important to remember new peptide-based therapeutics
or diagnostics must possess an inherent ability to circumvent the immune system’s native defenses
against foreign peptides or peptide fragments.

4.2. Antibodies

Multiple attempts to label bacterially targeted monoclonal antibodies (mAbs) have been tried,
going back to the late 1980s [88] and early 1990s [89,90]. The initial results showed good T/NT ratios
(~5–12); however, the clearance of the antibodies was quite slow, resulting in high background uptake,
and therefore, significant T/NT ratios could only be obtained three days post-injection. More recent
work has focused on the use of a human mAb (1D9), which binds the immunodominant S. aureus
antigen A (IsaA) [91], and the use of a lipoteichoic acid (LTA) targeted anti-LTA mAb [92]. Both of these
antibodies had similar issues with clearance, requiring imaging three days post-injection, and 1D9 also
showed nonspecific uptake in E. coli and sterile inflammation, the latter believed to be the result of
binding to Fc receptors on macrophages [93,94]. Another drawback to radiolabeled antibodies is that
the patients are typically subjected to high levels of radiation [95]. The increased use of immunoPET,
specifically fluorine-18 and zirconium-89 labeled antibodies, has been an important development over
the last several years. New antibody/minibody radiotracers that target the immune cells themselves
may have promise for detecting sites of infection; however, these modalities would not image the
bacteria themselves [96–100]. One avenue that could be explored in the future is the use of minibodies
or diabodies for bacterial epitopes as opposed to mAb [96,100–102]. The decrease in size could improve
clearance times and reduce radiation burden, while having a smaller portion of the binding domain
should limit off-target interactions.

5. Conclusions

Future endeavors should focus on the rational design of new infection imaging radiotracers.
Previous efforts were hindered, in part, due to the use of chelating ligands for attachment of
radionuclides, which is a suboptimal approach for intracellular targets, including antibiotic targets or
those targets with complex ligand-binding mechanisms. In contrast, chelated radionuclides may be
useful for extracellularly targeted radiotracers, which given the new chemistries available should be
revisited in the future and with miniaturized, engineered peptides and antibodies. With greater insight
and rational design, new radiotracers can be developed that allows not just the sensitive and specific
diagnosis of bacterial infection, but also more depth of inquiry into the infection. For example, new
probes may be able to assess the cell wall (e.g., gram positive vs. gram negative), and the particular
species or resistance phenotypes (e.g., methicillin-resistant S. aureus vs. methicillin-sensitive S. aureus).
Finally, all new tracers should be rigorously tested in animal models, with robust sterile inflammation
controls, and ideally with and without antimicrobial therapy to show the ability to monitor the bacteria
in vivo over time.

Author Contributions: J.D.N. and M.A.S. conceptualized this manuscript. J.D.N. wrote the initial draft and all
authors contribute to the final manuscript.



Int. J. Mol. Sci. 2019, 20, 5808 13 of 18

Funding: J.D.N. was supported by the University of Pennsylvania’s Institute for Translational Medicine and
Therapeutics (ITMAT) and was supported by the NIH through 5TL1TR001880-04. M.A.S. was supported by the
NIH Early Independence Award DP5-OD26386.

Conflicts of Interest: J.D.N. declares no conflict of interest. M.A.S. and R.H.M. have filed US patent
US20180104365A1 assigned to the University of Pennsylvania on radiotracer derivatives of trimethoprim for
medical imaging.

Abbreviations

MDPI Multidisciplinary Digital Publishing Institute
DOAJ Directory of open access journals
PCR Polymerase chain reaction
MRI Magnetic resonance imaging
US Ultrasound
CT Computed tomography
PET Positron emission tomography
SPECT Single-photon emission computed tomography
DOTATATE DOTA-octreotide
FDG Fluorodeoxyglucose
PBP Penicillin-binding protein
T/NT Target-to-nontarget ratio
MIC Minimum inhibitory concentration
PABA Para-aminobenzoic acid
SMX Sulfamethoxazole
TMP Trimethoprim
DHFR Dihydrofolate reductase
AMP Antimicrobial Peptide
LPS Lipopolysaccharide
LTA Lipoteichoic Acid
UBI Ubiquicidin
t 1

2
Half-life

References

1. Roth, G.A.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-Allah, F.;
Abdela, J.; Abdelalim, A.; et al. Global, regional, and national age-sex-specific mortality for 282 causes of
death in 195 countries and territories, 1980–2017: A systematic analysis for the global burden of disease
study 2017. Lancet 2018, 392, 1736–1788. [CrossRef]

2. Scott, R.D. The Direct Medical Costs of Healthcare-Associated Infections in U.S. Hospitals and the Benefits of
Prevention; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2009.

3. Davies, J.; Davies, D. Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol. Rev. 2010, 74,
417–433. [CrossRef] [PubMed]

4. Palestro, C.J. Radionuclide imaging of infection: In search of the grail. J. Nucl. Med. 2009, 50, 671–673.
[CrossRef] [PubMed]

5. Benitez, A.; Roca, M.; Martin-Comin, J. Labeling of antibiotics for infection diagnosis. Q. J. Nucl. Med. Mol.
Imaging 2006, 50, 147–152. [PubMed]

6. Ordonez, A.A.; Sellmyer, M.A.; Gowrishankar, G.; Ruiz-Bedoya, C.A.; Tucker, E.W.; Palestro, C.J.;
Hammoud, D.A.; Jain, S.K. Molecular imaging of bacterial infections: Overcoming the barriers to clinical
translation. Sci. Transl. Med. 2019, 11, eaax8251. [CrossRef] [PubMed]

7. Jain, S.K. The promise of molecular imaging in the study and treatment of infectious diseases. Mol. Imaging
Biol. 2017, 19, 341–347. [CrossRef]

8. Welling, M.M.; Hensbergen, A.W.; Bunschoten, A.; Velders, A.H.; Roestenberg, M.; van Leeuwen, F.W.B. An
update on radiotracer development for molecular imaging of bacterial infections. Clin. Transl. Imaging 2019,
7, 105–124. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(18)32203-7
http://dx.doi.org/10.1128/MMBR.00016-10
http://www.ncbi.nlm.nih.gov/pubmed/20805405
http://dx.doi.org/10.2967/jnumed.108.058297
http://www.ncbi.nlm.nih.gov/pubmed/19372472
http://www.ncbi.nlm.nih.gov/pubmed/16770305
http://dx.doi.org/10.1126/scitranslmed.aax8251
http://www.ncbi.nlm.nih.gov/pubmed/31484790
http://dx.doi.org/10.1007/s11307-017-1055-0
http://dx.doi.org/10.1007/s40336-019-00317-4


Int. J. Mol. Sci. 2019, 20, 5808 14 of 18

9. Auletta, S.; Galli, F.; Lauri, C.; Martinelli, D.; Santino, I.; Signore, A. Imaging bacteria with radiolabelled
quinolones, cephalosporins and siderophores for imaging infection: A systematic review. Clin. Transl.
Imaging 2016, 4, 229–252. [CrossRef]

10. Akhtar, M.S.; Imran, M.B.; Nadeem, M.A.; Shahid, A. Antimicrobial peptides as infection imaging agents:
Better than radiolabeled antibiotics. Int. J. Pept. 2012, 2012, 1–19. [CrossRef]

11. Heuker, M.; Gomes, A.; Dijl, J.M.; Dam, G.M.; Friedrich, A.W.; Sinha, B.; Oosten, M. Preclinical studies and
prospective clinical applications for bacteria-targeted imaging: The future Is bright. Clin. Transl. Imaging
2016, 4, 253–264. [CrossRef]

12. Sellmyer, M.A.; Lee, I.; Hou, C.; Weng, C.-C.; Li, S.; Lieberman, B.P.; Zeng, C.; Mankoff, D.A.; Mach, R.H.
Bacterial Infection Imaging with [18F]Fluoropropyl-Trimethoprim. Proc. Natl. Acad. Sci. USA 2017, 114,
8372–8377. [CrossRef] [PubMed]

13. Gowrishankar, G.; Hardy, J.; Wardak, M.; Namavari, M.; Reeves, R.E.; Neofytou, E.; Srinivasan, A.; Wu, J.C.;
Contag, C.H.; Gambhir, S.S. Specific imaging of bacterial infection using 6′′-18F-fluoromaltotriose: A
second-generation PET tracer targeting the maltodextrin transporter in bacteria. J. Nucl. Med. 2017, 58,
1679–1684. [CrossRef] [PubMed]

14. Ordonez, A.A.; Weinstein, E.A.; Bambarger, L.E.; Saini, V.; Chang, Y.S.; DeMarco, V.P.; Klunk, M.H.;
Urbanowski, M.E.; Moulton, K.L.; Murawski, A.M.; et al. A systematic approach for developing
bacteria-specific imaging tracers. J. Nucl. Med. 2017, 58, 144–150. [CrossRef] [PubMed]

15. Shahzadi, S.K.; Qadir, M.A.; Shabnam, S.; Javed, M. 99mTc-amoxicillin: A novel radiopharmaceutical for
infection imaging. Arab. J. Chem. 2015. [CrossRef]

16. Demiroglu, H.; Topal, G.; Parlak, Y.; Gumuser, F.G.; Turkoz, E.U.; Tekin, V.; Ates, B.; Unak, P.; Avcibasi, U.
Radiosynthesis and biodistribution of 99mTc-trimethoprim: A novel radiolabeled antibiotic for bacterial
infection imaging using experimental animals. Kafkas Univ. Vet. Fak Derg. 2018, 24, 393–400.

17. Weinstein, E.A.; Ordonez, A.A.; DeMarco, V.P.; Murawski, A.M.; Pokkali, S.; MacDonald, E.M.;
Klunk, M.; Mease, R.C.; Pomper, M.G.; Jain, S.K. Imaging enterobacteriaceae infection in vivo with
F-18-fluorodeoxysorbitol positron emission tomography. Sci. Transl. Med. 2014, 6, 259ra146. [CrossRef]

18. Lewis, J.S.; Windhorst, A.D.; Zeglis, B.M. Radiopharmaceutical Chemistry; Springer International Publishing:
Cham, Switzerland, 2018; Volume 37, pp. 627–633.

19. Radford, L.L.; Lapi, S.E. Methods for the production of radionuclides for medicine. In Radiopharmaceutical
Chemistry; Lewis, J.S., Windhorst, A.D., Zeglis, B.M., Eds.; Springer International Publishing: Cham,
Switzerland, 2019; pp. 63–83.

20. Grupen, C. Introduction to Radiation Protection; Springer: Berlin/Heidelberg, Germany, 2010.
21. Holland, J.P. The Radiopharmaceutical chemistry of seldom-used radionuclides in nuclear medicine. In

Radiopharmaceutical Chemistry; Lewis, J.S., Windhorst, A.D., Zeglis, B.M., Eds.; Springer International
Publishing: Cham, Switzerland, 2019; pp. 425–446.

22. Hofman, M.S.; Eddie Lau, W.F.; Hicks, R.J. Somatostatin receptor imaging with 68Ga DOTATATE PET/CT:
clinical utility, normal patterns, pearls, and pitfalls in interpretation1. Radiographics 2015, 35, 500–516.
[CrossRef]

23. Rathmann, S.M.; Ahmad, Z.; Slikboer, S.; Bilton, H.A.; Snider, D.P.; Valliant, J.F. The Radiopharmaceutical
Chemistry of Technetium-99m. In Radiopharmaceutical Chemistry; Lewis, J.S., Windhorst, A.D., Zeglis, B.M.,
Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 311–333.

24. Antoni, G. The Radiopharmaceutical chemistry of carbon-11: basic principles. In Radiopharmaceutical
Chemistry; Lewis, J.S., Windhorst, A.D., Zeglis, B.M., Eds.; Springer International Publishing: Cham,
Switzerland, 2019; pp. 207–220.

25. Ermert, J.; Neumaier, B. The Radiopharmaceutical chemistry of fluorine-18: Nucleophilic fluorinations.
In Radiopharmaceutical Chemistry; Lewis, J.S., Windhorst, A.D., Zeglis, B.M., Eds.; Springer International
Publishing: Cham, Switzerland, 2019; pp. 273–283.

26. Vaidyanathan, G.; Zalutsky, M.R. The radiopharmaceutical chemistry of the radioisotopes of iodine. In
Radiopharmaceutical Chemistry; Lewis, J.S., Windhorst, A.D., Zeglis, B.M., Eds.; Springer International
Publishing: Cham, Switzerland, 2019; pp. 391–408.

http://dx.doi.org/10.1007/s40336-016-0185-8
http://dx.doi.org/10.1155/2012/965238
http://dx.doi.org/10.1007/s40336-016-0190-y
http://dx.doi.org/10.1073/pnas.1703109114
http://www.ncbi.nlm.nih.gov/pubmed/28716936
http://dx.doi.org/10.2967/jnumed.117.191452
http://www.ncbi.nlm.nih.gov/pubmed/28490473
http://dx.doi.org/10.2967/jnumed.116.181792
http://www.ncbi.nlm.nih.gov/pubmed/27635025
http://dx.doi.org/10.1016/j.arabjc.2015.04.003
http://dx.doi.org/10.1126/scitranslmed.3009815
http://dx.doi.org/10.1148/rg.352140164


Int. J. Mol. Sci. 2019, 20, 5808 15 of 18

27. Pichler, V.; Berroterán-Infante, N.; Ozenil, M.; Pfaff, S.; Philippe, C.; Wadsak, W. The Radiopharmaceutical
Chemistry of Carbon-11: Tracers and Applications. In Radiopharmaceutical Chemistry; Lewis, J.S.,
Windhorst, A.D., Zeglis, B.M., Eds.; Radiopharmaceutical Chemistry; Springer International Publishing:
Cham, Switzerland, 2019; pp. 221–236.

28. Grassi, I.; Nanni, C.; Allegri, V.; Morigi, J.J.; Montini, G.C.; Castellucci, P.; Fanti, S. The Clinical Use of PET
with (11)C-Acetate. Am. J. Nucl. Med. Mol. Imaging 2012, 2, 33–47.

29. Lewis, P.J.; Salama, A. Uptake of Fluorine-18-Fluorodeoxyglucose in Sarcoidosis. J. Nucl. Med. 1994, 35,
1647–1649.

30. Jerusalem, G.; Beguin, Y.; Najjar, F.; Hustinx, R.; Fassotte, M.F.; Rigo, P.; Fillet, G. Positron emission
tomography (PET) with 18F-fluorodeoxyglucose (18F-FDG) for the staging of low-grade non-hodgkin’s
lymphoma (NHL). Ann. Oncol. 2001, 12, 825–830. [CrossRef]

31. Mackie, G.C.; Shulkin, B.L.; Ribeiro, R.C.; Worden, F.P.; Gauger, P.G.; Mody, R.J.; Connolly, L.P.; Kunter, G.;
Rodriguez-Galindo, C.; Wallis, J.W.; et al. Use of [18F]Fluorodeoxyglucose positron emission tomography in
evaluating locally recurrent and metastatic adrenocortical carcinoma. J. Clin. Endocrinol. Metab. 2006, 91,
2665–2671. [CrossRef] [PubMed]

32. Yamada, S.; Kubota, K.; Kubota, R.; Ido, T.; Tamahashi, N. High accumulation of
fluorine-18-fluorodeoxyglucose in turpentine-induced inflammatory tissue. J. Nucl. Med. 1995, 36, 1301–1306.
[PubMed]

33. Kong, K.-F.; Schneper, L.; Mathee, K. Beta-lactam antibiotics: From antibiosis to resistance and bacteriology.
APMIS 2010, 118, 1–36. [CrossRef] [PubMed]

34. Kaul, A.; Hazari, P.P.; Rawat, H.; Singh, B.; Kalawat, T.C.; Sharma, S.; Babbar, A.K.; Mishra, A.K. Preliminary
evaluation of technetium-99m-labeled ceftriaxone: Infection imaging agent for the clinical diagnosis of
orthopedic infection. Int. J. Infect. Dis. 2013, 17, e263–e270. [CrossRef]

35. Mostafa, M.; Motaleb, M.A.; Sakr, T.M. Labeling of ceftriaxone for infective inflammation imaging using
99mTc eluted from 99Mo/99mTc generator based on zirconium molybdate. Appl. Radiat. Isot. 2010, 68,
1959–1963. [CrossRef]

36. Fazli, A.; Salouti, M.; Mazidi, M. 99mTc-ceftriaxone, as a targeting radiopharmaceutical for scintigraphic
imaging of infectious foci due to staphylococcus aureus in mouse model. J. Radioanal. Nucl. Chem. 2013, 298,
1227–1233. [CrossRef]

37. Abdel-Ghaney, I.Y.; Sanad, M.H. Synthesis of 99mTc-erythromycin complex as a model for infection sites
imaging. Radiochemistry 2013, 55, 418–422. [CrossRef]

38. Sanad, M.H. Labeling and biological evaluation of 99mTc-azithromycin for infective inflammation diagnosis.
Radiochemistry 2013, 55, 539–544. [CrossRef]

39. Borai, E.H.; Sanad, M.H.; Fouzy, A.S.M. Optimized chromatographic separation and biological evaluation of
99mTc-clarithromycin for infective inflammation diagnosis. Radiochemistry 2016, 58, 84–91. [CrossRef]

40. Appelboom, T.; Emery, P.; Tant, L.; Dumarey, N.; Schoutens, A. Evaluation of Technetium-99m-Ciprofloxacin
(Infecton) for Detecting Sites of Inflammation in Arthritis. Rheumatol. (Oxf.) 2003, 42, 1179–1182. [CrossRef]

41. Gemmel, F.; De Winter, F.; Van Laere, K.; Vogelaers, D.; Uyttendaele, D.; Dierckx, R.A. 99mTc ciprofloxacin
imaging for the diagnosis of infection in the postoperative spine. Nucl. Med. Commun. 2004, 25, 277–283.
[CrossRef] [PubMed]

42. Sarda, L.; Crémieux, A.-C.; Lebellec, Y.; Meulemans, A.; Lebtahi, R.; Hayem, G.; Génin, R.; Delahaye, N.;
Huten, D.; Le Guludec, D. Inability of 99mTc-ciprofloxacin scintigraphy to discriminate between septic and
sterile osteoarticular diseases. J. Nucl. Med. 2003, 44, 920–926. [PubMed]

43. De Winter, F.; Gemmel, F.; Van Laere, K.; De Winter, O.; Poffijn, B.; Dierckx, R.A.; Van de Wiele, C.
99mTc-ciprofloxacin planar and tomographic imaging for the diagnosis of infection in the postoperative spine:
Experience in 48 patients. Eur. J. Nucl. Med. Mol. Imaging 2004, 31, 233–239. [CrossRef] [PubMed]

44. Dumarey, N.; Blocklet, D.; Appelboom, T.; Tant, L.; Schoutens, A. Infecton is not specific for bacterial
osteo-articular infective pathology. Eur. J. Nucl. Med. Mol. Imaging 2002, 29, 530–535. [CrossRef]

45. Satpati, D.; Arjun, C.; Krishnamohan, R.; Samuel, G.; Banerjee, S. (68) Ga-labeled ciprofloxacin conjugates as
radiotracers for targeting bacterial infection. Chem. Biol. Drug Des. 2016, 87, 680–686. [CrossRef]

46. Peremans, K.; De Winter, F.; Janssens, L.; Dumont, F.; Van Bree, H.; Dierckx, R. An infected hip prosthesis
in a dog diagnosed with a 99mTc-ciprofloxacin (infecton) scan. Vet. Radiol. Ultrasound 2002, 43, 178–182.
[CrossRef]

http://dx.doi.org/10.1023/A:1011169332265
http://dx.doi.org/10.1210/jc.2005-2612
http://www.ncbi.nlm.nih.gov/pubmed/16621901
http://www.ncbi.nlm.nih.gov/pubmed/7790960
http://dx.doi.org/10.1111/j.1600-0463.2009.02563.x
http://www.ncbi.nlm.nih.gov/pubmed/20041868
http://dx.doi.org/10.1016/j.ijid.2012.10.011
http://dx.doi.org/10.1016/j.apradiso.2010.04.031
http://dx.doi.org/10.1007/s10967-013-2523-x
http://dx.doi.org/10.1134/S1066362213040139
http://dx.doi.org/10.1134/S1066362213050159
http://dx.doi.org/10.1134/S1066362216010136
http://dx.doi.org/10.1093/rheumatology/keg321
http://dx.doi.org/10.1097/00006231-200403000-00011
http://www.ncbi.nlm.nih.gov/pubmed/15094447
http://www.ncbi.nlm.nih.gov/pubmed/12791820
http://dx.doi.org/10.1007/s00259-003-1349-0
http://www.ncbi.nlm.nih.gov/pubmed/15129706
http://dx.doi.org/10.1007/s00259-001-0749-2
http://dx.doi.org/10.1111/cbdd.12701
http://dx.doi.org/10.1111/j.1740-8261.2002.tb01666.x


Int. J. Mol. Sci. 2019, 20, 5808 16 of 18

47. Alexander, K.; Drost, W.T.; Mattoon, J.S.; Anderson, D.E. 99mTc-ciprofloxacin in imaging of clinical infections
in camelids and a goat. Vet. Radiol. Ultrasound 2005, 46, 340–347. [CrossRef]

48. Wang, J.-H.; Sun, G.-F.; Zhang, J.; Shao, C.-W.; Zuo, C.-J.; Hao, J.; Zheng, J.-M.; Feng, X.-Y. Infective severe
acute pancreatitis: A Comparison of 99mTc-ciprofloxacin scintigraphy and computed tomography. World J.
Gastroenterol. 2013, 19, 4897–4906. [CrossRef]

49. Sarda, L.; Saleh-Mghir, A.; Peker, C.; Meulemans, A.; Crémieux, A.-C.; Le Guludec, D. Evaluation of
99mTc-ciprofloxacin scintigraphy in a rabbit model of staphylococcus aureus prosthetic joint infection. J. Nucl.
Med. 2002, 43, 239–245.

50. Brunner, M.; Langer, O.; Dobrozemsky, G.; Müller, U.; Zeitlinger, M.; Mitterhauser, M.; Wadsak, W.;
Dudczak, R.; Kletter, K.; Müller, M. [18F]Ciprofloxacin, a new positron emission tomography tracer
for noninvasive assessment of the tissue distribution and pharmacokinetics of ciprofloxacin in humans.
Antimicrob. Agents Chemother. 2004, 48, 3850–3857. [CrossRef]

51. Langer, O.; Brunner, M.; Zeitlinger, M.; Ziegler, S.; Müller, U.; Dobrozemsky, G.; Lackner, E.; Joukhadar, C.;
Mitterhauser, M.; Wadsak, W.; et al. In vitro and in vivo evaluation of [18F]Ciprofloxacin for the imaging of
bacterial infections with PET. Eur. J. Nucl. Med. Mol. Imaging 2005, 32, 143–150. [CrossRef] [PubMed]

52. Shahzad, S.; Qadir, M.A.; Rasheed, R.; Ahmad, A.; Shafiq, M.I.; Ahmed, M.; Noreen, S.; Ali, A.; Shahzadi, S.K.;
Javed, M. A new method for synthesis of 99mTc-enorfloxacin: An infection imaging agent. Lat. Am. J. Pharm.
2016, 35, 259–264.

53. Siaens, R.H.; Rennen, H.J.; Boerman, O.C.; Dierckx, R.; Slegers, G. Synthesis and comparison of
99mTc-enrofloxacin and 99mTc-ciprofloxacin. J. Nucl. Med. 2004, 45, 2088–2094. [PubMed]

54. Sazonova, S.I.; Lishmanov, Y.B.; Varlamova, N.V.; Skuridin, V.S.; Ilushenkova, Y.N.; Karpova, M.R.;
Nesterov, Y.A. Synthesis and experimental study of norfloxacin labeled with technecium-99m as a potential
agent for infection imaging. Iran. J. Nucl. Med. 2015, 23, 73–81.

55. Ibrahim, I.T.; Motaleb, M.A.; Attalah, K.M. Synthesis and biological distribution of 99mTc-norfloxacin complex,
a novel agent for detecting sites of infection. J. Radioanal. Nucl. Chem. 2010, 285, 431–436. [CrossRef]

56. Fischman, A.J.; Livni, E.; Babich, J.; Alpert, N.M.; Liu, Y.Y.; Thom, E.; Cleeland, R.; Prosser, B.L.; Callahan, R.J.;
Correia, J.A. Pharmacokinetics of 18F-labeled fleroxacin in rabbits with escherichia coli infections, studied
with positron emission tomography. Antimicrob. Agents Chemother. 1992, 36, 2286–2292. [CrossRef]

57. Bermingham, A.; Derrick, J.P. The folic acid biosynthesis pathway in bacteria: evaluation of potential for
antibacterial drug discovery. Bioessays 2002, 24, 637–648. [CrossRef]

58. Sellmyer, M.A.; Lee, I.; Hou, C.; Lieberman, B.P.; Zeng, C.; Mankoff, D.A.; Mach, R.H. Quantitative PET
reporter gene imaging with [11C]trimethoprim. Molecules 2017, 25, 120–126. [CrossRef]

59. Rashid, U.; Ahmad, W.; Hassan, S.F.; Qureshi, N.A.; Niaz, B.; Muhammad, B.; Imdad, S.; Sajid, M. Design,
synthesis, antibacterial activity and docking study of some new trimethoprim derivatives. Bioorg. Med.
Chem. Lett. 2016, 26, 5749–5753. [CrossRef]

60. Mutch, C.A.; Ordonez, A.A.; Qin, H.; Parker, M.; Bambarger, L.E.; Villanueva-Meyer, J.E.; Blecha, J.; Carroll, V.;
Taglang, C.; Flavell, R.; et al. [11C]Para-aminobenzoic acid: A Positron emission tomography tracer targeting
bacteria-specific metabolism. ACS Infect. Dis. 2018, 4, 1067–1072. [CrossRef]

61. Zhang, Z.; Ordonez, A.A.; Wang, H.; Li, Y.; Gogarty, K.R.; Weinstein, E.A.; Daryaee, F.; Merino, J.; Yoon, G.E.;
Kalinda, A.S.; et al. Positron emission tomography imaging with 2-[18F]F- P-aminobenzoic acid detects
staphylococcus aureus infections and monitors drug response. ACS Infect. Dis. 2018, 4, 1635–1644. [CrossRef]
[PubMed]

62. Namavari, M.; Gowrishankar, G.; Srinivasan, A.; Gambhir, S.S.; Haywood, T.; Beinat, C. A Novel synthesis of
6′′-[18F]-fluoromaltotriose as a PET tracer for imaging bacterial infection. J. Label. Comp. Radiopharm. 2018,
61, 408–414. [CrossRef] [PubMed]

63. Ordonez, A.A.; Bambarger, L.E.; Murthy, N.; Wilson, D.M.; Jain, S.K. Bacterial imaging. In Imaging Infections:
From Bench to Bedside; Jain, S.K., Ed.; Springer International Publishing: Cham, Switzerland, 2017; pp. 149–172.

64. Mcphee, J.B.; Hancock, R.E.W. Function and therapeutic potential of host defence peptides. J. Pept. Sci. 2005,
11, 677–687. [CrossRef] [PubMed]

65. Glukhov, E.; Stark, M.; Burrows, L.L.; Deber, C.M. Basis for Selectivity of Cationic Antimicrobial Peptides for
Bacterial Versus Mammalian Membranes. J. Biol. Chem. 2005, 280, 33960–33967. [CrossRef]

http://dx.doi.org/10.1111/j.1740-8261.2005.00064.x
http://dx.doi.org/10.3748/wjg.v19.i30.4897
http://dx.doi.org/10.1128/AAC.48.10.3850-3857.2004
http://dx.doi.org/10.1007/s00259-004-1646-2
http://www.ncbi.nlm.nih.gov/pubmed/15690222
http://www.ncbi.nlm.nih.gov/pubmed/15585486
http://dx.doi.org/10.1007/s10967-010-0607-4
http://dx.doi.org/10.1128/AAC.36.10.2286
http://dx.doi.org/10.1002/bies.10114
http://dx.doi.org/10.1016/j.ymthe.2016.10.018
http://dx.doi.org/10.1016/j.bmcl.2016.10.051
http://dx.doi.org/10.1021/acsinfecdis.8b00061
http://dx.doi.org/10.1021/acsinfecdis.8b00182
http://www.ncbi.nlm.nih.gov/pubmed/30067329
http://dx.doi.org/10.1002/jlcr.3601
http://www.ncbi.nlm.nih.gov/pubmed/29314161
http://dx.doi.org/10.1002/psc.704
http://www.ncbi.nlm.nih.gov/pubmed/16103989
http://dx.doi.org/10.1074/jbc.M507042200


Int. J. Mol. Sci. 2019, 20, 5808 17 of 18

66. Welling, M.M.; Paulusma-Annema, A.; Balter, H.S.; Pauwels, E.; Nibbering, P.H. Technetium-99m labelled
antimicrobial peptides discriminate between bacterial infections and sterile inflammations. Eur. J. Nucl. Med.
2000, 27, 292–301. [CrossRef]

67. Pauwels, E.; Welling, M.M.; Nibbering, P.H.; Lupetti, A.; Balter, H.S. Tc-99m-labeled antimicrobial peptides
for detection of bacterial and candida albicans infections—Reply. J. Nucl. Med. 2002, 43, 1126–1127.

68. Gandomkar, M.; Najafi, R.; Shafiei, M.; Mazidi, M.; Goudarzi, M.; Mirfallah, S.H.; Ebrahimi, F.;
Heydarpor, H.R.; Abdie, N. Clinical evaluation of antimicrobial peptide [(99m)Tc/Tricine/HYNIC(0)]
Ubiquicidin 29-41 as a human-specific infection imaging agent. Nucl. Med. Biol. 2009, 36, 199–205.
[CrossRef]

69. Mukherjee, A.; Bhatt, J.; Shinto, A.; Korde, A.; Kumar, M.; Kamaleshwaran, K.; Joseph, J.; Sarma, H.D.;
Dash, A. 68Ga-NOTA-ubiquicidin fragment for PET imaging of infection: From bench to bedside. J. Pharm.
Biomed. Anal. 2018, 159, 245–251. [CrossRef]

70. Ebenhan, T.; Zeevaart, J.R.; Venter, J.D.; Govender, T.; Kruger, G.H.; Jarvis, N.V.; Sathekge, M.M. Preclinical
evaluation of 68ga-labeled 1,4,7-triazacyclononane- 1,4,7-triacetic acid-ubiquicidin as a radioligand for PET
infection imaging. J. Nucl. Med. 2014, 55, 308–314. [CrossRef]

71. Vilche, M.; Reyes, A.L.; Vasilskis, E.; Oliver, P.; Balter, H.; Engler, H. 68Ga-NOTA-UBI-29-41 as a PET Tracer
for Detection of Bacterial Infection. J. Nucl. Med. 2016, 57, 622–627. [CrossRef]

72. Follacchio, G.A.; Pala, A.; Scaccianoce, S.; Monteleone, F.; Colletti, P.M.; Rubello, D.; Liberatore, M. In vivo
microbial targeting of 99mTc-labeled human B-defensin-3 in a rat model of infection. Clin. Nucl. Med. 2019,
44, e602–e606. [CrossRef] [PubMed]

73. Chopra, S.; Singh, B.; Koul, A.; Mishra, A.K.; Robu, S.; Kaur, A.; Ghai, A.; Caplash, N.; Wester, H.-J.
Radiosynthesis and pre-clinical evaluation of [68Ga] labeled antimicrobial peptide fragment GF-17 as a
potential infection imaging PET radiotracer. Appl. Radiat. Isot. 2019, 149, 9–21. [CrossRef] [PubMed]

74. Liberatore, M.; Pala, A.; Scaccianoce, S.; Anagnostou, C.; Di Tondo, U.; Calandri, E.; D’Elia, P.; Gross, M.D.;
Rubello, D. Microbial targeting of 99mTc-labeled recombinant human beta-defensin-3 in an animal model of
infection: A feasibility pilot study. J. Nucl. Med. 2009, 50, 823–826. [CrossRef] [PubMed]

75. Narayanaswamy, V.K.; Albericio, F.; Coovadia, Y.M.; Kruger, H.G.; Maguire, G.E.M.; Pillay, M.;
Govender, T. Total synthesis of a depsidomycin analogue by convergent solid-phase peptide synthesis and
macrolactonization strategy for antitubercular activity. J. Pept. Sci. 2011, 17, 683–689. [CrossRef] [PubMed]

76. Ebenhan, T.; Mokaleng, B.; Venter, J.; Kruger, H.; Zeevaart, J.; Sathekge, M. Preclinical assessment of a
68Ga-DOTA-functionalized depsipeptide as a radiodiagnostic infection imaging agent. Molecules 2017, 22,
1403. [CrossRef]

77. Mokaleng, B.B.; Ebenhan, T.; Ramesh, S.; Govender, T.; Kruger, H.G.; Parboosing, R.; Hazari, P.P.; Mishra, A.K.;
Marjanovic-Painter, B.; Zeevaart, J.R.; et al. Synthesis, 68Ga-radiolabeling, and preliminary in vivo assessment
of a depsipeptide-derived compound as a potential PET/CT infection imaging agent. Biomed. Res. Int. 2015,
2015, 284354. [CrossRef]

78. Cheng, R.P.; Gellman, S.H.; DeGrado, W.F. B-peptides: From structure to function. Chem. Rev. 2001, 101,
3219–3232. [CrossRef]

79. Seebach, D.; Beck, A.K.; Bierbaum, D.J. The world of beta- and gamma-peptides comprised of homologated
proteinogenic amino acids and other components. Chem. Biodivers. 2004, 1, 1111–1239. [CrossRef]

80. Zuckermann, R.N. Peptoid Origins. Biopolymers 2010, 96, 545–555. [CrossRef]
81. Zuckermann, R.; Kodadek, T. Peptoids as Potential Therapeutics. Curr. Opin. Mol. 2009, 11, 299–307.
82. Schafmeister, C.E.; Brown, Z.Z.; Gupta, S. Shape-Programmable Macromolecules. Acc. Chem. Res. 2008, 41,

1387–1398. [CrossRef] [PubMed]
83. Northrup, J.D.; Mancini, G.; Purcell, C.R.; Schafmeister, C.E. Development of spiroligomer-peptoid hybrids.

J. Org. Chem. 2017, 82, 13020–13033. [CrossRef] [PubMed]
84. Verdine, G.L.; Hilinski, G.J. Stapled Peptides for Intracellular Drug Targets, 1st ed.; Elsevier Inc.: Amsterdam,

The Netherlands, 2012; Volume 503, pp. 3–33.
85. Schafmeister, C.E.; Po, J.; Verdine, G.L. An all-hydrocarbon cross-linking system for enhancing the helicity

and metabolic stability of peptides. J. Am. Chem. Soc. 2000, 122, 5891–5892. [CrossRef]
86. Sarnowski, M.P.; Kang, C.W.; Elbatrawi, Y.M.; Wojtas, L.; Del Valle, J.R. Peptide N-amination supports B-sheet

conformations. Angew. Chem. 2017, 129, 2115–2118. [CrossRef]

http://dx.doi.org/10.1007/s002590050036
http://dx.doi.org/10.1016/j.nucmedbio.2008.11.003
http://dx.doi.org/10.1016/j.jpba.2018.06.064
http://dx.doi.org/10.2967/jnumed.113.128397
http://dx.doi.org/10.2967/jnumed.115.161265
http://dx.doi.org/10.1097/RLU.0000000000002713
http://www.ncbi.nlm.nih.gov/pubmed/31306193
http://dx.doi.org/10.1016/j.apradiso.2019.04.008
http://www.ncbi.nlm.nih.gov/pubmed/31003040
http://dx.doi.org/10.2967/jnumed.108.055533
http://www.ncbi.nlm.nih.gov/pubmed/19372483
http://dx.doi.org/10.1002/psc.1389
http://www.ncbi.nlm.nih.gov/pubmed/21766389
http://dx.doi.org/10.3390/molecules22091403
http://dx.doi.org/10.1155/2015/284354
http://dx.doi.org/10.1021/cr000045i
http://dx.doi.org/10.1002/cbdv.200490087
http://dx.doi.org/10.1002/bip.21573
http://dx.doi.org/10.1021/ar700283y
http://www.ncbi.nlm.nih.gov/pubmed/18662022
http://dx.doi.org/10.1021/acs.joc.7b01956
http://www.ncbi.nlm.nih.gov/pubmed/29161507
http://dx.doi.org/10.1021/ja000563a
http://dx.doi.org/10.1002/ange.201609395


Int. J. Mol. Sci. 2019, 20, 5808 18 of 18

87. Kang, C.W.; Sarnowski, M.P.; Elbatrawi, Y.M.; Del Valle, J.R. Access to enantiopure A-hydrazino acids for
N-amino peptide synthesis. J. Org. Chem. 2017, 82, 1833–1841. [CrossRef] [PubMed]

88. Rubin, R.H.; Young, L.S.; Hansen, W.P.; Nedelman, M.; Wilkinson, R.; Nelles, M.J.; Callahan, R.; Khaw, B.A.;
Strauss, H.W. Specific and nonspecific imaging of localized fisher immunotype 1 pseudomonas aeruginosa
infection with radiolabeled monoclonal antibody. J. Nucl. Med. 1988, 29, 651–656. [PubMed]

89. Hotze, A.L.; Briele, B.; Overbeck, B.; Kropp, J.; Gruenwald, F.; Mekkawy, M.A.; Von Smekal, A.; Moeller, F.;
Biersack, H.J. Tc-99m-Labeled Antigranulocyte Antibodies in Suspected Bone-Infections. J. Nucl. Med. 1992,
33, 526–531.

90. Bitkover, C.Y.; Gardlund, B.; Larsson, S.A.; Aberg, B.; Jacobsson, H. Diagnosing sternal wound infections
with Tc-99m-labeled monoclonal granulocyte antibody scintigraphy. Ann. Thorac. Surg. 1996, 62, 1412–1416.
[CrossRef]

91. Pastrana, F.R.; Thompson, J.M.; Heuker, M.; Hoekstra, H.; Dillen, C.A.; Ortines, R.V.; Ashbaugh, A.G.;
Pickett, J.E.; Linssen, M.D.; Bernthal, N.M.; et al. Noninvasive optical and nuclear imaging of
staphylococcus-specific infection with a human monoclonal antibody-based probe. Virulence 2018, 9,
1–12. [CrossRef]

92. Pickett, J.E.; Thompson, J.M.; Sadowska, A.; Tkaczyk, C.; Sellman, B.R.; Minola, A.; Corti, D.; Lanzavecchia, A.;
Miller, L.S.; Thorek, D.L. Molecularly specific detection of bacterial lipoteichoic acid for diagnosis of prosthetic
joint infection of the bone. Bone Res. 2018, 6, 1–8. [CrossRef]

93. Welling, M.; Feitsma, H.I.J.; Calame, W.; Ensing, G.J.; Goedemans, W.; Pauwels, E.K.J. Optimized localization
of bacterial infections with technetium-99m labelled human immunoglobulin after protein charge selection.
Eur. J. Nucl. Med. 1994, 21, 1135–1140. [CrossRef] [PubMed]

94. Calame, W.; Welling, M.; Feitsma, H.I.J.; Goedemans, W.T.; Pauwels, E.K.J. Contribution of phagocytic cells
and bacteria to the accumulation of technetium-99m labelled polyclonal human immunoglobulin at sites of
inflammation. Eur. J. Nucl. Med. 1995, 22, 638–644. [CrossRef] [PubMed]

95. Vugts, D.J.; van Dongen, G.A.M.S. Immunoglobulins as radiopharmaceutical vectors. In Radiopharmaceutical
Chemistry; Springer: Cham, Switzerland, 2019; Volume 8, pp. 163–179.

96. Zettlitz, K.A.; Tavaré, R.; Tsai, W.-T.K.; Yamada, R.E.; Ha, N.S.; Collins, J.; van Dam, R.M.; Timmerman, J.M.;
Wu, A.M. 18F-labeled anti-human CD20 cys-diabody for same-day immunoPET in a model of aggressive B
cell lymphoma in human CD20 transgenic mice. Eur. J. Nucl. Med. 2019, 46, 489–500. [CrossRef] [PubMed]

97. Pandit-Taskar, N.; Postow, M.; Hellmann, M.; Harding, J.; Barker, C.; O’Donoghue, J.; Ziolkowska, M.;
Ruan, S.; Lyashchenko, S.; Tsai, F.; et al. First-in-human imaging with 89Zr-Df-IAB22M2C Anti-CD8 minibody
in patients with solid malignancies: Preliminary pharmacokinetics, biodistribution, and lesion targeting. J.
Nucl. Med. 2019. [CrossRef] [PubMed]

98. Zettlitz, K.A.; Tsai, W.-T.K.; Knowles, S.M.; Salazar, F.B.; Kobayashi, N.; Reiter, R.E.; Wu, A.M. [89Zr]A2cDb
immuno-PET of prostate cancer in a human prostate stem cell antigen knock-in (hPSCA KI) syngeneic model.
Mol. Imaging Biol. 2019, 7, 1–10. [CrossRef] [PubMed]

99. Price, E.W.; Carnazza, K.E.; Carlin, S.D.; Cho, A.; Edwards, K.J.; Sevak, K.K.; Glaser, J.M.; de Stanchina, E.;
Janjigian, Y.Y.; Lewis, J.S. 89Zr-DFO-AMG102 immuno-PET to determine local hepatocyte growth factor
protein levels in tumors for enhanced patient selection. J. Nucl. Med. 2017, 58, 1386–1394. [CrossRef]
[PubMed]

100. Freise, A.C.; Zettlitz, K.A.; Salazar, F.B.; Lu, X.; Tavaré, R.; Wu, A.M. ImmunoPET imaging of murine CD4 +

T cells using anti-CD4 Cys-diabody: Effects of protein dose on T cell function and imaging. Mol. Imaging
Biol. 2017, 19, 599–609. [CrossRef] [PubMed]

101. Tavaré, R.; McCracken, M.N.; Zettlitz, K.A.; Knowles, S.M.; Salazar, F.B.; Olafsen, T.; Witte, O.N.; Wu, A.M.
Engineered antibody fragments for immuno-PET imaging of endogenous CD8 + T cells in VIVO. Proc. Natl.
Acad. Sci. USA 2014, 111, 1108–1113. [CrossRef]

102. Tavaré, R.; Escuin-Ordinas, H.; Mok, S.; McCracken, M.N.; Zettlitz, K.A.; Salazar, F.B.; Witte, O.N.; Ribas, A.;
Wu, A.M. An effective immuno-PET imaging method to monitor CD8-dependent responses to immunotherapy.
Cancer Res. 2016, 76, 73–82. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.joc.6b02718
http://www.ncbi.nlm.nih.gov/pubmed/28075135
http://www.ncbi.nlm.nih.gov/pubmed/3131499
http://dx.doi.org/10.1016/0003-4975(96)00633-9
http://dx.doi.org/10.1080/21505594.2017.1403004
http://dx.doi.org/10.1038/s41413-018-0014-y
http://dx.doi.org/10.1007/BF00181070
http://www.ncbi.nlm.nih.gov/pubmed/7828624
http://dx.doi.org/10.1007/BF01254565
http://www.ncbi.nlm.nih.gov/pubmed/7498225
http://dx.doi.org/10.1007/s00259-018-4214-x
http://www.ncbi.nlm.nih.gov/pubmed/30456475
http://dx.doi.org/10.2967/jnumed.119.229781
http://www.ncbi.nlm.nih.gov/pubmed/31586002
http://dx.doi.org/10.1007/s11307-019-01386-7
http://www.ncbi.nlm.nih.gov/pubmed/31209779
http://dx.doi.org/10.2967/jnumed.116.187310
http://www.ncbi.nlm.nih.gov/pubmed/28280216
http://dx.doi.org/10.1007/s11307-016-1032-z
http://www.ncbi.nlm.nih.gov/pubmed/27966069
http://dx.doi.org/10.1073/pnas.1316922111
http://dx.doi.org/10.1158/0008-5472.CAN-15-1707
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Radionuclide Choice: Chelation vs. Covalent Attachment 
	Chelation of Radionuclide 
	Covalent Attachment of Radionuclide 

	Intracellular Targets 
	Inhibitors of Peptidoglycan Cross-Linking—lactams 
	Inhibitors of Protein Synthesis–Macrolide Antibiotics 
	Inhibitors of DNA Synthesis–Fluoroquinolones 
	Inhibitors of Folic Acid Synthesis–Sulfonamides and Trimethoprim 
	Metabolic Tracers 

	Extracellular Targets 
	Antimicrobial Peptides 
	Antibodies 

	Conclusions 
	References

