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Abstract

This present review provides an account on the available synthetic strategies employed
to radiolabel commercial and potential bacteria-selective probes for tomographic

imaging. These molecular probes encompass leukocytes, antibodies, small molecules,



peptides, antibiotics, macrolides, vitamins, oligomers and siderophores. Although this
technique has shown to be a valuable tool for non-invasive infection imaging, more
development is required to create easy-to-radiolabel kit solutions/procedures for the

preparation of the probes.
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1. Introduction

Throughout the world, bacterial infections remain a major cause for human morbidity
and mortality [1]. Infectious diseases are one of the oldest challengers for humans; and
can be ranked with war and famine [2]. In this current era, the growing incident of
infection and the development of drug resistance have a huge impact on the global
economy and human health [2]. Early detection of bacterial infection is crucial for the
prognosis of the disease but insignificant progress has been done in this field.
Conventional ways for bacterial diagnosis are based on either or combination of
biochemical, physical and bacterial cultures where the bacterial culturing can be
considered as the gold standard method [3]. However, bacterial culture methods do not
provide in vivo localization of the infection or reservoirs. With the advancement of
modern day technology, various diagnostic tools bear the potential for locating the site

of infection. Radiological techniques such as computed tomography (CT) can be



advantageous for imaging bacterial infections but it is only useful when there is a
significant anatomical change in potentially infected tissues. Likewise, magnetic
resonance imaging (MRI) can be applied for bacterial imaging aided by specific probes
but it is limited to patients without claustrophobia or implanted medical devices.
Nuclear medicine techniques such as single photon emission computed tomography
(SPECT) and positron emission tomography (PET) stand out as potential candidates
because these techniques are able to locate the site of infection with the help of a
radiolabeled biomolecule/probe [4]. Available SPECT- or PET-based probes consist of
in vitro or in vivo (for example) radiolabeled leukocytes. There are recurring
comprehensive reports on the clinical use of commercially available radiotracers
targeting infection and inflammation [5, 6]. The radiolabeled probes under current
studies showed the potential for targeting molecular components of bacteria or its
metabolites resulting in specific identification of the infection site in contrast to the
sterile inflammation [7-10]. This field of study is also positively influenced and
expanding due to the hybridization of imaging techniques such as PET(SPECT)/CT or
PET(SPECT)/MRI [11].

Herein, we aim to provide a concise guide to the synthetic approaches of molecular
radiotracers with focus on bacterial imaging. This review is divided into commercially
available and novel probes as followed: 1) clinical/preclinical availability, ii) probe
functionalizing via suggested radiolabeling procedures and iii) probe distribution and
suggested mechanisms of the probe uptake, internalization and signal amplification. At
the end of each class of radiolabeled probe, is a table summary of the transformations
that provides information on the non-radiolabeled core, radioisotope, disease target,

labeling efficiency and technique used for detection of the radiotracer.



2. Commercially available infection imaging probes

Most of the clinically used radiotracers for infection detection are based on
leukocytes due to the fact that there is an influx of leukocytes during inflammation. A
few of these radiopharmaceuticals are Food and Drug Administration (FDA) approved.
These commercially available radiotracers can be divided broadly into i) radiolabeled

leukocytes  (‘''In-oxine-leukocyte, *"Tc-HMPAO-leukocute and ™

Tc-Stannous
Colloid), ii) radiolabeled anti-granulocyte antibodies (**™Tc-Besilesomab and **™Tc-

Sulesomab), iii) unspecific biomolecules such as 2-deoxy-2-('*F)fluoro-D-glucose (‘°F-

FDG) and *"**Ga-citrate.

2.1 H]In—oxine—Leukocyte

The current “gold standard” tomographic imaging technique targeting infection
is considered to be direct leukocyte labeling with radio metals [12]. Efficient labeling
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of leukocytes and its imaging can be obtained with " In-oxine because of its long half-

life [13]. Detection and localization of the infectious site is the prime area of interest
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for

In-oxine-leukocyte which included various clinical presentations such as
pulmonary infection including tuberculosis, endocarditis, neurological infections, fever
of unknown origin, diabetic foot, inflammatory bowel disease, infected central venous
catheters or other devices; infected joint and vascular prosthesis, postoperative
abscesses and osteomyelitis of the appendicle skeleton [14-16]. Roca et al. described a
method of radiolabeling necessitating at least 2 x 108 leukocytes for good labeling
efficiencies [14]. A whole-blood sample was collected from the patient in acid-citrate-
dextrose (ACD) anticoagulant solution containing vial, at a blood /ACD ratio of 1:5.6.

Out of that, 15 ml of the mixture was centrifuged at 2000 g for 10 min at room

temperature to separate the blood cells from the cell free plasma (CFP) and the latter



was used as re-suspending medium after labeling in the subsequent steps. Leukocyte
isolation was initiated by separating the erythrocytes with 10% 2-hydroxyethyl starch
(HES) (molecular weight 200/0.5 or 200/0.6) by sedimentation. Recommended blood-
ACD solution to HES ratio was 10:1 and the leukocyte-rich plasma (LRP) was
collected with a 20G lumbar needle without disturbing the erythrocyte layer which was
followed by centrifugation at 150 g for 5 min. Platelet-rich plasma (PRP) was removed
and the mixed leukocyte pellet was gently re-suspended. An optional PBD/saline wash
was advised to reduce the number of platelets. For radiolabeling, 20 MBq of '''In-
oxine was incubated with the isolated mixed leukocyte cell suspension for 10 min at
room temperature with gentle periodic swirling. The authors recommended working
with HEPES buffer (about 6 mg/ml final concentration) if '''In-oxine has to be used
without the buffer provided by the manufacturer. After incubation, at least 3 ml (up to
a maximum of 10 ml) of PBS/saline was added to the solution and centrifuged at 150 g
for 5 min. The supernatant containing the unbound '''In-oxine was removed and used
to calculate the labeling efficiency. Radioactivity was measured in the leukocyte pellet
and subsequently dissolved in 3-5 ml of previously extracted CFP [14].

During the process of leukocyte labeling with '''In-oxine, it diffused through the lipid
bilayer of the cell because of its neutral and lipophilic nature. Upon internalization, the
""n-complexes (i.e. the radioisotope) irreversibly associate with intercellular and

nucleus components and free oxine may experience cellular efflux.

2.2 *"Te-HMPAO-Leukocyte:

99m.

Technetium-99m (*""Tc) can be chelated with hexamethylpropyleneamine

oxine (HMPAO) and has been used as a non-invasive diagnosis tool for numerous

99m

physiological abnormalities [17]. The SPECT radioisotope = Tc- can be chelated with



HMPAO, which facilitates the uptake into cells [18]. Leukocyte labeling with **™Tc-
HMPAO follows a similar technique such as '''In-oxine; i.e. it needs the separation of
WBC from the whole blood. Once inside the cell, *Tc-HMPAO changes its
lipophilic character to non-diffusible hydrophilic complexes and becomes trapped [19].
This compound has a half-life of 6 h and emits 140-keV y-rays which can be detected
by a SPECT camera [20]. The normal probe bio-distribution can be seen mainly in the
kidney, liver and spleen with notable activity in the gastrointestinal tract and bone
marrow. Hence, imaging of hepatic and splenic infections using **"Tc-HMPAO-
Leukocyte SPECT may lead to suboptimal image interpretation [20].

2.3 "Te-Stannous Colloid

99mTc-labled stannous colloids (*™

Tc-SnC) is a radiolabeling technique to label
neutrophils and monocytes for imaging of inflammation and spatial localization of
infection for gram-positive as well as gram-negative bacteria [21-26]. The
radiolabeling of leukocytes does not require its separation from the whole blood as
#mTe-SnC can selectively bind to the target immune cells in the infection site which
make it simpler and less expensive compared to other labeling agents [21, 27, 28]. The
#MT¢e.SnC has a shelf-life of up to 6 h [29]. Colloid incubation with a heparinized
patient whole blood sample (up to 20 mL) comprises of a 1 h syringe rotation followed
by a brief centrifugation step to part cells and plasma supernatant prior to cell re-
suspension and re-administration into the patient. It should be noted that **™Tc-SnC
labeled blood cells cannot distinguish between sterile inflammation and infection [30].
It has unanimously been reported that its labeling efficiency is more than 95% using
whole blood samples [27, 28, 31-33]. The detailed mechanism of action concerning

9mTc-SnC-labeling leukocytes may not be entirely understood [21, 22, 27, 34-36]; it is



hypothesized that phagocytosis of the colloidal compounds and/or its reversible binding
of the leukocyte to cell membranes may occur.
2.4 *"Tc-Besilesomab

Besilesomab, a murine derived monoclonal antibody of the IgG1 « isotype with
a molecular weight of 150 kDa, targets the NCA-95 epitope of granulocyte or
granulocyte precursors. After injection of **™Tc-Besilesomab to the recipient, 10% of
the compound binds to neutrophils whereas 20% of them freely circulate and localize in

99 .
"Tc-Besilesomab can be

infected sites through a non-specific mechanism [37, 38].
used for the diagnosis of pyrexia of unknown origin, appendicitis, acute myocarditis
and diabetic pedal osteomyelitis but it showed variable results in the case of joint
infection and inflammatory bowel disease [39-43]. Radiopharmaceutical preparation of

9mT_Besilesomab is marketed under the trade name Scintimun® and the kit contains

99 .
d 7™Tc-sodium

Besilesomab with pre-reduced disulfide bonds. Generator-elute
pertechnetate is reduced by the stannous chloride (provided as a kit vial component)
yielding *™T¢(IV), which in turn binds to the free thiol groups of the reduced
Besilesomab [44]. The usage of Scintimun® might be challenged by: the risk of the
pattern of human anti-mouse antibodies (HAMA) response, i.e. eliminates repeated
probe administrations, a delayed probe accumulation at the infected site due to the high
molecular weight of the antibody, and significant unspecific probe uptake in the liver

99m.

and bone marrow [45]. ~"Tc-Besilesomab-SPECT imaging is unspecific for infection.

2.5 "Tc-Sulesomab

9mTc-Sulesimab is a sensitive probe primarily used to detect musculoskeletal

infections. It also showed to be useful in the case of diagnosing pyrexia of unknown

origin as well as infection in soft tissues [46]. Sulesomab is a murine originated



fragment antigen binding (Fab) portion of an IgG; and can couple to *™

Tc through its
thiol groups. This fragment is 50 kDa and can bind to leukocytes through the normal
cross-reactive antigen-90 (NCA-90) [38]. After infusion, 34% of 99mTe-sulesomab can
be detected in the blood after 1 h and at 4 h the radioactivity starts to wash out with
only 7% of the injected dose remaining in the body after 24 h. This tracer shows higher
affinity towards the activated rather than latent granulocytes, thus in vivo radiolabeling
is likely to occur at the inflammation site rather than to circulating granulocytes [46].
The commercially available sulesimab (LeukoScan®) kit comprises of sulesomab,
stannous chloride dihydrate, potassium sodium tartrate tetrahydrate, sodium acetate
trihydrate, sodium chloride, glacial acetic acid (trace), hydrochloric acid (trace) and
sucrose under the nitrogen. These lyophilized components are reconstituted in a
solution of sodium chloride before adding the radioactivity with a simple 10 min
incubation at room temperature is needed to achieve **™Tc-Sulesimab [47]. The final
formulation has pH values of 4.5-5.5 with the shelf-life of the probe being 4 h.
2.6 "*F-FDG-PET

Aside from mainly imaging oncologic abnormalities, '*F-FDG-PET is also a
technique to image infection and inflammation [48]. The mechanism of '*F-FDG-PET
for infection imaging is due to an elevated glucose demand by mononuclear and
granulocyte cells during their metabolic eruption when activated [49-53]. Moreover,
glucose is also utilized by proliferating fibroblasts [54] but again, this technique cannot
distinguish between infection and sterile inflammation. Hamacher et al. described a
nucleophilic substitution of '®F-fluoride for the synthesis of '*F-FDG where they used
1,3,4,6-tetra-O-acetyl-2-O-trifluoromethanesulfonyl-d-manno-pyranose as a precursor

(Scheme 1) [55]. The major drawback of this method is the activation of the '*F-



fluoride for the nucleophilic substitution reaction which needs an azeotropic drying step

[56].
AcO AcO HO
AcO
%&\ [Kogol "8 AcO o) HCl HO o
OA CH3CN, reflux, 5 min 8 130 °C, 15 min
AcO OTf c Aco °F OAc Ho '8F  OH

Tf = -SO2CF3

Scheme 1. Synthesis of 2-deoxy-2-('*F)fluoro-D-glucose

2.7.97%8Ga-Citrate

The former gold standard of infection imaging, gallium-67 (*’Ga)-labeled citrate has
been in use as a probe since 1984 [57]. However, the mechanism of uptake of ®”**Ga-
citrate is still not entirely clear. There are several factors which can affect the
accumulation of this compound around the infection site; this includes direct leukocyte
binding, complexation to siderophores, or binding to lactoferrin and transferrin [58].
With the advent of germanium-68 (68Ge)/Ga—generat0rs, %Ga-citrate gained momentum
as a PET radiotracer as it is a more advanced technique than ®’Ga-citrate-SPECT.
Rizzello er. al. described a method for the preparation of **Ga-citrate for regular
clinical use with a commercial semi-automatic labeling module (Eckert & Ziegler F-
CON Pharmaitalia) [59]. Ayuob et. al. described the synthesis where %GaCls (3-5 mCi
in 150ul) in 0.6 M HCI was heated to dryness. A sodium citrate solution was added to
the dried ®*GaCl; and incubated at 50 'C for 10-15 min followed by filtration through a
0.22 micron membrane (Scheme 2). The final pH of the solution was adjusted to 5.5-7
[60]. There is also a kit-based ®®*Ga-radiolabeling procedure available using ACD as a

precursor [61].
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NaO ONa ®8GaCly

ONa 50 °C, 15 min

HO
o

Scheme 2. Synthesis of ®*Ga-Citrate

HO

o 68Ga,*
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Table 1 Commercially available probes for infection imaging

. Labellin Method | Reference
Radiotracer class Probe name Targets . 8
efficiency
Endocarditis, neurological infections, fever of SPECT [62]
"n-oxine-leukocyte” unknown origin, diabetic foot, inflammatory bowel 72.5+£5.5%
disecase
. Imaging of infection and inflammation ( diabetic foot SPECT
Radiolabeled leuk : . . . .
adiolabeled feukocytes 9mTc-HMPAO-leukocyte” prosthetic graft infection, abdominal sepsis, 44 £13%
osteomyelitis)
9m T Stannous colloids Spatial localizaFion of inffection for gram-positive =959 SPECT [27, 28, 31-33]
and gram negative bacteria
Radiolabeled 9m T Besilesomab Pyrexia of unknov‘vn or'igin, appendicitis, ??Ute B SPECT [44]
i : myocarditis and diabetic pedal osteomyelitis
antigranulocyte
antil%o dies " 9m o _Sulesomab Pyrexia of unknown origin and infection in soft 4.5% SPECT [46]
tissues
' 8p_FDG On09logic or c.ardiac indications, imaging infection 50% PET [55]
Biomolecules and inflammation
Ga-citrate” Detection of some acute infections and inflammation | -- SPECT [63-65]
") FDA approved
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3. Novel imaging probes for direct, more specific imaging of bacterial infection

Compounds having affinity towards a specific pathogen can be utilized for its direct in
vivo imaging after being radiolabeled with a compatible radioisotope. In 2016, Auletta
et al. systematically discussed the potential of quinolones, cephalosporins and
siderophores as promising imaging agents for infection [66]. In a 2015 review,
Tsopelos elaborated on compounds bearing potential towards scintigraphic detection of
infection and inflammation [5]. Moreover, a few promising tracers show affinity
towards bacteria such as ''In-DPC11870, ''In-DTPA-IgG('*C), "'In/*™T¢c -DTPA-
hpc-IgG, '*F-DPA-714, *™Tc-PEG-liposomes, ~~"Tc-HAS, labelled fMLFKs and
labelled interleukins was explained by Tsopelos and we therefore excluded from this

review. Furthermore, ™

Tc labelled bacteriophages were also omitted from this
discussion. The following text highlights selected compound clusters that bear the
largest potential to accomplish bacteria-selective tomographic imaging: i) antimicrobial
peptides and i1) biomimetics.

3.1 Antimicrobial peptides as bacteria-selective imaging probes

Peptides are short chains of amino acids linked by amide bonds. These naturally
occurring biomolecules are logical options for development as possible targeting
vectors for PET tracers as they have unique characteristics such as; high target
specificity and binding ability, low toxicity and immunogenicity and easy scale up
production in the laboratory [67, 68]. Generally, peptides containing less than 50
amino acids are considered for imaging tracers due to their molecular weight. These
peptides are relatively small in size, facilitates rapid accumulation at the target site as

well as lead to faster clearance from the recipient which would make them desirable

candidates for PET molecular imaging probes [67].
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In general, naturally occurring peptides are most suited for designing peptide-based
PET tracers; as they play a vital role in certain physiological conditions by mediating
via their high-affinity, specific and massively overexpressed receptors [69]. However,
various plasma-containing proteases and peptidases lead to rapid degradation of some
of these compounds resulting in a shorter pharmacological half-life and decreased
target availability. Thus, to increase the in vivo stability of naturally occurring
peptides, these compounds require molecular engineering at the amino acid residues
that are involved in degradation without compromising the most desired biological
activity. Till date, a number of researchers have described various approaches to
modify amino acid residues to increase the efficiency and stability of peptides. These
approaches include peptide bond substitution, N- and C-terminus acetylation, side-
chain and unnatural amino acid introduction, suitable D-amino acid incorporation and
amino alcohol utilization. In addition, suitable hydrophilic and/or lipophilic amino
acids can also be introduced to modify the permeability of the peptide without
compromising the binding efficiency [70-72].

The success of PET probes development is based on identification of its molecular
target and characterization of its biological role. Some of the targets best studied for
the development of peptide-based PET probes are integrin, somatostatin and gastrin-
releasing peptide receptors [73-81]. Moreover, antimicrobial peptides (AMP) are also
trending for developing PET tracers for infection imaging because of their direct
involvement in the innate immune system and their ability to bind selectively to
pathogenic bacteria or yeast [7, 68]. AMPs are synthesized by various cells; however,
regardless of the origin, these peptides share a few common characteristics as they are

membrane active, positively charged and amphipathic [82]. Due to their cationic
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properties, it is believed that AMPs have strong electrostatic affinity towards the
negatively charged bacterial cell wall while having relatively lower attraction to
mammalian cells which are less negatively charged [7, 83]. Peptides are becoming
popular as infection imaging probes because of their ability to accumulate at infection
foci as well as a lack of cytotoxicity in the recipient [84]. Even though, peptides have
been studied extensively as radiotracers for various physiological conditions; there is
only a handful of AMPs evaluated for infection imaging [85].

3.1.1 Ubiquicidin (UBI)

Ubiquicidin is a 6.7 kDa polypeptide comprising of 59 amino acid residues. This
peptide was first identified from a macrophage cell line of mouse and has antibacterial
effects on Salmonella typhimurium and Lysteria monocytogenes. Subsequently it was
also isolated from numerous organisms, including human. This peptide has a structure
that is homologous to the murine ribosomal subunit S30 [86]. Brouwer et al., in 2006,
synthesized several fragments of the #m7e labeled UBI and studied the in vitro
bacterial sensitivity as well as selectivity. They also found sufficient accumulation of
the fragments ~"Tc-KVAKQEKKKKKTGRAKRR (UBI-18-35) and *™Tc-
TGRAKRRMQYNRR (UBI29-41) around the infected site in mouse models for
SPECT imaging [87]. These peptides were synthesized on solid phase via 9-
fluorenylmethoxycarbonyl (Fmoc) chemistry. PyBOP was employed as the coupling
reagent along with the base 4-methylmorpholine (NMM) in NMP for the coupling
[87]. Direct radiolabeling was carried out by adding SnCl, and sodium pyrophosphate
in saline to a stock solution of the peptide. Thereafter, KBHs in 0.1 M NaOH and
#MTe-sodium pertechnetate solutions were added to the mixture respectively. The

reaction was carried out for 1 hr at room temperature (Scheme 3) [87].
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SnCI2.2H2O, Na4P207.10H20
UBI KBH,, Na%mTcO,

(peptide fragment) rt, 1 hr

99mTc.UBI peptide

Scheme 3. Synthesis of **™Tc¢ labeled UBI fragment

Over the years *’"Tc-UBI(29-41) fragments were found to be specific as well as
selective towards both gram positive and gram negative bacteria along with the
multidrug resistant strains [88, 89] [90, 91] [92]. *™Tc-UBI (29-41) may attach the
radioisotope at Lys and Arg residues of the peptide. This did not allow for the peptide
to retain its natural configuration [93, 94]. The radiolabeled UBI fragment **"Tc-
UBI(29-41) was first administered in human subjects in 2004 for studying its
pharmacokinetic properties in a clinical trial on patients with soft-tissue, prosthesis or
suspected bone infections. The results revealed high specificity, selectivity and
accuracy without any significant adverse effects [95]. Recently, fluorine-18 was used
to radiolabel UBI(29-41) for the purpose of PET imaging. However in this study, the
'SE_-UBI(29-41) did not confirm specificity towards S. aureus in vivo [96] and there was
also significant defluorination. Concerning the radiosynthesis, to a mixture of
Kryptofix and K,CO3/K,C,04, fluorine-18 was added followed by evaporation under
vacuum in the reactor. Thereafter, reduction of the compound was carried out by ethyl
4-(trimethylammonium)benzoate trifluoromethanesulfonate in DMSO. The reaction
was heated at 95 °C for 6 min followed by the distillation of the product in a 0.5 M
NaOH solution. The product was again hydrolysed for 2 min at 50 °C in the reactor
after rinsing it with 5% acetic acid and water. 0.5M HCI was then added to make the
product 4-'"*F-fluorobenzoic acid which was eluted through a Lichrolut EN cartridge.
A purified solution of this product was mixed with 4-(dimethylamino)-pyridine

(DMAP) and dried in the reactor. Subsequently, N,N’-disuccinimidylcarbonate (DSC,
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in acetonitrile) was added and heated at 95 °C for 7 min followed by cooling to 35 °C.
This crude N-succinimidyl-4-['*F]fluorobenzoate was eluted through a Lichrolut EN
cartridge followed by HPLC purification and again eluted through a Lichrolut EN
cartridge. Finally, the N—succinimidyl-4-[lgF]ﬂuorobenzoate (in DMF) was mixed with
UBI 29-41 in 0.1M boraxbuffer (pH 8.5) and left to react for 10 min at room
temperature in a ultrasound bath. The radiolabeled 4-['*F]fluoro-benzoyl-ubiquicidin
29-41 ("*F-UBI29-41) was HPLC purified followed by elution through a C18 cartridge

(Scheme 4) [97].

1. NaOH

COLCHs [k, 1*18F COLMs 5
- + 95 °C, 6 min 18
CF3S03(CH;);N F

COOH
18F/©/

DSC/DMAP,
95 °C, 7 min
(o]
o ez coo-y
NH-UBI 29-41 25 °C, 10 min /©/
18F (e}

18
Scheme 4. Synthesis of [18F]JUBI 2941

*Ga-NOTA-UBI(29-41) showed specificity towards S. aureus in a rabbit model and
was able to distinguish infection from sterile inflammation [98]. For the design of the
UBI containing the %Ga radiotracer, a chelator was envisaged. In this case the peptide
was synthesized on resin and conjugated with 1,4,7-triazacyclononane-1,4,7-triacetic
acid (NOTA). The NOTA conjugation was carried out by functionalizing the amino
terminus of the peptide with bromoacetic acid and diisopropylcarbodiimide (DIC) in
dichloromethane. The bromine was then displaced with excess 1,4,7-triazacyclononane
and trimethylamine (TEA) in acetonitrile. tert-Butyl 2-bromoacetate was added to the
remaining secondary amines of triazacyclononane ring [98] followed by full

deprotection and cleavage from the resin (Scheme 5).
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Scheme 5. Synthesis of ®*Ga-NOTA-UBI29-41 complex

3.1.2 Human neutrophil peptide (HNP)

Neutrophils are integral components of the immune system and play a vital role in
protecting the host from microbial infections by producing neutrophil peptides. These
cationic single chain peptides are rich in arginine and cysteine. Neutrophil peptides are
of about 3.5 kDa and designated as defensins [99]. HNP-1
(ACYCRIPACIAGERRYGTCIYQGRLWAFCC with disulfide bridges: 2—30; 4-19;
9-29), HNP-2 (CYCRIPACIAGERRYGTCIYQGRLWAFCC with disulfide bridges:
1-29, 3-18, 8-28), HNP-3 (DCYCRIPACIAGERRYGTCIYQGRLWAFCC with
disulfide bridges: 2-30; 4-19; 9-29) and HNP-4
(VCSCRLVFCRRTELRVGNCLIGGVSFTYCCTRV with disulfide bridges: 2-30;
4-19; 9-29) are the four neutrophil peptides identified in human [100, 101]. HNP-1,
HNP-2 and HNP-3 comprise of 29 common amino acid residues which represents 99%
sequence homology while HNP-4 shares only 32% homology with the others [101,
102]. It is postulated that defensin interact with deoxyribonucleic acids, which in turn
leads to cell death [103]. Mouse infection model studies revealed the potential use of
HNP-1 as a therapeutic agent for bacteria including M. tuberculosis [104].

Biodistribution and potential antimicrobial evaluation of **™Tc labelled HNP-1 in K.
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pneumoniae and S. aureus infected (peritoneal and intramuscular infections) swiss mice
confirms the accumulation of this tracer in the infection sites [105]. In this study,
Welling et. al. isolated HNP-1 from human neutrophil, which was then purified by
HPLC [105]. HNP-1 in sodium phosphate buffer (Na-PB) was then mixed with a
sterile solution of stannous pyrophosphate and immediately reduced with KBHy4
dissolved in a NaOH solution. Finally, the solution was stirred for 30 min with **™Tc-
sodium pertechnetate solution to yield radiolabeled HNP-1 [105-107]. Raj et. al., in
2000, described a method for the solid phase synthesis of HNP-1 on Wang resin using
Fmoc protected amino acids [108]. DIC in the presence of HOBt was used as the
coupling reagent where a mixture of DCM and DMF (50% v/v) served as the solvents.
Fmoc deprotection was carried out using 25% solution of piperidine in DMF and the
peptide was cleaved from the resin using 90% TFA in DCM containing dimethyl
sulphide (2.5%) and thioanisole (2.5%) [108].

3.1.3 Neutrophil elastase inhibitor peptide

The protease, neutrophil elastase is secreted by the activated neutrophils when triggered
due to inflammation at the infection foci. This 29 kDa antimicrobial peptide is released
upon internalization [109] and rapidly inhibited by a-1 trypsin inhibitor [110]. A
peptide library was constructed based on wild-type bovine pancreatic trypsin inhibitors
with the help of phage display technology. Screening of these peptides on immobilized
human  neutrophil  elastase, revealed EPI-HNE-2  (EAEARPDFCLEPP-
YTGPCIAFFPRYFYNAKAGLCQTFVYGGCMGNG--NNFKSAEDCMRTCGGA) as
the most potent and specific inhibitor [111, 112]. EPI-HNE-2 radiolabeled with **™Tc
was studied in monkeys for inflammation/infection imaging. Based on the outcome,

the bacterial specificity of the tracer was not clear, however, it did accumulate within
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areas with inflammations and infections [113]. EPI-HNE-2 can be radiolabeled with
%™T¢ using the bifunctional chelator molecule NHS-MAG3. Peptide-NHS-MAG3
conjugation was carried out by a dropwise chelator addition (in DMF) to a solution of
EPI-HNE-2 in 0.1 M HEPES buffer (pH 8.0). The solution was then left for 1 h
undisturbed and finally the conjugated peptide was purified on a P-4 column (Bio-Rad,
Melville, NY). To the purified conjugated peptide in 0.25 M ammonium acetate buffer,
sodium tartrate (in 0.5 M sodium bicarbonate), ammonium acetate and ammonium
hydroxide was added followed by a solution of stannous chloride (in 10 mM HCI).

Finally, *™

Tc-pertechnetate was mixed in and incubated for 1 hr at room temperature
for the completion of the reaction (Scheme 6). The pH was adjusted to 7.6 and purified

on a P-4 column [114].

o
H
O-N EPI-HNE-2 /NTO
SHO HEPES bufferfDMF o)
NH,-EPI-HNE-2 | + o sHHN
o HN rt, 1 hr
NH o
Sﬁﬂf 0~ "NHHN
o o

Na,C4H40¢/C,H;0,NH,/NH,OH,
sndl, in HCI, *™TcO,
rt, 1hr

o
} /. EPI-HNE-2
N
H
SH HN-__O
99m-rc\§
o NH HN

o

Scheme 6. Synthesis of *"Tc-MAG3-EPI-HNP2
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3.1.4 Human p-defensin (HBD)

Defensins are the first line of the defense mechanism of the human immune system and
the B defensins are one class that are of epithelial tissue origin [115, 116]. A 4 kDa
peptide, human B defensin-3 (HBD-3), shows a broad range of antimicrobial activity
including for both gram-positive and -negative bacteria [117-119]. HBD-3
(GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK) was
successfully radiolabeled with **™Tc and was able to distinguish between infection and
sterile inflammation in a mouse model previously infected with S. aureus [115]. A
cationic complex [™Tc (H,0)3(CO);]” was used to label the recombinant HBD-3
[115]. [*™Tc (H,0)3(CO)s]" can be synthesized through the reduction of [**™TcO4]" in
saline (0.9% NaCl/H,O) by NaBH4. This reaction required heating at 75 °C and
flashed with carbon monoxide [120]. The solution was cooled and adjusted to pH 8.0
with HCL. The peptide, dissolved in water, was added to the solution containing [**™Tc
(H,0); (CO)3]" and left for 60 min to react at room temperature (Scheme 7). The
radiolabeled HBD-3 was finally purified by gel chromatography using a Sephadex G-2

column [115].

99 - NaBH,4, CO, r9om , .HBD-3
[99MTcO,] 4 2oy [99MTc (Hy0);5(CO)s]* ——— > 99m7c{ HBD-3
(In 0.9% NaClI/H,0) 75°C rt, 60 min

Scheme 7. Synthesis of **"Tc-HBD-3

3.1.5 Human lactoferrin-derived peptide (hLF)

Lactoferrin (PDB ID: 1FCK), a member of the transferrin family, is an 80 kDa iron-
binding protein [121, 122]. This glycoprotein is secreted by mammalian mucosal
epithelial cells including those of human [122]. Lactoferrin is found in milk, urine,

bile, nasal and bronchial secretions, gastrointestinal fluids, semen, vaginal fluids, tears
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and saliva [123-125]. The defensive properties of this peptide includes antimicrobial
(including antibiotic-resistant bacteria), anti-inflammatory and anticancer properties
due to immune modulator activities [122, 126]. An eleven amino acid containing
cation-rich sequence (1-11: GRRRRSVQWCA) from the N-terminus of human
lactoferrin was reported to be active against bacteria and also showed immune
modulatory compound behaviour [126, 127]. Welling ez. al. in 2000, studied various
fragments of UBI and hLF for their bacterial specificity and selectivity; concluding that
the former is more favourable for infection detection [92]. For this study the peptide
sequences were synthesized on solid phase employing Fmoc chemistry with
PyBOP/NMM in NMP as coupling conditions with Fmoc deprotection using piperidine
[128]. For radiolabelling, the synthesized peptide solutions (in 0.01 M of acetic acid
pH 4) were mixed with stannous pyrophosphate followed by immediate addition of
KBH, (in 0.1 M NaOH). Finally a *”™Tc-sodium pertechnetate solution obtained from
g 99m

Tc generator was added and the pH was adjusted to between 5-6. One hour of

gentle stirring was carried out for completion of the reaction (Scheme 8) [92].

Sn2P207, KBH4 (|n NaOH),
hLF 1-11 Na®mTcO, _ 99myc hLF 1-11
rt, 1 hr

Scheme 8. Synthesis of *™Tc-hLF 1-11
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Table 2 Antimicrobial peptides for bacterial imaging

.. . . Method Reference
Antimicrobial . . ) ) A ) gs Labelling
] Radioisoto | Targeted microorganism(s) T/NT ¥ ratio .
peptide name* pe efficiency
99m I8 . . —
T F . ,E. , C. A. hy, , 96,
UBI29-41 68 c, F, S azfreus coli, C. albicans and 2946 ~05% - 99 2% Scintigraphy [89, 96, 98]
Ga fumigatus PET,
HNP-1 99mTe K. pneumonia, S. aureus, M. tuberculosis 1.5-3.5 88% Scintigraphy [105]
EPI-HNE-2 PmTe -- 0.3-2 54% Scintigraphy [113,114]
HBD-3 #mTe S. aureus, K.pneumoniae and E. coli 3 40% - 50% Scintigraphy [115]
hLF #mTe K. pneumonia, S. aureus >2.4 92% Scintigraphy. [92]

*) UBI29-41:ubiquicidin peptide fragment 29-41 ;HNP-1: human neutrophil peptide 1; EPI-HNE-2: Neutrophil elastase inhibitor peptide 2;

HBD-3: human B defensin-3; hLF: human lactoferrin-derived peptide 1-11

A) S. aureus: Staphylococcus aureus; E. coli: Escherichia coli; C. albicans: Candida albicans; A. fumigatus: Aspergillus fumigatus; K. pneumonia: Klebsiella

pneumonia; M. tuberculosis: Mycobacterium tuberculosis

") T/NT = Target/Non Target
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3.2 Biomimetics

Biomimetics are a group of compounds that are deliberate to exploit unique bacterial
targets. These compounds are trapped upon internalization either because of their
interaction with the cellular macromolecules or by acting as a substrate for the enzyme
of the pathogen. This intracellular mechanism in turn promises for signal amplification

and allows for imaging of the pathogen.

3.2.1 Antibiotics/Antimicrobial drugs

Antibiotics are potential candidates for tomographic imaging because of their

characteristic specificity towards bacteria. 99mTe-ciprofloxacin (Figure 1) is the first

99m:

and most widely studied radiolabeled antibiotic [129-132]. Tc-fluoroquinolones

99 .99 . .
(""" Tc-norofloxacin, ~ "Tc-sparfloxacin) were subsequently explored as a second line

of antibiotic based radiotracer. Evidently, the potential of other antibiotics has been

99m

investigated as imaging agents; for example, intracellular targets (" ['c-kanamycin,

99m 99m

Tc-cefuroxineaxetil, Tc-cefoperazone, 99mTc, -ceftizoxine), cell wall (99mTc—

99m

vancomycin, 9mTc-alafosfalin, **™Tc-ceftizoxine) and specific mycobacterial targets

("'C/*™Tc-rifampicin, ''C/"*F/**™Tc-isoniazid and **™Tc-ethambutol).

Figure 1. Structure for **™Tc-ciprofloxacin
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3.2.1.1 Aminoglycoside

Aminoglycosides are polycationic entities which manifests its effect by ribosomal
blockade, misreading in translation, membrane damage, and irreversible uptake of the
antibiotic [133, 134]. Labelling of kanamycin, streptomycin and gentamicin can be
achieved with the reducing agent SnCl,.2H,0. A solution of SnCl, was added to a
solution of kanamycin/streptomycin/gentamicin and the pH adjusted. To that mixture,
9mTc0, ~ was added and the reaction was carried out at room temperature (Scheme 9)
[135-137]. For the labeling of tobramycin, the same reducing agent was utilised but

with the exception that the SnCl,.2H,0O was dissolved in HCI and then mixed with a

solution of NaOH:NaHCO; and Na”™T¢O, under a blanket of nitrogen gas [138].

R
HO, —OH HO,  —OH /  OH
H2N"'<: o H2N"'<: o) 0 C>"'OH
HO O NH, HO O
\ 99m -
@ ariam / \
/ pH =9, r.t, 30 min | |
Ry, O NH, Ry, 0O N o)
HO'"" o) R R1 HO" o] (o) INH2
B Kanamycin A NH, OH ; 5 s 2
HO 7 Kanamycin B NHs NH» HO / HO— OH
R Kanamycin C OH NH, R

Scheme 9. Synthesis of **Tc-Kanamycin

3.2.1.2 Amino-penicillin 3" generation

As a member of the amino-penicillin group of drugs, amoxicillin acts against gram-
positive and gram negative bacteria by interfering with the cell wall muco-peptide
biosynthesis [139]. **™Tc- amoxicillin has demonstrated to be taken up by E. coli
infected and inflamed thigh muscles in an animal model [140]. Amoxicillin was
radiolabeled with **™Tc by Ozdemir et. al. in 2015 [140]. They demonstrated the use

of both the reducing agent and antioxidant for labeling amoxicillin. Amoxicillin was
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mixed with stannous chloride under an atmosphere of nitrogen and radiolabeling was

initiated by adding freshly eluted *™

Tc. The optimization of the of labeling efficiency
and stability of the complex was judged by addition of varying concentrations of the

reducing agent (stannous chloride and stannous tartrate) and the antioxidant (ascorbic

acid) (Scheme 10) [140].
H2 4
m PN
NH, \f CHg

N S +
CH . 0" Na
% SnCl,.2H,0, Ascorbic acid, *"Tc Tc'
o) N—/ “CHy . *
HO fo) pH=4.8-7.4,rt, 15 min
- Nat

f 99m

Scheme 10. Synthesis of " Tc- amoxicillin

3.2.1.3 Cephalosporins

The pB-lactam group of antibiotics compromises the bacterial cell wall integrity by
hampering the peptidoglycan layer synthesis [5]. A few of the cephalosporins that have
been radiolabeled so far are cefuroxine, ceftizoxine, ceftriaxone, cefotaxime,
cefoperazone and cefepime. These antibiotics complexed with *”™Tc showed potential
advantages in distinguishing infection (S. aureus and/or E. coli) from aseptic
inflammation foci in various animal models [141-146]. Cephalosporins such as
cefuroxine axetil, ceftriaxone and cefepime were radiolabelled in the presence of the
reducing agent stannous chloride. The compound was dissolved in sterile water, mixed
with a solution of SnCl,.2H,0 and the pH was adjusted. Finally Na”™TcO, was added
to the solution and incubated at room temperature [141-143]. However in the case of

ceftriaxone, the mixture was refluxed before incubation at room temperature (Scheme

11) [142].
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[0} Na+ N ﬂ
(o] 00" (o]
F)BN\ NH, SnCl,.2H,0, Na®™TcO,, ‘N oy ° TENH
HN\N s N °H Néks pH = 7.0, reflux (5-10 min), .t (10 min) "'Nw)\s N o/ ONAS
CH, L Ni—ﬁ CH; | Nﬁ_ﬁ
sz )

HH \ HH \

O N o

o, 0,
CH, CHy

£ 9™ Tc-ceftriaxone

Scheme 11. Synthesis o
For radiolabeling ceftizoxima and cefotaxime, the compounds were dissolved in water
and sodium dithionate (dissolved in 0.5% NaHCO;) was added followed by e
pertechnetate. The solutions were heated to 100 °C before maintaining it at room
temperature [144, 145].

In the case of cefoperazone, the antibiotic was mixed with a tin(IT) solution and the pH
was adjusted. Finally, freshly eluted *’™Tc-activity was added to the mixture and
incubated at room temperature with vigorous shaking until completion of the reaction
[146].

3.2.1.4 Glycopeptides

Teicoplanin and vancomycin fall under the glycopeptide group of antibiotics with their
mode of action by interfering with the peptidoglycan layer synthesis [147].
Radiolabeled 99mTc—teicoplanin was shown to accumulate in high concentration (in 2 h)

at the site of S. aureus in infected mice [148]. In another study, oom

Tc-vancomycin also
showed similar affinity towards S. aureus infection foci [149]. Glycopeptides,
vancomycin and teicoplanin, were radiolabeled in the presence of SnCl,.2H,O. Briefly,
the glycopeptide was mixed with SnCl,.2H,0 and the pH was adjusted. The solution

was incubated at room temperature after addition of a freshly prepared solution of

mTc0, [148, 149].
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3.2.1.5 Lincosamide

Lincosamide binds to the 50S subunit of bacterial ribosomes and blocks the exit of the
newly formed peptide [150]. The lincosamide group of antibiotics, namely
clindamycin and lincomycin, were radiolabeled in the similar way as described above.
%MTc lincomycin was studied in a rabbit model, which showed significant
accumulation of this labeled antibiotic in S. aureus infected thigh [151]. In another

9mTe-clindamycin showed its potential to distinguish infection from sterile

study
inflammation in both rat as well as in rabbit models [152]. Antibiotics were mixed with

SnCl,.2H,0 and the pH was adjusted. Ascorbic acid was added to the reaction mixture

as a stabilizer followed by freshly eluted **™TcO, [151, 152].

3.2.1.6 Macrolides

Macrolides, though structurally different from lincosamide antibiotics share the same
mechanism of action by also binding to the 50S subunit of the bacterial ribosome [150].
Erythromycin, clarithromycin and azithromycin, as the group-representing compounds,

were successfully radiolabeled with ™

Tc. These probes were subsequently studied in
a mouse model to evaluate their potential as radiopharmaceutics. In these studies,
radiolabeled **™Tc-clarithromycin and **Tc-azithromycin significantly accumulated in
the S. aureus infected thigh compared to the uninfected contralateral thigh. Solutions
of the macrolide class of antibiotics (erythromycin, clarithromycin and azithromycin)

were mixed with SnCL.2H,0 and pH was adjusted with HCl. **™TcO, was added to

the mixture and the reaction was carried out at room temperature [153-155].

3.2.1.7 Nitrofurans

The mode of action for nitrofurans is by targeting and damaging the deoxyribonucleic

acid (DNA) of the pathogen in its reduced form. Nitrofuran is reduced by the
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flavoproteins of the pathogen into reactive intermediates which in turn affects the
pyruvate metabolism, respiration and ribosomal DNA [156]. Nitrofurantoin was
successfully radiolabeled with *™Tc for potential imaging of E. coli. It was labeled

with sodium pertechnetate in the presence of stannous chloride (Scheme 12) [157].

o
i ol N+o
(o) (0]
7N\
o N \\TAN—N
o) /_</\|r+\o SnCl,.2H50, NaTcOy4 HN OL—O
7N\ =51- = c
:[N/\N_N pH=5.1-6, rt rﬁ—N}kNH
KS) | > \/go

Scheme 12. Synthesis of **™Tc-Nitrofurantoin

3.2.1.8 Oxazolidinones

Linezolid is an oxazolidinone-type antibiotic that inhibits the bacterial protein synthesis
initiation and shows activity against gram-positive microorganisms [158]. Iodine-131-
(®*'T)-linezolid was proven to be used for imaging S. aureus in a rat model. In the
bacterial infected foci, the accumulation of this labeled antibiotic was five times more
compared to the sterile inflammation sites in 30 min. In order to radiolabel linezolid
with"®'I, to an iodogen coated vial, a linezolid solution was added followed by Na'*'l

and incubation at room temperature. Finally, Na,SO; was added to the mixture to

complete the reaction (Scheme 13) [159].
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Scheme 13. Synthesis of '*'I-Linezolid

3.2.1.9 Fluoroquinolones

Fluoro-quinolones prevent the DNA synthesis of bacteria by interacting with the DNA
gyrase which eventually restricts uncoiling of DNA [5]. A large number of compounds
in this group of antibiotics were radiolabeled with *™Tc, "F and “Ga for
radiopharmaceutical studies. As recently reviewed, PET or SPECT imaging using
radiolabeled quinolones distinguished between infection and inflammation in various
infected animal models as well as in human subjects. Radiolabeling procedures with
#™T¢ were used to study the potential of fluoroquinolones as imaging probes and
included ciprofloxacin, enrofloxacin, difloxacin, perfloxacin, lomefloxacin, ofloxacin,
rufloxacin (Scheme 14), norfloxacin, danoflaoxacin, sparfloxacin, levofloxacin,
moxifloxacin (Scheme 15), gemifloxacin (Scheme 16), garenoxacin (Scheme 17),
clinafloxacin (Scheme 18), gatifloxacin and trovafloxacin [131, 143, 157, 160-172].
Radiolabeling for these antibiotics was carried out with SnCl,.2H,0 and **TcOy4 with

the exception for enrofloxacin where stanous tartrate was used. However, in case of

levofloxacin and gemifloxacin (Scheme 16) sodium pertechnetate was used in place of
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“TcO,. The antibiotics ciprofloxacin, fleroxacin and trovafloxacin were also
radiolabeled with '8F. For the synthesis of I8F-fleroxacin; 6,7,8-trifluoro-1,4-dihydro-
1-(2-hydroxyethyl)-4-ox0-3-quinolinecarboxylic acid ethyl ester was produced by
alkylating 6,7,8- trifluoro-4-hydroxyquinoline-3-carboxylic acid ethyl ester with 2-
bromoethanol and a subsequent condensation with 1-methyl-piperazine to form the
precusor of fleroxacin. The reaction was followed by the addition of methanesulfonyl
chloride which resulted in the mesylate precursor of fleroxacin. The anionic form of
" in the presence of Kryptofix, substituted the mesylate followed by basic hydrolysis
resulting in the synthesis of '*F-fleroxacin [173]. In the case of trodoxacin labeling; '°F
was dried in the presence of K,CO; and Kryptofix. To this mixture trodoxacin in

DMSO was added and heated to yield the radiolabeled product [172].

|l
09
(0] OH Tc
N
F
) &%

| SnCl,.2H,0, Na®"MTcO, F

N N pH =55, rt g r°
/N\) S\) (\N N

Scheme 14. Synthesis of *"Tc-Rufloxacin
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H Na**™TcOy, SnCl, 2H,0, \ F
Nas—{ H [ ° ! 2 s
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Scheme 15. Synthesis of **™Tc-Moxifloxacin
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Scheme 16. Synthesis of **™Tc-Gemifloxacin

O OH
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Scheme 17. Synthesis of 99mTc(CO)g-Garenoxacin dithocarbamate

O OH O OH

|
] . E OH
wo NaOH, TFA, 0 °C, 15 min wo Na®*mTcO, Wo
N N CS,,0°C, 4hr N N rt, 10 min N N
G o ¢
P %N

A rt, 12 hr cl A

Scheme 18. Synthesis of **™Tc¢(CO);-Clinafloxacin

Ciprofloxacin was also successfully radiolabeled with ®*Ga. Ciprofloxacin propyl
amine was reacted with p-SCN-Bz-DOTA or p-SCN-Bz-NOTA to produce the DOTA-
and NOTA-conjugates of ciprofloxacin, respectively. Radiolabeling was conducted by
incubating **Ga with DOTA- or NOTA-ciprofloxacin at 70 °C or room temperature,

respectively (Scheme 19) [174].
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Scheme 19. Synthesis of %% Ga-DOTA-Ciprofloxacin and **Ga-NOTA-Ciprofloxacin
3.2.1.10 Anti-mycobacteria

Rifampicin (Scheme 20) and ethambutol (Scheme 21) were radiolabeled with ™ TcO,
in the presence of SnCl,.2H,0O or stannous tartrate, respectively [175, 176]; however,
#™T¢—isoniazid was synthesized by utilizing co-ligands tricine and ethylenediamine-
N,N'-diacetic acid (EDDA) with stannous chloride (Scheme 22) [177]. In addition,
carbon-11 (''C)-radiolabeling procedures are reported for rifampicin and pyrazinamide.
The rifampicin piperazine moiety was radiolabelled with ''CHsI in the presence of
potassium carbonate as the base in a mixture of DMSO and ACN as solvents (Scheme
23) [178]. The synthesis of ''C-isoniazid and ''C-pyrazinamide were initiated by

reacting iodopyridine and 2-iodopyrazine with ''C-HCN respectively in the presence of

the catalyst tetrakis(triphenylphosphine)palladium (0). In case of isoniazid, cyanide
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was hydrolyzed by hydrazine and the subsequent imine was hydrolyzed by water
(Scheme 24). However, in case of pyrazinamide, the cyano-group of the product ''C-
cyanopyrazine was hydrolyzed by hydrogen peroxide under basic conditions to yield

[“C]-pyrazinamide (Scheme 25) [178].

SnCly.2H,0, ®™TcO,
pH =5.6,r.t

Scheme 20. Synthesis of **Tc- rifampicin

H L SnC4H,0 ¥™Tc.
Ho/j’N\/\N OH r.t, 1 min ‘i
H

Scheme 21. Synthesis of **™Tc-ethambutol

O, NH;  EDDA (in NaOH), tricine (in PBS), %3

H
NH TcOy4, SNCly o 'I\l /\\/\I\j

T

7\ rt, 15 min

/
Tc
N /

Scheme 22. Synthesis of **™Tc-isoniazid
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Scheme 23. Synthesis of ''C-rifampicin

T 11CN NH 0
| X K" CN, K222 | N N2H4-H201 HZO N 11C‘ /NHZ AcOH SN 11C‘N’NH2
N _— Pb(PPhs),/DMSO, N~ NaY zeolite, O/ H 135 °C, 5 min U H
135 °C, 5 min 135 °C, 5 min N~ =
Scheme 24. Synthesis of ''C-Isoniazid
N_ 1ICN N_ TG
[ j/ K11CN K222 [ \]/ H202, 0.1M K2CO3k [ \]/ ~NH2
Pb(PPh3)4/DMSO, N7 135 °C, 5 min N~

135 °C, 5 min

Scheme 25. Synthesis of ''C-pyrazinamide

3.2.1.11 Tetracyclines

The mode of action with tetracycline antibiotics prevents the binding of the aminoacyl-
tRNA to the ribosomal acceptor (A) site thereby inhibiting the protein synthesis [179].
One of the radiolabeled antibiotics from this group, *’"Tc-doxycycline was explored in
an E. coli-infected rat model. The study revealed a rapid accumulation of this
radiotracer in the infected site and could easily be distinguished from the soft tissue.

h 99m

Doxycycline was radiolabeled wit Tc in the presence of stannous tartrate and

ascorbic acid carried out at room temperature [180].
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Table 3 Antibiotics-based probes for infection imaging

Antibiotics | Antibiotic .. . . N T/NT® | Labelling . Reference
Radioisotope Targeted microorganism(s) . . Detection
class name ratio efficiency
Aminoglycoside | Kanamycin 9mTe Some Gram-negative bacteria, 2.5 95.0% | -- [136]

Tobramycin 9mTe Staphylococci and M. tuberculosis - -- | Gamma camera [138]
Gentamicin 9mTe - 96.9% | Gamma counter [137]
Streptomycin | *™Tc 2.4 98.0% | SPECT [135]

Amino- Amoxicillin 9mre Susceptible Gram-positive and Gram- 4.2 >90% | Dual head gamma camera [140]

penicillin negative bacteria

Anti- Isoniazid M and 'F Mainly M. tuberculosis and a few Gram- 1.3 -- | PET/CT [181]

mycobacteria Ethambutol 9me positive bacteria - >85.0% | SPECT [175]
Rifampicin M and ''C 7.3 Gamma camera, PET [178]
Pyrazinamide | ''C - 99.0% | PET [178]

Cephalosporins | Cefuroxine 99mTe Susceptible Gram-positive and -negative 2.5 98.0% | Cd(Te) detector [141]

bacteria
Ceftizoxine 9mTe Susceptible enteric Gram-positive and - 3.2 94.9% | Gamma camera [144, 182]
Ceftriaxone mre negative bacteria incl. H. influenza 5.6 96.0% | Gamma camera [142, 183]
Cefotaxime 99mTe 3.0 92.0% | Planar scintigraphy [145]
Cefoperazone | ™Tc 4.5 97.9% | y-scintillation counter [146]
Cefepime 99mTe Extended spectrum of Gram-positive and - 8.4 98+1.4% - [143]
negative bacteria

(Fluoro)- Ciprofloxacin %Ga, "*F and *™Tc Susceptible Gram-positive and -negative 1.8-5.5 | 85.0-90.0% / | PET, Scintigraphy [131, 160, 174, 184, 185]

Quinolones bacteria and fungi 81+4%
Difloxacin 9ImTe 55 95.6 % | Nal(TI) detector [162]
Perfloxacin 9ImTe 4.9 98.1% | Nal(TI) detector [162]
Lomefloxacin | *™Tc 6.5 93.6% | y-scintillation counter [163]
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Ofloxacin mre 4.3 96.6% | y-scintillation counter [163]
Rufloxacin mre 6.0 98.10 = | Well counter interface with [164]
0.18% | scalar count rate meter (
WCSCR)
Norfloxacin Pmre 6.9 95.4% | Scintigraphy [165, 186]
Danoflaoxacin | *™Tc 7.2 90 £ 2% | Well-type c-scintillation [166]
detector
Sparfloxacin 9mTe Many Gram-positive and Gram-negative 5.9 >95% | Gamma camera [167]
Levofloxacin | ™Tc bacteria 7.2 99.74% | Scintigraphy [168]
Fleroxacin g 1.3 5-8% | PET [173]
Moxifloxacin | *™Tc Susceptible Gram-positive and Gram- 6.8 -- | WCSCR [169]
Gemifloxacin | *™Tc negative bacteria 4.9 -- | Single well counter interface [187]
incl. Methicillin-resistant S. aureus with scalar count rate meter
Clinafloxacin | *™Tc (MRSA) and 5.0 -- | Single well counter fitted with | [170]
- Penicillin-resistant Streptococci stains a scalar count rate meter
Garenoxacin "Tc (PRSC) 54 98.25+ | WCSCR [171]
0.22%
Gatifloxacin | ™Tc 4.5 90 +1.8% | -- [143]
Trovafloxacin | F and *™Tc 6.0 15-30% | PET [172]
Glycopeptide Vancomycin P Te Susceptible Gram-positive bacteria incl. 5.0 > 95% | Gamma counter [8]
Teicoplanin 9ImTe Methicillin-resistant S. aureus (MRSA) 43 | 87.7+1.3% | Scintigraphy [148, 188]
and E. faecalis
Lincosamide Clindamycin | *™Tc Susceptible Gram-positive and Gram- 3.1 > 95% | Scintigraphy 85 [152]
Lincomycin 9mT negative bacteria 3.0 >98% | Scintigraphy 86 [151]
Macrolides Azithromycin | *™Tc Gram-positive-, some Gram-negative- and 62| 97.5+0.9% | -- [153]
Erytmocytin | ~"Tc atypical bacteria. 2.4 >98% | Scintigraphy [155]
Clarithromyci | *™Tc 7.3 98 £0.2% | well-type Nal scintillation y- | [154]
n ray counter
Nitrofurans Nitrofuratoin 9mTe Susceptible Gram-positive and Gram- 7.3 97.50 = | Scintigraphy [157]
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(DNA negative bacteria 0.16%
inhibitors)
Oxaolidinones Linezolid e Susceptible Gram-positive and Gram- 77.48 85+ 1% | Cd(Te) detector [159]
negative bacteria
Tetracyclines Doxycycline | 9m All medically relevant aerobic and 224+ -- | Scintigraphy [180]
0.84

anaerobic bacteria

(Gram-positive, Gram-negative and
atypical)

a) Bacteria targeted based on the antibiotics class preferences (not the radiolabeled equivalent), some candidates may divert slightly in their sensitivity
or specificity towards single types of bacteria.

b) T /NT: target to non-target
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3.2.2 Vitamins
3.2.2.1 Biotin (Vitamin H)

Biotin is an essential growth factor for some bacteria and is required for the metabolism

of amino acids and fats. It is also involved in the production of fatty acids [189]. '''I

n-
labeled biotin demonstrated avid uptake in cultures of S. aureus [190]. Radiolabeled
biotin also showed selectivity and specificity towards spinal infections in patients
[191]. Biotin radiolabeling has been reported using the bifunctional chelator molecule
diethylenetriaminepentaacetic acid (DTPA). Commercially available DTPA-Biotin

was incubated with '!!

In-chloride at room temperature for optimal radiolabeling [190,
191]. DOTA-functionalized biotin was also successfully labeled with %Ga (buffered

with HEPES). ®*Ga-complexations were conducted at both at room and elevated (90

°C) temperatures (Scheme 26) [192].

— NH
/_r (Z]/ NN 68Ga(lll) in 0.1 M HCI ,//_F (Z]/ N
E j HEPES, pH = 4.65 E“Ga(ll)

HO HO

Biotinf "

Scheme 26. Radiosynthesis of ®*Ga-DOTA-Biotin

3.2.2.2 Cyano-cobalamin (CBL)

Cyano-cobalamins are transported by cobalamin transport proteins. These proteins
have antagonistic effects against bacterial growth and colonization; and are found in
salivary glands and secondary granules of granulocytes [193]. Baldoni et. al. reported
on the rapid in vitro specificity of the CBL derivative **"Tc-PAMA(4)-CBL towards S.
aureus and E. coli [194]. Waibel et. al. demonstrated the synthesis and radiolabeling of
PmTc-PAMA-CBL [195]; Cbl-b-acid (obtained by the controlled acid hydrolysis of

cyano-cobalamin in 0.1 mol/L HCl) was coupled with Boc-deprotected PAMA using
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coupling reagents, either 1-(3-dimethylaminopropyl)-3-ethylcarbodimide hydrochloride
or 2-(1H-benzotriazole-1-y1)-1,1,3,3-tetramethyluronium tetrafluoro-borate, to
synthesize Cbl-b-(ethyl-hexyl)-PAMA-OEt.  To achieve optimal radiolabeling,
[*™Tc(CO)3(OHy)s] " was prepared using the isolink kit by heating [Na] [*™TcO,4]. Cbl-
b-(ethyl-hexyl)-PAMA-OEt was then incubated with [*™Tc(CO)3;(OHa)s]™ in 2-(N-
morpholino)ethanesulfonic acid (MES) buffer at 75 °C under a nitrogen environment
[194, 195].

3.2.3 Aptamers (Oligomers)

Aptamers may be an emerging class of compounds which can be potential
radiopharmaceutics because of their high target affinity and specificity; moreover, these
probes can be custom designed towards a specific target [196] such as cell surface
pathogen-specific proteins or bacteria-specific receptors [197]. S. aureus specific
aptamers SA20, SA23 and SA34 were successfully labeled with 99mTc, which showed
high uptake in the infected site (S. aureus) compared to the muscle infected with C.
albicans and zymosan developed inflammation [198]. The radiolabeling was carried
out by adding tricine, EDDA into 0.9% saline and the aptamers followed by the
addition of SnCl,.2H,0. After adjusting the pH to 7, the reaction vessel was sealed and
a vacuum was created. 99mTcO4_ was added and the mixture refluxed to facilitate the
radiolabeling (Scheme 27) [198].

1. Tricine and EDDA in 0.9% saline

2. SnCl, 2H,0
Aptamer 22, > Tc®¥mM\nn  Aptamer

3. Na?™TcO,, reflux

Scheme 27. Principle of direct *™

Tc-radiolabeling of aptamers
Chen et. al. demonstrated the specificity of the radiolabeled oligomers towards the

RNA of S. aureus, K. pneumoniae and E. coli [199]. The oligomers that were
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investigated included phosphorodiamidate morpholino (MORF), peptide nucleic acids
(PNA), and phosphorothioate DNA (PS-DNA) that were conjugated with NHS-MAG3;
[200]. The MAGs-conjugated oligomers were mixed with a solution of ammonium
acetate, tartrate and freshly prepared SnCl,.2H,O (in HCI/ ascorbate) and vortexed.
Finally, 9mTc0, was added and the mixture was heated at 95 °C (Scheme 28) [199].
In another example, the same group demonstrated that the 12-mer phosphorodiamidate
morpholino (MORF) oligomer, that was complementary to bacterial ribosomal RNA,
was specific in its identification of K. pneumoniae in infected mouse muscles [201].

Radiolabeling was carried out in the similar manner as described above.

oligomer o
(o) / oligomer
?/NH HJ\ 2
N
SH 0 N
HN S
NH,OAc, Tartrate, SnClp in HCI, ig}m_ré TO
9mTc0,, 95 °C -
07 >NH HN e o N N
o] o

Oligomers = MORF or PNA or DNA

Scheme 28. Synthesis of *""Tc-NHS-MAG;-(MORF/PNA/PS-DNA)

3.2.4 Puromycin

Puromycin is a protein synthesis inhibitor that affects the derivatization of immature
polypeptide chains as polypeptidyl-puromycin [202]. Eigner et. al. emphasised the
potential of ®*Ga-DOTA-Puromycin for imaging bacterial infections based on the fact
that it can detect the protein synthesis of the microbial colonies [203]. The study
revealed that there is no accumulation of the radiotracer in sites of sterile inflammation;
however, high contrast uPET/CT images were obtained in the subcutaneous colonies of
S. aureus infected foci [203]. The investigators used commercially available DOTA-

Pur for radiolabelling with ®*Ga. Briefly, DOTA-Puromycin was added to a solution of
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freshly eluted %Ga (in HCI) after pH adjustment and the reaction mixture was
incubated at 95 °C until completion followed by purification through a Strata-X column
[203].

3.2.5 Radiolabeled purines and pyrimidines

Herpes simplex virus 1 (HSV1) thymidine kinase (TK) is an important enzyme for the
transfer of a phosphate group to the 5’ hydroxyl group of pyrimidines from ATP.
HSVI1-TK reporter gene system can be of importance as its substrate can be
radiolabeled for tracing. These radiotracers are subsequently phosphorylated and
cellularly trapped upon introduction of the charge of the phosphate group [204]. This
mechanism was successfully implemented in transformed tumor cells imaging and
based on this fact it was approached for imaging TKs of bacteria in mammals [205].
Bettegowda er. al. demonstrated the selectivity of iodine-125 (**I)-radiolabeled 1-(2'-
deoxy-2'-fluoro-5-iodo-1-B-D-arabinofuranosyl) -5-iodouracil (FIAU) towards TK of a

wild-type E. coli strain [205]. Subsequent studies on '*°

I-FIAU revealed its application
for imaging musculoskeletal infections in patients [206]. For radiolabeling, 1-(2'-
deoxy-2'-fluoro- B -D-arabinofuranoside)-uracil (FAU) was dissolved in HNO; and to

125

this solution “"I-Nal was added. The reaction was heated at 130 °C and finally

quenched with a mixture of ACN/H,O/triethylamine (Scheme 29).

-12 0
7]/NH HNOj3, [I'2%] Nal X N77/NH
130°C, 45 min \
\ \\ o

HO HO F

Scheme 29. Synthesis of '*’I-FIAU
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3.2.6 Glycopyranose derivatives

Bacteria can utilize unique sugars such as maltose, sorbitol and trehalose as energy
sources. However, mammalian cells are deficient in the transporters for these
molecules which may bear great potential as probes for bacterial imaging [207]. The
maltose derivatives 6-'*F-fluoromaltose and '®F-maltohexanose (‘*F-MH) have been
synthesized and reported to be bacterial specific [208-210]. Cellular uptake of 6-'*F-
fluoromaltose by both gram positive and gram negative bacterial cells were reported in
earlier literature; however, insignificant amounts were detected in tumor cells [209].
Likewise, '*F-MH was also found to be selective and specific towards E. coli showing
minimal affinity towards mammalian cells [210]. For the synthesis of 6-'°F-
fluoromaltose; BE_fluoride was eluted with a solution of K,CO; and Kryptofix in water
and acetonitrile. An anhydrous residue was obtained after evaporation of the solvent,
which was then added to a 1,2,3-tri-O-acetyl-4-O-(2',3',-di-O-acetyl-4',6’-benzylidene-
a-D-glucopyranosyl)-6-deoxy-6-O-nosyl-D-glucopranosidic solution in ACN followed
by heating at 80 °C. This intermediate compound was purified using a C-18 Sep-Pak
cartridge. The purified product was then first hydrolyzed by HCI at 110 °C followed

by addition of NaOH at room temperature to yield the 6-'*F-fluoromaltose (Scheme 30)

[208].
O,N
\©\S//o 18
< F
Ph s 0A Ph 18p OAc o OH
(o] o C 18 o HO
Yo\ o ["°FIKF/Kz; ¥o° 0 1.1NHcl __, HO 2
o) — OAc OH
OAc 2. 2N NaOH oH O
AcO OAc 07 “gac AcO OAc O™ 5u¢ Ho OH

Scheme 30. Synthesis of 6-'*F-fluoromaltose
Radiochemical synthesis of '"E_MH was obtained by cryptate-mediated nucleophilic

substitution of maltohexose-brosylate precursor with K'*F (in ACN, at 110 °C). The
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compound synthesized was then hydrolyzed with NaOH (in water, at 110 °C) followed

by acid neutralization at room temperature (Scheme 31) [210].

HO

AcO
HO o
AcO 0 OH
OACOAC N X OH
N"N‘N///\OK N ‘N///\o
AcO

— =/ 1o HO
AcO A0~ 0 oy O P
AcO OAc 1. ["8F1-KF/Kryptofix, CHsCN, 110 °C HO OH
OAc HO
AcO o 18 o OH
o o OAc oAc 2-NaOH, H,0, 110 °C on OH
- OAc 3.HCI, Hy0, r:t
0-=s=0 5 o
<> AcOacO OX HO HO o OH

OAc OH

Scheme 31. Synthesis of '*F-maltohexanose

Sorbitol is considered as a probe towards the identification of enterobacteriaceae
because this class can selectively metabolize glycopyranose using the glycerol diffusion
facilitator (glpF). The radiolabeled sorbitol derivative '*F-fluorodesoxysorbitol (‘*F-
FDS) is reported to be target specific and also capable of identifying drug resistance
[211-213]. '®F-FDS can be synthesized by reduction of commercially available '“F-

FDG by NaBH, in water at 35 °C (Scheme 32) [211].

H 8 OH BF  OH
OH °
HO O OH —= OHCJ\H\( NaBH/35°C Hom,c OH
HO™ 1gp OH CH,OH OH CH,OH
18F_FDG 18F_FDS

Scheme 32. Synthesis of '*F-fluorodesoxysorbitol

The non-mammalian disaccharide trehalose is utilized by bacteria for stress protection,
carbohydrate storage and even an energy source. It is also a constituent of the cell wall
of some mycobacteria [214]. A trehalose derivative, 2-fluorotrehalose (2-FDT)-
PET/CT, was successfully applied for the detection of tubercular lesions in a rabbit

infection model bearing Mycobacterium tuberculosis HN878 [215]. The 2-
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fluorotrehalose (2-FDT) synthesis is a biomimetic process, inspired by the bacterial
synthesis of trehalose from glucose. Chemo-enzymatic synthesis of 2-FDT occurs as a
one-pot cascade reaction in which hexokinase transfers a phosphate from adenosine
triphosphate (ATP) to '*F-FDG (normally glucose in bacterial trehalose synthesis).
OtsA then transfers the glucose from the donor UDP-glucose to the acceptor
phosphorylated "*F-FDG. Dephosphorylation gives the desired product that is affected
by OtsB. The entire one-pot process is complete in 45 min.

Amino sugars are one of the essential components of the bacterial cell wall. In both
gram negative and gram positive bacteria, they form the peptidoglycan backbone.
Bacterial cell walls are composed of alternate sequences of N-acetylglucosamine and
N-acetylmuramic acid, joined by oligopeptides. The use of N-acetylglucosamine as a
radiotracer by incorporating a radioisotope bears potential hope for bacterial imaging.
Martinez er. al. described the synthesis and application of 2-deoxy-2-('*F)-
fluoroacetamido-D-glucopyranose ('°*F-FAG). They were capable of successfully
identifying E. coli in infected rat models. The synthesis of '*F-FAG was carried out by
using  1,3,4,6-tetra-O-acetyl-2-deoxy-2-bromoacetamido-D-glucopyranose as a
precursor with microwave heating. '“F-fluorine eluted in a solution of K,COs/
Kryptofix and was evaporated under microwave conditions (110 °C) in the presence of
argon gas. Subsequently, the bromide precursor (in anhydrous ACN) was added to the
dried [K/K22,] "®F complex followed by hydrolysis with sodium hydroxide and finally

neutralized by the addition of HCI (Scheme 33) [216].

OAc OAc OH
) (0]
Aco/g&ﬂ "¥FIF Aco/g&“ __NaOH _ Ho/gm
L HO OH
AcO NH OAc MW AcO N OAc r.t |}1|-|
|
COCH,Br (I:OCH21 8F COCH,'®F
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Scheme 33. Synthesis of '*F-FAG

3.2.7 Siderophores

All microorganisms, including bacteria and fungi, require iron as a trace element for
their growth [217]. However the presence of O, in the environment causes oxidation of
ferrous (2") to ferric (3") iron which is insoluble. Bacteria produce siderophores; which
are small peptide-like metabolites with the ability to chelate iron thereby making it
available to the organism [218]. Moreover, a few siderophores also mediate the uptake
of gallium [219, 220]. Recent investigations described the ®*Ga radiolabeling potential
of siderophores namely triacetylfusarinine C (TAFC) and ferrioxamine E (FOXE).
Radiolabeled **Ga-TAFC and ®®*Ga-FOXE showed rapid accumulation as well as
specificity towards A. fumigatus in infected lung tissues. However, it also showed
moderate accumulation in sterile inflamed tissue and no affinity towards S. aureus
infected muscle [66, 221, 222]. For radiolabeling TAFC (Scheme 34) and FOXE
(Scheme 35), they are incubated with %%Ga in acetate buffer at room temperature and at

80 °C respectively [221].

fi /\)j/\ 68Ga/ acetate buffer j\/ \%
>\—NH

80 °C, 15 min
0 c‘>
0‘\_</_kl\/l NN
II II
HN o
fo) (0]

Scheme 34. Synthesis of ®*Ga-TAFC
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N.
OH N
o 68Ga/ acetate buffer

H 80 °C, 15 min

Scheme 35. Synthesis of ®*Ga-FOXE
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Table 4 Novel biomimetic radiotracers for infection imaging

Compound Radio- ) . T/NT Labellin Reference
Compound class P ) Targeted microorganism(s) . ] g Method
name isotope ratio efficiency
Biotin ;:In , S. aufeufv, M .tul.Jerculosis, Aspergillus and _ ~08% SPECT/CT [191]
Vitami Ga Propionibacterium acnes
itamins o
- T PECT/CT 194
Cyano . ¢ S. aureus and E. coli - 95% SPECT/C [194]
cobalamin scans
SA20,SA23 and | T G 198
SA34’ an ¢ S. aureus, C.albicans 4.0+0.5 91-93% coilmn‘lls [198]
Aptamers 9om
MOREF, PNA, Tc s % e and E. coli 959 SPECT/CT [199]
. aureus, K. pneumoniae .coli -- o
PS-DNA
Ribosomal inhibitors Puromycin %Ga S. aureus -- 65+3% WPET/CT [203]
1257 PET/CT [205, 206]
Purins and Pyrimidins FIAU S. aureus, faecalts. roteus mirabilis 14 50%
Pseudomonas aeruginosa etc
T8
Maltose F E. coli 5-8% PET [208]
18
F PET [210]
Bacterial sugars Maltohexaose E.coli - -
18
Sorbitol F E. coli, S. aureus, Enterobacteriaceae 12.4+£0.44 | 81+4% PET/CT [211]
FAG g E. coli -- 10%+3% PET [216]
Sideronh TAFC %Ga A fumigat 5.8146.05 | -- PET/CT [221]
iderophores .
P FOXE FGa wmsans 6.642291 | - PET/CT [221]
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4. Challenges and limitations in producing efficient infection imaging probes

The production of radiopharmaceuticals is often expensive and requires appropriate
shielding or particular laboratory set-up to adhere to current guidelines and rules by
incorporating good manufacturing procedures (GMP). A favorable imaging agent for
infection imaging should be straightforward and rapid to manufacture, if possible at
ambient temperatures. Easy-to-radiolabel kit solutions may allow for inexpensive
probe manufacture and generates commercialization opportunities. The probe’s clinical
performance may be limited by its specific activity to assure a sensitive discovery of
any unknown infection sites as only trace amounts of the biomolecule forms part of the
radiopharmaceutical dose. In addition, most radiosynthesis suffer from the use of
solvents during the radiolabeling approach; however it is desirable to eliminate all
solvent agents as they may lead to unfavorable reactions or can manipulate the probe’s
pharmacokinetics and biodistribution. Regarding its chemical production, the desired
imaging agent might be of neutral charge to avoid any unnecessary unspecific binding
in vivo [223]. Moreover, the production of certain radioisotopes (''C, "°N, or '°O) may
be a logistical obstruction due to their exceptionally rapid radioactive decay. This may
challenge their broad clinical application, except if being utilized on-site. There is also
a significant radiation burden to personnel during production and whilst patient

administration.

Aside from the synthetic limitations, the microorganisms within an infection site are
posing a challenge for imaging technologies as they have their own cellular
mechanisms defending antibiotic or antimicrobial treatments [83, 224]. Prior to
diagnosing bacterial manifestation, most tracers are administered intravenously, which

makes them prone to radioisotope decoupling form the targeting vector (e.g. de-
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fluorination or trans-chelation) or enzymatic inactivation (e.g. nucleases targets
aptamers) resulting in a lowered probe sensitivity. In addition, unabridged penetration
of a probe into the infectious tissue is paramount for optimal imaging results. If those
parameters may be compromised the corresponding signal-to-noise ratios may limit the
justification of the actual bacterial burden in the infection site using nuclear imaging as

a sole approach [7, 82, 85].

In the era of bacterial resistance, multidrug-resistant tuberculosis (MDR-TB) as well as
methicillin-resistant staphylococcal (MRSA) or Penicillin-resistant streptococcal stains
(PRSC) are becoming a major socio-economic burden. Concerning the diagnostic of
TB and MDR-TB using nuclear imaging, most of the commercially available probes
have been utilized with varying success [225, 226]. Predominately '*F-FDG-PET was
used effectively, for instance to diagnose MRSA-induced endocarditis [227].
Additionally, ""FDG-PET was recently reported indicative to monitor anti-TB treatment
effects in a MDR-TB population [228]. Moreover, for instance **™Tc-UBI and '*F-FDS
were developed considering probe specificity and sensitivity to MRSA or extended-
spectrum  B-lactamase-producing and carbapenem-resistant Enterobacteriaceae,
respectively. Interestingly, the diagnostic capabilities and pharmacokinetics of these
probes were not substantially compromised targeting the resistant strains [87, 90, 212].
Hopefully, such tailored bacteria-targeting probes can be translated into clinical use in

the near future.

5. Conclusion

In this review article, we discussed the potential of well-known and novel probes
available for non-invasive infection imaging. Even though substantial efforts were

made to study the field of infection imaging tracers, only a handful of them are FDA
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approved and commercially available. Moreover, the existing imaging techniques are
not regularly used for bacterial diagnosis in clinical setup. Thus far, and despite their
challenging radiosyntheses, SPECT/CT using radiolabeled leukocytes is considered the
gold standard procedure for the diagnosis of joint prosthesis, endocarditis,
inflammatory bowel diseases and osteomyelitis. Since infectious diseases and bacterial
resistance pair up to be an even greater threat to medical health and the world’s
economy; we foresee novel imaging technologies such as PET/MRI and SPECT/MRI
using bacteria-tailored probes to be the paradigm shift required to meet the urgent need

for an early and better diagnosis of the pathogens!
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