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Abstract

Background: Infection remains a major cause of morbidity and mortality, regardless
of advances in antimicrobial therapy and improved knowledge of microorganisms.
With the major global threat posed by antimicrobial resistance, fast and accurate diag-
nosis of infections, and the reliable identification of intractable infection, are becom-
ing more crucial for effective treatment and the application of antibiotic stewardship.
Molecular imaging with the use of nuclear medicine allows early detection and locali-
sation of infection and inflammatory processes, as well as accurate monitoring of treat-
ment response. There has been a continuous search for more specific radiopharmaceu-
ticals to be utilised for infection imaging. This review summarises the most prominent
discoveries in specifically bacterial infection imaging agents over the last five years,
since 2019.

Main body: Some promising new radiopharmaceuticals evaluated in patient studies
are reported here, including radiolabelled bacterial siderophores like [**Ga]Ga-DFO-B,

Africa radiolabelled antimicrobial peptide/peptide fragments like [®Ga]Ga-NOTA-UBI29-41,
and agents that target bacterial synthesis pathways (folic acid and peptidogly-

can) like [''Clpara-aminobenzoic acid and D-methyl-[''C]-methionine, with clini-

cal trials underway for ['®FIfluorodeoxy-sorbitol, as well as for ''C- and '®F-labelled
trimethoprim.

Conclusion: It is evident that a great deal of effort has gone into the development

of new radiopharmaceuticals for infection imaging over the last few years, with remark-
able progress in preclinical investigations. However, translation to clinical trials,

and eventually clinical Nuclear Medicine practice, is apparently slow. It is the authors’
opinion that a more structured and harmonised preclinical setting and well-designed
clinical investigations are the key to reliably evaluate the true potential of the newly
proposed infection imaging agents.

Keywords: Bacterial infection imaging, Radiolabelled bacterial siderophores,
Radiolabelled antimicrobial peptides, Radiolabelled antibiotics, Radiolabelled sugar
molecules, Targeting bacterial nitro, Reductase, Targeting bacterial synthesis pathways

Background

Infection remains a global threat and a major cause of morbidity and mortality, regard-
less of advances in antimicrobial therapy and improved knowledge of microorganisms.
Early, accurate diagnosis and localisation of infection can be challenging, invasive and
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time-consuming, with possible resultant life-threatening delays in appropriate treatment
commencement (Akter et al. 2023; Holcman et al. 2019, 2023; Jasiniska et al. 2022; Bur-
roni and Evangelista 2021; Albano et al. 2020; Giraudo et al. 2020; Mota et al. 2020a;
Palestro 2019, 2020; Meyer et al. 2019). The prediction is that the major cause of death,
globally by 2050, will be drug-resistant infections (Akter et al. 2023; Mota et al. 2020a;
Kleynhans et al. 2023; Signore et al. 2023; Jain 2022; Fang et al. 2020). With the major
threat posed by antimicrobial resistance to the healthcare system and the effective treat-
ment of infections, fast and accurate diagnosis of infections, and the reliable identifica-
tion of intractable and resistant infection, are becoming more crucial for the application
of antibiotic stewardship and to avoid overuse of broad-spectrum antibiotics (Akter
et al. 2023; Mota et al. 2020a; Fang et al. 2020; Glaudemans and Gheysens 2023; Gouws
et al. 2022; Pijl et al. 2021; Welling et al. 2019).

Imaging is often performed to aid in the localisation of infection or inflammation and
to determine the extent of tissue or organ involvement (Jasiniska et al. 2022; Giraudo
et al. 2020; Mota et al. 2020a; Palestro 2019, 2020; Meyer et al. 2019; Kleynhans et al.
2023). Anatomical radiographic imaging lacks initial sensitivity to detect infection and
has no specificity to differentiate between various infectious diseases, as morphologic
changes often occur in the later stages of infection (Akter et al. 2023; Jasinska et al.
2022; Giraudo et al. 2020; Mota et al. 2020a; Palestro 2019; Signore et al. 2023; Pijl et al.
2021; Seltzer et al. 2019). However, molecular imaging with the use of nuclear medicine
reflects pathophysiological processes and changes, allowing early detection and localisa-
tion of infection and inflammatory processes, as well as accurate monitoring of treat-
ment response (Holcman et al. 2023; Jasifiska et al. 2022; Albano et al. 2020; Giraudo
et al. 2020; Palestro 2019, 2020; Meyer et al. 2019; Kleynhans et al. 2023; Signore et al.
2023; Glaudemans and Gheysens 2023; Pijl et al. 2021; Seltzer et al. 2019). Since the dis-
covery of gallium-67 for medical use in the 1940s (Dittrich and Jesus 2022) and, later
on, autologous leukocytes radiolabelled with indium-111, reported for the first time
in 1976 (Segal et al. 1976), and technetium-99m, a few years later, for infection imag-
ing, there has been a continuous search for more bacteria-specific radiopharmaceuti-
cals to be utilised for infection imaging (Akter et al. 2023; Palestro 2019; Glaudemans
and Gheysens 2023; Gouws et al. 2022; Pijl et al. 2021; Dadachova and Rangel 2022;
Signore et al. 2022; Kozminski et al. 2021). Conventional infection imaging agents (such
as [“’Ga]Ga-citrate, [''In]In-oxine- or [*™Tc]Tc-HMPAO-labelled leukocytes, and
['F]JFDG) do not target bacteria, but rather the host immune response to the bacterial
infection, and will therefore also localise in sterile inflammatory foci. The nonspecific-
ity of these tracers can result in delayed or even inaccurate diagnosis, localisation, and
treatment of infection, which may increase the cost-related burden, antimicrobial resist-
ance, morbidity and even mortality of patients (Jiang et al. 2024; Margeta et al. 2024;
Santos et al. 2024; Spoelstra et al. 2024; Li et al. 2020). The development and investiga-
tion of new radiopharmaceuticals focuses on the differentiation of infection from sterile
inflammation and the imaging of specific infectious microbes and processes (Palestro
2019; Signore et al. 2022). The higher sensitivity and diagnostic value of positron emis-
sion tomography (PET) over single photon emission computed tomography (SPECT)
has led to an increased focus on new PET radiopharmaceuticals for infection imaging
(Kleynhans et al. 2023), but some research is also being conducted on the search for
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more specific *™Tc-labelled infection imaging agents, due to its wide availability from
in-house molybdenum-99/technetium-99m generators and ideal imaging characteristics
for SPECT (Akter et al. 2023; Fang et al. 2020; Signore et al. 2022).

Current reviews have discussed the requirements of and provided recommendations
to improve the search for infection-specific imaging agents based on the research find-
ings from the last two decades (Mota et al. 2020a; Palestro 2019; Kleynhans et al. 2023;
Welling et al. 2019; Dadachova and Rangel 2022; Signore et al. 2022; Polvoy et al. 2020;
Sethi et al. 2019). This review rather aims to highlight the most prominent discoveries
from the past five years, regarding radiopharmaceutical development and characteriza-
tion of bacterial infection imaging agents.

Main text

Radiolabelled bacterial siderophores

Bacteria produce and secrete siderophores, which are small molecules with strong iron-
binding ability, and express active siderophore uptake receptors on their cell surfaces
to obtain and internalise siderophore-chelated iron from human blood (Akter et al.
2023; Kleynhans et al. 2023). Thus, radiolabelled bacteria-specific siderophores may be
considered a new class of molecules for prospective imaging of infection. Research by
Petrik et al. (2021) suggested that gallium-68, a ferric-like ion analogue, can be utilized
for the radiosynthesis of certain bacterial siderophores and thereby exploited the bacte-
rial pathway of the acquisition and storage of iron to visualize bacterial infections using
PET/CT imaging. Evidently, desferrioxamine-B (DFO-B) is a hydroxamate siderophore
registered for long-term metal chelation therapy in a variety of diseases. Iron is tightly
bound to haemoglobin, transferrin, lactoferrin, etc. in the human body. Petrik et al.
(2021) synthesized [**Ga]Ga-DFO-B (see Fig. 1) and characterized it in vivo using acute
murine myositis and respiratory rat models. The authors herein reported sensitive and
specific accumulation of [*®Ga]Ga-DFO-B in Pseudomonas aeruginosa (P. aeruginosa)
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Fig. 1 Structure of [*®Ga]Ga-DFO-B (Petrik et al. 2021)
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Fig. 3 Structure of [%8Ga]Ga-ORNB-C6 (Bendova et al. 2023)

and Staphylococcus aureus (S. aureus), as well as specific uptake in the infection sites of
the animals, with rapid renal excretion and minimal localisation in other organs. These
are promising preclinical results which motivated for a recently proposed clinical study
in patients with vascular graft infections (Akter et al. 2023). For further information, a
comprehensive review on radiometal complexation with a particular focus on bacterial
and fungal siderophores as cellular targets, was also published by Akter and colleagues
(Akter et al. 2023).

Peukert et al. (2021) optimised a number of synthetic siderophores for complexa-
tion with ®®Ga and investigated their bacterial uptake. Compounds-7 (see Fig. 2) and
-15 (refer to the original publication for full names) labelled with ®®Ga illustrated the
most promising in vitro results and were investigated in an Escherichia coli (E. coli)-
induced myositis mouse model. In particular, [**Ga]Ga-compound-7 illustrated supe-
rior in vivo performance with an 11-fold increased accumulation in the infected muscle
when compared to healthy muscle tissue. Rapid uptake of [**Ga]Ga-compound-7 in both
the infected and (sterile) inflamed muscle tissue was observed, with significant washout
from the sterile inflammatory focus over time.

Bendova et al. (2023) radiolabelled a variant of ornibactin (ORNB-C6) with ®*Ga to
synthesise [**Ga]Ga-ORNB-C6 (see Fig. 3) with a high radiochemical purity (>95%) and
high in vitro stability in human serum over 2 h (>97%). Ornibactin is a siderophore pro-
duced by Burkholderia cepacia complex (BCC) bacteria, which are pathogens involved
in the development of hospital-acquired pneumonia in immunocompromised patients.

In vitro uptake studies of [®*Ga]Ga-ORNB-C6 in different BCC cultures illustrated
significantly high uptake in B. multivorans species and comparative uptake studies with
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other respiratory pathogens showed significantly lower uptake in only S. aureus and P
aeruginosa cultures. Animal biodistribution studies in a B. multivorans-induced myosi-
tis mouse model illustrated rapid renal excretion of the tracer and significantly increased
accumulation of [®Ga]Ga-ORNB-C6 in the infected muscle tissue when compared to
healthy muscle tissue, which was further significantly increased in immunosuppressed
mice (n=3 per group). These biodistribution results were confirmed with animal PET/
CT imaging performed 45 min after tracer injection. The authors reported sensitive
and specific accumulation of [®®Ga]Ga-ORNB-C6 in the B. multivorans infectious foci
(which was further confirmed in PET/CT imaging of a rat model of pulmonary infec-
tion), with no accumulation in sterile inflammatory foci, heat-inactivated B. multivorans
or E. coli-infected sites.

Margeta et al. (Margeta et al. 2024) utilised salmochelin, an enterobactin-based
siderophore, to radiolabel the salmochelin-derivate, RMA693, with *®Ga with the aim
of targeting E. coli-induced infections. The synthesis of the precursor seems quite com-
plicated, but subsequent [®*Ga]Ga-RMA693 (see Fig. 4) radiosynthesis was performed
within 10 min and yielded radiochemical purities > 99%.

In vitro bacterial uptake studies demonstrated specificity for bacteria that utilises
the salmochelin-based transporter system, i.e. selected pathogenic E. coli and S. aureus
strains. In vivo [**Ga]Ga-RMA693-PET/CT biodistribution studies in healthy adult mice
illustrated rapid renal excretion of the tracer (>90% of the injected dose at 90 min post-
injection) with no accumulation in other organs or tissues. PET/CT imaging was also
performed in a mouse model infected with E. coli ATCC25922, and E. coli TG1 as a neg-
ative control, which demonstrated specific, bacterial-load correlated and strain-depend-
ent accumulation of [*®Ga]Ga-RMA693 in the E. coli ATCC25922-infected muscle at
90 min post-injection of the tracer.

Most recently, Krasulova et al. (2024) performed the radiolabelling of two fungal
siderophores, i.e. ferrirhodin (FRH) and ferrirubin (FR), with %®Ga, investigated their
in vitro uptake in bacterial cell cultures and ex vivo biodistribution in a healthy animal
model, and performed small animal PET imaging in a mouse model of infection. The
radiosynthesis of [®®Ga]Ga-FRH and [**Ga]Ga-FR (see Fig. 5) yielded high radiochemical
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Fig. 4 Structure of [**Ga]Ga-RMAG93 (M =%Ga) (Margeta et al. 2024)
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Fig.5 Structure of [**GalGa-FR and [®®Ga]Ga-FRH (Krasulova et al. 2024)

purities (>95%) and both tracers demonstrated high stability in human serum (99% for
[*®Ga]Ga-FRH and 90% for [®®Ga]Ga-FR after a 2-h incubation period).

[*®Ga]Ga-FRH illustrated higher plasma protein binding (approximately 50%) than
[*®Ga]Ga-FR (6%) after a 2-h incubation period. In vitro bacterial uptake studies illus-
trated uptake of both tracers in S. aureus, P. aeruginosa and K. pneumoniae with negligi-
ble uptake observed in E. coli and Candida albicans (fungi) cultures. The biodistribution
of [®Ga]Ga-FR in a healthy mouse model yielded more promising results than [**Ga]
Ga-FRH, with rapid renal clearance, low accumulation and rapid clearance from other
organs, and low blood pool retention. [*®Ga]Ga-FRH illustrated a higher blood pool
retention and increased accumulation in perfused organs, with the highest radioactivity
observed in the kidneys and lungs. These biodistribution results were confirmed with
small animal PET/CT imaging in a healthy mouse model. [**Ga]Ga-FR outperformed
[®Ga]Ga-FRH as a potentially promising PET infection imaging agent as illustrated in
a S. aureus-induced myositis mouse model, with significant signal accumulation in the
infectious foci and no accumulation in heat-inactivated bacteria. [®®Ga]Ga-FRH also
showed tracer accumulation in the infectious foci, but was indistinguishable from the
PET signals in other organs.

Ongoing research is investigating the potential of other metal radionuclides, like **Cu
and ¥7Zr, for the siderophore shuttle pathway (Kleynhans et al. 2023). Siddiqui et al.
(2021) radiolabelled the copper-binding siderophore, yersiniabactin (YbT) (found in E.
coli and Klebsiella pneumoniae), with ®*Cu, >’Co, ¥Zr and *®Ga, respectively (see Fig. 6).

Conveniently, the authors developed a one-step radiolabelling process, where 10 pg
YbT in 50 pL buffered media was added to 50 pCi of the radiometal and the radiola-
belled products were achieved after incubation at 37 °C for 1 h or at 90 °C for 30 min.
The authors observed superior complexation of YbT with ®*Cu and further investigated
the in vitro stability of [**Cu]Cu-YbT in mouse serum (60% at 4 h), and assured com-
pound specificity for E. coli by using a myositis mouse model ([**Cu]Cu-YbT showed
no uptake in the negative controls, i.e. S. aureus and P. aeruginosa). The tracer was also
able to detect small bacterial burden (>10* cfu) and demonstrated accurate disease
representation on PET images that correlated with decreased bacterial counts after
administration of ciprofloxacin. The results presented by Siddiqui et al. (2021) warrant
potential for [**Cu]Cu-YbT-PET/CT in becoming a novel tool for accurate, sensitive and
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M = 55Co, $Cu, ¢Ga, %9Zr
Fig. 6 Structure of metal-YbT complex (Siddiqui et al. 2021)

bacteria-specific imaging, as well as an imaging biomarker regarding monitoring certain
antibiotic treatment efficacy.

Radiolabelled antimicrobial peptides/peptide fragments

Antimicrobial peptides (AMPs) are small, positively charged biopeptides that form part
of the innate immune system in living organisms. They exhibit broad-spectrum antimi-
crobial activity, generally through their electrostatic adsorption to the negatively charged
domains of bacterial cell membranes. The advantages of antimicrobial peptides include
their negligible localisation in host cells, which translates to bacteria-specific uptake
and a low risk of cytotoxicity, as well as their lower immunogenicity when compared
to proteins. AMPs are therefore highly desired vectors qualifying for infection-selective
imaging which necessitates their development as PET/SPECT radiopharmaceuticals.
Some potential disadvantages of antimicrobial peptides include their short half-life and
decreased antibacterial activity in vivo due to proteolytic enzyme degradation and their
susceptibility to pH changes in the microenvironment (Xuan et al. 2023). Recent devel-
opments in the past 5 years mainly featured %® Ga-, *™Tc-, and **Cu-labelled AMPs.

%8Ga-labelled antimicrobial peptide fragments

Ubiquicidin 29-41 (UBI29-41) is one of the smaller, synthetic, cationic AMP fragments
of the UBI(1-59) protein, only consisting of 12 amino acids with documented specific-
ity for bacterial cells, and negligible binding to mammalian or cancer cells (Boddeti and
Kumar 2021). This peptide fragment has therefore been investigated quite extensively for
the imaging of bacterial infections. More recently, clinical investigations have focussed
on developing a ®Ga-radiosynthesis of UBI29-41, as well as UBI31-38, by way of using
bifunctional chelators, for example 1,4,7-triazacylonane- 1,4,7-triacetic acid (NOTA),
ultimately allowing the utilization of PET instead of SPECT for more sensitive infection
imaging (Kleynhans et al. 2023; Marjanovic-Painter et al. 2023).
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Perhaps the most recognized clinical investigation was mentioned in a meeting report
by Vilche et al. (2019), comparing the diagnostic value of [*®Ga]Ga-NOTA-UBI29-41-
PET against ['*F]JFDG-PET for differentiation between infection and aseptic hip implant
loosening in 21 patients. The authors reported higher sensitivity (93%) and specificity
(100%) for [*3Ga]Ga-NOTA-UBI29-41-PET, compared to ['**F]JFDG-PET in this patient
population. The abstract also mentions the first GMP-compliant [**Ga]Ga-NOTA-
UBI29-41 production using a synthesis module for ®*Ga-radiolabelling (Roux et al.
2020). The authors mentioned that more patients will be investigated, but no new results
have been published to date.

Santos et al. (2024) recently developed a novel method for in-house production of
[®Ga]Ga-NOTA-UBI29-41, utilising a titanium dioxide column-based generator. The
generator was eluted with 0.1 M HCI and the eluate pushed through a SCX resin to
remove Zn*", Ti>* and ®®Ge impurities and to concentrate the eluate, followed by the
elution of the cationic resin filter with pure acetone to obtain ®Ga for [**Ga]Ga-NOTA-
UBI29-41 radiosynthesis utilising a NOTA-UBI29-41 in sodium acetate solution. After
radiosynthesis, the [*®*Ga]Ga-NOTA-UBI29-41 was purified with a preconditioned (5
mL 50% EtOH/H,0 and then 5 mL water) Sep-Pak C18 cartridge, recovered with a 70%
EtOH/H,0 solution and diluted with saline. The authors optimised the radiosynthesis
parameters for optimal radiochemical yield and purity at a pH of 3.5-4.0, incubation at
85 °C for 5 min and a precursor amount of 20 pg. [**Ga]Ga-NOTA-UBI29-41 demon-
strated high radiochemical stability (>98%) at room temperature and under refrigera-
tion over 90 min. However, a reduction in radiochemical stability from 95% at 30 min
to 80% at 90 min in human serum was reported, which motivates for the completion of
[®3Ga]Ga-NOTA-UBI29-41-PET studies within 1 h post-injection. The authors reported
a 51-61% range of serum protein binding of the tracer. There was high, bacterial load-
dependent binding affinity of [®*Ga]Ga-NOTA-UBI29-41 to S. aureus bacterial cells,
with the highest affinity (approximately 90%) reported at a bacterial concentration of
6 x 10° CFU/mL.

Boddeti and Kumar (2021) utilised 1,4,7,10-tetraazacycododecane-1,4,7,10-tetraacetic
acid (DOTA) as bifunctional chelator to perform °®Ga-radiolabelling of UBI29-41
within 15 min, also employing an automated synthesis method, reporting radiochemi-
cal purities > 99%, which remained high at 98% for up to 3 h after synthesis. This led the
authors to negate the ®*Ga-product purification step. A radiolabelling yield of >99% was
achieved and product stability in human serum at 37 °C was>99% after 1 h incubation.
The normal biodistribution of [®*Ga]Ga-DOTA-UBI29-41 in healthy rats illustrated high
accumulation in the kidneys and bladder, low accumulation in other tissues and very low
background activity after 30 to 60 min. Approximately 50% accumulation of the radiop-
harmaceutical in S. aureus cultures was observed, which remained at 48% for up to two
hours after start of incubation. Intense accumulation of [**Ga]Ga-DOTA-UBI29-41 was
reported in S. aureus-infected tissue foci in a rat model at 60 min post-injection. Signifi-
cant uptake was observed in hepatic tissue early after injection, which washed out over
the next 30 min. There was initial accumulation of the tracer in sterile inflammatory tis-
sue foci, which also washed out rapidly.

In 2023, Marjanovic-Painter et al. (2023) provided a critical systematic review con-
cerning the development of available radiolabelled UBI peptide fragments over the last
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decade. The main conclusion states that these radiopharmaceuticals illustrate promising
results as selective, sensitive and infection-specific imaging agents. However, larger clin-
ical studies are needed for their translation to routine Nuclear Medicine practice (Kley-
nhans et al. 2023).

Chopra et al. (2019) synthesised GF-17, an AMP fragment corresponding to residues
17 to 32 of human antibacterial cathelicidin (LL-37), that was functionalised with [*®Ga]
Ga-DOTA. The radiolabelling parameters were optimised (pH of 4, DOTA-GF-17=20
nmol, 95 °C for 30 min) to deliver a labelling efficiency of >95%. The [**Ga]Ga-DOTA-
GEF-17 complex illustrated good in vitro stability over 3 h and sufficient accumulation in
S. aureus (69%) and P. aeruginosa (44%). Animal PET imaging studies illustrated appro-
priate uptake in S. aureus-infected tissue at 45 min, as well as in P aeruginosa-infected
tissue at 120 min.

99mTc-labelled antimicrobial peptides

Human f-defensin 3 (HBD-3) is an AMP with antibacterial activity against both Gram-
negative and Gram-positive bacteria. Follacchio et al. (2019) achieved promising results
with [*™Tc]Tc-HBD-3 in a rat S. aureus infection model, with a 5.7-fold higher accu-
mulation in the infectious foci when compared to its uptake in inflammatory tissue. The
radiosynthesis hereby provided an acceptable radiolabelling yield of 70%.

Microcin]25 (MccJ25) is an AMP produced by some E. coli strains with potent inhib-
itory activities against E. coli, Salmonella and Shigella. Tehrani et al. (2021) utilised a
6-hydrazinonicotinic acid (HYNIC) conjugated cyclic peptide derivative, based on the
primary structure of MccJ25 and radiolabelled it with *™Tc using tricine and N,N’-
ethylenediamine-diacetic acid (EDDA) as ligands (see Fig. 7).

The [*™Tc]Tc-HYNIC/EDDA-MccJ25 conjugate was synthesised with “90% radio-
chemical purity and good stability over 24 h. In vitro accumulation in E. coli cultures was
40.5+5.21% following 1 h incubation. Significant tracer accumulation was also observed
in a mouse myositis model at 1 h post-injection, along with high renal uptake (route of
excretion). [*™Tc] Tc-HYNIC/EDDA-MccJ25 SPECT therefore has potential for the spe-
cific detection of E. coli infections.
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Fig. 7 Structure of final peptide synthesised by Tehrani et al. (2021)
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Polymyxin B (PMB) is an amphipathic antimicrobial peptide (see Fig. 8) that disrupts
the bacterial cell membrane by binding to phospholipids, causing leakage of the bacterial
membrane as well as increased vulnerability to hydrophobic antibiotics.

Even though PMB is classified as an antimicrobial peptide, it is commercially avail-
able as polymyxin B sulphate and clinically used as an antibiotic in multi-drug resist-
ant Gram-negative bacterial infections, e.g. P aeruginosa and A. baumanii infections.
Auletta et al. (2021) radiolabelled polymyxin B sulphate with *™Tc using succinimidyl-
6-hydrazinonicotinate hydrochloride (HYNIC) as a bifunctional chelating agent. [**™Tc]
Tc-HYNIC-PMB was obtained at a labelling efficiency of approximately 97% using a
HYNIC:PMB molar ratio of 1.5:1 and demonstrated stability in human serum and saline
over 6 h. In vitro bacterial uptake studies demonstrated specific [**™Tc]Tc-HYNIC-PMB
uptake in Gram-negative bacterial cell cultures (E. coli, P. aeruginosa and A. baumanii)
and generally lower uptake in Gram-positive bacterial cell cultures (K. pneumoniae, S.
aureus and E. faecalis). In vivo biodistribution studies in a healthy mouse model illus-
trated highest [*™Tc]Tc-HYNIC-PMB accumulation in the liver and kidneys with
increasing activity detected in the bladder over time. Bacteria-specific targeting was
investigated in a myositis mouse model, which demonstrated significantly increased
SPECT signal detection in the P aeruginosa-induced myositis lesion than in S. aureus-
induced myositis or healthy muscle tissue.

Some promising recent advances have been made with the optimisation of UBI29-41
radiolabelled with ®™Tc to improve the tracer’s bacterial binding affinity, where tracer
accumulation is not only dependent on the electrostatic interaction with the bacterial
cell membrane. Mitra et al. (2022) modified the UBI29-41 peptide with 2-acetyl phenylb-
oronic acid (2-APBA) to allow a synergistic interaction with the primary amine groups
expressed on bacterial phospholipids (see Fig. 9).

The authors reported a high radiochemical purity (>96%) of [**™Tc]Tc-UBI29-41-2-
APBA and slightly increased stability in human serum and PBS over 16 h when com-
pared to [*™Tc]Tc-UBI29-41. [**™Tc] Tc-UBI29-41-2-APBA demonstrated a significantly
higher in vitro uptake in S. aureus cell cultures compared to [**™Tc] Tc-UBI29-41, which
was hypothesised to be the result of a combination of the stronger covalent binding
between 2-APBA and bacterial phospholipids and the weaker electrostatic interaction
between positively charged amino acids and bacterial phospholipids. These bacterial
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Fig. 8 Structure of PMB (Auletta et al. 2021)
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uptake results were confirmed with in vivo SPECT imaging in an infection mouse model,
where [*™Tc]Tc-UBI29-41-2-APBA illustrated improved retention in infectious foci
and faster renal clearance of the tracer in comparison with [*™Tc]Tc-UBI29-41. [*™Tc]
Tc-UBI29-41-2-APBA was also able to differentiate between infection and sterile
inflammation.

Most recently, Jiang et al. (2024) also aimed to improve the accumulation of *™Tc-
labelled UBI29-41 in infectious foci and, furthermore, reduce the liver uptake of the
tracer by radiolabelling isocyanide UBI29-41 derivatives (CNnUBI29-41; n=5-9; see
Fig. 10) with different *™Tc cores, i.e. [*™Tc]Tc(I)™, [*™Tc][Tc(I)(CO)5(H,0),]" and
[*™Tc][Tc(V)N]*. Radiosynthesis of [*™Tc]Tc-CNnUBI29-41 complexes were simple
and straightforward via a one-step, one-pot reaction utilising kit-based stannous chlo-
ride. [99"‘Tc]TC(CO)3-CNnUB129-41 and [®™Tc]TcN-CNnUBI29-41 complexes were
radiosynthesised in two-step reactions to allow formation of the *™Tc core and ligand
exchange reactions. All tracers were synthesised with radiochemical purities >90% and
demonstrated specific in vitro binding to S. aureus cell cultures. Among all the tracers
investigated, [**™Tc] Tc-CN5UBI29-41 illustrated the highest abscess-to-muscle ratio in
biodistribution studies performed in an infection mouse model, which warranted fur-
ther investigation of this tracer in a mouse infection vs mouse inflammation model.
Abscess accumulation of [**™Tc]Tc-CN5UBI29-41 in S. aureus-infected mice was signifi-
cantly higher than uptake in turpentine-induced inflammatory foci at 2 h post-injection,
which correlated with SPECT imaging results. [**™Tc]Tc-CN5UBI29-41 illustrated high
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blood retention and also showed accumulation in the kidneys, liver, intestines, gallblad-
der and cardiac blood pool on SPECT images. The authors concluded that the biodistri-
bution and SPECT imaging results still require further investigation and improvement.

54Cu-labelled antimicrobial peptides
Aweda et al. (2019) developed two synthetic short cationic AMPs that bind to amine
groups exposed by phosphatidylethanolamine (PE) and lysylphosphatidylglycerol (Lys-
PQG) of the Gram-positive bacterial cell wall envelope, i.e. D-HLys-DOTA (polycationic
decapeptide synthesised as the D-isomer [RYWVAWRNRG] conjugated to DOTA)
and AB1-HLys-DOTA (ABI is an unnatural amino acid that forms covalent bonds with
amine groups on PE and Lys-PG through the formation of iminoboronates) (see Fig. 11).
The authors reported on the radiosyntheses of HLys-DOTA and AB1-HLys-DOTA
with ®*Cu and performed PET imaging in an animal model of S. aureus-induced murine
myositis. The two radiopharmaceuticals were produced with high radiochemical and
labelling yields (>95%), though [**Cu]Cu-DOTA-HLys-AB1 required C18 SepPak
purification. [**Cu]Cu-DOTA-HLys-AB1 demonstrated >98% product stability in PBS,
human serum and lysogeny broth, and significantly higher accumulation in S. aureus
bacterial cells than [**Cu]Cu-DOTA-HLys (98.5+3.5% vs. 39.1 +3.3%), over 24 h. The
specificity of the two radiopharmaceuticals for Gram-positive bacteria was confirmed
through a comparison of their accumulation in P. aeruginosa (a Gram-negative bacte-
ria), which was 5 to 10 times lower than their uptake in S. aureus. The bacteria-specific
uptake of [**Cu]Cu-DOTA-HLys-AB1 was also confirmed by the determination of mam-
malian SKBR3 breast cancer cell accumulation of the radiopharmaceutical—9.4+2.3%
at 24 h post incubation. Small animal PET/CT imaging revealed significantly higher
accumulation of [**Cu]Cu-DOTA-HLys-AB1 when compared to [**Cu]Cu-DOTA-HLys
at 1, 4 and 24 h post administration, with similar mean SUVs between the background
activity of [**Cu]Cu-DOTA-HLys-AB1 and the accumulation of [**Cu]Cu-DOTA-HLys
in the infected muscle. Increased accumulation in the liver and kidneys were observed,
which points to the fast renal and hepatobiliary clearance of cationic peptides. The
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Fig. 11 Structures of AB1-HLys-DOTA (left) and HLys-DOTA (right) (Aweda et al. 2019)
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authors recommended further studies to evaluate the ability of [**Cu]Cu-DOTA-HLys-
ABI1 to distinguish between infection and sterile inflammation, as well as optimisation of
its functional groups for appropriate clearance and increased accumulation in infection
foci.

Bacteria-unique sugars

Clinical microbiology makes use of selective growth media containing small molecules,
such as sugars or sugar alcohols, to differentiate between microbes. Researchers have
been exploring this known fact in the development of bacteria-specific radiopharma-
ceuticals, made up of small molecules that are metabolised by bacteria-specific path-
ways and not mammalian cells (Kleynhans et al. 2023; Jain 2022; Gordon et al. 2019).
In particular, maltodextrin transport-based radiopharmaceuticals were pointed out as
compounds featuring high in vivo stability, possible imaging of infectious biofilm mani-
festations, selectivity for bacteria, and their hydrophilic, neutral nature, resulting in fast
background clearance (Kleynhans et al. 2023).

["®FIfluorodeoxy-sorbitol (FDS)
['8F]EDS (see Fig. 12) is localized in bacteria via a metabolically conserved sorbitol-
specific pathway. Whilst its first-in-human application was already accomplished in
2008, more recently ['’F]JFDS-PET was employed by Werner et al. (2019) to investigate
its potential to offer a more thorough evaluation of human renal kinetics. Furthermore,
a well-structured exploratory clinical investigation was published by Ordonez et al.
(2021) featuring whole-body [®F]EDS-PET/CT in 26 prospectively enrolled patients
with confirmed Enterobacterales infection. Enterobacterales is a common pathogen
affecting humans and these Gram-negative infections can be life-threatening. Entero-
bacterales also often causes multi-drug resistant infections. Infection imaging in these
patients proved to be accurate and sensitive. The authors also approved tracer selectiv-
ity by illustrating increased ['®F]JFDS-PET signals at infection sites whereas minimal sig-
nal was noted at the sites of oncologic or sterile inflammatory pathologies. The authors
also utilised longitudinal imaging in the same patients to clarify antibiotic efficacy with
decreases in PET signal correlating with clinical improvement. These very promising
results lead the group to develop a one-step kit for the preparation of [**F]FDS within 10
min, utilising commercially available ['*F]JFDG as precursor, which was reduced to ['*F]
EDS at room temperature by macroporous triethylammonium methylpolystyrene boro-
hydride (Mota et al. 2021). The ease of producing [**F]FDS from ["*F]JFDG may assist in
the future GMP radiosynthesis of [**F]FDS.

An ["F]FDS-PET clinical trial is currently underway for implementation in
Nuclear Medicine clinical practice (Kleynhans et al. 2023). This phase 1 clinical study
(NCTO05611892) aims to investigate the biodistribution of ['*F]FDS and pathophysiology

OH '8F
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HO™ >
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Fig. 12 Structure of ['®F]FDS (Mota et al. 2021)
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determined by ['®F]JFDS-PET/CT imaging in 10 patients with confirmed Enterobacte-
rales infections, invasive fungal infections, oncologic disease or inflammatory disease.
The study is currently in the recruitment phase and will be conducted at the Johns Hop-
kins Medical Institutions, Baltimore, MD, USA.

2-deoxy-["®F]fluoromaltose (FDM) and 2-deoxy-["®Fifluorosakebiose (FSK)

The ease of synthesising ['*F]JFDS from commercially available [**F]JFDG for the spe-
cific imaging of Gram-negative bacteria, e.g. E. coli-induced infections, lead to Sorlin
et al. (2023) exploring a one-step chemoenzymatic (phosphorylase-catalysed) synthesis
approach to construct '®F-labelled disaccharides from [**F]FDG for the potential PET
imaging of Gram-positive bacterial infections. The authors initially synthesised ['*F]
FDM (see Fig. 13) from [**F]FDG with the aim of targeting the bacterial maltose recep-
tor. The B-D-glucose-1-phosphate precursor was synthesised and a mixture with malt-
ose phosphorylase in citrate buffer prepared. Commercially produced [**F]FDG was
then directly added to this mixture, followed by stirring for 20 min at 37 °C. ['*F]JFDM
was produced with a radiochemical yield of 72%. A by-product of the reaction was ['*F]
FSK (see Fig. 13) with a 15% radiochemical yield (n=25). In vitro bacterial uptake assays
showed high accumulation of both [Y®F][FDM and [*®F]FSK in S. aureus and K. pneu-
moniae cell cultures (uptake similar to ['*F]JFDG), and low uptake in E. coli. ['*F][FDM
and ['®F]FSK demonstrated high stability in human serum, but hydrolysis to ["*F]JFDG
in mouse serum, most likely due to increased levels of a-glucosidase, which was dem-
onstrated to be counteracted by the concurrent administration of voglibose. Next, the
authors assessed the in vivo accumulation of both tracers in a MRSA-induced myosi-
tis mouse model and report significantly increased accumulation of both [**F]JFDM and
['8F]FSK in the infected site in comparison with accumulation in heat-killed MRSA, with
a slightly better in vivo performance by [*SF]FSK. [*®F]FSK was therefore further inves-
tigated in an S. aureus-induced vertebral discitis-osteomyelitis rat model, as well as an
A. baumannii-induced myositis mouse model, and demonstrated significantly increased
accumulation at the site of infection when compared to the heat-killed bacteria injection
site in both cases.

["®Flfluoromaltohexaose (FMH)

Takemiya et al. (2019) investigated ['*F]JFMH (see Fig. 14) as a potential bacteria-specific
PET imaging agent, using a rat model with subclinical S. aureus-induced infection of
implantable cardiac devices. The ['*FJFMH radiosynthesis featured a straightforward,
one-step fluorination process of brosylate-maltohexaose. The uptake of ["*F]JFMH was

["®F]FDM ["®FIFSK
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Fig. 13 Structures of ['FIFDM (right) and [."8FIFSK (left) (Sorlin et al. 2023)
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Fig. 15 Structure of ['®Flfluoromaltotriose (Gabr et al. 2020)

compared with [**F]FDG. The authors reported significant accumulation of [**F]JFMH in
infected foci when compared with foci of sterile inflammation and unspecific distribu-
tion in healthy tissues, whereas there was no significant difference between [**F]FDG
accumulation in the infected foci and areas of sterile inflammation. The authors con-
cluded that their results illustrate the potential of ['®F]JFMH to detect early-stage infec-
tion of implantable cardiac devices, which may allow these infections to be treated with
appropriate antibiotics, as well as treatment follow-up monitoring, at an early enough
stage so that the device does not have to be removed. No clinical data is available to date.

["®Flfluoromaltotriose

Gabr et al. (2020) developed a shortened, more reliable radiosynthesis method for ['°F]
fluoromaltotriose, based on their previous work, with the unambiguous assignment of
the F-position (see Fig. 15). The newly synthesised ['*F]fluoromaltotriose illustrated
96% stability in human serum over 2 h. In vitro tracer accumulation was performed in E.
coli cultures, demonstrating 47% cell retention at 30 min. The authors also investigated
the specificity of ['*F]fluoromaltotriose for bacterial infection in a myositis mouse model
and reported significantly higher radiopharmaceutical concentration in the infected
thigh muscle versus the healthy contralateral muscle. A review article by Akter et al.
(2023) highlighted the potential of maltotriose as a bacteria-specific ligand, but warned
researchers to consider the increased starch-degrading enzyme activity in small animals
when compared to human blood, as well as the fact that maltotriose-based radiophar-
maceuticals may only localise in metabolically-active bacteria.
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'8F.labelled arabinofuranose derivates
Arabinose is a monosaccharide, which plays a key role in the metabolic processes of
many bacteria. Kalita et al. (2020) explored this metabolic pathway in the radiosyntheses
and subsequent investigation of bacterial incorporation of four arabinofuranose-derived
PET tracers, i.e. 2-deoxy-2-['*F]fluoro-D-arabinofuranose (D-2-['*F]FAF), 2-deoxy-2-
[*®F]fluoro-L-arabinofuranose  (L-2-['®F]FAF), 5-deoxy-5-['*F]fluoro-D-arabinofura-
nose (D-5-['®F]FAF), and 5-deoxy-5-["*F]fluoro-L-arabinofuranose (L-5-['F]FAF). The
authors reported radiochemical yields and purities of 7.5% and 98% for D-2-['SF]FAF
(n=12), 10.5% and 98% for L-2-['8F]FAF (n=10), 1% and 93% for D-5-['F]FAF (n=3),
and 1% and 95% for L-5-[F]FAF (n=3). In vitro bacterial uptake studies of all 4 radi-
otracers in E. coli and S. aureus cultures were performed, which illustrated general low
uptake in S. aureus cells and similar significantly high uptake of L-2-['*F]FAF and D-2-
['8F]FAF (see Fig. 16) in E. coli cells. The promising results of the latter 2 tracers moti-
vated further investigation in other bacterial pathogens. The highest bacterial uptake for
L-2-['8F]FAF was observed in K. pneumoniae, A. baumannii, and M. marinum. D-2-[*3F]
FAF performed similarly to D-[methyl-''C]methionine with the highest bacterial uptake
demonstrated in P. mirabilis, S. typhimurium, E. faecalis and S. epidermidis. It is impor-
tant to note that these two tracers illustrated accumulation in both Gram-positive and
Gram-negative bacteria, even though initial uptake studies in S. aureus were negative.
Clinical translation of these radiolabelled bacteria-unique sugars may be expected in
the near future, which is highlighted by a sustained interest in these radiopharmaceuti-
cals over the past 15 years. For example, a research report in 2022 by Kim et al. (2022)
indicated that ["®F]FDS may also have a role and function in imaging aspergillosis. Other
investigations utilised ['F]FDS-PET as a biomarker that allows for semiquantitative vis-
ualisation of tumour-targeting bacteria. Clear-cut clinical study designs should be rec-
ommended to investigate the extended clinical role and value of these infection imaging

agents.

'8F.labelled nitrogen mustard analogues

Nitroreductase is an enzyme synthesised by many bacterial species and plays a role in
nitrogen metabolism through the reduction of nitro groups. Huang et al. (2022) utilised
the function of this bacterial enzyme for PET imaging of bacteria-specific infections

NO, NO,
: 18F :
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Fig. 17 Structures of ['*FINTRP (left) and ["®FINCRP (right) (Huang et al. 2022)
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through the design of two '8F-labelled nitrogen mustard analogues, with aromatic nitro
groups. ["*F[NTRP and ['®F]NCRP (see Fig. 17) were produced via a fully automated
radiosynthesis method.

These radiopharmaceuticals were reduced by bacterial nitroreductase and trapped
within live E. coli and S. aureus cells in vitro. The authors also performed PET/CT
imaging in a mouse myositis model. ['**F]NCRP outperformed ['*F]NTRP in terms of
increased localisation in E. coli and S. aureus infected muscles, higher target-to-back-
ground ratios, uptake that correlates with the severity of the infection and distinction
between sterile inflammation and infection. However, ['®FINCRP illustrated increased
skeletal accumulation over time, which indicate defluorination of the radiopharma-
ceutical in vivo. Increased accumulation in the stomach and intestines over time were
observed with both radiopharmaceuticals, which was most probably the result of normal
microflora present in these organs.

["2*1]FIAU

1-(2’-deoxy-2’-fluoro-B-D-arabinofuranosyl)-5-iodouracil (FIAU) is a substrate for bac-
terial thymidine kinase (TK) and becomes trapped in the bacterial cell after phosphoryl-
ation. This tracer is not a newly developed radiopharmaceutical; however, a new clinical
investigation was published in 2020. Previously, successful PET imaging of 8 patients
with confirmed musculoskeletal infections was performed with [***I]FIAU, but another
study reported poor specificity and image quality in patients with suspected prosthetic
joint infections (Cho et al. 2020). Cho et al. (2020) aimed to clarify these ambiguous
results and conducted PET/CT imaging in 14 patients with suspected musculoskeletal
infections, 14 patients with suspected pulmonary infections and 3 patients with con-
firmed sterile inflammation due to rheumatoid arthritis (RA) as the control group. [**1]
FIAU PET/CT images were compared to ['*F]JEDG images. Patients were scanned 1 h
after ['F]FDG administration and 2 h after ['**I]FIAU injection, and ['*F]JFDG PET/CT
imaging was always performed first. Infection was confirmed in four of the patients with
suspected musculoskeletal infection via other clinical diagnostics, but ['**I]FIAU could
only detect infection in one of these patients, resulting in a specificity of 0%, sensitivity
of 25% and general accuracy of 20%, whereas the specificity, sensitivity and accuracy of
[*®F]FDG in this patient cohort were 0%, 75% and 60%, respectively. No definitive infec-
tion could be confirmed in the patients with suspected pulmonary infection via other
clinical determinations, which makes it quite difficult to determine the true value of ['*]]
FIAU in these patients, but Cho et al. (2020) reported a sensitivity of 72.7% and accuracy
of 72.7% ([**F]FDG: 0% and 0%, respectively). ["**I]JFIAU accumulation was observed
in one of the 3 patients with sterile inflammatory RA. The disappointing results of this
study did not warrant further clinical investigations.

Bacterial folic acid synthesis pathway

[11C]para-aminobenzoic acid (PABA)

Para-aminobenzoic acid (PABA) is utilised by many bacterial species in the synthesis
of folic acid (Kratky et al. 2020). The uptake of PABA by various pathogens was inves-
tigated by Jain (2022), who reported rapid accumulation of PABA in S. aureus (Gram-
positive), E. coli (Gram-negative, Enterobacterales), P aeruginosa (Gram-negative,
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Fig. 18 Structure of [''CJPABA (Ordonez et al. 2022)

non-Enterobacterales), and mycobacteria including Mycobacterium tuberculosis (M.
tuberculosis). No accumulation of PABA was observed in mammalian cells or heat-
killed bacteria. Ordonez et al. (2022) assessed [!C]para-aminobenzoic acid ([!C]PABA;
see Fig. 18) PET imaging in preclinical models of myositis due to E. coli or S. aureus
infection, prosthetic joint methicillin-resistant S. aureus (MRSA) infection, as well as
vertebral discitis-osteomyelitis due to S. aureus infection. Specific accumulation of the
radiopharmaceutical in infectious foci, with minimal uptake in sterile inflammatory foci
and unaffected tissues was reported. Preclinical investigations were also performed by
Parker et al. (2023) on the performance of [''C]PABA in vertebral discitis-osteomyelitis.
They found a 20 times higher accumulation of [''C]PABA in infectious foci when com-
pared to uptake in normal tissues and a high sensitivity to detect bacterial counts as low
as 103 cfu. Parker et al. (2023) also aimed to distinguish between S. aureus and E. coli, as
S. aureus is the main causative pathogen of vertebral discitis-osteomyelitis, which was
possible with complimentary imaging using [''C]PABA and [**F]FDS.

Ordonez et al. (2022) published first-in-human [''C]JPABA PET/CT imaging in five
healthy human volunteers to investigate its safety and biodistribution. No adverse effects
were detected up to 25 days after imaging. Favourably, rapid renal excretion of the radi-
opharmaceutical and low background activities in other organs was observed. These
promising results warrant further clinical studies in patients with infection.

Ethyl 2-['8F]F-4-nitrobenzoate (2-['®F]F-ENB)

Li et al. (2020) previously synthesised 2-['*F]F-PABA and investigated its accumula-
tion in S. aureus infections. However, the authors found that 2-['F]F-PABA was rapidly
metabolised in vivo via N-acetylation, which the group addressed with the replacement
of the aromatic amine with a nitro group, for reduction by bacterial nitroreductases.
2-['8F]F-PABA also underwent rapid renal excretion with low accumulation in infec-
tious foci. The group therefore also converted carboxylate to the less polar ethyl ester.
The authors ultimately synthesised 2-['*F]F-ENB (see Fig. 19) with high radiochemical
purity (99%) within 90 min via a one-step manual process utilising ethyl 2,4-dinitro ben-
zoate as the starting material. The ability of 2-['*F]F-ENB to specifically detect infection
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Fig. 19 Structure of 2-['8FIF-ENB (Li et al. 2020)
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Fig. 21 Structure of D-[''Clala (Parker et al. 2020)

was assessed in an S. aureus-infected triceps rat model, using heat-killed S. aureas in the
contralateral triceps to induce sterile inflammation. This study showed a 17-fold increase
in 2-['8F]F-ENB accumulation in the infected muscle when compared to the inflamma-
tory foci. Furthermore, in vivo stability studies of 2-['**F]F-ENB in a healthy rat model
demonstrated the rapid hydrolysation of 2-['®F]F-ENB to the corresponding acid, 2-['*F]
fluoro-4- nitrobenzoate (2-['*F]F-NB), which was responsible for the majority of the
PET signals detected at 5, 30 and 60 min post-injection.

Bacterial peptidoglycan synthesis pathway

D-amino acids are used in the synthesis of peptidoglycan, a component in the cell wall
structure of both Gram-positive and Gram-negative bacteria (Kleynhans et al. 2023; Pol-
voy et al. 2022). !C-labelled D-amino acids, like D-methyl-[''C]methionine (D-[*'C]
Met), D-[3-'!'CJalanine (D-[''CJala) and D-[3-'CJalanyl-D-alanine (D-[''C]ala-D-ala)
are known to accumulate in bacteria via this peptidoglycan salvage pathway.

D-methyl-["'CJmethionine

Polvoy et al. (2022) prepared D-['!C]Met (see Fig. 20) with the use of an automated syn-
thesis module and performed PET/MRI dosimetry studies in 6 healthy human volun-
teers, as well as PET/MRI imaging in 5 patients with suspected chronic prosthetic joint
infections on long-term antibiotic treatment. Dosimetry results illustrated accumula-
tion in the liver, lung, heart and kidneys which cleared quite rapidly, but with prolonged
accumulation in the liver. The authors speculated that liver accumulation of the tracer
may have been due to D-amino acid metabolism in the liver. There was approximately
1.5-fold increased accumulation of D-[''C]Met in suspected joint infection vs contralat-
eral joints. These results were deemed promising, but larger exploratory clinical stud-
ies in patients with confirmed infection are required to determine the role and value of
D-["'C]Met as an infection imaging agent. Head-to-head comparative studies with cur-
rent standard imaging agents, such as ['F]FDG or [**™Tc]Tc-HMPAO-labelled leuko-
cytes, would therefore be advisable.



Kahts et al. EINMMI Radiopharmacy and Chemistry (2024) 9:49 Page 20 of 38

D-[3-""Clalanine

Parker et al. (2020) synthesised and investigated the sensitivity of D-['!C]ala (see Fig. 21)
and D-[!!CJala-D-ala to detect specific bacterial species. Both radiopharmaceuticals
were synthesised with a relatively low radiochemical yield (39.2+3.3% and 16 +2.9%,
respectively), but high radiochemical purity (94.6 £1.2% and >95%, respectively). After
evaluating their uptake in E. coli and S. aureus, D-[''C]ala was found to be superior and
was further investigated in vitro in a wide range of bacterial species, including the main
hospital-acquired pathogen—P. aeruginosa. The accumulation of D-[*'C]ala in an animal
model of E. coli- and S. aureus-induced myositis was evaluated to determine its ability
to differentiate between active bacterial infection and sterile inflammation, with results
superior to [BF]FDG and [®®Ga]Ga-citrate PET. The ability of D-[!!CJala to detect
intractable infections, such as S. aureus-induced vertebral-discitis osteomyelitis in a rat
model and P. aeruginosa-induced pneumonia in a mouse model, was also studied, with
promising positive results.

D-5-[""C]glutamine

Renick et al. (2021) synthesised d-5-[''C]glutamine (d-[5-''C]GIn) and compared this
potential PET bacterial infection imaging tracer with its l-isomer, i.e. I-[5-''C]Gln. D-[5-
11C]GIn demonstrated rapid renal clearance, while 1-[5-1'C]GlIn resulted in much higher
accumulation in other organs. The ability of d-[5-''C]GlIn to specifically detect bacte-
rial infections was assessed in a dual-infection mouse myositis model and illustrated sig-
nificantly higher PET signal detection in E. coli- and MRSA-induced infections when
compared to the I-isomer (p=0.0004). The specific bacterial uptake of d-[5-''C]GIn was
confirmed in another comparison study with its localisation in sterile inflammation and
the accumulation of d-[5-''C]GIn compared with ['**F]FDG accumulation.

["|FIFMA

Lee et al. (2023) mentioned a critical limitation of the ''C-labelled D-amino acids
as the short half-life of ''C (20 min), which necessitates on-site cyclotron production
and limits their use in the hospital setting, especially for emergency procedures. The
authors therefore investigated a '®F-labelled tracer and focussed on N-acetyl muramic
acid (NAM), which together with N-acetyl glucosamine, forms part of the carbohydrate
backbone of peptidoglycan. A relatively complicated 90-min radiosynthesis involving
acylation of muramic acid with 4-nitrophenyl 2-['8F]fluoropropionate ([**F]NFP) yielded
the NAM-derived diastereomers, (S)-['*F]FMA and (R)-[*F]FMA (see Fig. 22) with a

COOH COOH
Fig. 22 Structure of (S)-['*FIFMA (left) and (R)-['®FIFMA (right) (Lee et al. 2023)
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radiochemical yield of 35%, radiochemical purity>99% and demonstrated stability in
saline, mouse serum and human serum at 37 °C for 90 min. In vitro bacterial uptake
studies of both tracers in a variety of bacterial cultures were performed with the highest
uptake of (S)-['®F]JFMA observed in Gram-negative bacteria (E. coli, E. coli Xen14, P. aer-
uginosa Xen4l, K. pneumoniae, and P. mirabilis) and the highest uptake of (R)-['*F]FMA
illustrated in Gram-positive bacteria (except L. monocytogenes). In vivo biodistribution
studies in healthy mice revealed the kidneys and bladder as the dose-limiting organs and
PET/CT imaging in mice infected with S. aureus, E. coli, and S. epidermidis were done
with both tracers. (S)-["*F]FMA and (R)-['®F]FMA accumulated in both the bacteria-
infected muscle and sterile inflammatory foci, with rapid clearance from inflamed mus-
cle reported over time. The PET signals detected with (S)-['*F]FMA in S. aureus- and E.
coli-infected muscle were significantly higher than the inflamed muscle. (R)-[**FJFMA
illustrated high accumulation in S. epidermidis-infected muscle. Further studies are
needed to investigate the differences in sensitivity of these two tracers to different patho-

gens and to clarify the ex vivo and in vivo bacterial uptake results.

1251_]abelled anti-C3d monoclonal antibody

M. tuberculosis and S. aureus are able to generate C3d, which is a terminal fragment of
the third component of complement, C3, involved in the initiation of the body’s immune
response against these pathogens via antigen—antibody binding. Foss et al. (2019) uti-
lised this aspect of the immune response against M. tuberculosis and S. aureus and radi-
olabelled the 3d29 monoclonal antibody with iodine-125 ([***I]iodo-3d29-mAb), which
recognises covalently-bound C3d on the bacteria cells. A radiochemical purity of >92%
was achieved. ['*’I]iodo-3d29-mAb-SPECT/CT imaging was subsequently performed in
a M. tuberculosis infected mouse model. SPECT/CT imaging was performed at 24 and
48 h post administration of [**IJiodo-3d29-mAb. In healthy mice (n=2), radioactivity
was observed in the spleen and thyroid; however, infected mice (n=2) illustrated focal
uptake in the lungs, and also accumulation in the enlarged spleen, thyroid and kidneys.
Thyroid accumulation of the tracer may insinuate the occurrence of unbound **I-activ-
ity in vivo. These results suggest that [12°I]-iodo-3d29-mAb-SPECT/CT imaging may be
useful in the detection and localisation of active M. tuberculosis and to possibly assess
treatment efficacy. However, much larger and well-structured preclinical studies are
needed for confirmation of these early findings.

Radiolabelled antibiotics

Radiolabelled antibiotics have gained some interest as bacteria-specific imaging agents
over the past few years (Gouws et al. 2022; Kozminski et al. 2021). Initially, [**™Tc] Tc-
ciprofloxacin was investigated, but with poor broad spectrum SPECT infection imag-
ing results, due to the increasing antimicrobial resistance issue and low radiochemical
yield (Signore et al. 2023; Fang et al. 2020; Naqvi et al. 2019). Potential challenges with
antibiotic-based radiopharmaceuticals are the imaging of antibiotic-resistant bacteria
and the fact that these radiopharmaceuticals may be too specific to a narrow spectrum
of bacteria, with resultant false-negative results for infection (Signore et al. 2023; Gouws
et al. 2022; Lee et al. 2022). A detailed review of all relevant antibiotic-based PET radiop-

harmaceuticals investigated over the last few years was provided by Gouws et al. (2022),
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which also included those PET radiopharmaceuticals investigated for the evaluation
of pharmacokinetic, pharmacodynamic and pharmacologic principles of certain drugs
used for the treatment of infections. The most recent advances in radiolabelled antibiot-
ics for bacteria-specific infection imaging reported in literature (since 2019) are sum-
marised below.

99mTe- and 58 Ga-labelled ciprofloxacin

Diabetic foot syndrome is a potentially severe complication of diabetes due to tissue
ischaemia caused by hyperglycaemia and resultant blood clots. Tissue ischaemia causes
hypoxia and necrosis, which can eventually lead to chronic infections. Ciprofloxacin
(CIP) is a quinolone antibiotic that causes bacterial death due to the inhibition of DNA
synthesis as a result of topoisomerase II disruption (Pham et al. 2019). Kozminski et al.
(2021) radiolabelled ciprofloxacin with *™Tc directly and with ¥Ga via DOTA-NHS as
chelator (see Fig. 23). The synthesis of the precursor, DOTA-CIP (using 1 mg CIP as
starting material), was quite simple but lengthy (took approximately 12 h to complete);
however, the subsequent radiosynthesis seemed straightforward and fast by way of a
20-min incubation period at 95 °C to form [*3Ga]Ga-DOTA-CIP, and 15 min incubation
at 95 °C to form [**™Tc]Tc-CIP (using a lyophilised kit containing 2 mg CIP as starting
material). The radiochemical yield and radiochemical purity of both radiopharmaceuti-
cals were>90%. A transchelation challenge as well as stability studies in human serum
for up to 4 h were performed for both radiopharmaceuticals. The stability of [**™Tc]
Tc-CIP in human serum was relatively low (45%), but [*®Ga]Ga-DOTA-CIP remained
almost completely intact. However, the accumulation of [**™Tc]Tc-CIP in S. aureus and
P aeruginosa cultures were significantly higher than [*®*Ga]Ga-DOTA-CIP, with the
highest uptake observed in S. aureus (12.7541.02% after 60 min binding time). Clini-
cal use included SPECT/CT imaging performed 4 h after administration of [**™Tc]Tc-
CIP in patients with confirmed diabetic foot syndrome and suspected bacterial infection
in the affected foot, yielding promising results. However, the low stability and the large
amount of CIP starting material for labelling (2 mg per kit), as well as its low specificity,
bacteria-binding capabilities and the issue of antimicrobial resistance reported in other
studies (Signore et al. 2022), hampered its translation to routine clinical use.

99mTeN-labelled ciprofloxacin xanthate (CPF2XT)

The [*™TcN]*" core forms stable conjugates with sulphur groups in ligands such as dith-
iocarbamates and xanthates. Fang and colleagues (Fang et al. 2020) therefore developed
a ciprofloxacin xanthate (CPF2XT) and labelled it with [**™TcN]*" for bacteria-specific
SPECT/CT imaging (see Fig. 24).

& ~ P\ 0
> el N
F l/ N NG “I\—‘\
O & ' O 1 — 4 OH
}|\[—\\’>‘>;:\)«"""I 51@ (') /U\ ,f'\\ - —\ Y/\N N/ﬁx /\'
\§ PmTe P\ . )--.f < )
A = ‘/[ P, ——\_ / \? NH (() I\"‘\“' -} .(8 41

N- C \(“ J _\\_/ -
) o0 =X N N
A ' HO)\’ \__J "0

Fig. 23 Structures of [*°™Tc]Tc-CIP (left) and [*® Ga]Ga-DOTA-CIP (right) (Kozmirski et al. 2021)
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Fig. 24 Structure of [ TcN]Tc-CPF2XT (Fang et al. 2020)

Optimal labelling parameters were determined as a CPF2XT amount of 5mg,
[®™TcN]?* pH of between 8 and 9, and incubation at room temperature for 30 min, to
deliver labelling yields>90%. The stability of [*™TcN]Tc-CPF2XT remained high (90%)
in mouse serum at 37 °C, over 6 h. Specific binding of [**™TcN]Tc-CPF2XT in S. aureus
cell cultures was observed and confirmed by a significant accumulation in S. aureus-
infected abscesses in mice (background radioactivity clearance over 30 min to 4 h after
administration). Significantly lower tracer accumulation was seen in sterile abscesses
in vivo. When compared to [**™Tc]Tc-ciprofloxacin, net accumulation of [*™TcN]Tc-
CPF2XT in infectious foci was almost double and superior target-to-background ratios
were observed, however, the overall tracer signal detected in the infection site was sub-
optimal to obtain high quality images. This aspect can be further investigated as the lat-
ter was probably due to target saturation (using such large amounts of starting material
may cause competing cold precursor in the formulation).

99mTc-labelled norfloxacin-based tracers

Norfloxacin is a quinolone broad-spectrum antibiotic, which has been labelled with
the [*™Tc][Tc(V)N]*" core, but this tracer demonstrated significant accumulation in
the liver and lungs. Fang et al. (2021) utilised the possibility of the piperazinyl group
of norfloxacin to bind to isonitrile (CN-R)-containing active esters and synthesised two
norfloxacin derivatives with isonitrile groups (CN4NF and CN5NF), radiolabelled with
9mTe (see Fig. 25). The rationale for this approach was based on the characteristic of
isonitrile to form stable octahedral complexes with the [**™Tc]Tc(I) core.

The radiosynthesis of [*™Tc]Tc-CN4NF and [**™Tc]Tc-CN5NF yielded high radio-
chemical yields and purities (>90%) without the need for further purification. The trac-
ers remained stable for up to 6 h in saline and mouse serum, and demonstrated specific
in vitro uptake by S. aureus, which was significantly reduced in the presence of norfloxa-
cin. In vivo biodistribution studies in an S. aureus-induced myositis mouse model, with a
turpentine-induced abscess to simulate sterile inflammation, illustrated accumulation of
[®™Tc] Te-CN4NF and [*™Tc]Te-CN5NF in both infectious and inflammatory foci, but
with retention of the tracer at the infection site. [**™Tc]Tc-CN5NF outperformed [*™Tc]
Tc-CN4NF in displaying higher target-to-background ratios and was therefore further
investigated with SPECT/CT imaging in an infection mouse model. Accumulation of
[®™Tc] Tc-CN5NF in infectious foci was 2-fold higher than its accumulation in sterile
inflammation.

Jiang et al. (2023) aimed to improve the target-to-background ratio of *™Tc-labelled
norfloxacin-based tracer accumulation with the synthesis of a norfloxacin 6-hydrazi-
noicotinamide (HYNIC) derivative (HYNICNF), and utilised different coligands for
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Fig. 25 The structure of [*™Tc]Tc-CNnNF (n=4 or 5) (Fang et al. 2021)

9mTe labelling. [**™Tc] Te-tricine-TPPTS-HYNICNF, [®™Tc] Tc-tricine-TPPMS-
HYNICNE, and [**™Tc]Tc-EDDA-HYNICNF were produced and demonstrated good
stability and specific in vitro uptake by S. aureus cell cultures. [*™Tc]Tc-EDDA-
HYNICNF delivered the best in vitro results and were further investigated in an S.
aureus-induced myositis mouse model, with similar results to Fang et al. (2021).

[°°™Tc]Tc-ertapenem

Nagqvi et al. (2022) developed and performed preclinical investigations on [**™Tc]Tc-
ertapenem (see Fig. 26) as a potential bacteria-specific SPECT infection imaging agent.
Ertapenem is a carbapenem antibiotic with efficacy against multi-drug resistant bacte-
ria causing deep-seated infections in the abdominal space and urinary tract. Ertapenem
binds to penicillin-binding proteins, which are expressed by many bacterial species, but
to a greater extent by E. coli. The optimised labelling parameters for [**™Tc]Tc-ertape-
nem featured a ligand concentration of 0.5 mg/mL, reducing agent (stannous chloride)
concentration of 10 pg/mL, *™Tc-activity of 2 mCi, a reaction pH of 10 and incuba-

tion for 10 min at room temperature. The radiopharmaceutical showed good stability in

Page 24 of 38



Kahts et al. EINMMI Radiopharmacy and Chemistry (2024) 9:49 Page 25 of 38

Fig. 26 Structure of [ Tc]Tc-ertapenem (Naqvi et al. 2022)

human serum (89% after 3 h and 82% after 6 h incubation in vitro). The authors reported
significantly higher accumulation of [**™Tc]Tc-ertapenem in S. aureus- and E. coli-
infected muscle tissue in rats, when compared to inflammatory tissue foci. Furthermore,
[*™Tc] Tc-ertapenem accumulation in the S. aureus- and E. coli-infected thigh muscles
of a rabbit model was noted as early as 30 min after radiopharmaceutical administration,
with slightly elevated uptake in inflamed thigh muscles, which the authors attributed to
secondary infection processes. This pilot study warrants further preclinical and clinical
investigations.

9MTc- and '*F-labelled linezolid

Linezolid is an oxazolidinone antibiotic indicated for a variety of difficult-to-treat Gram-
positive bacterial infections, including vancomycin-resistant enterococcol infections,
drug-resistant TB and MRSA. Linezolid is able to cross the blood—brain barrier, which
El-Kawy et al. (2023) utilised to develop a tracer for specific bacterial brain abscess
imaging, i.e. [*™Tc] Tc-linezolid, via the straightforward stannous chloride direct com-
plexation radiolabelling method. A high yield of 97% was achieved. [**™Tc] Tc-linezolid
performed well in in vitro bacterial uptake assays and demonstrated specific in vivo
accumulation in an MRSA brain infection animal model.

Mota et al. (2020b) synthesised ['*F]linezolid (see Fig. 27) via the substitution of the
existing fluorine atom in linezolid with '®F, utilising a copper-mediated method for the
radiofluorination of boronates.

In vitro bacterial uptake studies with ['®F]linezolid in M. tuberculosis cell cultures
did not demonstrate any significant uptake and in vivo tracer accumulation studies in a
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Fig. 27 Structure of '®F-labelled linezolid (Mota et al. 2020b)
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pulmonary M. tuberculosis-infected mouse model demonstrated rapid tracer distribu-
tion to all major organs and high, similar accumulation in both M. tuberculosis-infected
and healthy lungs. The authors reported that although [**F]linezolid did not seem to be
a very promising TB PET imaging agent at that stage, further investigations are required,
and the tracer may potentially aid in linezolid concentration measurement of various tis-
sues, which may also play a role in the development of future oxazolidinone antibiotics.

['®F]pretomanid

Pretomanid is an antitubercular nitroimidazole antibiotic, which forms part of the treat-
ment regimen for multi-drug resistant TB (MDR). As antibiotic dosing recommenda-
tions are based on the plasma concentration of the drug and the drug concentration in
infection foci are not generally known, Mota et al. (2022) developed ['®F]pretomanid
(see Fig. 28) with the aim of noninvasively assessing distribution of the drug to tissues
in TB meningitis mouse and rabbit models via quantification on PET/CT images. ['*F]
pretomanid was produced via halogen exchange '®F-fluorination of a synthesised aryl-
bromodifluoromethoxyl precursor with a radiochemical yield of approximately 5% and a
radiochemical purity of >98%. The authors also optimised the radiosynthesis method to
an automated cGMP synthesis of ['8F]pretomanid for use in humans with a radiochemi-
cal yield of approximately 6% and a radiochemical purity >95%. In vitro stability stud-
ies revealed high stability of [**F]pretomanid in mouse, rabbit and human serum over
3 h with no defluorination observed. In vivo biodistribution studies in a pulmonary TB
mouse model demonstrated rapid distribution of ['®F]pretomanid to all major organs,
no increase in bone uptake over time, evidence of renal and hepatobiliary excretion, low
tracer accumulation in muscle and high accumulation in brown adipose tissue which
washed out over time. Interestingly, ['®F]pretomanid accumulation was lower in infected
lung tissue than in healthy lung tissue. These in vivo biodistribution results were con-
firmed in a rabbit model. Accumulation of ['8F]pretomanid in TB meningitis were inves-
tigated in mouse and rabbit models, which demonstrated excellent brain penetration of
the tracer but lower accumulation in the brain lesions. [**F]pretomanid-PET imaging
was also performed in 6 healthy human volunteers, which yielded similar biodistribu-
tion results as were obtained in the animal studies and did not results in any adverse or
pharmacological effects. The authors concluded that ['*F]pretomanid-PET is a promis-
ing agent for the noninvasive pretomanid concentration measurement of various tissues.
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Fig. 28 Structure of ['®F]pretomanid (Mota et al. 2022)
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Fig. 29 Structures of vancomycin, ['®F]FB-vancomycin, ['®FIBODIPY-FL-vancomycin and ['®F]
PQ-VE1-vancomycin (Spoelstra et al. 2024)

'8F.vancomycin-based tracers

Vancomycin is an antibiotic that inhibits bacterial cell-wall synthesis by blocking gly-
copeptide polymerisation via its binding to D-alanyl-D-alanine. The major pharmaco-
logical action of vancomycin is against Gram-positive bacteria. Spoelstra et al. (2024)
utilised these characteristics to synthesise and investigate three vancomycin-based trac-
ers labelled with '°F, i.e. [**F]FB-vancomycin, [**F]BODIPY-FL-vancomycin and ['*F]
PQ-VEl-vancomycin (see Fig. 29), for potential Gram-positive bacteria-specific PET
infection imaging. There are two nucleophilic amine groups on vancomycin that allow
binding with electrophilic *¥F—a primary amine on the vancosamine-glucose disaccha-
ride to which [*®F]PQ-VE1 binds, and a secondary amine in the peptide backbone which
['8F]FB and ['*F]BODIPY-FL interacts with.

All 3 tracers were synthesised with radiochemical purities>95%. The time for radio-
synthesis differed slightly for each tracer, ranging from approximately 83 to 109 min,
and the highest radiochemical yield of about 12% was obtained for [**F]FB-vancomycin
(+£1% for [F]BODIPY-FL-vancomycin and 3% for [ F]PQ-VEIl-vancomycin). Both
['F]BODIPY-FL-vancomycin and ["F]PQ-VEl-vancomycin illustrated >90% stabil-
ity in PBS and human serum over 120 min, whereas [*F]FB-vancomycin was stable in
PBS but not in human serum. The instability of [**F]FB-vancomycin also meant that it
did not illustrate any in vitro bacterial uptake. In vitro bacterial uptake studies for ['°F]
BODIPY-FL-vancomycin and ['**F]PQ-VE1-vancomycin demonstrated significantly high
uptake in S. aureus cell cultures (which was relatively resistant to competitive inhibition
with vancomycin), as well as other Gram-positive bacteria. In vivo biodistribution stud-
ies and PET imaging in a healthy mouse model illustrated the highest accumulation of
[*F]BODIPY-FL-vancomycin in the kidneys and bladder, with some tracer accumula-
tion also reported in the liver, bone and lungs. ['*F]PQ-VE1-vancomycin demonstrated
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Fig. 30 Structure of [''CITMP (Lee et al. 2022)

the highest accumulation in the spleen and high signals were also detected in the blood
pool, with some accumulation in the kidneys and bladder.

Radiolabelled antifolates—''C- and '®F-labelled trimethoprim
Trimethoprim (TMP) is a broad-spectrum antibiotic that binds to and inhibits dihydro-
folate reductase which prevents bacterial folate activation and therefore bacterial growth
of Gram-positive, Gram-negative and mycobacterial species (Gouws et al. 2022; Welling
et al. 2019). A first-in-human study on the biodistribution of [!C]TMP was reported by
Doot et al. (2019). The latest advances were reported by Lee et al. (2022), highlighting the
reported promising clinical results of ['!C]TMP (see Fig. 30) in both TMP-sensitive and
TMP-resistant bacteria in an exploratory patient case series (n=4). The patients that
were investigated included a patient with metastatic lung adenocarcinoma which did
not show significant [*'C]TMP uptake, illustrating the specificity of [''C]TMP for infec-
tion. Two patients with cystic fibrosis were investigated and corresponding ['!C]TMP
uptake with foci of pneumonia was reported in the one patient, which still localised the
radiopharmaceutical after antibiotic treatment, indicating its sensitivity. Increased [''C]
TMP uptake was also seen in the affected lung of the other patient, but a follow-up scan
could not be performed. The last patient investigated had discitis osteomyelitis which
also illustrated increased ['!C]TMP localisation in the affected vertebrae. In addition to
the latter pilot study, Phase 1 clinical trials concerning the performance and safety of
[MC]TMP and [*8F]fluoropropyl-trimethoprim as bacteria-specific PET imaging agents
are currently underway (Akter et al. 2023; Kleynhans et al. 2023).

A summary of the selected radiopharmaceuticals investigated for bacterial infection
imaging over the last 5 years is provided in Table 1.

Conclusion
With the recent focus-shift to personalised medicine and the continuously growing
global threat of infection and antimicrobial resistance, researchers have been utilising
our improved understanding of pathology and bacteria in their attempts to develop more
infection-specific Nuclear Medicine imaging agents for earlier and accurate diagnosis,
localisation and evaluation of antibiotic treatment efficacy, than the infection imaging
agents currently available. It is evident that a great deal of effort has gone into the devel-
opment of new radiopharmaceuticals for bacterial infection imaging over the last few
years, with remarkable progress in preclinical investigations. However, translation to
clinical trials, and eventually clinical Nuclear Medicine practice, is apparently slow.
Similar to other areas of Nuclear Medicine, crucial challenges that may delay the clini-
cal application of emerging radiopharmaceuticals for infection imaging include the high
cost of clinical trials, followed by the complexity of compound registration for pharma-
ceutical use. More specifically, the immunogenic potential of antibody fragments and
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peptides, and the dose limitations for narrow-spectrum bacteria-specific radiolabelled
antibiotics further narrow the area of application.

The debate on whether a tracer selective for Gram-negative as opposed to Gram-pos-
itive bacterial infections (or vice versa), or a tracer able to detect both Gram-negative
and Gram-positive bacterial infections in a sensitive manner is the ultimate goal is not
resolved. The preferred tracer would be dependent on the clinical scenario, where a
tracer able to detect all or most pathogenic microorganisms will be ideal to distinguish
infection from other processes. On the other hand, tracers selective for important cat-
egories of pathogenic microorganisms (e.g. ["*F]FDS for Enterobacteriaceae) will play
a major role to non-invasively identify specific bacterial strains for the selection of the
most appropriate, effective antimicrobial therapy (Auletta et al. 2021; Kalita et al. 2020;
Lee et al. 2023).

However, in this review, selected radiopharmaceuticals were highlighted with regard
to a) their promising first-in-human application, b) significant results from well-struc-
tured conceptional clinical investigations in small patient populations, and c) evidence
from early clinical trials. It can be concluded that the increasing clinical imaging using
[**Ga]Ga-DFO-B, [®*Ga]Ga-NOTA-UBI29-41, ['*F]FDS, [''CIPABA, D-["'C]Met, [''C]
TMP and [*8F]fluoropropyl-trimethoprim will improve the noninvasive diagnostics of
infection with more defined roles, in particular for ['*F]JFDS and [*®F]fluoropropyl-tri-
methoprim, as they best meet the clinical requirements.

Although the specificity of radiolabelled leukocytes for infection imaging is not ideal,
these radiopharmaceuticals are still considered as the gold standard for the detec-
tion and localisation of many infection-associated diseases/disease processes. It is the
authors’ opinion that a more structured and harmonised preclinical setting and well-
designed clinical investigations are the key to reliably evaluate the true potential of the
newly proposed infection imaging agents, as already mentioned by several scientists in
this field (Signore et al. 2023).

Acknowledgements
Not applicable.

Author contributions

MK performed a review of the available literature and compiled the draft manuscript. TE critically reviewed and applied
structural changes to the manuscript. BS, AG and WP edited and provided valuable inputs to the manuscript. All authors
read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 18 April 2024 Accepted: 10 June 2024
Published online: 19 June 2024



Kahts et al. EINMMI Radiopharmacy and Chemistry (2024) 9:49 Page 35 of 38

References

Akter A, Lyons O, Mehra V, Isenman H, Abbate V. Radiometal chelators for infection diagnostics. Front Nuclear Med.
2023;2:1058388. https://doi.org/10.3389/fnumed.2022.1058388.

Albano D, Bertagna F, Giubbini R. Molecular imaging in the diagnosis of infectious endocarditis—the role of PET and
SPECT. Int J Cardiovasc Sci. 2020;33(1):87-93. https://doi.org/10.36660/ijcs.20190207.

Auletta S, Galli F, Varani M, Campagna G, Conserva M, Martinelli D, Santino |, Signore A. In vitro and in vivo evaluation of
MTc-polymyxin B for specific targeting of gram-bacteria. Biomolecules. 2021;11(2):232. https://doi.org/10.3390/
biom11020232.

Aweda TA, Muftuler ZFB, Massicano AVF, Gadhia D, McCarthy KA, Queern S, Bandyopadhyay A, Gao J, Lapi SE. Radiola-
beled cationic peptides for targeted imaging of infection. Contrast Media Mol Imaging. 2019;2019:3149249. https://
doi.org/10.1155/2019/3149249.

Bendova K, Raclavsky V, Novotny R, Luptakova D, Popper M, Novy Z, Hajduch M, Petrik M. [%8Ga)Ga-Ornibactin for Burk-
holderia cepacia complex infection imaging using positron emission tomography. J Med Chem. 2023;66:7584-93.
https://doi.org/10.1021/acsjmedchem.3c00469.

Boddeti DK, Kumar V. Evaluation of ®Ga-DOTA-Ubiquicidin (29-41) for imaging Staphylococcus aureus (Staph A) infection
and turpentine-induced inflammation in a preclinical setting. World J Nuclear Med. 2021;20:266-72. https://doi.org/
10.4103/wjnm.WJINM_103_20.

Burroni L, Evangelista L. Should FDG PET/CT or PET/MR replace WBC scan in infectious and inflammatory disease? Clin
Transl Imaging. 2021;9:551-2. https://doi.org/10.1007/540336-021-00449-6.

Cho SY, Rowe SP, Jain SK, Schon LC, Yung RC, Nayfeh TA, Bingham CO Il Foss CA, Nimmagadda S, Pomper MG. Evaluation
of musculoskeletal and pulmonary bacterial infections with ['?FIAU PET/CT. Mol Imaging. 2020;19:1-9. https://doi.
org/10.1177/1536012120936876.

Chopra S, Singh B, Koul A, Mishra AK, Robu S, Kaur A, Ghai A, Caplash N, Wester HJ. Radiosynthesis and pre-clinical evalu-
ation of [*®Ga labelled antimicrobial peptide fragment GF-17 as a potential infection imaging PET radiotracer. Appl
Radiat Isot. 2019;149:9-21. https://doi.org/10.1016/j.apradiso.2019.04.008.

Dadachova E, Rangel DEN. Highlights of the latest developments in radiopharmaceuticals for infection imaging and
future perspectives. Front Med. 2022;9: 819702. https://doi.org/10.3389/fmed.2022.819702.

Dittrich RP & De Jesus O. Gallium Scan. In: StatPearls. Treasure Island (FL): StatPearls Publishing. 2022

Doot R, Young A, Schubert E, Chai J, Lee H, Mach R, Mankoff D, Sellmyer M. First-in-human biodistribution and dosimetry
of [''Cltrimethoprim. J Nuclear Med. 2019;60(1):1642.

El-Kawy OA, Ibrahim [T, Shweeta HA, Attallah KM. “™Tc-linezolid as a radiotracer for brain abscess: labeling, in silico dock-
ing, and biodistribution studies. Appl Radiat Isot. 2023;200: 110917. https://doi.org/10.1016/j.apradiso.2023.110917.

Fang S, Jiang Y, Gan Q, Ruan Q, Xiao D, Zhang J. Design, preparation, and evaluation of a novel “™TcN complex of cipro-
floxacin xanthate as a potential bacterial infection imaging agent. Molecules. 2020;25:5837. https://doi.org/10.3390/
molecules25245837.

Fang S, Jiang Y, Xiao D, Zhang X, Gan Q, Ruan Q, Zhang J. Synthesis and evaluation of novel norfloxacin isonitrile 9mTe
complexes as potential bacterial infection imaging agents. Pharmaceutics. 2021;13:518. https://doi.org/10.3390/
pharmaceutics13040518.

Follacchio GA, Pala A, Scaccianoce S, Monteleone F, Colletti PM, Rubello D, Liberatore M. In vivo microbial targeting of
PMTc-labeled human B-defensin-3 in a rat model of infection. Clin Nucl Med. 2019;44(11):602-6. https://doi.org/10.
1097/RLU.0000000000002713.

Foss CA, Kulik L, Ordonez AA, Jain SK, Holers VM, Thurman JM, Pomper MG. SPECT/CT imaging of mycobacterium
tuberculosis infection with ['**]anti-C3d mAb. Mol Imag Biol. 2019;21(3):473-81. https://doi.org/10.1007/
s11307-018-1228-5.

Gabr MT, Haywood T, Gowrishankar G, Srinivasan A, Gambhir SS. New synthesis of 6"-['®FIfluoromaltotriose for positron
emission tomography imaging of bacterial infection. J Label Compd Radiopharm. 2020;63:466-75. https://doi.org/
10.1002/jlcr.3868.

Giraudo C, Evangelista L, Fraia AS, Lupi A, Quaia E, Cecchin D, Casali M. Molecular imaging of pulmonary inflammation
and infection. Int J Mol Sci. 2020;21(894):1-21. https://doi.org/10.3390/ijms21030894.

Glaudemans AWJM, Gheysens O. Expert opinions in nuclear medicine: finding the "holy grail”in infection imaging. Front
Med. 2023;10:1149925. https://doi.org/10.3389/fmed.2023.1149925.

Gordon O, Ruiz-Bedoya CA, Ordonez AA, Tucker EW, Jain SK. Molecular imaging: a novel tool to visualize pathogenesis of
infections in situ. Mol Biol Physiol. 2019;10:e00317-9. https://doi.org/10.1128/mBio.00317-19.

Gouws AC, Kruger HG, Gheysens O, Zeevaart JR, Govender T, Naicker T, Ebenhan T. Antibiotic-derived radiotracers for
positron emission tomography: nuclear or “unclear”infection imaging? Angew Chem. 2022;61: €202204955. https://
doi.org/10.1002/anie.202204955.

Holcman K, Szot W, Rubi$ P, Leéniak-Sobelga A, Hlawaty M, Wisniowska- Smiatek S, Matecka B, Zabek A, Boczar K, Stepient
A, Podolec P, Kostkiewicz M. *™Tc-HMPAO-labeled leukocyte SPECT/CT and transthoracic echocardiography
diagnostic value in infective endocarditis. Int J Cardiovasc Imaging. 2019;35:749-58. https://doi.org/10.1007/
510554-018-1487-x.

Holcman K, Rubié P Cmiel B, Zabek A, Boczar K, Szot W, Kalarus Z, Graczyk K, Hanarz M, Matecka B, Podolec P, Kostk-
iewicz M. To what extent does prior antimicrobial therapy affect the diagnostic performance of radiolabelled
leukocyte scintigraphy in infective endocarditis? J Nucl Cardiol. 2023;30(1):343-53. https://doi.org/10.1007/
512350-022-03048-8.

Holt DP, Kalinda AS, Bambarger LE, Jain SK, Dannals RF. Radiosynthesis and validation of [Carboxy-'! Cl4-aminobenzoic
acid ([('""CJPABA), a PET radiotracer for imaging bacterial infections. J Labelled Compd Radiopharm. 2019;62(1):28-33.
https://doi.org/10.1002/jlcr.3674.

Huang L, Fang J, Hong S, Liu H, Zhu H, Feng L, Zhuang R, Zhao X, Guo Z, Zhang X. MicroPET imaging of bacterial infec-
tion with nitroreductase-specific responsive '#F-labelled nitrogen mustard analogues. Eur J Nucl Med Mol Imaging.
2022;49:2645-54. https://doi.org/10.1007/500259-022-05710-2.


https://doi.org/10.3389/fnumed.2022.1058388
https://doi.org/10.36660/ijcs.20190207
https://doi.org/10.3390/biom11020232
https://doi.org/10.3390/biom11020232
https://doi.org/10.1155/2019/3149249
https://doi.org/10.1155/2019/3149249
https://doi.org/10.1021/acs.jmedchem.3c00469
https://doi.org/10.4103/wjnm.WJNM_103_20
https://doi.org/10.4103/wjnm.WJNM_103_20
https://doi.org/10.1007/s40336-021-00449-6
https://doi.org/10.1177/1536012120936876
https://doi.org/10.1177/1536012120936876
https://doi.org/10.1016/j.apradiso.2019.04.008
https://doi.org/10.3389/fmed.2022.819702
https://doi.org/10.1016/j.apradiso.2023.110917
https://doi.org/10.3390/molecules25245837
https://doi.org/10.3390/molecules25245837
https://doi.org/10.3390/pharmaceutics13040518
https://doi.org/10.3390/pharmaceutics13040518
https://doi.org/10.1097/RLU.0000000000002713
https://doi.org/10.1097/RLU.0000000000002713
https://doi.org/10.1007/s11307-018-1228-5
https://doi.org/10.1007/s11307-018-1228-5
https://doi.org/10.1002/jlcr.3868
https://doi.org/10.1002/jlcr.3868
https://doi.org/10.3390/ijms21030894
https://doi.org/10.3389/fmed.2023.1149925
https://doi.org/10.1128/mBio.00317-19
https://doi.org/10.1002/anie.202204955
https://doi.org/10.1002/anie.202204955
https://doi.org/10.1007/s10554-018-1487-x
https://doi.org/10.1007/s10554-018-1487-x
https://doi.org/10.1007/s12350-022-03048-8
https://doi.org/10.1007/s12350-022-03048-8
https://doi.org/10.1002/jlcr.3674
https://doi.org/10.1007/s00259-022-05710-2

Kahts et al. EINMMI Radiopharmacy and Chemistry (2024) 9:49 Page 36 of 38

Jain SK. New approaches for imaging bacteria. Semin Nucl Med. 2022;53(2):138-41. https://doi.org/10.1053/j.semnu
clmed.2022.12.002.

Jasiniska A, Teresiriska A, Hryniewiecki T. Diagnosis of infective endocarditis with nuclear medicine techniques: use of
SPECT/CT with [®™Tc]Tc-HMPAO-labelled leukocytes. Folio Cardiologica. 2022;17(2):100-8. https://doi.org/10.5603/
FC.2022.0015.

Jiang Y, Fang S, Feng J, Ruan Q, Zhang J. Synthesis and bioevaluation of novel technetium-99m-labeled complexes with
norfloxacin HYNIC derivatives for bacterial infection imaging. Mol Pharm. 2023;20:630-40. https://doi.org/10.1021/
acs.molpharmaceut.2c00830.

Jiang Y, Han P, Yin G, Wang Q, Feng J, Ruan Q, Xiao D, Zhang J. Radiosynthesis and bioevaluation of “™Tc-labeled Isocya-
nide ubiquicidin 29-41 derivatives as potential agents for bacterial infection imaging. Int J Mol Sci. 2024;25:1045.
https://doi.org/10.3390/ijms25021045.

Kalita M, Parker MFL, Luu JM, Stewart MN, Blecha JE, VanBrocklin HF, Evans M, Flavell RR, Rosenberg OS, Ohliger MA,
Wilson DM. Arabinofuranose-derived PET radiotracers for detection of pathogenic microorganisms. J Label Compd
Radiopharm. 2020,63(5):231-9. https://doi.org/10.1002/jlcr.3835.

Kim DY, Pyo A, Ji S, You SH, Kim SE, Lim D, Kim H, Lee KH, Oh SJ, Jung Y, Kim UJ, Jeon S, Kwon SJ, Kang SR,

Lee HB, Hyun H, Kim SY, Moon KS, Lee S, Kang SJ, Min JJ. In vivo imaging of invasive aspergillosis with
'8-fluorodeoxysorbitol positron emission tomography. Nat Commun. 2022;13:1926. https://doi.org/10.1038/
$41467-022-29553-5.

Kleynhans J, Sathekge MM, Ebenhan T. Preclinical research highlighting contemporary targeting mechanisms of
radiolabelled compounds for PET based infection imaging. Semin Nucl Med. 2023;53:630-43. https://doi.org/10.
1053/j.semnucimed.2023.03.001.

Kozminski P, Gaweda W, Rzewuska M, Kopatys A, Kujda S, Dudek MK, Halik PK, Krélicki L, Gniazdowska E. Physico-
chemical and biological study of ®™Tc and %®Ga radiolabelled ciprofloxacin and evaluation of [**™Tc]Tc-CIP as
potential diagnostic radiopharmaceutical for diabetic foot syndrome imaging. Tomography. 2021,7:829-42.
https://doi.org/10.3390/tomography7040070.

Krasulova K, Neuzilova B, Bendova KD, Novy Z, Popper M, Hajduch M, Petrik M. Preclinical characterisation of gal-
lium-68 labeled ferrichrome siderophore stereoisomers for PET imaging applications. EJNMMI Radiopharm
Chem. 2024;9:20. https://doi.org/10.1186/541181-024-00249-z.

Kratky M, Kone¢na K, Janousek J, Brablikové M, Jand'ourek O, Trejtnar F, Stolafikova J, Vinsova J. 4-aminobenzoic
acid derivatives: converting folate precursor to antimicrobial and cytotoxic agents. Biomolecules. 2020;10(1):9.
https://doi.org/10.3390/biom10010009.

Le Roux J, Rubow S, Ebenhan T, Wagener C. An automated synthesis method for %8Ga-labelled ubiquicidin 29-41.J
Radioanal Nucl Chem. 2020;323(1):105-16. https://doi.org/10.1007/s10967-019-06910-1.

Lee IK, Jacome DA, Cho JK, TuV, Young AJ, Dominguez T, Northrup JD, Etersque JM, Lee HS, Ruff A, Aklilu O, Bittinger
K, Glaser LJ, Dorgan D, Hadjiliadis D, Kohli RM, Mach RH, Mankoff DA, Doot RK, Sellmyer MA. Imaging sensitive
and drug-resistant bacterial infection with [”C}trimethoprim.J Clin Investig. 2022;132(18): €156679. https://doi.
org/10.1172/JCI156679.

Lee SH, Kim JM, Lépez-Alvarez M, Wang C, Sorlin AM, Bobba KN, Pichardo-Gonzalez PA, Blecha J, Seo Y, Flavell RR,
Engel J, Ohliger MA, Wilson DM. Imaging the bacterial cell wall using N-acetyl muramic acid-derived positron
emission tomography radiotracers. ACS Sens. 2023;8:4554-65. https://doi.org/10.1021/acssensors.3c01477.

Li Y, Daryaee F, Yoon GE, Noh D, Smith-Jones PM, Si'Y, Walker SG, Turkman N, Meimetis L, Tonge PJ. Positron emission
tomography imaging of staphylococcus aureus infection using a nitro-prodrug analog of 2-['®F]F-p-Aminoben-
zoic Acid. ACS Infect Dis. 2020;6(8):2249-59. https://doi.org/10.1021/acsinfecdis.0c00374.

Margeta R, Schelhaas S, Hermann S, Schéfers M, Niemann S, Faust A. A novel radiolabelled salmochelin derivative
for bacteria-specific PET imaging: synthesis, radiolabelling and evaluation. Chem Commun. 2024,60:3507-10.
https://doi.org/10.1039/d4cc00255€.

Marjanovic-Painter B, Kleynhans J, Zeevaart JR, Rohwer E, Ebenhan T. A decade of ubiquicidin development for PET
imaging of infection: a systematic review. Nucl Med Biol. 2023;116-117: 108307. https://doi.org/10.1016/j.
nucmedbio.2022.11.001.

Meyer M, Testart N, Jreige M, Kamani C, Moshebah M, Muoio B, Nicod-Lalonde M, Schaefer N, Giovanella L, Prior JO,
Treglia G. Diagnostic performance of PET or PET/CT using '®F-FDG labeled white blood cells in infectious dis-
eases: a systematic review and a bivariate meta-analysis. Diagnostics. 2019;9(60):1-13. https://doi.org/10.3390/
diagnostics9020060.

Mitra JB, Chatterjee S, Kumar A, Bandyopadhyay A, Mukherjee A. Integrating a covalent probe with ubiquicidin frag-
ment enables effective bacterial infection imaging. RSC Med Chem. 2022;13:1239-45. https://doi.org/10.1039/
D2MD00190J.

Mota F, Ordonez AA, Firth G, Ruiz-Bedoya CA, Ma MT, Jain SK. Radiotracer development for bacterial imaging. J Med
Chem. 2020a;63:1964-77. https://doi.org/10.1021/acsjmedchem.9b01623.

Mota F, Jadhav R, Ruiz-Bedoya CA, Ordonez AA, Klunk MH, Freundlich JS, Jain SK. Radiosynthesis and biodistribution
of '8F-linezolid in mycobacterium tuberculosis-infected mice using positron emission tomography. ACS Infect
Dis. 2020b;6(5):916-21. https://doi.org/10.1021/acsinfecdis.9b00473.

Mota F, De Jesus P, Jain SK. Kit-based synthesis of 2fdeo><yf2f[‘SF}ﬂuoro—DfsorbitoI for bacterial imaging. Nat Protoc.
2021;16(11):5274-86. https://doi.org/10.1038/541596-021-00613-2.

Mota F, Ruiz-Bedoya CA, Tucker EW, Holt DP, De Jesus P, Lodge MA, Erice C, Chen X, Bahr M, Flavahan K, Kim J, Brosnan
MK, Ordonez AA, Peloquin CA, Dannals RF, Jain SK. Dynamic '8F-Pretomanid PET imaging in animal models of TB
meningitis and human studies. Nat Commun. 2022;13:7974. https://doi.org/10.1038/541467-022-35730-3.

Naqvi SAR, Roohi S, Sabir H, Shahzad SA, Aziz A, Rasheed R. Susceptibility of ™ Tc-ciprofloxacin for common infec-
tion causing bacterial strains isolated from clinical samples: an in vitro and in vivo study. Appl Biochem Biotech-
nol. 2019;188(2):424-35. https://doi.org/10.1007/512010-018-2915-z.


https://doi.org/10.1053/j.semnuclmed.2022.12.002
https://doi.org/10.1053/j.semnuclmed.2022.12.002
https://doi.org/10.5603/FC.2022.0015
https://doi.org/10.5603/FC.2022.0015
https://doi.org/10.1021/acs.molpharmaceut.2c00830
https://doi.org/10.1021/acs.molpharmaceut.2c00830
https://doi.org/10.3390/ijms25021045
https://doi.org/10.1002/jlcr.3835
https://doi.org/10.1038/s41467-022-29553-5
https://doi.org/10.1038/s41467-022-29553-5
https://doi.org/10.1053/j.semnuclmed.2023.03.001
https://doi.org/10.1053/j.semnuclmed.2023.03.001
https://doi.org/10.3390/tomography7040070
https://doi.org/10.1186/s41181-024-00249-z
https://doi.org/10.3390/biom10010009
https://doi.org/10.1007/s10967-019-06910-1
https://doi.org/10.1172/JCI156679
https://doi.org/10.1172/JCI156679
https://doi.org/10.1021/acssensors.3c01477
https://doi.org/10.1021/acsinfecdis.0c00374
https://doi.org/10.1039/d4cc00255e
https://doi.org/10.1016/j.nucmedbio.2022.11.001
https://doi.org/10.1016/j.nucmedbio.2022.11.001
https://doi.org/10.3390/diagnostics9020060
https://doi.org/10.3390/diagnostics9020060
https://doi.org/10.1039/D2MD00190J
https://doi.org/10.1039/D2MD00190J
https://doi.org/10.1021/acs.jmedchem.9b01623
https://doi.org/10.1021/acsinfecdis.9b00473
https://doi.org/10.1038/s41596-021-00613-2
https://doi.org/10.1038/s41467-022-35730-3
https://doi.org/10.1007/s12010-018-2915-z

Kahts et al. EINMMI Radiopharmacy and Chemistry (2024) 9:49 Page 37 of 38

Naqvi SAR, Jabbar T, Alharbi MA, Noureen A, Alharbi NK, Sherazi TA, Shahzadi A, Ahmed AE, Afzal MS, Imran MB.
Radiosynthesis, quality control, biodistribution, and infection-imaging study of a new *™Tc-labeled ertapenem
radiopharmaceutical. Front Chem. 2022;10:1020387. https://doi.org/10.3389/fchem.2022.1020387.

Ordonez AA, Wintaco LM, Mota F, Retrepo AF, Ruiz-Bedoya CA, Reyes CF, Uribe LG, Abhishek S, D'Alessio FR, Holt
DP, Dannals RF, Rowe SP, Castillo VR, Pomper MG, Granados U, Jain SK. Imaging Enterobacterales infections
in patients using pathogen-specific positron emission tomography. Sci Transl Med. 2021;13(589):eabe9805.
https://doi.org/10.1126/scitranslmed.abe9805.

Ordonez AA, Parker MFL, Miller RJ, Plyko D, Ruiz-Bedoya CA, Tucker EW, Luu JM, Dikeman DA, Lesniak WG, Holt DP,
Dannals RF, Miller LS, Rowe SP, Wilson DM, Jain SK. 11C-Para-aminobenzoic acid PET imaging of S. aureus and
MRSA infection in preclinical models and humans. JCI Insight. 2022;7(1):e154117-216. https://doi.org/10.1172/
jciinsight.154117.

Palestro CJ. Molecular imaging of infection: the first 50 years. Semin Nucl Med. 2019;50(1):23-34. https://doi.org/10.
1053/j.semnucimed.2019.10.002.

Palestro CJ. Labeled leukocyte imaging: dawn of an era. J Nuclear Med. 2020;12(2):575-58S. https://doi.org/10.2967/
jnumed.120.249797.

Parker MFL, Luu JM, Schulte B, Huynh TL, Stewart MN, Sriram R, Yu MA, Jivan S, Turnbaugh PJ, Flavell RR, Rosenberg
0S, Ohliger MA, Wilson DM. Sensing living bacteria in vivo using d-alanine-derived ''C radiotracers. ACS Cent Sci.
2020;6(2):155-65. https://doi.org/10.1021/acscentsci.9b00743.

Parker MFL, Lopez-Alvarez M, Alanizi AA, Luu JM, Polvoy |, Sorlin AM, Qin H, Lee S, Rabbitt SJ, Pichardo-Gonzélez PA,
Ordonez AA, Blecha J, Rosenberg OS, Flavell RR, Engel J, Jain SK, Ohliger MA, Wilson DM. Evaluating the performance
of pathogen-targeted positron emission tomography radiotracers in a rat model of vertebral discitis-osteomyelitis. J
Infect Dis. 2023;228(4):5281-90. https://doi.org/10.1093/infdis/jiad 159.

Petrik M, Umlaufova E, Raclavsky V, Palyzova A, Havlicek V, Pfister J, Mair C, Novy Z, Popper M, Hajduch M, Decristoforo
C. %®Ga-labelled desferrioxamine-B for bacterial infection imaging. Eur J Nucl Med Mol Imaging. 2021;48:372-82.
https://doi.org/10.1007/500259-020-04948-y.

Peukert C, Langer LNB, Wegener SM, Tutov A, Bankstahl JP, Karge B, Bengel FM, Ross TL, Bronstrup M. Optimization
of artificial siderophores as ®®Ga-complexed PET tracers for in vivo imaging of bacterial infections. J Med Chem.
2021,64:12359-78. https://doi.org/10.1021/acsjmedchem.1c01054.

Pham TDM, Ziora ZM, Blaskovich MAT. Quinolone antibiotics. Med Chem Commun. 2019;10:1719-39. https://doi.org/10.
1039/COMDO00120D.

Pijl JB, Nienhuis PH, Kwee TC, Glaudemans AWJM, Slart RHJA, Gormsen LC. Limitations and pitfalls of FDG-PET/CT in infec-
tion and inflammation. Semin Nucl Med. 2021,51:633-45. https://doi.org/10.1053/j.semnuclmed.2021.06.008.

Polvoy |, Flavell RR, Rosenberg OS, Ohliger MA, Wilson DM. Nuclear Imaging of bacterial infection: the state of the art and
future directions. J Nucl Med. 2020;61:1708-16. https://doi.org/10.2967/jnumed.120.244939.

Polvoy |, Seo Y, Parker M, Stewart M, Siddiqua K, Manacsa HS, Ravanfar V, Blecha J, Hope TA, Vanbrocklin H, Favell RR, Barry
J, Hansen E, Villanueva-Meyer JE, Engel J, Rosenberg OS, Wilson DM, Ohliger MA. Imaging joint infections using
D-methyl-[''Cl-methionine PET/MRI: initial experience in humans. Eur J Nucl Med Mol Imaging. 2022;49:3761-71.
https://doi.org/10.1007/500259-022-05858-x.

Renick P, Mulgaonkar A, Co C, Wu CY, Zhou N, Velazquez A, Pennington J, Sherwood A, Dong H, Castellino L, Tang L, Sun
X. Imaging of actively proliferating bacterial infections by targeting the bacterial metabolic footprint with d-[5-''C]-
glutamine. ACS Infect Dis. 2021;7(1):10. https://doi.org/10.1021/acsinfecdis.0c00617.

Santos CRDP, Fuscaldi LL, Durante ACR, Barboza MFD, Malavolta L. New approach for in-house production of [%8Ga]
Ga-NOTA-UBI(29-41) using a titanium dioxide column-based generator. J Radioanal Nucl Chem. 2024,333:1253-62.
https://doi.org/10.1007/510967-024-09377-x.

Segal AW, Arnot RN, Thakur ML, Lavender JP. Indium-111-labelled leucocytes for localisation of abscesses. Lancet.
1976;308(7994):1056-8. https://doi.org/10.1016/S0140-6736(76)90969-7.

Seltzer A, Xiao R, Fernandex M, Hasija R. Role of nuclear medicine imaging in evaluation of orthopaedic infections, cur-
rent concepts. J Clin Orthop Trauma. 2019;10:721-32. https://doi.org/10.1016/jjcot.2019.04.024.

Sethi |, Baum YS, Grady EE. Current status of molecular imaging of infection: a primer. Am J Roentgenol. 2019;213:300-8.
https://doi.org/10.2214/AJR.19.21094.

Siddiqui NA, Housen HA, Kamble NS, Blanco JR, O'Donnell RE, Hassett DJ, Lapi SE, Kotagiri N. Leveraging copper import
by yersiniabactin siderophore system for targeted PET imaging of bacteria. JCI Insight. 2021;6(10): €144880. https://
doi.org/10.1172/jci.insight.144880.

Signore A, Bentivoglio V, Varani M, Lauri C. Current status of SPECT radiopharmaceuticals for specific bacteria imaging.
Semin Nucl Med. 2022;53:142-51. https://doi.org/10.1053/j.semnucimed.2022.12.001.

Signore A, Ordonez AA, Arjun C, Aulakh GK, Beziere N, Dadachova E, Ebenhan T, Granados U, Korde A, Jalilian A, Lestari W,
Mukherjee A, Petrik M, Sakr T, Santos Cuevas CL, Welling MM, Zeevaart JR, Jain SK, Wilson DM. The development and
validation of radiopharmaceuticals targeting bacterial infection. J Nucl Med. 2023,64:1676-82. https://doi.org/10.
2967/jnumed.123.265906.

Sorlin AM, Lépez-Alvarez M, Rabitt SJ, Alanizi AA, Shuere R, Bobba KN, Blecha J, Sakhamuri S, Evans M), Bayles KW, Flavell
RR, Rosenberg OS, Sriram R, Desmet T, Nidetzky B, Engel J, Ohliger MA, Fraser JS, Wilson DM. Chemoenzymatic syn-
theses of fluorine-18-labeled disaccharides from ['®FIFDG yield potent sensors of living bacteria in vivo. J Am Chem
Soc. 2023;145:17632-42. https://doi.org/10.1021/jacs.3c03338.

Spoelstra GB, Blok SN, Reali Nazario L, Noord L, Fu'Y, Simeth NA, lJpma FFA, Van Oosten M, Van Dijl JM, Feringa BL, Szy-
manski W, Elsinga PH. Synthesis and preclinical evaluation of novel '8F-vancomycin-based tracers for the detection
of bacterial infections using positron emission tomography. Eur J Nuclear Med Mol Imaging. 2024. https://doi.org/
10.1007/500259-024-06717-7.

Takemiya K, Ning X, Seo W, Wang X, Mohammad R, Joseph G, Titterington JS, Kraft CS, Nye JA, Murthy N, Goodman MM,
Taylor WR. Novel PET and near infrared imaging probes for the specific detection of bacterial infections associated
with cardiac devices. J Am Coll Cardiol Img. 2019;12(5):875-86. https://doi.org/10.1016/j,jcmg.2018.02.011.


https://doi.org/10.3389/fchem.2022.1020387
https://doi.org/10.1126/scitranslmed.abe9805
https://doi.org/10.1172/jci.insight.154117
https://doi.org/10.1172/jci.insight.154117
https://doi.org/10.1053/j.semnuclmed.2019.10.002
https://doi.org/10.1053/j.semnuclmed.2019.10.002
https://doi.org/10.2967/jnumed.120.249797
https://doi.org/10.2967/jnumed.120.249797
https://doi.org/10.1021/acscentsci.9b00743
https://doi.org/10.1093/infdis/jiad159
https://doi.org/10.1007/s00259-020-04948-y
https://doi.org/10.1021/acs.jmedchem.1c01054
https://doi.org/10.1039/C9MD00120D
https://doi.org/10.1039/C9MD00120D
https://doi.org/10.1053/j.semnuclmed.2021.06.008
https://doi.org/10.2967/jnumed.120.244939
https://doi.org/10.1007/s00259-022-05858-x
https://doi.org/10.1021/acsinfecdis.0c00617
https://doi.org/10.1007/s10967-024-09377-x
https://doi.org/10.1016/S0140-6736(76)90969-7
https://doi.org/10.1016/j.jcot.2019.04.024
https://doi.org/10.2214/AJR.19.21094
https://doi.org/10.1172/jci.insight.144880
https://doi.org/10.1172/jci.insight.144880
https://doi.org/10.1053/j.semnuclmed.2022.12.001
https://doi.org/10.2967/jnumed.123.265906
https://doi.org/10.2967/jnumed.123.265906
https://doi.org/10.1021/jacs.3c03338
https://doi.org/10.1007/s00259-024-06717-7
https://doi.org/10.1007/s00259-024-06717-7
https://doi.org/10.1016/j.jcmg.2018.02.011

Kahts et al. EINMMI Radiopharmacy and Chemistry (2024) 9:49 Page 38 of 38

Tehrani MM, Erfani M, Amirmozafari N. [*™Tc]Tc-HYNIC/EDDA-MccJ25 antimicrobial peptide analog as a potential radi-
otracer for detection of infection. Chem Biol Drug Des. 2021;97(4):904-13. https://doi.org/10.1111/cbdd.13817.

Vilche M, Banchero A, Menandez J, Balter H, Gaudiano P, Engler H. 68Ga-NOTA-UBI29-41: a specific radiopharmaceutical
for diagnosis of bacterial infection by PET/CT in hip prosthesis. J Nuclear Med. 2019;60(1):222.

Welling MM, Hensbergen AW, Bunschoten A, Velders AH, Roestenberg M, Van Leeuwen FWB. An update on radiotracer
development for molecular imaging of bacterial infections. Clin Trans Imaging. 2019;7:105-24. https://doi.org/10.
1007/540336-019-00317-4.

Werner RA, Ordonez AA, Sanchez-Bautista J, Marcus C, Lapa C, Rowe SP, Pomper MG, Leal JP, Lodge MA, Javadi MS, Jain
SK, Higuchi T. Novel functional renal PET imaging with '8F-FDS in human subjects. Clin Nucl Med. 2019;44(5):410-1.
https://doi.org/10.1097/RLU.0000000000002494.

Xuan J, Feng W, Wang J, Wang R, Zhang B, Bo L, Chen ZS, Yang H, Sun L. Antimicrobial peptides for combating drug-
resistant bacterial infections. Drug Resist Updates. 2023;68: 100954. https://doi.org/10.1016/j.drup.2023.100954.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1111/cbdd.13817
https://doi.org/10.1007/s40336-019-00317-4
https://doi.org/10.1007/s40336-019-00317-4
https://doi.org/10.1097/RLU.0000000000002494
https://doi.org/10.1016/j.drup.2023.100954

	Recently developed radiopharmaceuticals for bacterial infection imaging
	Abstract 
	Background: 
	Main body: 
	Conclusion: 

	Background
	Main text
	Radiolabelled bacterial siderophores
	Radiolabelled antimicrobial peptidespeptide fragments
	68Ga-labelled antimicrobial peptide fragments
	99mTc-labelled antimicrobial peptides
	64Cu-labelled antimicrobial peptides
	Bacteria-unique sugars
	[18F]fluorodeoxy-sorbitol (FDS)
	2-deoxy-[18F]fluoromaltose (FDM) and 2-deoxy-[18F]fluorosakebiose (FSK)
	[18F]fluoromaltohexaose (FMH)
	[18F]fluoromaltotriose
	18F-labelled arabinofuranose derivates
	18F-labelled nitrogen mustard analogues
	[124I]FIAU
	Bacterial folic acid synthesis pathway
	[11C]para-aminobenzoic acid (PABA)

	Ethyl 2-[18F]F-4-nitrobenzoate (2-[18F]F-ENB)
	Bacterial peptidoglycan synthesis pathway
	D-methyl-[11C]methionine
	D-[3-11C]alanine
	D-5-[11C]glutamine
	[18F]FMA
	125I-labelled anti-C3d monoclonal antibody
	Radiolabelled antibiotics
	99mTc- and 68Ga-labelled ciprofloxacin
	99mTcN-labelled ciprofloxacin xanthate (CPF2XT)
	99mTc-labelled norfloxacin-based tracers
	[99mTc]Tc-ertapenem
	99mTc- and 18F-labelled linezolid
	[18F]pretomanid
	18F-vancomycin-based tracers
	Radiolabelled antifolates—11C- and 18F-labelled trimethoprim

	Conclusion
	Acknowledgements
	References


