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Inflammatory and infectious diseases are a heterogeneous class of pathological 
conditions. They can be systemic or localized to one specific organ.  
Inflammation and infection are not synonymous. With the term of “inflammation” we 
refer to a biological complex process due to harmful stimuli, such as pathogens, 
damaged cells, or irritants. Inflammation might be considered a mechanism of innate 
immune system in order to remove the injurious stimuli and to initiate the healing 
process. If it is caused by a sterile injury, a degenerative process, or an irritant, it is a 
“sterile” inflammation that can be acute or chronic. 
By contrast, if the cause is an exogenous pathogen such as viruses, prions, bacteria, 
and viroids, and larger organisms like parasites and fungi, it is a “septic” inflammation, 
or “infection”, that can also be acute or chronic.  
Therefore, the inflammation can be usually associated to infection, but not always [1, 
2]. 
Infectious diseases represented a serious and significant cause of morbidity and 
mortality worldwide until the beginning of the 20th century when chronic degenerative 
diseases and cancer began to dominate the scenario in developed countries. Many 
infections are caused by bacteria, both Gram-positive or Gram-negative, and they can 
already be present before leading to clinically over infection. Therefore, a rapid and 
accurate diagnosis is crucial for early therapeutic interventions, when the infectious 
process is still reversible and major damage has not yet occurred, and to discriminate 
the infection from an inflammatory condition. The diagnosis of bacterial infections 
may include several approaches: traditional methods, such as serological and 
microbiological procedures, despite invasive, and unconventional methods, such as 
molecular biology, genetic, radiological and nuclear medicine techniques. Besides, the 
choice of the best technique mainly depends on the type or the site of infection. Thus, 
the best approach is to combine traditional and unconventional methods [3]. 
Molecular nuclear medicine imaging offers a unique possibility to discriminate 
infections from inflammatory processes. Molecular imaging approaches for bacterial 
infections have the potential, in addition to discriminatory capabilities, to visualize the 
anatomical spread of infections, to identify the type of bacteria, to select the best 
antimicrobial therapy and to allow therapy monitoring.  
Recently, the progress in understanding and knowledge of the pathophysiology of 
many infectious and inflammatory diseases has led to the development of several new 
and specific radiopharmaceuticals in order to meet clinical demand. Indeed, imaging 
targets in infection and inflammation may be the pathogens (bacteria, fungi), the 
activated endothelial cells and the involved cytokines and mediators in this process, 
the macromolecules that accumulate in inflamed tissues due to the increased vascular 
permeability and the polymorphonuclear cells (leukocytes, granulocytes) that reach 
the injured tissue. 
The correct and best choice of which radiopharmaceutical should be used depends on 
the body location, tissue type of lesion (skeletal or soft tissue), patient’s immune 
status, pharmacokinetic and properties of the radiopharmaceutical. 
Currently, a plethora of imaging radiopharmaceuticals are available for non-invasive 
visualization of inflammations and infections, including 67Ga-68Ga-citrate, [18F]FDG, 
radiolabelled cytokines, anti-granulocyte monoclonal antibodies, radiolabelled 
autologous white blood cells (WBCs) and, in particular, radiolabelled antibiotics, anti-
microbial peptides and vitamins [4-6].  
For example, several classes of antibiotics have been radiolabelled with 99mTc for 
infection imaging, particularly 99mTc-ciprofloxacin has been intensively studied, but 
none of developed radiopharmaceuticals has been introduced in the routinary clinical 
practice due to controversial results between published studies [7]. During last years, 
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various compounds were radiolabelled with PET isotopes to discriminate septic from 
sterile inflammation, obtaining promising results but many candidate compounds 
remain confined in a pre-clinical setting needing further investigations. Despite many 
overall promising results, no radiopharmaceutical has been introduced into clinical 
practice yet. This is probably because specific and non-specific mechanisms coexist at 
the infection site leading to a bias in the analysis of the results. For this goal, the 
chapters 2 and 3 are two systematic reviews that are specifically focused on available 
SPECT and PET radiopharmaceuticals for infection imaging, respectively. In 
particular, in the chapter 2, a systematic analysis was performed to describe the main 
characteristics and differences among various 99mTc-radiolabelled antibiotics. In the 
chapter 3, a systematic review of literature was performed focused on PET 
radiopharmaceuticals for bacterial infection imaging. In addition, each included study 
was evaluated by the Quality Assessment of Diagnostic Accuracy Studies (QUADAS) 
approach with the aim to assess any potential bias and variation.  
Therefore, the available radiopharmaceuticals cannot be considered “infection 
specific” because sensitivity and specificity vary in relation to the type of infection, the 
type of micro-organism, the infection site and the host clinical conditions/response. 
When designing new studies, standardized protocols and models could ensure that 
time, funds, and research efforts are put to the best possible use. Indeed, the most 
frequent sources of bias among studies were related to animal selection and index test 
and showed the lack of standardization with current infection models and 
experimental settings. Thus, standardized protocols and consensus guidelines 
regarding animal models of infection are needed, preferably written by a joint 
technical committee [8].  
For nuclear medicine imaging techniques, the main discriminating factor is the 
number of micro-organisms. Theoretically, it would be possible to calculate the 
number of labelled molecules of the radiopharmaceutical bound to bacteria, relying 
on the molecular weight and specific activity of the radiopharmaceutical, the number, 
size and surface-to-volume ratio of bacteria. Another important aspect to consider for 
bacteria imaging is the host response, particularly on macrophage and monocyte 
reaction, which differ between living beings and tissues and psychological/metabolic 
condition of the host [9].  
For this purpose, in chapter 4, the development of new radiopharmaceutical is 
described as new infection imaging probe. Ciprofloxacin dithiocarbamate (CiproCS2) 
has been chosen as candidate molecule and, after radiolabelling with 99mTc, it was 
tested in vitro and in vivo for targeting S. aureus and E. coli induced infection in a 
tissue-cage mouse model and comparing it with three well-known 
radiopharmaceuticals, 99mTc-UBI, 99mTc-Ciprofloxacin and 111In-DTPA-biotin. 
In the chapter 5, a similar approach is reported, but this time, the molecule of interest 
is the polymyxin B, an antimicrobial peptide that binds the lipopolysaccharide (LPS) 
of Gram-negative bacteria, with the aim to specifically image infections caused by 
Gram-negative. 99mTc-polymyxin B was studied both in vitro, using several bacterial 
strains, and in vivo by inducing infection in the right thigh of mice. 
Currently, radiolabelled WBCs are the nuclear medicine gold standard for the 
diagnosis of infections and inflammatory disorders, including osteomyelitis (OM) or 
prosthetic joint infections (PJI).  
WBCs was firstly radiolabelled with 111In-oxine during 70s, but showed several 
drawbacks such as poor image quality or cell toxicity. Therefore, new methodologies 
were then tested to replace 111In-oxine until 99mTc-HMPAO entered in clinical practice 
for ex-vivo WBCs labelling because of better image quality, less toxicity and isotope 
availability. Among tested agents, (S3CPh)2(S2CPh)-complex (SSS-complex) seemed 
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to be promising as a valid alternative to 99mTc-HMPAO, but no systematic studies have 
ever been published to show the binding kinetics and specificity of this complex. 
To this purpose, the chapter 6 deals with the radiolabelling of SSS-Complex with 99mTc, 
evaluating its radiochemical purity, stability as well as the binding kinetics and 
specificity for blood cells, including granulocytes, lymphocytes and platelets, 
compared to 99mTc-HMPAO.  
Once radiolabelled WBCs, they specifically detect the granulocytes in early phases of 
infection, considering them as a surrogate marker of neutrophil-mediated infections. 
Indeed, the over time increased chemotaxis and vascular permeability as a 
consequence of infective processes, result in an exalted recruitment of granulocytes to 
the site of infection. The ability specifically to image granulocytes migration through 
the infected site depends highly from the modality of acquisition and the interpretative 
criteria adopted. The Infection and Inflammation committee of the European 
Association of Nuclear Medicine (EANM) developed criteria how to correctly label the 
leukocytes and provided suggestions regarding the acquisition protocols and 
interpretation criteria of this examination in musculoskeletal infections. Considering 
that the recruitment of granulocytes at the site of infection is a dynamic process, it is 
recommended to acquire images at different time points in order to reproduce the 
physiology [10]. By using the correct strategies, it is possible to discriminate an 
infection from an aseptic inflammation reaching an accuracy of around 90% that 
further increases when SPECT/CT is added to planar images for localization of the 
infectious process (in or outside the bone) [11].  
However, the procedure to label WBCs is intensively time consuming and has high risk 
of cell contamination. Hence, a commercial and disposable sterile kit, called 
LeukokitÒ, has been developed to make easier the WBCs isolation from patient [12]. 
Firstly in this kit, poly(O-2-hydroxyethyl)starch (HAES-steril 10%, HES) has been 
routinely used as a sedimentation agent to remove erythrocytes (RBCs) from WBCs, 
but HES is now no commercially available and Gelofusine has been proposed as 
substitute sedimentation agent.  
The chapter 7 is focused on the evaluation of Gelofusine availability in terms of red 
blood cells (RBCs) separation, recovered WBCs, RBCs and platelets contaminations, 
viability and chemotactic properties of neutrophils. After the introduction of 
Gelofusine in the LeukokitÒ, the second goal is the complete validation of “new” 
LeukokitÒ making a comparison with the “old” LeukokitÒ in terms of WBCs labelling 
efficiency, recovery yield, and diagnostic accuracy in patients with suspected 
infections. 
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Abstract  
 
Bacterial infections are still one of the main causes of patient morbidity and mortality 
worldwide. Nowadays, many imaging techniques, like computed tomography or 
magnetic resonance imaging, are used to identify inflammatory processes, but, 
although they recognize anatomical modifications, they cannot easily distinguish 
bacterial infective foci from non-bacterial infections. In nuclear medicine, many 
efforts have been made to develop specific radiopharmaceuticals to discriminate 
infection from sterile inflammation. Several compounds (antimicrobial peptides, 
leukocytes, cytokines, antibiotics…) have been radiolabelled and tested in vitro and in 
vivo, but none proved to be highly specific for bacteria. Indeed factors, including the 
number and strain of bacteria, the infection site, and the host condition may affect the 
specificity of tested radiopharmaceuticals. Ciprofloxacin has been proposed and 
intensively studied because of its easy radiolabelling method, broad spectrum, and low 
cost, but at the same time it presents some problems such as low stability or the risk 
of antibiotic resistance. Therefore, in the present review studies with ciprofloxacin and 
other radiolabelled antibiotics as possible substitutes of ciprofloxacin are reported. 
Among them we can distinguish different classes, such as cephalosporins, 
fluoroquinolones, inhibitors of nucleic acid synthesis, inhibitors of bacterial cell wall 
synthesis and inhibitors of protein synthesis; then also others, like siderophores or 
maltodextrin-based probes, have been discussed as bacterial infection imaging agents. 
A systematic analysis was performed to report the main characteristics and differences 
of each antibiotic to provide an overview about the state of the art of imaging infection 
with radiolabelled antibiotics. 
 
 
Keywords  
 
Antibiotics, Infection, Bacteria, Radiolabelled antibiotic, Molecular imaging 
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Introduction 
 
Bacterial infections are still one of the main causes of mortality and morbidity 
worldwide. This is also because of the lack of specific agents to detect infective foci or 
to discriminate infection from sterile inflammation. Diagnostic radiological imaging 
offers various techniques to identify inflammatory processes, but they allow to detect 
only anatomical changes of the infection and are not always able to discriminate 
infections from normal postsurgical changes in the early stages [1]. On the other hand, 
nuclear medicine offers many radiopharmaceuticals that can detect physiological and 
biochemical changes at the early stages of infection. They include radiolabelled 
antimicrobial peptides, antibiotics, leukocytes, but also immunoglobulins and 
cytokines labelled with gamma- or positron-emitting isotopes (18F, 99mTc, 111In, 67Ga 
etc.…) [2–5]. In addition, the use of radiopharmaceuticals able to detect T lymphocyte 
infiltration in autoimmune or inflammatory bowel diseases (IBD) has been proposed 
as an alternative approach [6]. Unfortunately, none of these are specific enough for 
bacteria thus allowing to discriminate infection from sterile inflammation, in spite of 
high sensibility. This depends on the nature of the radiopharmaceutical, its 
biodistribution and binding properties but also on the type of microorganism, the kind 
of infection, the infection site and the host conditions. Another unsolved issue is the 
minimum number of micro-organisms necessary to perform a reliable diagnosis, 
which has already been discussed [7]. In clinical nuclear medicine, among the many 
99mTc-labelled compounds, antibiotics looked the most promising to image infection. 
They are divided in several classes, based on their mechanism of action. The first 
radiolabelled antibiotic, used as radiopharmaceutical, was 99mTc-ciprofloxacin, that 
pioneered the use of radiopharmaceuticals for bacterial imaging. Nevertheless, it 
appeared soon clear that the task of imaging bacteria is very complex with many 
problems to be solved [7–9]. 
In this article, the use of radiolabelled ciprofloxacin is reviewed together with other 
‘‘infection-specific’’ radiolabelled antibiotics, developed with the aim to discover tools 
with better properties than 99mTc-ciprofloxacin. These antibiotics are divided into 
several categories, according to their mechanisms of action.  
 
Bacteria, biofilm and antibiotic mechanisms of action 
 
Planktonic bacteria are free-living bacteria, which are generally treatable with 
antibiotics but when they adhere to a surface develop a biofilm. A commonly used 
definition of a biofilm is a ‘‘microbially derived sessile community characterized by 
cells that are irreversibly attached to a substratum, interface or to each other, are 
embedded in a matrix of extracellular polymeric substances that they have produced, 
and exhibit an altered phenotype with respect to growth rate and gene transcription’’ 
[10]. Biofilm embedded bacteria represent a serious clinical problem in medicine, 
because their infections are notoriously difficult to treat due to extreme resistance to 
antibiotics. 
Antibiotics are drugs of natural or synthetic origin that have the capacity to kill 
(bactericidal drugs) or inhibit (bacteriostatic drugs) the cell growth. Most bactericidal 
antimicrobials are: cephalosporins, carbapenems, glycopeptides, fluoroquinolones, 
polymyxins that inhibit DNA synthesis, RNA synthesis, cell wall synthesis, or bacterial 
protein synthesis. 
Fluoroquinolones (FQs) are bactericidal antibiotics effective for both Gram-negative 
and Gram-positive bacteria and ciprofloxacin is the most widely used antimicrobial 
agent among FQs. The action of ciprofloxacin results from inhibition of the enzymes 
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topoisomerase II (DNA gyrase, gyrA and B) and topoisomerase IV (grlA and B), which 
are required for bacterial DNA replication, transcription, repair, strand super coiling 
repair, and recombination. Resistance to FQs in bacteria is mainly mediated by 
alterations in DNA gyrase and topoisomerase IV with specific amino acid substitutions 
in the ‘‘quinolone- resistance determining region’’ (QRDR) in gyrA and B subunits of 
DNA gyrase and parC and parE subunits of topoisomerase IV. Other common 
mechanisms are reduced permeability/increased efflux of ciprofloxacin across 
bacterial membranes, and plasmids that protect cells from the lethal effects of FQs [11, 
12, 15]. 
Toxic effects of FQs on humans have been attributed to their interactions with 
different receptor complexes, such as blockade of the GABAa receptor complex within 
the central nervous system, leading to excitotoxic type effects and oxidative stress. 
The cephalosporins are the largest family of b-lactam antibiotics. They are bactericidal 
agents and have the same mode of action as other beta-lactam antibiotics (such as 
penicillin). Cephalosporins disrupt the synthesis of the peptidoglycan layer of bacterial 
cell walls by binding to penicillin binding proteins (PBPs), causing the walls to break 
down and eventually the bacteria die. The three fundamental mechanisms of 
antimicrobial resistance are: enzymatic degradation of antibacterial drugs, changes in 
PBPs, and changes in membrane permeability to antibiotics. The most important 
mechanism of resistance to cephalosporins is destruction of beta-lactam rings by b 
lactamase enzymes. Mutational changes in original PBPs or acquisition of different 
PBPs will lead to inability of the antibiotic to bind to the PBPs and inhibit cell wall 
synthesis. A change in the number or function of the general diffusion porin channels 
can reduce the permeability. Since antimicrobial compounds act on processes that are 
unique to bacteria, it has been proposed that radiolabelled antibiotic should be able to 
distinguish microbial from non-microbial inflammation, because of their specific 
binding to the causative agents.  
 
Ciprofloxacin 
 
99mTc-ciprofloxacin, also known as Infecton, was the first radiolabelled antibiotic 
tested in human to image infections [8]. In preclinical studies many different animal 
models have been used to prove ciprofloxacin specificity. In rats 99mTc-ciprofloxacin 
showed an excellent biodistribution with renal clearance, and targeting experiments 
showed a high sensitivity but low specificity. Ciprofloxacin was also conjugated with 
propylamine and then labelled with 68Ga, revealing to be a good bacteria-specific 
imaging agent in a S. aureus infected rat model [16–18]. 
Different results were obtained when 99mTc-ciprofloxacin was studied in mice and both 
high sensitivity and specificity for imaging infections were obtained [14, 19–22]. 
Controversial results were obtained using other animal models like rabbits, camelids, 
dogs or swines to evaluate the ability of 99mTc-ciprofloxacin to localize the infectious 
site, in severe acute pancreatitis, prosthetic joint infections or other suspected 
infections [23–26]. 
In clinical studies, it was more difficult to study the pharmacokinetics of ciprofloxacin 
in organs and tissues, particularly in the gastrointestinal tract, lungs and soft tissues. 
Positron Emission Tomography (PET) could be a technique that allows a direct 
quantification of the antibiotic, when labelled with positron-emitting isotopes like 18F. 
Indeed, two studies performed by Brunner et al. and Langer et al. [13, 27], using PET 
with 18F-ciprofloxacin, showed opposite results in healthy volunteers and patients with 
suspected infections, respectively. In particular, Langer and colleagues concluded that 



 17 

18F-ciprofloxacin is not a suitable and specific radiopharmaceutical for imaging 
infections. 
Many other studies in patients have been performed using 99mTc-labelled ciprofloxacin. 
Most of them had concordant results about the labelling procedure using the kit 
formulated at St. Bartholomew’s Hospital in London [28] and about the metabolism 
of the radiopharmaceutical, which was prevalently renal, with low level of hepatic 
uptake and no bone marrow, bone and gastrointestinal uptake. However, final results 
showed a high variability in terms of sensibility and specificity. These controversial 
and variable data may depend on the type and site of infections, strain of micro-
organisms, presence of antibiotic therapy, lack of standardized imaging parameters 
and interpretation criteria, but also on the type of imaging modality (SPECT or planar 
scintigraphy) [29, 30]. Some authors have considered Infecton as a good bacterial 
infection imaging agent, particularly when SPECT images are acquired for the 
diagnosis of pulmonary or extrapulmonary tuberculosis, fever or unknown origin 
(FUO), osteomyelitis, hip or knee prosthesis, active spinal infections, abdominal or 
gastrointestinal and orthopaedic infections, despite of conflicting results based on the 
type of infection. Moreover, it allows to evaluate the presence of infection in immune-
suppressed patients, when white blood cell (WBC) imaging was uncertain or to 
monitor and optimize the antimicrobial treatment. However, in addition to image 
analysis, a microbiological culture was often useful to confirm the presence and nature 
of the infection [8, 28, 31–44]. Other authors have considered 99mTc-ciprofloxacin as 
a potential imaging agent only for the diagnosis of orthopaedic infections, vertebral 
infections, osteoarticular tuberculosis and diabetic foot infections, in comparison to 
99mTc-WBC or immunoscintigraphy, showing excellent diagnostic accuracy [45–50]. 
By contrast, other studies, by Dumarey et al., De Winter et al., Sarda et al., Pucar et al., 
Appelboom et al. and Gemmel et al. [51–56], reported a low specificity but high 
sensitivity for Infecton imaging. These studies were performed in patients with 
different kind of infections and images were acquired and analyzed with different 
methods, but all concluded that 99mTc-ciprofloxacin is unable to discriminate bacterial 
infection from sterile inflammation. 
Finally, Zhang et al. [57, 58] performed a study with ciprofloxacin dithiocarbamate 
labelled with [99mTcN]2+ intermediate or [99mTc(CO)3 (H2O)3 ]+  intermediate. These 
radiopharmaceuticals were tested in S. aureus infected mice to evaluate their 
biodistribution and their ability to distinguish septic and aseptic inflammation in 
comparison to 99mTc-ciprofloxacin. Experimental data showed that both new 
radiopharmaceuticals had a better target-to-non target (T/NT) ratio than 99mTc-
ciprofloxacin and they could be considered potential infection imaging agents. 
 
Fluoroquinolones  
 
The quinolones can be differentiated in several generations, which differ for broad-
spectrum activity and pharmacokinetic properties like a rapid and complete 
absorption from gastrointestinal tract or oral administration [59, 60].  
For example, pefloxacin is a fluoroquinolone antibacterial agent, which has been 
investigated as a potential substitute for ciprofloxacin in the detection of bacterial 
infections. It was labelled with 99mTc, tested in mice infected with E. coli or injected 
with turpentine oil as sterile inflammation. Experimental data showed a main 
excretion through liver and intestine and a high retention in infectious foci than 
aseptic foci after 24 h from injection because of its specific binding to gyrase, 
confirmed by the T/NT ratio equal to 5.6 at 24 h post injection. Moreover, pefloxacin 
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had a rapid clearance, no accumulation in nontarget organs, no toxicity, low cost and 
a simple preparation, that makes it a good potential imaging agent [61]. 
The second generation of fluoroquinolones includes many compounds, more or less 
specific for bacterial infections. Amongst the most specific agents there are 
lomefloxacin and ofloxacin that were always studied in comparison to ciprofloxacin. 
The radiolabelling procedure with 99mTc is easy, without any purification in 
comparison to ciprofloxacin and they have been tested in S. aureus infected rats 
compared to normal rats as control. The biodistribution studies, obtained by ex vivo 
g-counting, revealed renal excretion and low uptake in the liver, that indicates few 
hydrolyzed products of 99mTc for both antibiotics. T/NT ratio for lomefloxacin was 
higher than for ofloxacin, 6.5 ± 0.5 and 4.3 ± 0.6 respectively, suggesting that 
lomefloxacin might be a better imaging agent than ofloxacin [62]. The low specificity 
of ofloxacin has been confirmed in another study performed by Erfani et al. They 
labelled the antibiotic with 99m Tc and investigated the biodistribution in S. aureus 
infected mice. Also in this case, authors found a renal and liver clearance and a T/NT 
ratio equal to 2.02 ± 0.12 at 4 h after injection, a sign of poor specificity [63]. 
Two other poorly specific antibiotics are enrofloxacin and norfloxacin. The former was 
studied in comparison to 
ciprofloxacin by Siaens et al. It was radiolabelled with 99mTc and injected in S. aureus 
treated rats. In this study the control rats were injected with turpentine oil, heat killed 
S. aureus or C. albicans. Results showed high renal uptake and no significant 
differences in the level of accumulation in the various inflamed muscles, indicating 
poor capacity to recognize infection from sterile inflammation [64]. Recently, 99mTc-
enrofloxacin was also studied by Shahzad et al. [65], obtaining more or less the same 
results as previously published by others. Indeed, the radiolabelled compound always 
showed the same biodistribution in non-target organs and no high uptake in the 
infected muscle versus control. 
The other non-specific antibiotic, norfloxacin, was also labelled with 99mTc and its 
biodistribution evaluated in rats infected with 107-108 CFU of S. aureus, heat killed S. 
aureus and turpentine oil. 99mTc-norfloxacin has an excretion through the urinary 
system and the uptake in infected or non-infected muscles is not statistically different. 
Based on these data, it was concluded that norfloxacin cannot discriminate bacterial 
infection from sterile inflammation [66]. However, controversial results about 
norfloxacin were recently reported by Sazonova et al. [67] in rats where infection was 
induced with 109 CFU of S. aureus. Turpentine oil was used as control. Their results 
showed a mild uptake in the infected muscle as compared to inflamed one. The T/NT 
ratios were 2.87 ± 0.80 and 1 ± 0.14, respectively, for infected and inflamed muscle, 
confirming that this radiopharmaceutical requires further studies to improve its 
specificity. Another study, performed by Zhang et al. [68], tested norfloxacin 
dithiocarbamate as a potential imaging agent. It was labelled with 99mTc and the 
biodistribution was studied in S. aureus infected mice, while sterile inflammation was 
induced using turpentine oil. Experimental data revealed a main hepato-biliary 
clearance and the T/NT ratios were 3.46 and 1.23 at 3 h post-injection, respectively for 
bacterial infection and sterile inflammation. 
With third-generation FQs several properties were improved through modifications of 
the quinolone nucleus, such as anti-microbial activity and pharmacokinetics [69]. 
An antibiotic of this category, that could be a substitute of ciprofloxacin, is sparfloxacin. 
It was labelled with 99mTc and then biodistribution was studied in rats where infection 
was induced using 105-106 CFU of S. aureus. Biodistribution studies showed a rapid 
clearance through the urinary system and a high accumulation in the infection site, 
more than ciprofloxacin. As early as 2 h post-injection, the T/NT ratio was 5.10 ± 0.4 
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for sparfloxacin and 3.60 ± 0.4 for ciprofloxacin [9]. It is also remarkable that in this 
study very few CFU of S. aureus were used (only 105-106) as compared to the majority 
of published studies ranging from 107 to 1010 CFU. 
Levofloxacin is another third-generation fluoroquinolone. Shahzad et al. [70] labelled 
this antibiotic with 99mTc using a freeze-dried kit. Biodistribution was studied in rabbit, 
infected with two different strains of bacteria (3 ́  108 CFU of E. coli and P. aeruginosa). 
Results showed kidneys as the main excretion route and T/NT ratios were 8.09 and 
1.3 at 1 h post-injection, respectively in P. aeruginosa and E. coli infected muscles 
showing high variability depending on the kind of bacteria. Therefore, 99mTc-
levofloxacin could be a promising imaging agent for lung, sinus bone and skin 
infections, but it also needs other studies. 
A fluoroquinolone derivative that is able to distinguish between septic and aseptic 
inflammation is rufloxacin. It was always labelled with 99mTc and the biological 
distribution was evaluated in Albino mice after induction of infection with live E. coli 
and inflammation with turpentine oil or heat killed E. coli. Experimental data revealed 
an excretion through kidneys and urine and the uptake in the infected muscles were 
higher than heat-killed bacteria and turpentine oil inflamed muscle. The T /NT ratio 
was also higher compared to ciprofloxacin at all time points (8.5 ± 0.1 vs 3.6 ± 0.4 3 h 
post injection), demonstrating that rufloxacin could be a good infection imaging agent 
[71]. 
Another third-generation fluoroquinolone is fleroxacin that it was studied as a PET 
radiopharmaceutical by Fischman et al. [72]. It was labelled with 18F and its 
pharmacokinetics was evaluated in healthy and E. coli infected rabbits, mice and rats. 
Biodistribution showed a main excretion through the intestinal tract, then liver and 
kidneys and no accumulation in the brain, especially in rats and mice. Unfortunately, 
the accumulation in healthy and infected muscle of all animals was similar and 18F-
fleroxacin was considered a poor PET imaging agent for bacteria. 
Compared to previous generation, the fourth generation of FQs has the advantage to 
be resistant to spontaneous mutation, reducing the risk of antibiotic resistance. Their 
mechanism of action is the inhibition of DNA gyrase and topoisomerase IV, enhancing 
the Gram-positive spectrum, especially for ocular infections [73]. 
Sitafloxacin belongs to this generation. It was labelled with 99mTc and biodistribution 
studies and scintigraphic images were evaluated, respectively in rats and rabbits, 
where infection was induced with 2 ´ 108 S. aureus and inflammation induced with 
turpentine oil. Biodistribution confirmed the renal excretion also for this class of 
antibiotics with a high accumulation in infected muscles confirmed by in vivo images 
and T/NT ratio equal to 23.13 ± 0.1 at 2 h post injection. This T/NT ratio was the 
highest obtained with a radiolabelled antibiotic suggesting sitafloxacin as the best 
imaging agent for imaging infections caused by S. aureus [74]. It would be important 
to determine whether it can image also other strains of bacteria and whether the 
accumulation lasts over time. 
Due to initial enthusiasm, sitafloxacin was chemically modified to sitafloxacin-
dithiocarbamate, which is more stable, and then labelled with 99mTc via a [99mTcN]2+ 
core. Biodistribution studies and whole-body images were performed in rats and 
rabbits, infected with S. aureus and turpentine oil and heat killed bacteria as controls. 
Experimental data showed a clearance through the kidneys and confirmed the high 
uptake in the infected muscle with living bacteria. The T/NT ratio was 7.40 ± 1 after 2 
h from injection in the infectious foci, as compared to 1 ± 1 in the inflamed area, 
confirming this radiopharmaceutical as a very promising infection imaging agent [75]. 
99mTc-moxifloxacin could be considered another potential agent. It was studied in rats 
and rabbits after the induction of a septic inflammation with E. coli in the thigh muscle. 
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On images it was possible to notice the infected site in a clear way, with a specific 
accumulation six times higher than in normal tissues [76]. 
Another antibiotic of this generation, specific for S. pneumoniae infection, is 
gemifloxacin. After labelling with 99mTc, it was tested in infected, inflamed and normal 
rats. Results showed an early uptake in the liver, followed by a renal clearance; the 
T/NT ratio between infected and normal muscle was maximum at 90 min and then 
decreased slightly [77]. Recently, another study, performed by Shahzad et al. [78], 
confirmed the specificity of 99mTc-gemifloxacin to localize respiratory tract infections. 
The radiopharmaceutical was studied in rabbits infected with three different strains of 
bacteria (3 ´ 108 CFU), including K. pneumoniae, S. typhi and P. aeruginosa. The 
maximum T/NT ratios were 8, 8.87 and 16.5 at 4 h post-injection, respectively for the 
three kinds of bacteria, confirming that 99mTc-gemifloxacin could be used as a bacterial 
imaging agent for lung infections. 
Finally, another fluoroquinolone derivative has been proposed as ciprofloxacin’s 
substitute by Moustapha et al. [79]. 99mTc-sarafloxacin was studied in vitro and in S. 
aureus infected mice, while as turpentine oil and heat killed bacteria were used to 
induce the aseptic inflammation. Experimental data revealed both renal and hepatic 
excretion with a low uptake in the infectious foci as compared to other quinolones of 
fourth generation. T/NT ratio in infected mice was 4.2 ± 0.1 at 2 h post injection, 
versus 3.4 and 3.3 for turpentine oil and heat killed bacteria.  
 
Cephalosporins  
 
Cephalosporins have also been radiolabelled for bacteria imaging in vivo. In 2013 El-
Tawoosy et al. studied the best labelling condition of cephazolin with 99mTc and its 
biological distribution in murine model, infected with S. aureus (107-108 CFU) and 
turpentine oil as control. Results showed a good preparation and labelling of the 
product, a rapid distribution in mice with excretion through kidneys and intestine by 
2 h, and an infected/inflamed muscle ratio (T/NT) equal to 4.60 ± 0.21 at 2 h. However, 
since the highest ratio was 8.57 ± 0.40 at 30 min, cephazolin is able to distinguish well 
the early stages of infection from sterile inflammation [80]. 
The second generation of cephalosporins has a spectrum of activity like the first-
generation antibiotics, but more active against Gram-negative bacteria, and includes 
antibiotics as cefuroxime axetil, whose bactericidal activity is the inhibition of cell wall 
synthesis through the binding to specific proteins. Its potential use as a 
radiopharmaceutical has been tested in rats with sterile and septic inflammation, 
caused by 108 CFU of S. aureus, in the Yurt Lambrecht’s study. Results showed a rapid 
clearance by liver and kidney and a better retention in infectious areas than sterile 
inflamed areas because of its specific binding to gyrase enzymes. However, authors 
reported a low T/NT ratio at 30 min (1.6), with a slight increase at 4 h (2.5). This 
suggests that 99mTc-cefuroxime acetil could be a promising infection imaging agent, 
but more studies are needed to confirm this hypothesis [81]. Cefuroxime is another 
second-generation cephalosporin antibiotic that was labelled and tested in a study 
performed by Chattopadhyay et al. [82]. After labelling with 99mTc, the compound was 
injected in rats infected with 106-108 CFU of E. coli bacteria in the left thigh. 
Experimental data showed a renal and hepatic excretion and a poor accumulation in 
the infection site, confirmed by the T/NT ratio (1.8) at 3 h from the injection. Therefore, 
99mTc-cefuroxime is not entirely able to distinguish bacterial infections.  
Third-generation cephalosporins are broad-spectrum antimicrobial agents used in 
many clinical situations. 
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Among them, ceftizoxime has the best Gram-positive coverage [83]. Gomes Barreto et 
al. labelled it with 99mTc for imaging of E. coli infection in rats’ muscle compared to 
controls and animals bearing a sterile zymosan induced abscess. Experimental data 
underlined a maximum uptake in kidneys and a significant uptake in the septic muscle 
rather than in the sterile one. The uptake persisted up to 6 h, as confirmed by a T/NT 
ratio of 3.24 ± 1 in the infection site, (1.65 ± 0.23 in controls). On the basis of obtained 
data, 99mTc-ceftizoxime showed a moderate specificity that lead researchers to 
investigate its use in other models [84]. 
Costa et al. tested this radiolabelled antibiotic for the diagnosis of deep sternal wound 
infection. They used twenty rats divided into four groups, two controls and two with 
sternotomy and infection with S. aureus. Scintigraphic images revealed a higher levels 
of radioactivity, expressed as number of counts, in the region of interest of infected 
rats (12,258.2 ± 1729 counts/10 min) than control counterparts (4920.6 ± 562.9) in 
different time points after injection. This result confirmed that 99mTc-ceftizoxime is a 
potential antimicrobial agent, which detects infection post sternotomy [85].  
Also Teixeira et al. [86] used 99mTc-ceftizoxime for the diagnosis of suspected 
infections in titanium implants in rat model. Control rats received a sterile implant, 
while experimental group received an implant infected with 109 CFU of S. aureus. 
Scintigraphic images showed higher uptake in infectious area in rats than in controls, 
expressed as the difference between groups, at 6.5 h post-injection. Despite these 
promising results in localizing infected implants, further studies are required to 
improve sensitivity and specificity of 99mTc-ceftizoxime. 
Cefotaxime has a similar structure of ceftizoxime and was studied by Mirshojaei et al. 
[87] as a potential infection-imaging agent. After labelling with 99mTc, the biological 
distribution was performed in mice, infected with 108 CFU of S. aureus bacteria in the 
thigh muscle. Results showed a renal clearance, low hepato-biliary excretion and a 
poor accumulation in the infectious site with the maximum T/NT ratio at 1 h (2.89 ± 
0.58). Although a more rapid metabolic route, when compared to 99mTc-ciprofloxacin, 
99mTc-cefotaxime requires more studies to demonstrate its specificity. Ilem-Ozdemir 
and coll. [88] labelled with 99mTc the cefotaxime sodium. Then, they evaluated its 
biodistribution in rats, infected with 4 ´1010 CFU of E. coli or turpentine oil as control. 
Results showed a main renal excretion of radiopharmaceutical and a very poorly 
uptake in the infectious foci. Indeed, the T/NT ratios were 3.77 ± 2.38 and 3.30 ± 0.94 
at 1 h post injection. 
Another third-generation cephalosporin, tested by various authors, is ceftriaxone. Also 
for this antibiotic, similar results were obtained and 99mTc-ceftriaxone could be able to 
distinguish sterile and septic inflammation. The first study, performed by Mostafa et 
al. in 2010, describes the labelling of ceftriaxone with 99mTc and its biodistribution in 
a mouse model, infected with alive E. coli, heat killed bacteria and turpentine oil as 
controls. In this study the ability to differentiate between bacterial infection and sterile 
inflammation was demonstrated in vitro and confirmed in vivo. In mice, it showed 
renal excretion and a good retention at the infectious site because of its specific 
binding to bacteria. T/NT ratio for the living bacteria was 5.67 ± 0.6 at 4 h post 
injection as compared to the turpentine oil and heat killed E. coli ratios that were less 
of 2 [89]. The second study about ceftriaxone was published by Kaul et al. in 2012. The 
main purpose of the study was to assess the efficacy of 99mTc-ceftriaxone in vitro 
through bacterial binding assay with living and heat killed S. aureus, but also in vivo 
in murine and rabbit models and in humans. Results confirmed the ability of the 
labelled antibiotic to discriminate between inflammation and infection: in fact 
scintigraphic images in rabbit showed a higher uptake in the infectious site than in the 
inflamed muscle at 4 and 24 h, and also the T/NT ratio in mice with septic lesion was 
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4.5 at 24 h as compared to sterile inflammation that showed 1.4 at 24 h. Clinical studies 
demonstrated that the radiolabelled antibiotic localizes acute bacterial infections, 
especially in bacterial osteomyelitis and could be used for diagnosis of other 
orthopaedic infections too [90]. A third study with 99mTc-ceftriaxone was performed 
by Fazli et al. [91], but it did not confirm the good specificity previously published by 
others. They tested it in a murine model, comparing an infection with living S. aureus, 
to a sterile inflammation with heat killed bacteria or turpentine oil. Experimental data 
showed a renal excretion and a poorly specific accumulation in the infected muscle in 
comparison to inflamed and normal muscles. The T/NT ratio in infected muscles was 
3.39 ± 0.6 at 3 h post injection, while the T /NT in muscles with turpentine oil or with 
heat killed bacteria were, respectively, 3.12 ± 0.35 and 2.48 ± 0.45 always at 3 h post 
injection with no statistically significant difference between the 3 groups [91]. Finally, 
Sohaib et al. [92] confirmed the ability of this radiopharmaceutical to discriminate the 
infection from inflammation. 99mTc-ceftriaxone was tested in rats, infected with 108 
CFU of S. aureus or E. coli, whereas turpentine oil was used in control rats. 
Biodistribution studies revealed a main renal excretion, followed by liver and intestine, 
and high accumulation in the infectious area in animals injected with E. coli rather 
than S. aureus or turpentine oil. These data were confirmed by T/NT ratios equal to 
12.66 ± 1.44, 2.35 ± 0.21 and 1.4 ± 0.01, respectively, suggesting that 99mTc-ceftriaxone 
could be used as a microbial imaging agent only for E. coli. 
Another third-generation antibiotic, studied by Mirshojaei et al. is ceftazimide. It was 
labelled with 99mTc and its biodistribution was tested in normal and S. aureus infected 
mice. Data showed a similar uptake of radiopharmaceutical in non target organs (liver, 
spleen, heart and lung) between control and infected animals with lower hepato-
biliary excretion when compared to 99mTc-ciprofloxacin; about accumulation in the 
infected and control muscle, the ratio was 1.4 ± 0.2 at 1 h post injection and 1.1 ± 0.1 
at 4 h. Therefore, ceftazimide did not show the same specificity of ceftizoxime and 
ceftriaxone, as bacterial imaging agent [93]. 
Cefoperazone is another third-generation cephalosporine, studied to evaluate the best 
radiolabelling conditions with 99mTc and its biological distribution in a rat model of S. 
aureus bacterial infection. In vivo results, expressed as %ID/g, showed a renal 
clearance and a 4.5-fold higher uptake in the infected tissue than control, with a 
maximum T/NT ratio at 45 min post injection of 4.66 ± 0.53: then this value decreased 
with time (2.9 ± 0.75 at 5 h), probably because of bacterial killing by 
radiopharmaceutical or clearance from circulation. These data make cefoperazone a 
promising agent for detection of infectious foci, even if it needs further investigations 
[94]. 
Belonging to fourth-generation of cephalosporins is cefepime, whose biological 
efficacy and specificity were compared to gatifloxacin, a fluoroquinolone derivative. 
The two radiopharmaceuticals were labelled with 99mTc and tested in rats infected with 
living E. coli, heat killed bacteria and turpentine oil. After successful in vitro quality 
controls and bacterial binding assay, biodistribution studies were performed and 
results demonstrated a liver uptake for both radiopharmaceuticals that decreases with 
time. The uptake in the infectious foci was better for 99mTc-cefepime than for 99mTc-
gatifloxacin (T/NT ratio was 8.4 ± 0.1 at 3 h post injection for 99mTc-cefepime and 4.5 
± 0.3 for 99mTc-gatifloxacin in infected muscles with living bacteria): thus, cefepime 
was able to distinguish between sterile and septic inflammation better than all other 
antibiotics [95]. 
 
Inhibitors of nucleic acid synthesis 
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The inhibition of nucleic acid synthesis occurs through the binding of the 
antimicrobial to DNA-dependent RNA polymerase, blocking the initiation of RNA 
synthesis, or to DNA gyrase, inhibiting DNA synthesis [96]. 
Rifampicin is particularly indicated for the treatment of tuberculosis, and recently an 
imaging agent for PET use has been developed for latent tuberculosis detection, 
labelled with 11C. 11C-rifampicin was tested in preclinical studies to evaluate whether 
there is sufficient drug in the infected site because the radiopharmaceutical is able to 
accumulate in a hypoxic environment like the tuberculotic granuloma [97]. 
However, in animals, rifampicin was studied for detection of methicillin-resistant S. 
aureus (MRSA) infections in both rats and rabbits. Turpentine oil induced 
inflammation is always the method of choice for control. After labelling with 99mTc, 
biodistribution revealed a long renal clearance, and a high accumulation in the 
infectious foci, confirmed by in vivo calculated T/NT ratio (7.34 ± 0.74 at 90 min post 
injection) [98]. 
Another antibiotic that indirectly acts on nucleic acid, in particular DNA, is 
nitrofurantoin: it is often used for urinary tract infections because many uropathogens 
have not yet developed resistance to it. Its mechanism of action is still unclear, but it 
seems that bacterial nitroreductase enzymes transform the antibiotic into more 
reactive intermediates that lead to single-strand breaks in DNA through interaction 
with bacterial ribosomal proteins [99]. 99mTc-nitrofurantoin was investigated in E. coli 
infected rats and rabbits. In vivo distribution showed an early uptake in the liver and 
stomach, while the accumulation in infectious foci rapidly increased in a time-
dependent manner as compared to controls, with a peak at 90 min p.i., with a T/NT 
ratio equal to 4.83 ± 1.13 [100].  
 
Inhibitors of bacterial cell wall synthesis 
 
This category of antibiotics may inhibit many steps of cell wall synthesis, above all the 
inhibition of peptidoglycan synthesis, because cell wall is essential for survival of 
bacteria; but also the membrane transport mechanisms, resulting in osmotic lysis 
[101]. 
An example of these antibiotics is the well-known amoxicillin, a penicillin derivative 
that acts by inhibiting the third and last stage of bacterial cell wall synthesis. It is 
particularly active on S. pneumoniae [102]. Amoxicillin was recently labelled with 
99mTc and its biological distribution was studied in S. pneumoniae infected rabbits. 
Results were promising but not as good as for other radiolabeled antibiotics and 
maximum accumulation in the infection was recorded 2 h post-injection [103]. 
By contrast, alafosfalin is a dipeptide phosphonic acid, active against both Gram-
positive and Gram-negative bacteria. It inhibits the early stage of peptidoglycan 
synthesis because it mimics the terminal dipeptide moiety (DAla-D-Ala), inhibiting 
the enzyme D-Ala-D-Ala synthetase, or inhibits the enzyme alanine racemase for its 
affinity to racemase cofactors [104]. When labelled with 99mTc it showed rapid renal 
excretion in rats, infected with 108 CFU of S. Aureus. Interestingly, Tsopelas et al. 
compared 99mTc-alafosfalin with 99mTc-DTPA and 99mTc-labelled-leukocytes and 
showed that the T/NT ratio at 4 h p.i. for 99mTc-alafosfalin was higher than for 99mTc-
DTPA (4.32 ± 0.26 vs 1.93 ± 0.15) but lower than for 99mTc-WBC. These results were 
also confirmed by scintigraphic images and histological studies, suggesting that 99mTc-
alafosfalin complex is not as specific as WBC for detecting bone infections, particularly 
in case of high probability of infection [105]. 
The bacterial cell wall is mainly composed by peptidoglycan, which is formed from 
alternating units of N-acetylglucosamine and N-acetylmuramic acid. The introduction 
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of positron emitter isotope into N-acetylglucosamine structure could be a solution for 
the detection bacteria using PET imaging [5]. Thus, Martìnez et al. described a new 
labelling method of 2-deoxy-2-[18F]fluoroacetamido-D-glucopyranose ([18F]FAG) 
trough microwave irradiation, and demonstrated its ability to discriminate, in vivo, a 
bacterial infection from a sterile inflammation. They used a mouse model, infected 
with 107 CFU of E. coli or a sterile inflammation with turpentine oil for biodistribution 
studies and rats for acquiring PET images, followed by histology and immunostaining 
of relevant tissues. Images showed a high accumulation of [18F]FAG in the infectious 
foci, similar to [18F]FDG, but there was no uptake of [18F]FAG in the sterile 
inflammatory lesion as compared to [18F]FDG. Haematoxylin-eosin and 
immunostaining using anti-E. coli antibodies confirmed the presence of bacteria in 
the infected tissue and an infiltration of granulocytes and macrophages, while in 
turpentine oil-induced inflammation, neutrophils and macrophages prevailed, 
demonstrating that [18F]FAG is able to distinguish bacterial infections from 
inflammation in contrast to [18F]FDG [106]. 
Another antibiotic that inhibits the bacterial cell wall synthesis is vancomycin. Because 
of its big size and complex structure, vancomycin does not enter the membrane of 
Gram-negative bacteria, but binds to peptidoglycan precursors, preventing their lipid 
carrier-mediated transfer through the membrane [107]. Vancomycin was also labelled 
with 99mTc and in vitro studies (binding assay to bacteria and stability test) were 
performed as well as in vivo studies (biodistribution and targeting in S. aureus infected 
rats). Results showed both liver and kidneys metabolism and a high uptake of in the 
infected muscle with a T/NT ratio equal to 5 at 60 min post injection [108].  
 
Inhibitors of protein synthesis 
 
Protein synthesis inhibitors include various classes of antibiotics, each of which blocks 
the process in a different way, in particular at the ribosomal level [109]. 
An example is kanamycin, a bactericidal agent of aminoglycoside family, used for the 
treatment of infections when penicillin cannot be used such as bone, skin or abdominal 
infections. Its mechanism of action is the premature chain termination and RNA 
codon misreading by the interference with 30S ribosome. It was labelled with 99mTc by 
a simple and easy procedure and then tested in rats for in vivo distribution and in 
rabbits for scintigraphy, in which infection was induced with 2 ´ 108 CFU of S. aureus. 
The tissue distribution showed a renal elimination and a high uptake in the infectious 
foci as compared to normal muscle used as control, with a T/NT ratio greater than 2 
up to 24 h from injection [110]. 
Belonging to these inhibitors there are two other antibiotics, doxycycline hyclate 
(DOX) and erythromycin. DOX is an antibacterial tetracycline derivative, with a wide 
range of activity against Gram-negative and Gram-positive bacteria; it binds to 30S 
subunit of ribosome, preventing the binding between aminoacyl tRNA and the 
acceptor site on mRNA. 99mTc-DOX was tested in vivo in rats, infected with 4 ´ 1010 
CFU of E. coli. The excretion was mainly through kidneys, but also through stomach 
because of high intestinal activity despite liver uptake was low. The highest T/NT ratio 
was 2.62 ± 0.88 after 5 h from the radiotracer injection. According to previous studies, 
the radiopharmaceutical had a high uptake both in the infected and inflamed thigh 
muscle, indicating that 99mTc-DOX cannot differentiate bacterial infection from sterile 
inflammation [111]. 
Erythromycin is a bacteriostatic agent of macrolides family and it inhibits the 
transpeptidation or translocation because of a missed binding of tRNA to the specific 
site by the binding to 50S ribosomal subunit [96]. Biodistribution studies were 
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performed in mice infected with 105-106 CFU of S. aureus or turpentine oil as control. 
Experimental data showed a main elimination through renal and urinary pathway at 
4 h from injection of radiotracer and a liver uptake that decreased with time. The T/NT 
ratio of 99mTc-erythromycin in infected muscle was greater than ciprofloxacin (5 ± 0.6 
vs 3.8 ± 0.8) at 30 min post injection, but at the same time values of T/NT ratio were 
comparable in infected and inflamed mice, respectively 5 ± 0.6 and 4.8 ± 0.4. Thus, 
99mTc-erythromycin complex accumulates in infected muscles, but it cannot 
distinguish between septic and aseptic inflammation [112]. Another not very specific 
antibiotic of this category is vibramycin. It was labelled with 99mTc and then tested in 
rats. The infection was induced with 2 ´ 108 CFU of live S. aureus, while for the 
inflammation heat-killed bacteria or turpentine oil were 
used. Biodistribution revealed a main hepato-biliary excretion and not high 
accumulation of radiopharmaceutical in the infectious site compared to controls, 
confirmed by similar values of T/NT ratios (2.64, 2.15 and 1.80, respectively in live 
bacteria, heat killed bacteria and turpentine oil). Therefore, these results show that 
99mTc-vibramycin cannot be considered a specific infection imaging agent [113]. 
By contrast, azithromycin, clarithromycin and clindamycin are three inhibitors of 
protein synthesis, which could be novel potential bacterial imaging agents. 
Azithromycin, like erythromycin, belongs to macrolides, but differs for the structure 
and the activity level against Gram-positive and Gram-negative bacteria [114]. It was 
also labelled with 99mTc and biodistribution studies were performed in mice, where 
infection was induced with S. aureus in the thigh muscle. Inflammation was induced 
with direct injection of turpentine oil and heat killed bacteria. The quantitative 
evaluation, expressed as the percentage of injected dose per organ, showed an 
excretion through kidneys and urine, and high accumulation in infectious muscle than 
controls, confirmed by the T/NT ratio: the maximum peak was 6.20 ± 0.12 at 2 h post-
injection, but at all time intervals values were significantly higher than sterile inflamed 
muscles [115]. 
Clarithromycin is a derivative of erythromycin and it was labelled with 99mTc. Mice 
infected with 108 CFU of S. aureus were used as a model, while turpentine oil and heat 
killed bacteria were used as control. Biodistribution showed an excretion of 
radiopharmaceutical mainly through the urinary pathway and a high uptake in the site 
of infection was observed as compared to controls. T/NT ratios were 7.33 ± 0.13 at 2 
h for the infection model, while 3.1 ± 0.13 and 3.26 ± 0.12 for turpentine oil and heat 
killed bacteria, confirming the ability of 99mTc-clarithromycin to distinguish between 
septic and sterile inflammation [116]. 
Clindamycin is an antibiotic of lincosamide family, used for treatment of streptococci 
and staphylococci infections. It binds to the 23S rRNA of the 50S ribosomal subunit, 
inhibiting the initial stage of the elongation cycle during protein synthesis [117]. After 
labelling with 99mTc, in vivo distribution and scintigraphic imaging were performed, 
respectively in rats and rabbits. The infection was induced using 2 ´ 108 CFU of S. 
aureus, while inflammation with turpentine oil and heat killed bacteria. 99mTc-
clindamycin was eliminated through kidneys and it mostly accumulated in the 
infectious foci as compared to inflamed muscles, indicating a specific binding to living 
bacteria. However, the T/NT ratio was not very high, since it was 3.1 ± 0.3 after 1 h 
post-injection [118].  
 
Others  
 
Mebendazole is an anthelmintic drug with a broad spectrum against nematodal and 
cestodal species; it belongs to the imidazole group and it is particularly indicated for 
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the treatment of trichinellosis [119]. In fact, in the study performed by Inceboz et al. 
[120], the authors wanted to investigate the biodistribution of 99m Tc-mebendazole 
in a rat model, infected with T. spiralis, a nematode that is often present in wild 
carnivorous animals. Briefly, 750-1000 larvae were orally administrated in rats to 
induce infection in the muscles, while healthy rats were used as controls. Once the 
infection was established, 99mTc-mebendazole was given to rats by oral administration 
or through a tail vein. Biodistribution data showed a main uptake in the gastro-
intestinal tract, if the administration was oral, while in kidney if it was injected i.v. The 
maximum uptake in muscles was found in the tongue and the diaphragm for both 
groups, but also in other infected muscles such as masseter or semimembranosus 
muscle, suggesting that 99mTc-mebendazole complex could be a useful imaging agent 
to detect T. spiralis infections.  
Fluoromaltose is another molecule through which it is possible to distinguish bacterial 
infections in vivo from other pathologies. In this case maltodextrin-based imaging 
probes (MDPs) were used, exploiting a bacteria-specific mechanism of transport, 
called maltodextrin transporter, which is absent in mammalian cells. These probes 
were internalized only by bacteria with a rapid metabolism with high sensitivity, 
detecting low number or bacteria and discriminating between infection and 
inflammation [121]. Based on these considerations, Gowrishankar et al. [122] labelled 
6-fluoromaltose with 18F to evaluate its ability to differentiate bacterial infection from 
inflammation in a murine model. Infection was induced with 5 ´ 107 CFU of E. coli, 
while the inflammation was produced with 108 CFU of heat-killed bacteria and 
turpentine oil. Micro PET/CT images were acquired as well as biodistribution studies 
and histology. A 3D color map from PET/CT images showed a clear accumulation of 
6-[18F]-fluoromaltose in the infected muscle compared to non-infected muscle and a 
renal and hepatobiliary excretion, confirmed by biodistribution, histological images 
and bioluminescence imaging. Triacetylfusarinine C (TAFC) and ferrioxamine E 
(FOXE) are two siderophores, which are produced by various microorganisms for the 
binding and storage of iron. Indeed, iron is essential for many metabolic processes of 
microorganisms. In biofilms specific transporters for 68Ga-siderophores are 
upregulated, resulting in an accumulation of the radiopharmaceutical in bacteria. 
Considering the similar chemistry of iron and gallium, Petrik et al. [123, 124] 
investigated the possibility to label TAFC and FOXE with 68Ga and then they evaluated 
the capacity of radiopharmaceuticals to localize infection by A. fumigatus in a rat 
model. In vitro studies were also performed and included a comparison of uptake 
between different bacteria (A. fumigatus, P. aeruginosa, S. aureus) and human lung 
cancer cells. In vivo studies showed a rapid accumulation of 68Ga-TAFC and 68Ga-
FOXE in A. fumigatus infected tissues, especially in lungs, while a moderate uptake in 
the turpentine oil inflamed muscle and no uptake in S. aureus infected muscle was 
observed. These data support the conclusion that 68Ga-TAFC and 68Ga-FOXE are 
selective agents to detect A. fumigatus infection through PET imaging, with a higher 
sensitivity for 68Ga-FOXE. 
Finally, 2,20 -[(8-hydroxyquinolin-7-yl) methylazanediyl]diacetic acid (HQMADA) is 
an antibacterial drug, deriving from the reaction between 8-hydroxyquinoline and 
iminodiacetic acid in presence of paraformaldehyde. It was labelled with 99mTc and, 
after in vitro studies such as stability in serum and binding to bacteria, biodistribution 
was studied in E. coli mice. Experimental data revealed a main uptake in liver and 
intestine and a high accumulation in the infectious foci than in sterile inflammation. 
T/NT ratio was 5.52 ± 0.2 between infected and healthy muscle after 2 h from injection, 
while in the inflamed model, both with turpentine oil and heat-killed E. coli, the T/NT 
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ratios were nearly 2 at each time point, suggesting that 99mTc-HQMADA complex can 
differentiate bacterial infection from sterile inflammation [125].  
 
Summary of systematic analysis of the literature 
 
The systematic analysis was performed by searching in PubMed, Web of Science, 
Scopus and Google Scholar websites, for ‘‘radiolabelled OR radiolabeled OR labelled 
OR labeled AND antibiotic* AND bacteria*’’. We obtained 1193 papers from PubMed 
of which 25 original articles were considered, and eight reviews, one case report and 
one editorial were excluded. These papers were integrated with similar search in other 
websites, finally obtaining 81 original published studies that were analysed and 
included in this systematic review and summarized in Tables 1 and 2. We considered: 
the type of isotope, the labelling method, the specific activity of radiopharmaceutical, 
its stability in serum and/or saline, the animal model used, the metabolic route, the 
control experiment and the obtained results in terms of target muscle/background 
(T/NT) ratio, with the purpose of having an objective analysis as complete as possible. 
Ciprofloxacin studies were selected and used as comparison to other antibiotics 
because ciprofloxacin was the first antibiotic tested in humans. As shown in Table 1, 
many groups worldwide obtained conflicting results in terms of sensibility and 
specificity. Overall, in animal models, ciprofloxacin showed good sensibility but a lack 
of specificity, probably because of labelling issues and poor stability. In clinical studies 
data are more complicated to analyse because different authors used different scoring 
systems that may result subjective to interpretation [29], as it can be seen in Table 1. 
A multicentre study with homogeneous criteria of image acquisition and 
interpretation is still missing. 
Table 2 shows the results of our analysis of all other radiolabelled antibiotics. None 
was studied in man. It is possible to note that very often different studies are 
performed by the same group of authors. Overall studies are published in journals with 
low impact factor and relevance. There is low reproducibility and reliability because 
most antibiotics were not tested by more than one team. Sometimes, reports are 
incomplete with no in vitro and/or in vivo data and it was not possible to analyse all 
experimental results. It is anyhow remarkable to observe the variability of labelling 
procedure, and the high variability of specific activity of the radiopharmaceutical. 
Often stability in serum or saline are not performed or not for enough time. Animal 
models are variable and the type of bacteria used and CFU injected is extremely 
variable. In particular the number of bacteria used may be relevant because higher 
numbers can give a higher signal by binding more molecules of radiopharmaceutical 
[7]. 
Mainly the infection was induced using S. aureus or E. coli, except when the antibiotic 
was specific for a certain bacterium such as A. fumigatus or T. spiralis. The 
metabolism of most radiopharmaceuticals is renal and rarely hepatic. The specificity 
is related to in vivo calculated target to background ratio (T/NT) using turpentine oil 
and/or heat killed bacteria as control. Very rarely we found in vitro data on binding to 
bacteria or ex vivo autoradiography to demonstrate the specificity of binding to 
bacteria. Most T/NT ratios were below 4 (poor radiopharmaceuticals), a few were 
between 4 and 8 (promising radiopharmaceuticals), and only 99mTc-cefazolin, 99mTc-
cefepime, 99mTc-clarithromycin, 99mTc-rufloxacin, 99mTc-ceftriaxone, 99mTc-
levofloxacin, 99mTc-gemifloxacin and 99mTc-sitafloxacin showed a T/NT ratio higher 
than 8 (good radiopharmaceutical). This indicates that most radiolabelled antibiotics 
are not candidate for human studies.  
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Conclusions  
 
From the present systematic review, it can be deduced how difficult it is to find a 
specific imaging agent to detect bacterial infection and to monitor the effectiveness of 
antimicrobial therapy. None of the mentioned radiolabelled antibiotics is 
commercially available because of its minimal or very low specific activity or low 
specificity for infections versus sterile inflammation or, most frequently for selective 
specificity to one kind of bacteria only. Despite a large number of original papers have 
been published, it is difficult to make a head-to-head comparison amongst them. 
Animal models are often different (mice, rats or rabbits), injected activities and image 
acquisition times are different, and, most importantly, the number of bacteria used for 
inducing the infection ranges from 105 to 1010, being the main limiting factor for a 
comparison of sensitivity. 
Another important problem of antibiotics is the risk of resistance mechanism because 
bacteria can change very quickly and drug-resistant strains are often the cause of 
recurring infections. Resistance can also be due from a non-specific removal 
mechanism of antibiotics or sometimes from an enforced efflux by pumps. 
Furthermore, bacteria do not have a high affinity for antibiotics, nor the binding 
between the antibiotic and bacteria is specific like the ligand-receptor interaction in 
mammalian cells. For these reasons, the gold standard for bacterial infection imaging 
has not yet been found. Hopefully in future we will have many radiopharmaceuticals 
available, tailored for specific pathogens and clinical conditions thus having the 
maximum specificity. 
It is important also to stress that animal experiments should always be performed 
before human studies, with several different strains and number of bacteria in order 
to provide useful information for planning and interpreting human studies.  
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Table 1 
Comparative analysis of papers published with radiolabelled ciprofloxacin in humans and animals 

 

First 
author 

(ref) 
Antibiotic Isotope Labelling 

method 

Specific 
activity 
(MBq/m

mol) 

Stability 
Model of 

study 
Metabolic 

route 

Max T/NT ratio 
Control 

experiment 
Imaging 
method 

Comment by 
authors Saline Serum Time 

Bacteria 
(CFU - 
strain) 

Infection 
site BKG T/NT 

infection 
T/NT 

control 

M. Brunner 
(13) Ciprofloxacin 18F - 0.4 - - Healthy 

volunteers 

PK: low in 
SNC, liver 

and 
kidneys 

- - - - - - - PET Safe and useful 

O. Langer 
(27) Ciprofloxacin 18F - 0.342 - - 4 patients - - - - - - - - PET 

Non specific binding 
to bacteria in vitro 

and in vivo 
N. 

Dumarey 
(52) 

Ciprofloxacin 99mTc Stannous 
tartrate 6.33×104 - - 30 patients Liver and 

kidneys - - - - - - 41 healthy 
subjects Scintigraphy Sensitive but not 

specific 

F. De 
Winter (30) Ciprofloxacin 99mTc Stannous 

tartrate 6.33×104 - - 6 
volunteers 

Liver (+), 
kidneys 

(++) 
- - - - - - - Whole body 

scan 

Favourable for 
clinical SPECT 

imaging 

F. De 
Winter (53) Ciprofloxacin 99mTc - - - - 48 patients - - - - - - - - SPECT/planar 

imaging 

Better sensitivity 
SPECT but less 
specificity for 

postoperative spine 

T. 
Appelboo

m (57) 
Ciprofloxacin 99mTc - - - - 86 patients 

Liver (+), 
kidneys 

(++) 
- - - - - - 20 healthy 

subjects Scintigraphy 

Not specific for 
infections, but 

promising for joint 
inflammations 

M.E. 
Falagas 

(31) 
Ciprofloxacin 99mTc Stannous 

tartrate - - - 11 patients - - - - - - - - Scintigraphy 

Useful in the 
diagnosis of active 

spinal infections, but 
needs further studies 

H. Amaral 
(39) Ciprofloxacin 99mTc FSA 6.53×104 98% at 

8 h - 3 patients 
Liver (+), 
kidneys 

(++) 
- - - - - - 99mTc-HMPAO Scintigraphy 

Better than HMPAO 
for the diagnosis of 
osteomyelitis of the 

axial skeleton 

P. Dutta 
(49) Ciprofloxacin 99mTc - - - - 25 diabetic 

patients - - - - - - - - Scintigraphy 
Specificity and 

sensitivity improve 
with bone scan 
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(foot 
ulcers) 

A.V. Hall 
(32) Ciprofloxacin 99mTc FSA - - - 90 patients 

Liver (+), 
kidneys 

(++) 
- - - - - - - ? Sensitive and specific 

R. Sharma 
(44) Ciprofloxacin 99mTc Stannous 

tartrate 9×104 - - 21 patients - - - - - - - Ultrasound Scintigraphy 

Useful in the 
detection of pelvic 

inflammatory 
disease (PID) 

D. Fuster 
(42) Ciprofloxacin 99mTc Tartaric 

acid - - - 40 patients - - - - - - - 

Leukocyte and 
bone marrow 
scintigraphy 

(LS-MS) 

Scintigraphy 

Sensitive and specific 
for hip prosthesis 
infections, but not 
for knee prosthesis 

M.J. 
Larikka (43) Ciprofloxacin 99mTc - - - - 16 patients - - - - - - - 

99mTc-
leukocyte Scintigraphy 

Valid alternative to 
99mTc-leukocyte for 

knee prosthesis 
diagnosis 

R. Sharma 
(45) Ciprofloxacin 99mTc Stannous 

tartrate 9×104 - - 22 patients - - - - - - - 99mTc-MDP Scintigraphy 

Useful in the 
detection of 

tubercolar bone 
disease 

Y. Choe 
(41) Ciprofloxacin 99mTc Stannous 

tartrate 9×104 - - 16 patients 
Liver (+), 
kidneys 

(++) 
- - - - - - - SPECT 

Sensitive and specific 
for the diagnosis of 
acute cholecystitis 

K. E. 
Britton (28) Ciprofloxacin 99mTc FSA 6.53×104 98% at 

8 h - 99 patients 
Liver (+), 
kidneys 

(++) 
- - - - - - 

111In-
WBC/99mTc-

WBC 
Scintigraphy 

Effective and specific 
when there is a 

suspected infection 

J. 
Malamitsi 

(40) 
Ciprofloxacin 99mTc - - - - 33 patients - - - - - - - 

Erythrocyte 
sedimentation 
rate, C-reactive 

protein 

- 

Sensitive and 
accurate for chronic 

bone and joint 
infections 

K. E. 
Britton (33) Ciprofloxacin 99mTc Stannous 

tartrate 5.85×104 - - 879 
patients 

Liver (+), 
kidneys 

(++) 
- - - - - - - Scintigraphy Sensitive and specific 

V. 
Bhardwaj 

(51) 
Ciprofloxacin 99mTc SnCl2 - - - 25 patients 

Liver (+), 
kidneys 

(++) 
- - - - - - - Scintigraphy 

Promising agent for 
osteoarticular 
tubercolosis 

K. 
Sonmezogl

u (47) 
Ciprofloxacin 99mTc Stannous 

tartrate 6.13×104 - - 56 patients 
Liver (+), 
kidneys 

(++) 
- - - - - - 99mTc-WBC Scintigraphy 

Better in spinal 
infections, potential 

agent 
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H.J. 
Gallowitsch 

(50) 
Ciprofloxacin 99mTc - - - - 20 patients - - - - - - - 

99mTc-mAb 
anti-

granulocyte 

Immunoscint
igraphy 

Potential infection 
imaging agent 

V. 
Obradovic 

(38) 
Ciprofloxacin 99mTc SnCl2 - - - 27 patients Liver (++), 

kidneys (+) - - - - - - - Scintigraphy 

Sensitive and specific 
method to detect 
early imaging of 

orthopaedic 
infections 

V. Artiko 
(37) Ciprofloxacin 99mTc SnCl2 - - - 21 patients Liver (++), 

kidneys (+) - - - - - - - Liver/spleen 
scintigraphy 

Useful to detect 
suspected abdominal 
and gastrointestinal 

infections 

L. Sarda 
(54) Ciprofloxacin 99mTc Stannous 

tartrate 6.40×104 - - 16 patients 
Liver (+), 
kidneys 

(++) 
- - - - - - - Scintigraphy 

Good sensitivity, 
negative predictive 

value, no 
discrimination (bone 

inf) 
S. 

Vinjamuri 
(34) 

Ciprofloxacin 99mTc FSA 1.63×105 98% at 
8 h - 56 patients 

Liver (+), 
kidneys 

(++) 
- - - - - - 111In-WBC Scintigraphy 

High specificity and 
support to 

radiolabelled WBC 

M.J. 
Larikka (35) Ciprofloxacin 99mTc Stannous 

tartrate - - - 30 patients 
Liver (+), 
kidneys 

(++) 
- - - - - - 

99mTc-
leukocyte Scintigraphy 

Suitable for 
diagnosis of hip 

prosthesis infections 

F. Gemmel 
(56) Ciprofloxacin 99mTc - 

1.63×105 
(Vinjamu

ri) 

98% at 
8 h - 22 patients - - - - - - - - SPECT/planar 

imaging 

Better in spinal 
infections, limited 
specificity, non-

specific for 
postoperative spine 

B. Singh 
(46) Ciprofloxacin 99mTc Stannous 

tartrate 1.19×105 94.85% 
at 24 h - 77 patients 

Liver (+), 
kidneys 

(++) 
- - - - - - - Scintigraphy 

To increase the 
confidence analysis 
after 99mTc-MDP 

J. 
Malamitsi 

(48) 
Ciprofloxacin 99mTc Stannous 

tartrate 6.5×104 - - 45 patients - - - - - - - - Scintigraphy 
Very sensitive and 

quite specific marker 
for bone infection 

M. Lee (36) Ciprofloxacin 99mTc Stannous 
tartrate 9.06×104 - - 

21 
participant

s 
- - - - - - - - SPECT 

Good method to 
detect polmonary 

tubercolosis 
D. Pucar 

(55) Ciprofloxacin 99mTc - - - - 40 patients - - - - - - - - Scintigraphy Good sensitivity but 
lack of specificity 
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D. Satpati 
(18) 

Ciprofloxacin 
conjugates 

68Ga DOTA(1)/
NOTA(2) 6.2×106 90/98% 

at 4 h 
85/90% 
at 4 h Rat 

Liver (+), 
kidneys 

(++) 
2 h 5×107 - S. 

aureus 
Right 
thigh 

Musc
le 3/6.6 1.5/2.2 Turpentine oil - 

Better (2) as 
bacteria-specific 

imaging agent 

S.J. Oh (16) Ciprofloxacin 99mTc FSA/SnCl
2 

1.77×105

/1.75×10
5 

90% at 
6 h 

80% at 
6 h Rat Kidneys 4 h 2×108 - S. 

aureus 
Right 
thigh 

Musc
le 3.7 - - - Not enough data 

A. Doroudi 
(17) Ciprofloxacin 99mTc - - - - Rat - - n. a. - S. 

Aureus 
Right 
thigh 

Musc
le - - Carrageenan 

inflammation Scintigraphy High sensitivity, low 
specificity 

A. 
Aungurarat 

(19) 
Ciprofloxacin 99mTc SnCl2 1.65×105 90% at 

6 h - Mouse - 1 h 

n. a. - S. 
aureus, 

P. 
aerugino

sa 

Right 
thigh 

Musc
le 1.75 1,8 

Turpentine oil, 
heat killed 
bacteria 

- Promising agent 

S.F. 
Mirshojaei 

(22) 
Ciprofloxacin 99mTc SnCl2 1.78×105 - 84.2% 

at 1 h Mouse Liver (++), 
kidneys (+) 1 h 108 - S. 

aureus 
Right 
thigh 

Musc
le 3.2 - Sterile saline Scintigraphy Promising agent 

H. Zhang 
(20) Ciprofloxacin 99mTc Stannous 

tartrate 2.77×104 90% at 
6 h - Mouse Liver (++), 

kidneys (+) 4 h 
4×1010 - 
Staphylo
bacterin 

Left thigh Musc
le 4.3 01:03 Turpentine oil - 

Sensitive 
radiopharmaceutical, 

simple preparation 

N. 
Bhardwaj 

(14) 
Ciprofloxacin 99mTc Stannous 

tartrate 1.10×104 94.85% 
at 24 h - 

Mouse 
(biodis)/ra

bbit 
(imaging) 

Liver (+), 
kidneys 

(++), 
intestine 

(+) 

24 h 107 - S. 
aureus 

Right 
thigh 

Musc
le 3.5 1.1 Turpentine oil Scintigraphy Stable, safe 

preparation, specific 

L. Sarda 
(23) Ciprofloxacin 99mTc Stannous 

tartrate 6.40×104 - 31% at 
4 h Rabbit 

Liver (+), 
kidneys 

(++) 
- 107 - MS 

S. aureus Joint Knee ? ? Sterile saline Scintigraphy 
Good sensitivity but 
lack of specificity for 

knee prosthesis 
K. 

Peremans 
(26) 

Ciprofloxacin 99mTc - - - - Dog - - - Joint Knee - - - Scintigraphy 
Useful for infected 

hip prosthesis 
diagnosis 

K. 
Alexander 

(25) 
Ciprofloxacin 99mTc SnCl2 1.46×105 - - 5 camelids, 

goat 

Liver (+), 
kidneys 

(++), lungs 
- - - - - - - Scintigraphy Potential infection 

imaging agent 

J. H. Wang 
(24) Ciprofloxacin 99mTc Stannous 

tartrate 5.55×104 90% at 
6 h - 27 Swine Liver and 

kidneys - - - - - - - Scintigraphy/
CT 

Better scintigraphy 
for pancreatites 

infection 

S. Dahiya 
(21) 

Ciprofloxacin 
and 

derivatives 
99mTc 

Stannous 
tartrate/ 

SnCl2 
- 90% at 

24 h - Mouse Liver (++), 
kidneys (+) 4 h n. a. - S. 

aureus Left thigh Musc
le 3.14 - - - Potential infection 

imaging agent 
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J. Zhang 
(58) 

Ciprofloxacin 
dithiocarbam

ate 
99mTc 

Direct 
labelling 
- SnCl2 

- 95% at 
6 h - Mouse Liver (++), 

kidneys (+) 4 h 1010 - S. 
aureus Left thigh Musc

le 1.78 04:28 
99mTc-

ciprofloxacin - 
Better ciprofloxacin, 

potential imaging 
agent 

J. Zhang 
(59) 

Ciprofloxacin 
dithiocarbam

ate 
99mTc 

[99mTc(CO
)3(H2O)3]

+ 

16.82–
336.4 

95% at 
6 h 

80% at 
3 h Mouse Liver, lung, 

spleen 4 h 1010 - S. 
aureus Left thigh Musc

le 4.47 4.28/1.
78 

99mTc-
ciprofloxacin/99

mTcN-CPFXDTC 
- Potential infection 

imaging agent 

                  

We found 31 published studies in man (of which 18 were classified as "good", 7 as "average" and 6 as "poor" on the basis of the reported diagnostic 
accuracy) and 14 studies in animals (of which 4 were classified as "good", 7 as "average" and 3 as "poor" on the basis of the reported specificity to tested 

bacteria) 
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Table 2 
Comparative analysis of paper published with other radiolabelled antibiotics in animals 

 
 

Type of 
radiopharmaceutic

al 

Radiopharmac
eutical 

First author 
(ref) 

Labelling 
method 

Specific 
activity 

(MBq/mm
ol) 

Stability 
Animal 
model 

Metabolic 
route 

Max T/NT ratio 
Final 

comment by 
the authors Saline Serum Time 

Bacteria 
(CFU - 
strain) 

Infection 
site BKG T/NT Control 

experiment 
T/NT 

(control) 

Fluoroquinolones 

99mTc-
gatifloxacin 

M.A. 
Motaleb (96) 

Direct labelling - 
SnCl2·2H2O 5.45x104 81.3% 

at 8 h 
77.4% 
at 24 h Rat 

Liver (+), 
kidneys 

(++) 
3 h 108 - E. coli Left thigh muscle 4.5 

Turpentine 
oil/heat 

killed 
bacteria 

4.1/4.4 low 
specificity 

99mTc-
pefloxacin 

E.A. El-Ghany 
(62) 

Direct labelling - 
SnCl2·2H2O 6.53x105 96% at 

12 h n. a. Mouse Liver (++) 24 h n. a. - E. 
coli 

Right 
thigh muscle 5.6 Turpentine 

oil 0.75 good 
specificity 

99mTc-ofloxacin M. Erfani 
(64) Carbonil core 6.05x102 90% at 

6 h 
80% at 

6 h Mouse Liver (++), 
kidneys (+) 2 h 108 - S. 

aureus 
Right 
thigh muscle 2.02 n. a. n. a. 

suitable 
radiopharma

ceutical 
99mTc-ofloxacin M.A. 

Motaleb (63) 
Direct labelling - 

SnCl2·2H2O 7.02x104 96% at 
2 h n. a. Rat Kidneys 

(++) n. a. 105-106 - S. 
aureus Left thigh muscle 4.3 n. a. n. a. specificity to 

be improved 
99mTc-

lomefloxacin 
M.A. 

Motaleb (63) 
Direct labelling - 

SnCl2·2H2O 5.34x104 80% at 
2 h n. a. Rat Kidneys 

(++) n. a. 105-106 - S. 
aureus Left thigh muscle 6.5 n. a. n. a. good 

specificity 

99mTc-
enrofloxacin 

R.H. Siaens 
(65) 

Direct labelling-
stannous tartrate 5.76x104 n. a. 72% at 

24 h Rat Kidneys 
(++) 22 h 5×108 - S. 

aureus Left thigh muscle 4.8 

Turpentine 
oil/heat 

killed 
bacteria 

3.85/3.8 non specific 

99mTc-
enrofloxacin 

S. Shahzad 
(66) 

Direct labelling - 
SnCl2·2H2O 6.5x104 98% at 

5 h 
98% at 

5 h Rabbit 
Liver (+), 
kidneys 

(++) 
1 h 3×108 - S. 

typhi Thigh muscle 4.8 Normal n. a. 
suitable 

radiopharma
ceutical 

99mTc-
norfloxacin 

I.T. Ibrahim 
(67) 

Direct labelling - 
SnCl2·2H2O 2.53x104 78.6% 

at 6 h 
84% at 

24 h Rat 
Liver (+), 
kidneys 

(++) 
2 h 107-108 - S. 

aureus Left thigh muscle 6.9 

Turpentine 
oil/heat 

killed 
bacteria 

4.5/6 non specific 

99mTc-
norfloxacin 

S.I. Sazonova 
(68) 

Direct labelling - 
SnCl2·2H2O n. a. n. a. 91% at 

8 h Rat 
Liver (+), 
kidneys 

(++) 
18 h 109 - S. 

aureus Left thigh muscle 2.87 Turpentine 
oil 1 promising 

radiotracer 

99mTcN-
norfloxacin S. Zhang (69) 

SnCl2·2H2O, 
succinic 

dihydrazide, 
n. a. 96% at 

6 h 
95% at 

6 h Mouse Liver (++), 
kidneys (+) 4 h 108 - S. 

aureus Left thigh muscle 3.46 Turpentine 
oil 1.23 promising 

radiotracer 
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dithiocarbamat
e 

propylenediamin
e tetraacetic acid 

99mTc-
sparafloxacin 

M.A. 
Motaleb (9) 

Direct labelling - 
SnCl2·2H2O 6.33x104 n. a. 75% at 

24h Rat Liver and 
kidneys 30 min 105-106 - S. 

aureus Left thigh muscle 5.9 None n. a. specificity to 
be improved 

99mTc-
rufloxacin 

M.A. 
Motaleb (72) 

Direct labelling - 
SnCl2·2H2O 2.52x103 93.4% 

at 8 h 
82% at 

24 h Mouse Liver (++), 
kidneys (+) 3 h 105-106 - E. 

coli Left thigh muscle 8.5 

Turpentine 
oil/heat 

killed 
bacteria 

3/4.5 specific 

18F-fleroxacin A.J. Fischman 
(73) 

Potassius 
fluoride n. a. n. a. n. a. 

Mouse, 
rat, 

rabbit 

Intestine 
(++), liver 

(+), kidneys 
(+) 

n. a. 109 - E. coli Right 
thigh muscle n. a. n. a. n. a. 

promising 
radiotracer 

for PET 
imaging 

99mTc-
sitafloxacin 

S.S. Qaiser 
(75) 

Direct labelling - 
SnCl2·2H2O 2.17x104 87.2% 

at 4 h n. a. Rat 
Liver (+), 
kidneys 

(++) 
2 h 2×108 - S. 

aureus 
Right 
thigh muscle 23.13 Turpentine 

oil 1.13 specific at 
early stage 

99mTc-
levofloxacin 

S. Shahzad 
(71) 

Direct labelling - 
SnCl2·2H2O 1.35×105 98% at 

6 h 
98% at 

6 h Rabbit 
Liver (+), 
kidneys 

(++) 
1 h 

3×108 - 
E.coli, P. 

aeruginosa 
Thigh muscle 1.3/8

.09 Normal n. a. 

promising for 
lung, sinus 

bone 
infections 

99mTcN-
sitafloxacin 

dithiocarbamat
e 

S.S. Qaiser 
(76) 

Direct labelling - 
SnCl2·2H2O 7.32x103 91% at 

4 h 
90% at 

4 h Rat 
Liver (+), 
kidneys 

(++) 
90 min 105 - S. 

aureus Left thigh muscle 7.6 Heat killed 
bacteria 1 

recommende
d imaging 

agent 

99mTc-
sarafloxacin 

M.E. 
Moustapha 

(80) 

Direct labelling - 
SnCl2·2H2O 1.47×105 65% at 

8 h 
85% at 

24 h Mouse Liver and 
kidneys 2 h n. a. - S. 

aureus Left thigh muscle 4.2 

Turpentine 
oil/heat 

killed 
bacteria 

3.4/3.3 non specific 

99mTc-
moxifloxacin 

S. 
Chattopadhy

ay (77) 

Direct labelling - 
SnCl2·2H2O 1.05x104 84% at 

3 h n. a. Rat/rab
bit 

Liver (+), 
kidneys 

(++) 
1 h 106-108 - E. 

coli Left thigh muscle 1.62 n. a. n. a. specificity to 
be improved 

99mTc-
gemifloxacin 

S. Shahzad 
(79) 

SnCl2·2H2O-D-
penicillamine 1.46×105 98% at 

6 h 
98% at 

6 h Rabbit 
Liver (+), 
kidneys 

(++) 
4 h 

3×108 - S. 
typhi, P. 

aeruginosa, 
K. 

pneumonia
e 

Thigh muscle 8/8.8
/16 Normal n. a. 

specific for 
respiratory 

tract 
infections 

99mTc-
gemifloxacin 

S.S. Qaiser 
(78) 

Direct labelling - 
SnCl2·2H2O 2.15x104 91% at 

4 h 
94% at 

2 h Rat Liver and 
kidneys 90 min 

n. a. - S. 
pneumonia

e 
Left thigh muscle 4.88 Heat killed 

bacteria 1.4 specific for S. 
Pneumoniae 
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Cephalosporins 

99mTc-cefazolin M. El-
Tawoosy (81) 

Direct labelling - 
SnCl2·2H2O 1.63x105 n. a. n. a. Mouse Liver (++), 

kidneys (+) 30 min 107-108 - S. 
aureus Left thigh muscle 8.57 Turpentine 

oil 1.4 specific at 
early stage 

99mTc-
cefuroxime 

acetil 

F. Yurt 
Lambrecht 

(82) 

Direct labelling - 
SnCl2·2H2O 3.81x104 n. a. n. a. Rat Liver and 

kidneys 4 h 2×108 - S. 
aureus 

Right 
thigh muscle 2.5 Turpentine 

oil 1.2 specific 

99mTc-
cefuroxime 

S. 
Chattopadhy

ay (83) 

Direct labelling-
stannous tartrate 8x104 95% at 

5 h n. a. Rat Liver and 
kidneys 3 h 108 - E. coli Left thigh muscle 1.8 Normal n. a. 

potential 
imaging 
agent 

99mTc-
ceftizoxime 

V. Gomes 
Barreto (85) Na-dithionite 4.38x104 n. a. n. a. Rat Kidneys 

(++) 6 h 2×108 - E. 
coli Left thigh muscle 3.24 Zymosan 1.65 specific 

99mTc-
ceftizoxime 

P.H.N. Costa 
(86) Na-dithionite n. a. n. a. n. a. Rat n. a. n. a. n. a. n. a. n. a. n. a. Bone wax n. a. 

good for 
deep sternal 

infection 
99mTc-

ceftizoxime 
L.E.M. 

Teixeira (87) Na-dithionite 5.3x104 n. a. n. a. Rat n. a. n. a. 109 - S. 
aureus n. a. n. a. n. a. Sterile 

implant n. a. specificity to 
be improved 

99mTc-
cefotaxime 

S.F. 
Mirshojaei 

(88) 
Na-dithionite 9.4x104 92% at 

12 h 
85% at 

24 h Mouse 
Liver (+), 
kidneys 

(++) 
1 h 108 - S. 

aureus 
Right 
thigh muscle 2.89 Normal n. a. 

potential 
imaging 
agent 

99mTc-
cefotaxime 

sodium 

D. Ilem-
Ozdemir (89) 

Stannous 
tartrate/ 
Stannous 
chloride 

3.4x103 92% at 
24 h 

85% at 
24 h Rat 

Liver (+), 
kidneys 

(++) 
1 h 4×1010 - E. 

coli 
Right 
thigh muscle 3.77 Turpentine 

oil 3.30 non specific 

99mTc-
ceftriaxone 

M. Mostafa 
(90) 

Direct labelling - 
SnCl2·2H2O 1.90x102 n. a. n. a. Mouse Kidneys 

(++) 4 h n.a. - E. coli Left thigh muscle 5.6 

Turpentine 
oil/heat 

killed 
bacteria 

1.49 good 
specificity 

99mTc-
ceftriaxone A. Kaul (91) 

Stannous 
tartrate and 
gentisic acid 

8.95x104 95% at 
24 h 

95% at 
24 h Rabbit Liver (++), 

kidneys (+) 24 h 107 - S. 
aureus 

Left 
forearm 

Right 
forear

m 
4.5 Turpentine 

oil 1.4 specific 

99mTc-
ceftriaxone A. Fazli (92) Direct labelling - 

SnCl2·2H2O n. a. 80% at 
24 h 

71.2 % 
at 24 h Mouse 

Liver (+), 
kidneys 

(++) 
3 h 108 - S. 

aureus Left thigh muscle 3.39 

Turpentine 
oil/heat 

killed 
bacteria 

3.12/2.48 
potential 
imaging 
agent 

99mTc-
ceftriaxone 

M. Sohaib 
(93) 

Direct labelling - 
SnCl2·2H2O 6.5x103 92.8 at 

24 h 
90.5 at 

24 h Rat 
Liver (+), 
kidneys 

(++) 
4 h 

108 - E. 
coli, S. 
aureus 

Left thigh muscle 12.6/
2.36 

Turpentine 
oil 1.4 specific 

99mTc-
ceftazimide 

S.F. 
Mirshojaei 

(94) 
Na-dithionite 1.17x105 n. a. 85% at 

24 h Mouse 
Liver (+), 
kidneys 

(++) 
1 h 108 - S. 

Aureus Left thigh muscle 1.4 n. a. n. a. 
suitable 

radiopharma
ceutical 
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99mTc-
cefoperazone 

M.A. 
Motaleb (95) 

Direct labelling - 
SnCl2·2H2O 8.51x104 98% at 

6 h n. a. Rat Kidneys 
(++) 45 min 105-106 - S. 

aureus Left thigh muscle 4.66 n. a. n. a. good 
specificity 

99mTc-cefepime M.A. 
Motaleb (96) 

Direct labelling - 
SnCl2·2H2O 3.92x104 98% at 

8 h 
86.8% 
at 24 h Rat 

Liver (+), 
kidneys 

(++) 
3 h 108 - E. coli Left thigh muscle 8.4 

Turpentine 
oil/heat 

killed 
bacteria 

3.31/4.13 specific 

Inhibitors of 
nucleic acid 

synthesis 

99mTc-
rifampicin 

S.S. Qaiser 
(99) 

Direct labelling - 
SnCl2·2H2O 5.48*x104 90% at 

2 h n. a. Rat Liver and 
kidneys 90 min 

2×108 - 
methicillin-

res S. 
aureus 

Thigh muscle 7.34 Turpentine 
oil 1.20 specific for 

MRSA 

99mTc-
nitrofurantoin 

S.S. Qaiser 
(101) 

Direct labelling - 
SnCl2·2H2O 9.01x103 90% at 

2 h 
87.5% 
at 2 h Rat Liver and 

kidneys 90 min 108 - E. coli Right 
thigh muscle 4.83 Turpentine 

oil/normal 1 promising 
radiotracer 

Inhibitors of 
bacterial cell wall 

synthesis 

99mTc-
amoxicillin 

S.K. Shahzadi 
(104) 

SnCl2·2H2O-
Sodium/Potassiu

m 
pyrophosphate 

7.25x104 92% at 
6 h 

92% at 
6 h Rabbit 

Liver (+), 
kidneys 

(++) 
2 h 

3×108 - S. 
pneumonia

e 
Thigh muscle 4.6 n. a. - 

suitable 
radiopharma

ceutical 

99mTc-
alafosfalin 

C. Tsopelas 
(106) 

Direct labelling - 
SnCl2·2H2O 4.01x103 n. a. n. a. Rat Kidneys 

(++) 4 h 108 - S. 
aureus 

Right 
thigh muscle 4.32 

99mTc-
DTPA/99mTc

-WBC 

1.93/20.0
9 

good for 
imaging 

osteomyelitis 
99mTc-

vancomycin 
S. Roohi 

(109) 
Direct labelling - 

SnCl2·2H2O 1.35×105 95% at 
6 h n. a. Rat 

Liver (+), 
kidneys 

(++) 
1 h 108 - S. 

aureus 
Right 
thigh muscle 5.1 Turpentine 

oil 1.2 enough 
specific 

[18F]fluoroacet
amido-D-

glucopyranose 

M.E. 
Martìnez 

(107) 

Microwave 
irradiation 1.80x104 n. a. n. a. Rat Liver and 

kidneys n. a. 107 - E. coli Right 
thigh muscle n. a. Turpentine 

oil - specific 

Inhibitors of 
protein synthesis 

99mTc-
kanamycin 

S. Roohi 
(111) 

Direct labelling - 
SnCl2·2H2O 3.62x104 98% at 

6 h 
96.4% 
at 24 h Rat Liver (++), 

kidneys (+) 30 min 2×108 - S. 
aureus 

Right 
thigh muscle 2.5 n. a. - 

able to 
localize 

bacterial 
infection 

99mTc-
doxycycline 

hyclate (DOX) 

D. Ilem-
Ozdemir 

(112) 

Stannous 
tartrate-ascorbic 

acid 
3.70x105 90% at 

6 h 
94% at 

24 h Rat Kidneys 
(++) 5 h 4×1010 - E. 

coli 
Right 
thigh muscle 2.24 n. a. n. a. non specific 

99mTc-
erythromycin 

I.Y. Abdel-
Ghaney (113) 

Direct labelling - 
SnCl2·2H2O 1.94x105 97% at 

2 h 
87% at 

24 h Mouse 
Liver (+), 
kidneys 

(++) 
30 min 105-106 - S. 

aureus Left thigh muscle 5 Turpentine 
oil 4.8 non specific 

99mTc-
clarithromycin 

E.H. Borai 
(117) 

Direct labelling - 
SnCl2·2H2O 1.5x105 90% at 

2 h 
90% at 

24 h Mouse 
Liver (+), 
kidneys 

(++) 
2 h 108 - S. 

aureus Left thigh muscle 7.33 

Turpentine 
oil/heat 

killed 
bacteria 

3.1/3.26 specific 
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99mTc-
vibramycin S. Hina (114) Direct labelling - 

SnCl2·2H2O 7.8x105 95% at 
12 h 

98% at 
24 h Rat Liver (++), 

kidneys (+) 1 h 2×108 - S. 
aureus Left thigh muscle 2.64 

Turpentine 
oil/heat 

killed 
bacteria 

1.80/2.15 

good 
bacterial 
imaging 
agent 

99mTc-
azithromycin 

M.H. Sanad 
(116) 

Direct labelling - 
SnCl2·2H2O 1.44x105 97.5% 

at 2 h 
85.5% 
at 24 h Mouse 

Liver (+), 
kidneys 

(++) 
2 h n. a. - S. 

aureus Left thigh muscle 6.2 

Turpentine 
oil/heat 

killed 
bacteria 

2.60/3.13 specific 

99mTc-
clindamycin S. Hina (119) Direct labelling - 

SnCl2·2H2O 1.56x106 95% at 
5 h 

92% at 
24 h Rat 

Liver (+), 
kidneys 

(++) 
1 h 2×108 - S. 

aureus Left thigh muscle 3.1 

Turpentine 
oil/heat 

killed 
bacteria 

2.47/1.6 
potential 
imaging 
agent 

Others 

6-[18F]-
fluoromaltose 

G. 
Gowrishanka

r (123) 

Nucleophilic 
displacement n. a. n. a. n. a. Mouse Liver and 

kidneys n. a. 5×107 - E. 
coli 

Right 
thigh muscle n. a. 

Turpentine 
oil/heat 

killed 
bacteria 

- specific 

68Ga-
triacetylfusarin

ine C (TAFC) 

M. Petrik 
(125) 

Direct labelling-
sodium acetate 92x106 n. a. 80% at 

2 h Rat Lungs n. a. 109 - A. 
fumigatus Left calf muscle n. a. Turpentine 

oil n. a. specific for A. 
Fumigatus 

68Ga-
ferrioxamine E 

(FOXE) 

M. Petrik 
(125) 

Direct labelling-
sodium acetate 3.4x106 n. a. 90% at 

2 h Rat Lungs n. a. 109 - A. 
fumigatus Left calf muscle n. a. Turpentine 

oil n. a. specific for A. 
Fumigatus 

99mTc-
mebendazole 

T. Inceboz 
(121) 

Direct labelling - 
SnCl2·2H2O 

2.3-4.6 × 
10-2 n. a. n. a. Rat Liver (++), 

kidneys (+) n. a. 
750-1000 
larvae T. 
spiralis 

Diaphrag
m muscle n. a. n. a. n. a. specific for T. 

Spiralis 

99mTc-
HQMADA 

M.A. 
Motaleb 

(126) 

Direct labelling - 
SnCl2·2H2O 

765.8 
(MBq/mg) 

89.7% 
at 8 h 

83.4% 
at 24 h Mouse Liver (++), 

kidneys (+) 2 h n. a. - E. 
coli Left thigh muscle 5.52 

Turpentine 
oil/heat 

killed 
bacteria 

2.5/2.2 
potential 

substitute of 
ciprofloxacin 

                 

We found 53 published studies in animals and none in man (of which 18 were classified as “good”, 23 as 
“average”, and 12 as “poor” on the basis of the reported specificity to tested bacteria) 
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Abstract  
 
BACKGROUND: Bacterial infections are still one of the main factors associated with 
mortality worldwide. Many radiopharmaceuticals were developed for bacterial 
imaging, both with single photon emission computed tomography (SPECT) and 
positron emission tomography (PET) isotopes. This review focuses on PET 
radiopharmaceuticals, performing a systematic literature review of published studies 
between 2005 and 2018. 
METHODS: A systematic review of published studies between 2005 and 2018 was 
performed. A team of reviewers independently screened for eligible studies. Because 
of differences between studies, we pooled the data where possible, otherwise, we 
described separately. Quality of evidence was assessed by Quality Assessment of 
Diagnostic Accuracy Studies (QUADAS) approach. 
RESULTS: Eligible papers included 35 published studies. Because of the heterogeneity 
of animal models and bacterial strains, we classified studies in relation to the type of 
bacterium: Gram-positive, Gram-negative, Gram-positive and negative, others. 
CONCLUSIONS: Results highlighted the availability of many promising PET 
radiopharmaceuticals for bacterial imaging, despite some bias related to animal 
selection and index test, but few have been translated to human subjects. Results 
showed a lack of standardized infection models and experimental settings. 
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Introduction 
 
For several decades, nuclear medicine modalities like three-phase bone scintigraphy, 
67Ga-citrate scintigraphy, and radiolabeled white blood cell scintigraphy have been 
used for imaging infection and inflammation. In the last years, new techniques and 
new radiopharmaceuticals have been proposed such as 2-deoxy-2[18F]fluoro-D-
glucose ([18F]FDG) [1,2] and many bacterial specific agents [3]. 
Early in the history of clinical whole-body [18F]FDG-PET occasional reports of false 
positive findings due to inflammation in patients with malignant tumors were 
considered a nuisance caused by the non-specificity of [18F]FDG [4]. Tahara et al. were 
among the firsts to report specific [18F]FDG accumulation in abdominal abscesses [5]. 
It is now well-known that [18F]FDG is taken up by cells involved in the inflammatory 
response (e.g., neutrophils, macrophages and activated leukocytes) because they 
express high levels of glucose transporters like malignant cells (albeit not to the same 
extent), and in addition, circulating cytokines seem to increase the affinity of these 
glucose transporters for [18F]FDG [6]. Moreover, [18F]FDG uptake has been shown to 
correlate very well with the inflamed tissue in both septic and aseptic inflammation 
[7,8] and it has recently been shown that some bacterial strain can also bind [18F]FDG 
[9]. 
Nevertheless, the non-specificity is now considered an asset in some settings, e.g., 
fever of unknown origin, a heterogeneous group of diseases with a multitude of 
differential diagnoses of infectious, malignant, or inflammatory etiology most of which 
have an element of hypermetabolism. As a sensitive whole-body modality, [18F]FDG-
PET/CT may guide the clinicians towards more specific investigations to secure an 
etiologic diagnosis, and many infectious and inflammatory diseases have a systemic 
component to merit [18F]FDG whole-body imaging [2]. 
Nonetheless, the non-specific nature of [18F]FDG may also be a hindrance in other 
settings, as the distinction between aseptic inflammation and infectious foci is difficult. 
Much work has been invested in optimizing the use of [18F]FDG and much still lies 
ahead, e.g., better interpretation criteria, more elaborate quantitative techniques, and 
multiple-time-point imaging, which all have shown considerable promise in some 
settings [10,11]. However, just as tumour imaging has seen the introduction of several 
more specific PET-radiopharmaceuticals with alternative isotopes (e.g., prostate-
specific membrane antigen (PSMA)-imaging for prostate cancer and various 
radiopharmaceuticals for neuroendocrine tumours), more specific 
radiopharmaceuticals are also being investigated for infection and inflammation. We 
have previously reviewed available radiopharmaceuticals for gamma camera imaging 
[3,12], but also for PET imaging, and a multitude of alternative candidates have been 
presented and assessed pre-clinically. Unfortunately, only few have been translated to 
humans with limited success. 
Early on, various broad-spectrum fluorine-18-based radiopharmaceuticals known 
from cancer imaging were explored, perhaps not surprising as they were readily 
available and because they aimed at for instance increased proliferation which also 
applies to bacteria, e.g., 3′-deoxy-3′-[18F]fluorothymidine ([18F]FLT) in S. aureus, but 
results did not transcend the non-specificity of [18F]FDG [13-15]. Similarly, with the 
availability of gallium-68, a PET-equivalent of 67Ga-citrate and other 
radiopharmaceuticals like [68Ga]gallium-UBI were developed and tested in animal 
models and humans. The use of gallium-68 has many advantages, including a 
favourable half-life of 68 min and generator availability, but despite promising results 
they were not convincingly better than [18F]FDG [16-18]. 
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Other isotopes have been also tested, e.g., copper-64 (64Cu) bound to a peptide 
targeting a leucocyte receptor, but not directed specifically against a microorganism 
[19]. Finally, it is worth mentioning that white blood cells (WBC) labelling with 
[18F]FDG has being explored, but although initial studies were very promising, later 
results were more equivocal [20-23], thus techenetium-99m and indium-111-labelled 
WBC remain the gold standard technique for imaging infections [24]. 
Thus, in recent years, interest has turned towards more infection-specific 
radiopharmaceuticals, i.e., radiopharmaceuticals aimed directly at the microorganism 
and not only at the secondary inflammatory response [25]. The ability to directly 
diagnose specific microorganisms would be very attractive, especially in areas not 
readily accessible for sampling. In an attempt to qualify the discussion, we aimed to 
systematically survey and review the literature to evaluate the current status of the 
many potential candidates that have been presented. 
 
Materials and Methods 
 
Inclusion criteria 
In the present review, only published articles that met the following criteria were 
included: articles (only original papers); radiopharmaceutical (any non-[18F]FDG-PET 
radiopharmaceutical); target (only specific for bacteria); experimental design (only in 
vivo targeting studies). Publications selected for this review were from peer-reviewed 
indexed journals.  
 
Exclusion criteria 
Reviews, case reports, abstracts, editorials, poster presentations, publications in 
languages other than English, studies regarding [18F]FDG, studies in which 
compounds were not essentially specific for bacteria, articles with only in vitro studies 
or technical data, were excluded. The decision to include or exclude an article was 
made by consensus. 
 
Search methods for identification of studies 
The selection of published articles was based on the PRISMA guidelines [26]. 
We selected all studies published in English language regardless of publication status 
(published, ahead of print, in press, etc.). The following algorithm was used: (PET 
AND bacteria*) OR (PET and infect*); filters: published in the last 10 years. We 
searched for published papers present in PubMed (last 10 years) and Scopus (2005-
2018). The literature search was broadened to all reference lists of all retrieved. 
 
Data extraction and management 
All authors screened independently full-text manuscripts for eligibility, reporting 
essential data in a summary table. Risk assessment of any potential bias and data 
collection was performed by using a standardised questionnaire, adjusted to included 
studies. Any disagreement was resolved through discussion. 
 
Risk assessment of bias in included studies 
The included studies were evaluated by using the Quality Assessment of Diagnostic 
Accuracy Studies (QUADAS) approach for any potential bias and variation [27]. We 
analysed the following variables: (1). animal selection bias (animal origin, animal 
model); (2). infection model bias (bacterium origin, bacterium number); (3). 
experimental design variation (infection model, radiopharmaceutical purity and 
specific activity); (4). reference standard bias (inappropriate reference standard, 
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incorporation bias); (5). reference standard variation (definition of control model); (6). 
flow and timing bias (infection progression bias, radiopharmaceutical administration 
time, imaging time bias, uninterpretable test results, sample size). Each study was 
analyzed providing this information. Considering the heterogeneity of animal models 
and bacterial strains, we classified studies in relation to the type of bacterium (Gram-
positive, Gram-negative, Gram-positive and negative, others). 
 
Results  
 
Data synthesis 
Because of differences between studies (bacterial strain, infection model, isotope, 
compound, reference standard), data were pooled, when possible. When not, they 
were separately described. We found 69 potential studies that evaluated PET 
radiopharmaceuticals for bacterial imaging. After excluding the non-eligible articles, 
we analysed 35 published studies, shown in Figure 1. A summary of results is reported 
in Table 1, whereas a summary of QUADAS analysis is reported in Table 2. 
 

 
Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) 
flowchart of included papers.  
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Table 1 
Summary table of papers included in the systematic review 

 

First 
author 

[ref] 
Pathoge

n 
Compo

und 
Radiolab

elling 
method 

Isoto
pe 

Specifi
c 

Activit
y  

Stabili
ty 

Model 
of 

study 

Meta
bolic 
route 

Amount 
(CFU) 

and 
infectio

n site 

Max 
T/NT 
ratio 

Control 
experi
ment 

Other Comments 
by authors 

Bhatt J 

[42] 
S. aureus  UBI-31-

38 
NOTA 

chelator 
68Ga 

2.1x106 
MBq/m

mol 

both in 
saline 

and 
serum 
up to 

2h 

BALB/c 
mice 

kidne
ys 

107, right 
thigh 

3.24±0.
7 

107 heat 
killed, 

left 
thigh 

imaging 
in 2 

patients 
and 1 

negative 
control 

good 
localization 
of infection 
site, high 

T/NT ratio 
and 

promising 
results in 
humans 

Nielsen 
KM 

[43] 

S. aureus  K-A9 
peptide 

DOTA 
chelator 

68Ga 
1.4x104 
MBq/m

mol 

up to 
2h 

C57BL/
6 mice 

kidne
ys 5x107 1.89±0.

88 
turpenti

ne oil 

compari
son 
with 
FDG 

no in vivo 
selectivity 

Mutch 
CA 

[49] 

E. coli  

Para-
Aminobe

nzoic 
Acid 

(PABA) 

argon 
carrier gas 

11C 
820±25

8 
mCi/µ

mol 

-  CBA/J 
mice 

kidne
ys 

108, left 
shoulder 

2.8 vs 1 
(ROI) 

108 
killed, 
right 

shoulder 

- 

 attractive 
candidate for 

imaging 
living 

bacteria in 
humans. 

Takemiy
a K 

[29] 

S. aureus  maltohex
aose 

nucleophil
ic 

fluorinatio
n 

18F - - 

Spragu
e-

Dawley 
rats 

feces, 
urine 

2.9x108, 
stainless 

steel 
implant, 

back 

- turpenti
ne oil 

negative 
controls 
compari

son 
with 
FDG 

FHM is 
better than 

FDG in 
differentiatin

g non-
infection 

inflammation 
from 

infection 

Ebenhan 
T 

[41] 

only in 
vitro 

test, in 
vivo 

biodistri
bution in 
NHP and 
humans 

UBI-29-
41 

NOTA 
chelator 

68Ga 

13.8 6 
1.9 

GBq/m
mol 

- 

vervet 
monke

ys 
(NHPs) 

liver, 
kidne

ys 
- 

3.3±0.3 
(SUVma

x) at 1h 
- 

human 
studies 

(2 
healthy 
and 3 

patients
) 

non-toxic, 
safe 

compound, 
identify 

infectious 
foci in 

humans; 
need further 

studies 

Li J 

[52] 

K. 
pneumo

niae  
sorbitol 

nucleophil
ic 

fluorinatio
n 

18F - - C57BL/
6 mice 

kidne
ys 

105 live, 
lungs 

8.5 
(FDS) 

and 1.7 
(FDG) 

108 
killed, 
lungs 

compari
son 
with 
FDG 

FDS is better 
than FDG to 
detect lung 

infection 
from 

inflammation 

Pickett 
JE 

[45] 

Gram-
positive 

SAC55 
(anti-
LTA) 

DFO 
chelator 

89Zr 
9.439-
12.210               

(1.7-2.2 
mCi/g) 

- C57BL/
6 mice - 

4.3x104, 
femur, 

inoculate
d 

implant 

- 
1.4x103, 
sterile 

implant 

compari
son 
with 
FDG, 
NAF, 
89Zr-
IgG 

(control
) 

potential 
differentiatio

n between 
infection and 

sterile 
inflammation 

Sellmyer 
MA 

[61] 

E. coli 
and P. 

aerugino
sa  

S. aureus  

trimetho
prim 

nucleophil
ic 

fluorinatio
n 

18F 
5-

15x106 
mCi/m

mol 

- 

BALB/c 
mice 
and 

NHP 
(rhesus 
monke

y) 
(biodist
ributio

n) 

kidne
ys, 

liver 

106 
hindlimb

, 107 
forelimb, 

108 ear 
pinna 

2.7 vs 
1.3 vs 1 
(infecti
on vs 

inflam
mation 

vs 
tumor) 

106, 107, 
108 

killed, 
contrala
teral left 

compari
son 
with 

inflam
mation 

and 
cancer 

perform
ing FDG 

too 

specific for 
infection 
imaging 
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Gowrish
ankar G 

[60] 

Gram-
positive 
Gram-

negative 

maltotrio
se 

nucleophil
ic 

fluorinatio
n 

18F - - 

nude 
mice 
(E. 

coli), 
CD1 
mice 
(P. 

aerugi
nosa, L. 
monoc
ytogen

es), 
BALB/c 

mice 
(LPS) 

kidne
ys 

108 E. 
coli,  

106 P. 
aerugino
sa, 2x105 

L. 
monocyt
ogenes 

- 

LPS 
inflamm

ation, 
106,7,8 
heat 

killed E. 
coli 

nude rat 
infected 

with 
aureus 

to 
monitor 
antibiot

ic 
therapy 
efficacy 

able to image 
bacterial 

infections in 
animals with 

future 
applications 

in clinics 

Zhang Z 

[68] 

M. 
tubercul

osis 

pyrazina
mide 

analog 

halogen 
exchange 
reaction 

18F 
2.6x106 
kBq/µ

mol 

60% LE 
at 90' 

in 
livers 

 C3HeB
/FeJ 

bone, 
lungs lungs - 

uninfect
ed 

animals 
- 

successful 
radiosynthesi

s, higher 
uptake by 
infected 

lungs 

Ebenhan 
T 

[62] 

M. 
tubercul

osis                       
S. aureus 

 TBIA101 
(depsido

mycin 
derivativ

e) 

DOTA 
chelator 

68Ga 
 13±6 

GBq/µ
mol 

- 

New 
Zealan
d white 
rabbits 

kidne
ys 

108, 
thigh 

muscle 

2.8±0.1
6 and 

2±0.31 
at 1h 
for 

MTB/tr
iceps 
and 

MTB/t
high 

turpenti
ne oil, 

contrala
teral or 

M. 
tubercol

osis, 
contrala

teral 

- 

imaging 
inflammation 

with 
turpentine 
oil, but not 

infection. Not 
specific 

Ordonez 
AA 

[59] 

E. coli 
and P. 

aerugino
sa 

S. aureus  

M. 
tubercol

osis      

PABA, 
mannitol
, sorbitol 

- 

3H for 
PABA 
and 

manni
tol, 

18F for 
FDS 

- - CBA/J 
mice  

kidne
ys 

106 S. 
aureus 

(PABA), 
107 E. 

coli 
(mannito

l and 
FDS), 
right 
thigh 

- 

heat 
killed 

bacteria, 
left 

thigh 

- 

have 
significant 

potential for 
clinical 

translation 
for the rapid 
diagnosis of 

bacterial 
infections 

Zhang 
XM 

[32] 

S. aureus  FIAU - 124I 

999-
1295 

GBq/µ
mol 

- 

patient
s 

suspect
ed of 

prosthe
tic joint 
infectio

n 

kidne
ys - - - - 

124I-FIAU is 
well tolerated 
but of limited 

value for 
detection of 
PJI due to 
low image 

quality and 
low 

specificity 

Wiehr S 

[57] 

Y. 
enterocol

itica  

polyclon
al mAb 
vs YadA 

NODAGA 
chelator 

64Cu 

650-
730 

MBq/m
g 

90% up 
to 48h 
both in 
saline 

and 
serum 

C57BL/
6 mice 

splee
n  

103-104, 
i.v. - 

PBS and 
blocking 
experim

ents 

compari
son 
with 
FDG 

rapid, 
sensitive and 

specific 
imaging 

probe  

Yao S 

[50] 
E. coli  sorbitol 

nucleophil
ic 

fluorinatio
n 

18F 

29.6±6.
5 

GBq/µ
mol 

95% up 
to 2h in 
serum 

C57BL/
6 mice 

kidne
ys 

105-107, 
right 
thigh 

2.05±0.
07 and 
13.0±1.

35, 
inflam
m vs 

infectio
n 

turpenti
ne oil, 

left 
thigh   

compari
son 
with 
FDG, 

human 
studies 

promising 
probe for 

diagnosis and 
monitoring 

therapy 
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Rolle AM 

[65] 

A. 
fumigatu

s 
JF5 mAb DOTA 

chelator 
64Cu - 

up to 
48h in 
serum 

neutrop
enic 

C57BL/
6 mice 

lungs, 
liver, 
splee

n 

4x106, 
lungs 

11.9±1.
3, 

7.7±2, 
8.1±0.6

, 
8.1±1.5 
(%ID/c
c for A. 
fumiga

tus, 
PBS, S. 
pneum
oniae, 

Y. 
enteroc
olitica)  

106 S. 
pneumo

niae, 
5x104 Y. 
Enteroc
olitica 
or PBS 

compari
son 
with 
FDG 
and 

blockin
g 

experim
ents 

mAb 
localized 

aspergillus 
infection. 

FDG is not 
specific for 

imaging 
infection 

Vilche M 

[39] 
S. aureus  UBI-29-

41 
NOTA 

chelator 
68Ga 0.55x10

6 3h 

M. 
muscul

us 
Swiss 
mice 

kidne
ys 

1.2x108, 
left thigh 
(measure
d in vitro 

5x108-
1.2x109 
and as 
low as 

2.5x104)  

infectio
n 5 (in 
vitro) 

1h             
inflam
mation 
1.6 (in 
vitro), 

1h                        
4.0 

(PET), 
1h                      

Non-
signific

ance 
inflam
mation
/norma

l 

1) 
1.2x108 

heat 
killed, 

left 
thigh                               

2) 
healthy 

mice  

- 

clearly 
observed 
different 
uptake in 

infection vs. 
inflammation 

positively 
correlated 

with degree 
of infection 

Mokalen
g BB 

[58] 

E. coli             

 TBIA101 
(depsido

mycin 
derivativ

e) 

DOTA 
chelator 

68Ga 
12.4±6 
GBq/µ

mol 

>97% 
up to 
3h in 

serum 

BALB/c 
mice 

liver, 
kidne

ys 

5x108, 
right 
thigh 

3±0.8 
(infecti
on) vs 

2.3±0.6 
(inflam
mation) 

healthy 
muscle - 

promising 
agent but 

need further 
studies 

Mills B 

[28] 
S. aureus  FDG-6-P - 18F 

injected 
activity                  

8-11 
MBq                        
(FDG 
and 

FDG-6-
P) 

3h BALB/c 
mice 

kidne
ys 

1x109, via 
catheter 
in right 

flank 

~3.0 
(FDG-
6-P)               
~1.0 

(FDG) 

saline, 
via 

catheter 
in right 

flank 

- 

in vitro 
validated 

method, but 
very different 

behavior in 
vivo with 

high 
background, 

FDG-6-P 
accumulation 

had higher 
T/NT ratio 
than FDG = 
potential to 
differentiate 

infection 
from 

inflammation 

Severin 
GW 

[66] 

A. 
fumigatu

s 

free 89Zr 
(oxalate 

form) 
direct 

labelling 
89Zr 

20-35 
GBq/µ

mol 
- 

neutrop
enic 

C57BL/
6 mice 

kidne
ys 

4x106, 
intratrac

heal 
6.3 vs 

3.8 

healthy 
neutrop

enic 
mice 

- 

 injection of 
free 89Zr 

(oxalate at 
pH <7), 

routinely be 
performed 

as a control 
experiment 

Weinstei
n EA 

[51] 

Enteroba
cteriacea

e  
sorbitol 

nucleophil
ic 

fluorinatio
n 

18F - - CBA/J 
mice  

intesti
ne, 

kidne
ys 

107, right 
thigh - 

107 heat 
killed, 

left 
thigh; 
mixed 

infection 
with 

aureus; 
brain 
tumor 

compari
son 
with 
FDG 

diagnostic 
tool for 
imaging 

infections 
due to 

Enterobacteri
aceae 
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Ning X 

[53] 
E. coli  maltohex

aose 

nucleophil
ic 

fluorinatio
n 

18F - - rats 

splee
n, 

kidne
ys 

105-7, left 
triceps 

8.5 at 
70' 

PBS or 
109 

killed, 
right 

triceps 

compari
son 
with 
FDG 

sensitive, 
specific 

radiopharma
ceutical that 
can identify 

drug 
resistance 

Gowrish
ankar G 

[54] 

E. coli  maltose 
nucleophil

ic 
fluorinatio

n 

18F - - 

nude 
mice 
and 

BALB/c 
mice 

kidne
ys 

5x107, 
right 
thigh 

4.2 at 
3h 

108 heat 
killed, 

contrala
teral and 
turpenti
ne oil in 
BALB/c 

- 

promising 
new 

radiopharma
ceutical for 

bacterial 
infection 
imaging 

Ebenhan 
T 

[40] 

S. aureus  UBI-29-
41 

NOTA 
chelator 

68Ga 

injected 
activity             
27±11/
29±15/
29±15 
MBq 

(norma
l 

control
s/thigh
s /lung) 

4h 
New 

Zealan
d white 
rabbits 

kidne
ys 

2x108, 
right 
thigh 

4.35±0.
85 

(infecti
on/nor

mal) 
3.54±0.

86 
(infecte
d/infla
mmatio

n) 

turpenti
ne oil, 

left 
thigh + 
normal 
controls 
+ lung 

inflamm
ation 

(asthma
)   

- 

68Ga-UBI 
strongly 

localized in 
infection and 

only 
minimally in 
inflammation
. No uptake 

in lung 
inflammation 

either 

Weinstei
n EA 

[67] 

M. 
tubercul

osis 

isonicoti
nic acid 
(INH) 

nucleophil
ic 

fluorinatio
n 

18F 

7.4 to 
11.1 

MBq/µ
mol 

- 

C3HeB
/FeJ 
mice 
and 

BALB/c 
mice 

kidne
ys, 

liver 

log10(6.4
±0.3) 
CFU, 
lungs 

1.67±0.
04 

non-
infected 
controls 

compari
son 
with 
FDG 

rapid, non-
invasive 

approach to 
localize 

infectious 
foci 

Petrik M 

[63] 

A. 
fumigatu

s 

sideroph
ores: 

triacetylf
usarinine 
(TAFC) 

and 
ferrioxa

mine 
E 

(FOXE) 

direct 
labelling 

68Ga 

9.2x104 
and 

3.4x103 
GBq/m

mol, 
TAFC 
and 

FOXE 

- 

BALB/c 
mice 
for 

biodistr
ibution 
Lewis 

rat 

kidne
ys 

105-109 

conidia/
ml, lungs 

5.81±6.
05 vs 

0.78±0.
75 

(TAFC)
, 

6.64±2.
91 vs 

1.0±0.8
1 

(FOXE) 
as SUV 

non-
infected 
controls 

- 

very 
promising 
agents for 

detection of 
infection 
with high 
sensitivity 

Panizzi P 

[46] 
S. aureus  

prothro
mbin 

(ProT) 
DTPA 64Cu 

Injecte
d doses           

0.92-
1.62 
mCi 

- C57BL/
6 mice - 

1x106/µL
, aortic 
valve 

Only 
visual 
assess
ment 

Non-
infected 
controls 

- 

non-invasive 
detection of 

S. aureus 
induces 

endocarditis 
is feasible 

with an 
engineered 
analog of 

prothrombin 

Martínez 
ME 

[55] 

E. coli   

fluoroace
tamido-

D-
glucopyr

anose 
(FAG) 

microwave 
irradation 

18F 

 18.09±
2.9 

GBq/µ
mol 

- 

 Spragu
e-

Dawley 
rats 

kidne
ys 

107, right 
thigh 

0.54±0.
21 vs 

0.19±0.
07  

turpenti
ne oil 

compari
son 
with 
FDG 

promising 
infection 

agent 

Kumar V 

[36] 
S. aureus  transferr

in apo 68Ga 
Injecte
d dose:         
10-15 
MBq 

6h Wistar 
rats - 

5x105, 
right 
thigh 

2.2-7.5 - - 

68Ga-TF is 
capable of 

detecting S. 
aureus 

infection 

Diaz Jr. 
LA 

[48] 

S. aureus  FIAU - 124I 

318x106                         
(8.596-
13.979 
Ci/mm

ol) 

- 

patient
s 

suspect
ed of 

muscul
oskelet

al 
infectio

ns 
(n=8) 

kidne
ys 

various 
locations - 1 control 

patient 

surgery 
as gold 
standar

d 

promising 
new method, 

but 
preliminary 

data 
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Satpati D 

[44] 
S. aureus  ciproflox

acin 

DOTA and 
NOTA 

chelators 
68Ga 

6.2±0.4 
MBq/n

mol 

both in 
saline 

and 
serum 
up to 

4h 

Wistar 
rats 

kidne
ys 

5x107, 
right 
thigh 

1.5 for 
DOTA, 

5 for 
NOTA 

turpenti
ne oil, 

left 
thigh   

- 
need further 
investigation

s 

Langer O 

[34] 

Gram-
positive 

Gram-
negative 

ciproflox
acin 

nucleophil
ic 

fluorinatio
n 

18F 
342±94 
MBq/µ

mol 
- 

4 
patient
s with 

proven 
soft 

tissue 
infectio

ns 

- - 

at peak 
uptake 
SUV=5.

5 
  - 

not suitable 
as specific 

agent 

Petrik M 

[64] 

A. 
fumigatu

s 

triacetylf
usarinine 
(TAFC) 

and 
ferrioxa

mine 
E 

(FOXE) 

direct 
labelling 

68Ga 

3.4x106 
(FOXE) 
MBq/m

mol 

80% 
(TAFC) 

and 
90% 

(FOXE) 
at 2h in 
serum 

rats lungs n.a./left 
calf - 

turpenti
ne oil 
and 

1x109 
CFU of 

S. 
aureus 
(i.m.)  

compari
son 
with 
FDG 

high selective 
accumulation 

in infected 
lungs 

Rajaman
i S 

[56] 

engineer
ed E. coli 

and P. 
aerugino

sa 

FIAU 

nucleophil
ic 

fluorinatio
n 

18F - - 

CD1 
mice 
and 

BALB/c 
mice 

gastro
intesti

nal 
tract 

105, 107, 
109, 

thigh 
- 

P. 
aerugin

osa 
infection 

therapy 
with 

ciproflo
xacin 

engineered 
pathogens for 

evaluating 
experimental 
therapeutics 

Zhang Z 

[35] 
S. aureus 

Para-
Aminobe

nzoic 
Acid 

(PABA) 

Radiosynt
hesis box 

18F 

240.5±
77.7 

GBq/µ
mol 

- 

Spragu
e-

Dawley 
rats 

kidne
ys 

108, left 
triceps 5 at 1h 

heat 
killed, 

contrala
teral 

compari
son 
with 
FDG 

novel, 
noninvasive 
diagnostic 

tool for 
detecting, 
localizing, 

and 
monitoring S. 

aureus 
infections 
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Table 2 
Summary of QUADAS analysis 

 
 

 Risk of Bias Applicability Concerns  

First author [ref] Animal 
Selection 

Index 
Test 

Reference 
Standard 

Flow 
and 

Timing 
Animal 

Selection 
Index 
Test 

Reference 
Standard Legend 

Gram-positive + 
Bhatt J [42] 

              - 
Nielsen KM [43] 

              ? 
Takemiya K [29] 

               
Ebenhan T [41] 

               
Pickett JE [45] 

               
Zhang XM [32] 

               
Vilche M [39] 

               
Mills B [28] 

               
Ebenhan T [40] 

               
Panizzi P [46] 

               
Kumar V [36] 

               
Diaz Jr. LA [48] 

               
Satpati D [44] 

               
Langer O [34] 

               
Zhang Z [35] 

               
Gram-negative  

Mutch CA [49] 
               

Li J [52] 
               

Wierhr S [57] 
               

Yao S [50] 
               

Mokaleng BB [58] 
               

Weinstein EA [51] 
               

Ning X [53] 
               

Gowrishankar G [54] 
               

Martìnez ME [55] 
               

Rajamani S [56] 
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Gram-positive and negative  
Sellmyer MA [61] 

               
Gowrishankar G [60] 

               
Ebenhan T [62] 

               
Ordonez AA [59] 

               
Others  

Zhang Z [68] 
               

Rolle AM [65] 
               

Severin GW [66] 
               

Weinstein EA [67] 
               

Petrik M [63] 
               

Petrik M [64] 
               

 
Gram-positive 
 
We included 15 studies for the analysis, excluding those that did not meet the inclusion 
criteria. In total, ten radiopharmaceuticals were considered in the QUADAS analysis. 
 
Fluorine-18 (18F)-labelled radiopharmaceuticals 
For many and well-known reasons, fluorine-18 was the first PET radioisotope of choice, 
i.e., a ubiquitous isotope with suitable half-life and well-established chemical 
properties. Thus, several potentially bacteria-specific radiopharmaceuticals labelled 
with fluorine-18 have been explored. 
Mills et al. looked at the alternative glucose analogue, [18F]FDG-6-phoshate, as a 
potential substrate for the bacterial universal hexose phosphate transporter (UHPT). 
UHPT is expressed in many bacteria species and provides the mechanism for sugar 
phosphate internalization in staphylococci in contrast to mammalian cells that are not 
able to directly transport sugar into the cell. The authors corroborated this premise in 
vitro by demonstrating very limited uptake of [18F]FDG-6-phosphate in UHPT-
deficient S. aureus and significantly less than regular strains. Uptake in various 
mammalian cell lines was limited to the same extent as in UHPT-deficient S. aureus 
and significantly different from S. aureus. However, these results did not translate in 
vivo in a mouse infection model when comparing uptake of [18F]FDG-6-phosphate to 
conventional [18F]FDG at indwelling catheters with or without inoculation with S. 
aureus. The authors surprisingly observed a biodistribution similar to [18F]FDG both 
visually and semi-quantitatively, and they established that this was not due to 
dephosphorylation of [18F]FDG-6-phosphate in the blood to yield [18 F]FDG. 
Furthermore, in contrast with [18F]FDG, there was no accumulation of [18F]FDG-6-
phosphate in sterile inflammation at the tip of the indwelling catheters in non-infected 
mice, although the [18F]FDG uptake was higher in infected areas compared to sterile 
inflammation [46]. According to the authors, this study suggests that the majority of 
radiopharmaceuticals never reaches the bacteria. The lack of bacterial origin could 
have introduced some bias in the study. 



 62 

Takemiya et al. looked at another modified pentasaccharide, 18F-labelled 
fluoromaltohexaose (FMH), targeting the maltodextrin transporter which has 
previously been explored in Gram-negative bacteria with comparable probes (see 
below) [31]. The target here was chosen because the uptake rates are high and the 
transporter is selectively expressed in bacteria. Furthermore, the substrates have 
limited toxicity to humans and the hydrophilic nature grants higher rates of clearance 
from non-infected tissues [63,64]. The authors investigated an infrared dye probe 
(MDP) detectable through the skin aimed at superficial (pocket) infections and the 
radiolabelled fluoromaltohexaose for deep infections. They compared both to each 
other and the latter also to [18F]FDG imaging in a rat model comparing microbially 
infected mock-up implants to sterile, turpentine-induced inflammation, and controls 
with no additional intervention besides the mock-up implants. The authors found 
corresponding visually increased uptake of MDP and FMH around the infected 
implants compared to both sterile inflammation and controls. For FMH, SUVmean and 
SUVmax were also significantly higher in the infected rats compared to sterile 
inflammation and controls. Not surprisingly, based on pre-clinical and clinical 
experience, [18F]FDG uptake around infected implants and in the controls 
corresponded to FMH but was also increased at sites of sterile inflammation. Thus, 
the authors found FMH a potential probe for specific bacterial imaging with the ability 
to differentiate sterile inflammation from infection. However, the authors pointed out 
the caveat of translation comparing their results to the successful pre-clinical results 
from Zhang et al. that were not confirmed when translated to humans [40]. The non-
specified origin of bacteria, the unclear infection model used and imaging time might 
have introduced risks of bias in the QUADAS analysis. 
Langer et al. investigated 18F-labelled ciprofloxacin, an antibiotic previously labelled 
with techenetium-99m leading to discordant results. The alleged bacteria specific 
binding site is the topoisomerase II enzyme, the therapeutic target for ciprofloxacin. 
The authors performed in vitro pharmacokinetic studies and studied basic uptake 
mechanisms in vitro, albeit with Gram-negative E. coli. They concluded that no 
apparent specific uptake mechanism was present – increased uptake of 
[18F]ciprofloxacin was rapidly cleared, and was unaffected by large amounts of 
unlabelled radiopharmaceutical, as also reported by others using [99mTc]technetium-
ciprofloxacin [65]. Thus, the authors concluded that increased uptake was most likely 
due to non-specific physiologic increase in blood flow as part of the inflammatory 
response. Similar results were reached in four patients with Gram-positive soft tissue 
infection caused by ciprofloxacin sensitive microbes. Thus, although there was rapid 
uptake in infected tissue different from non-infected tissue, the time-activity curves 
and the efflux of radiopharmaceutical were similar, and just as reversible as time-
activity-curves of blood cells also indicating that non-specific processes such as blood 
flow is more likely to account for the difference in uptake than specific intracellular 
binding [59]. The unclear mechanism of patients’ selection could be source of bias as 
well as the non-specified reference standard and study flow. 
Recently, Zhang and colleagues radiolabelled the para-aminobenzoic acid (PABA) 
with fluorine-18 with the aim to detect S. aureus infection rat model and monitor drug 
response. Results showed a rapid renal clearance and an evident localization of 2-
[18F]F-PABA in the infectious lesions in comparison to sterile inflammation induced 
by using heat killed bacteria. Authors suggested that 2-[18F]F-PABA might be a novel 
radiopharmaceutical for rapid and non-invasive imaging of a wide range of infections 
[62]. No sources of bias were reported for this study. 
In summary, two of the 18F-labelled radiopharmaceuticals were able to discriminate 
the presence of bacteria from sterile inflammation or healthy control and, when 
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compared to [18F]FDG, they showed better results. However, poor specificity was 
observed for [18F]ciprofloxacin in vitro and in vivo, and the authors questioned the 
presence of a bacteria-specific uptake mechanism. In the QUADAS analysis, the main 
source of bias was related to unspecified origins of animals or bacteria. 
 
Gallium-68 (68G)-labelled radiopharmaceuticals 
The first study describing a 68Ga-radiopharmaceutical for imaging infections was 
published by Kumar et al. in 2011 and focused on the role of iron metabolism for 
bacterial growth [56]. It is well-known that tight regulation of iron availability is a key 
component in the human host response to bacterial invasion; concentrations of 
circulating free iron is too low to sustain bacterial growth so bacteria had to develop 
methods to acquire the necessary amounts from the abundance of iron bound to 
transport proteins like transferrin, e.g., siderophores or transferrin binding proteins 
like S. aureus does [66,67]. Since transferrin’s ability to bind Ga-ions is similar to its 
iron-binding ability, the exploration of a radioactive Ga-transferrin complex seemed 
an obvious choice as a potential bacteria specific radiopharmaceutical [56]. Infection 
was induced by intramuscular inoculation, and subsequent imaging with [68Ga]apo-
transferrin showed focal time-dependent uptake at the site of infection. Increased 
uptake was also seen in one patient with an incidental wound infection by Proteus 
mirabilis. The authors also tested pure, unconjugated [68Ga]GaCl3  as control and no 
uptake was seen at the sites of infection. However, the paper states no information on 
reference standard for infection other than clinically established abscess at the site of 
inoculation which weakens the conclusion somewhat, introducing high risks of bias 
for QUADAS analysis. Another approach with gallium-68 was explored by two 
different groups using [68Ga]gallium-NOTA-UBI-29-41, a synthetic fragment derived 
from the antimicrobial peptide ubiquicidin that is part of the human first line response 
towards pathogens. The radiopharmaceutical had already been successfully explored 
labelled with techenetium-99m and was able to differentiate infection from sterile 
inflammation and tumours, both in vitro and in vivo, in both animals and humans 
[32,44,51,65], presumably the cationic antimicrobial peptide fragments interact 
electrostatically with anionic parts of the bacterial membrane [51,32]. 
In the first paper, Ebenhan et al. studied the normal biodistribution in rabbits. 
Furthermore, they found significantly increased uptake in muscular abscesses as 
compared to turpentine-induced sterile muscle inflammation, asthma-like lung 
inflammation and healthy controls. The target/non-target (T/NT) ratios were as high 
as 5-fold higher for infected muscle, whereas ratios between inflamed and normal 
muscle as wells as ratios between inflamed and normal lung tissue were almost similar 
[51]. The unclear origin of animals and used infection model might be sources of bias. 
Vilche et al. used a similar setup, albeit with mice and heat shock-treated bacteria 
instead of turpentine for sterile inflammation, but their results were similar to those 
published by Ebenhan [44]. However, the non-specified origin of animals and unclear 
infection model used in the study might have introduced risks of bias. 
In a recent study, Bhatt et al. carried out several sub-studies on [68Ga]gallium-UBI-31-
38 including in vitro tests for purity and stability and the assessment of uptake 
specificity in S. aureus. In vivo imaging was performed in an animal model of infection 
comparing the uptake in muscle inoculated with living S. aureus to muscle inoculated 
with heat-killed S. aureus. Finally, they undertook preliminary clinical studies in two 
patients and one control subject. In vitro they demonstrated a high and specific 
[68Ga]gallium-UBI-31-38 uptake in S. aureus. In preclinical studies they found a 
significantly higher uptake in infected muscle versus inflamed muscle with a T/NT-
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ratio of 3.24 ± 0.7. The clinical pilot study demonstrated high [68Ga]gallium-UBI-31-
38 uptake in infectious foci in the lungs and diffusely around a knee prosthesis, both 
confirmed with biopsy, whereas no uptake was seen around a suspected hip prosthetic 
infection later confirmed to be non-septic inflammation. However, the reference 
standard for the preclinical trials are difficult to assess and the patient cases were 
highly selected and with very different infectious sites with no data presented on the 
underlying infections afterwards. The authors concluded that the method is promising, 
but still needs further validation [28]. 
In a similarly recent paper, Ebenhan et al. also performed a small first-in-man study 
with [68Ga]gallium-NOTA-UBI following successful in vitro assessment of cytotoxicity, 
and preclinical biodistribution and dosimetry studies in mice. In this study, 
[68Ga]gallium-NOTA-UBI uptake in knees was found in all three patients with 
suspected or known soft-tissue or bone infections, but not in the two healthy controls. 
No information is provided on the bacterial strains involved or if any bacteria was 
cultured at all, because all diagnoses of infection were based on other imaging 
modalities like bone scintigraphy and white-blood-cell scintigraphy. Authors also 
concluded that the method is promising, but with the need for further evaluation [32]. 
Nielsen et al. investigated the peptide A9 supposed to bind to S. aureus biofilm to 
establish its ability to distinguish infection from turpentine-induced sterile 
inflammation compared to [18F]FDG. Both radiopharmaceuticals showed increased 
uptake in both infection and inflammation with no discernable differences, although 
[18F]FDG was false negative in two cases. Furthermore, A9 uptake was higher in 
inflamed lesions as compared to infections. The authors speculated and then 
confirmed what the precise target of the A9 peptide was the cell membrane of dead 
bacteria [29]. The non-specified origin of bacteria and the unclear infection model 
used and study flow could be source of bias, resulting in applicability concerns too. 
Finally, Satpati et al. investigated ciprofloxacin once more, but labelled with gallium-
68 with two different ligands. In vitro studies demonstrated only limited binding to 
bacterial cells, but when radiopharmaceutical uptake was compared in vivo in infected 
and turpentine induced inflamed soft tissue abscess there was increased uptake in 
both infection and inflammation, but more so in infection [58]. The unclear origin of 
animals might have introduced bias in the QUADAS analysis, leading to concerns 
about applicability too. 
In summary, most 68Ga-labelled radiopharmaceuticals are promising and potential 
agents for distinguishing infection from sterile inflammation, but two studies were 
equivocal and further investigations were suggested [32,58]. The only 
radiopharmaceutical that was not shown to be selective for bacterial imaging was 
[68Ga]gallium-DOTA-A9 [29]. In the QUADAS analysis, the non-specified or unclear 
origin of animals and bacterial cells are the main causes of potential bias.  
 
Zirconium-89 (89Z)-labelled radiopharmaceuticals 
Pickett et al. looked specifically at S. aureus-infected prosthetic joint and assessed by 
a 89Zr-labelled monoclonal antibody (mAb) directed against the specific Gram-
positive surface molecule lipoteichoic acid ([89Zr]zirconiumSAC55). Binding affinity 
was tested in vitro, and the diagnostic effectiveness for differentiating aseptic and 
septic prosthetic joint infection was tested in vivo in a mouse model and compared to 
[18F]FDG, [18F]NaF, and conventional CT with bioluminescent imaging as the 
reference standard. [89Zr]zirconiumSAC55 had significantly higher uptake in infected 
areas compared to sterile prostheses sites as well as control radiopharmaceutical 
without bacterial affinity. Similar to the human experience, [18F]FDG and [18F]NaF 



 65 

demonstrated increased uptake at infected sites as well as in areas of sterile 
postoperative inflammation, thus underlining radiopharmaceutical inability to 
distinguish active infection from background inflammation or slow indolent infections 
with low bacteria burden. Interestingly, zirconium-89 was chosen for its relatively long 
half life (78 h) because of the long clearance time of mAbs necessitates delay between 
injection and imaging to optimize target-to-background ratio, but in this study the 
authors found that optimal imaging time was at 24 h post-injection [34]. No sources 
of bias were reported for this study.  
 
Copper-64 (64Cu)-labelled radiopharmaceuticals 
A special feature of S. aureus is its ability to initiate bacterial colonization under flow 
conditions at sites of endothelial damage. A key element, albeit not completely 
understood, is the effects of staphylocoagulase that enables S. aureus to clot blood and 
evade the host immune response. Panizzi et al. looked specifically at the role and 
expression of this enzyme by way of a prothrombin analogue able to form a SC-
prothombin complex. For PET-imaging the prothrombin analogue was chelated with 
DTPA and subsequently labelled with copper-64 ([64Cu]copper-DTPA-ProT). The 
authors found a robust accumulation of the radiopharmaceutical at infected 
vegetation in a mouse endocarditis model, whereas control mice with endothelial 
damage but no infection demonstrated no uptake of [64Cu]copper-DTPA-ProT. The 
presence of infection was corroborated by bioluminescent S. aureus strains which 
correlated well with radiopharmaceutical uptake both in vivo and at ex vivo 
autoradiography of the infection targets in the aortic root. Additional in vivo 
experiments also substantiated the findings; a substantially increased accumulation 
was seen in S. aureus compared to mice without bacteraemia and mice infected with 
coagulase negative S. epidermidis. Similarly, no uptake was present in mice infected 
with coagulase deficient S. aureus strains [54]. For this study, the QUADAS analysis 
reported some bias concerning the unclear origin of animals, the methodology of 
experiments and study flow.  
 
Iodine-124 (124I)-labelled radiopharmaceuticals 
The nucleoside analogue 1-2′-deoxy-2′-fluoro-beta-D-arabinofuranosyl-5-iodouracil 
(FIAU) was initially explored as an anti-viral drug, but was discontinued due to severe 
toxicity. Later it was discovered serendipitously to be a substrate for thymidine kinases 
in several bacteria; it enters cells freely and become trapped inside the cells after 
phosphorylation and, as a diagnostic agent, the required dose is well below the limit 
of toxicity. Furthermore, it is not a significant substrate for the most abundant human 
thymidine kinases thereby making it an interesting radiopharmaceutical for infection 
imaging. The choice of a long-lived radioisotope as iodine-124 with a half-life of 4.2 
days was based on practical considerations (better production and transport logistics 
and better chemical yield than fluorine-18) as well as clinical considerations (the 
possibility of late imaging, as chronic prosthetic joint infections may involve relatively 
slow-growing bacteria) [40,68]. 
Diaz et al. examined eight patients, and one healthy control. Scans were positive in 7/8 
patients with positive culture in 6/7 and negative culture in one patient who was 
however deemed positive for infection nonetheless due to clinical history and findings. 
Scan was negative in one patient with resolution of symptoms without surgery or 
antibiotics and in the healthy control subject. Thus, the results seemed promising, but 
the whole-body distribution showed significant uptake in liver, kidneys, muscles and 
to a lesser extent in several other organs, due in part to the presence of a mitochondrial 
enzyme resembling the bacterial TK. This may hamper the general applicability in 



 66 

suspected infections in these organs. The target TK is considered specific for bacteria 
and therefore potentially able to differentiate infection from non-infectious 
inflammation. This was supported as the healthy control had osteoarthritis in a knee 
which showed no uptake, but, on the other hand, in the one patient with positive 
uptake but negative culture, the biopsy showed chronic inflammation. This was 
attributed to infection, but it may be that non-infected inflammation was the cause of 
uptake which would also hamper the clinical use of this radiopharmaceutical [57]. It 
is also worth noting that patients were probably highly selected, albeit no data is 
presented on patient selection, leading to high risk of bias in the QUADAS analysis. 
Zhang et al. assessed the same radiopharmaceutical in the setting of suspected 
prosthetic joint infection (PJI) [40]. A preliminary phase I study in 6 patients and 6 
healthy controls established its biodistribution, dosimetry and safety, but the phase II 
study did not confirm the promising results of the abovementioned study by Diaz et al. 
Indeed, in 19 patients suspected of PJI, four were treated as positive with final 
diagnosis determined by an independent adjudication board with access to all 
information. However, increased background uptake in muscles and artificially 
increased uptake around the prosthesis due to metal artefacts and attenuation 
obscured any pathologic activity and rendered the differentiation between infected 
and non-infected prosthesis impossible. Various semi-quantitative approaches (e.g., 
TBR and SUVmax) were also unsuccessful. Thus, the authors concluded that while well-
tolerated and with acceptable dosimetry, the clinical applicability seems limited due 
to poor image quality and low specificity, at least in suspected PJI or other settings 
with metal artefacts or very low bacterial burden. The unclear patients’ selection 
process and the not-well specified index test and reference standard might have led to 
the presence of bias in the QUADAS analysis.  
 
Gram-negative 
 
We included 10 studies for the analysis, excluding those that did not meet the inclusion 
criteria. In total, 8 radiopharmaceuticals and 4 different bacterial strains were 
considered in the QUADAS analysis. 
 
Carbon-11 (11C)-labelled radiopharmaceuticals 
Mutch and colleagues radiolabelled PABA with carbon-11 to study the targeting of 
bacterial metabolism in E. coli mice infection model, using heat-killed bacteria as 
control. They showed a significant uptake of radiopharmaceutical in the infectious site 
compared to inflamed foci, concluding that [11C]carbonPABA is an attractive candidate 
to image living bacteria in humans [30]. No potential source of bias was reported for 
this study.  
 
Fluorine-18 (18F)-labelled radiopharmaceuticals 
As aforementioned, fluorine-18 is one of the most studied PET isotopes and many 
compounds radiolabelled with 18F have been explored for imaging of Gram-negative 
bacteria.  
Yao et al. compared the biodistribution and specificity of 18F-2-fluorodeoxysorbitol 
([18F]FDS) to [18F]FDG in a E. coli mouse infection model and in humans. They 
concluded that [18F]FDS is a potential imaging agent for the diagnosis of 
Enterobacteriaceae infections in preclinical setting. Given the lack of adverse events 
and rapid clearance through the urinary system, it could easily enter into clinical 
practice [42]. Potential bias may have been introduced by the fact that the origin of 
animals and bacterial cells was non-specified in the paper. Therefore, lack of 
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reproducibility may also be a critical issue. The ability of [18F]FDS to discriminate 
septic from sterile inflammation has also been investigated by another group in several 
Enterobacteriaceae infection mouse models comprising E. coli infection, mixed 
infection with E. coli and S. aureus, K. pneumoniae infection and brain infection. 
Results showed that [18F]FDS was able to image infectious foci with higher specificity 
when compared to [18F]FDG. Therefore, it could be a candidate imaging 
radiopharmaceutical of Enterobacteriaceae infections to be translated into humans 
[48]. Also in this study, the lack of any information about animal origin could have 
introduced some biases. Moreover, the use of different SUV scale between [18F]FDS 
and [18F]FDG-PET acquisition could have been another source of bias in the QUADAS 
analysis. Recently, the selectivity and sensitivity of [18F]FDS have been also 
investigated in K. pneumoniae lung infection animal model by Li and colleagues. They 
compared this radiopharmaceutical with [18F]FDG in septic and aseptic inflammatory 
condition [33]. Authors reported higher specificity of [18F]FDS rather than [18F]FDG, 
not only in discriminating septic from sterile inflammation, but also Gram-negative 
from Gram-positive bacteria, proposing [18F]FDS as new clinical standard imaging 
agent for lung infection. No sources of bias were reported for this study. 
Then, Ning et al. performed a study to evaluate the sensitivity and specificity of 
fluorine-18 radiolabelled maltohexaose ([18F]MH) that targets the bacteria-specific 
maltodextrin transporter, in E. coli infection preclinical model. They investigated both 
[18F]MH and [18F]FDG in several experimental conditions such as the use of different 
bacterial amounts, live and dead bacteria and drug-resistant E. coli. They 
demonstrated a better in vivo performance of [18F]MH than [18F]FDG for detection of 
infection at early stage and identification of drug resistance. Therefore, they concluded 
that it is a potential radiopharmaceutical to be introduced in clinical practice [49]. No 
potential sources of bias were reported for this study.  
Recently, the 6′’-[18F]fluoromaltose was investigated as specific imaging 
radiopharmaceutical of bacterial infection by Gowrishankar et al. [50]. Results showed 
that 6′’-[18F]fluoromaltotriose is taken up by viable E. coli infected muscle rather than 
control infected with heat-inactivated bacteria, discriminating between infection and 
inflammation. The lack of animal origin could have introduced biases in the study, 
thus limiting its applicability. 
Martìnez and colleagues developed the 2-deoxy-2-[18F]fluoroacetamido-D-
glucopyranose ([18F]FAG) with the aim to evaluate its specificity for bacterial infection 
in E. coli infection rat model in comparison to [18F]FDG. They reported higher and 
significant uptake of [18F]FAG in infectious foci than inflammatory sites, whereas 
[18F]FDG showed a similar uptake in infectious and inflammatory lesions, suggesting 
that [18F]FAG could be a promising bacterial infection PET imaging agent [55]. No 
potential sources of bias were reported for this study. 
Recently, the [18F]FIAU ability to detect bacterial infection was studied in a mouse 
model injecting different amounts of wild type and thymidine kinase (TK)-engineered 
P. aeruginosa. Results demonstrated that the TK-engineered P. aeruginosa is a useful 
tool to study bacterial infection in a preclinical setting and [18F]FIAU revealed to be an 
attractive radiopharmaceutical for detecting bacteria and evaluating drug efficacy [61]. 
Also in this study, the lack of animal origin could have introduced some biases. 
However, it is also worth noticing (see above) that previous studies with a 124I-labelled 
equivalent fell short when translated into clinical human trials [40]. 
In summary, all 18F-labelled radiopharmaceuticals were able to discriminate the 
presence of Gram-negative bacteria from sterile inflammation or healthy control and, 
when compared to [18F]FDG, they showed better results. The QUADAS analysis 
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revealed that the main source of bias was related to the unspecified origins of the used 
animals or bacteria.  
 
Copper-64 (64Cu)-labelled radiopharmaceuticals 
Infection caused by Y. enterocolitica was induced in C57BL/6 mice to study the ability 
of [64Cu]copper-NODAGA-labelled Yersinia-specific polyclonal antibodies targeting 
the outer membrane protein YadA in comparison to [18F]FDG. Experimental data 
showed a rapid, sensitive and specific detection of infection by the 
radiopharmaceutical, whose uptake decreased after blocking [41]. The non-specified 
origin of animals and bacterial cells might have introduced risks of bias for the 
QUADAS analysis.  
 
Gallium-68 (68G)-labelled radiopharmaceuticals 
A depsidomycin derivative, TBIA101, was radiolabelled with gallium-68 in order to 
investigate its specificity in BALB/c mice infected with E. coli for targeting bacterial 
lypopolisaccharide (LPS) with PET/CT. Because of suboptimal imaging results, 
further studies are required to confirm its potential as a radiopharmaceutical to image 
infection [45]. As a possible bias of the study, the selection of animals was not clarified 
in the text and the reference standard was not accurately chosen. Moreover, the small 
number of included animals could lead to difficult evaluation of future applicability.  
 
Gram-positive and negative 
 
As patients can normally not be categorized as being infected with either Gram-
positive or Gram-negative species when imaging is employed to find occult infectious 
foci, for a radiopharmaceutical to be sufficiently sensitive to be employed upfront in 
the diagnostic workup, it should detect both overall groups while still not be taken up 
in sterile inflammation or cancer cells. Thus, some authors have looked into this by 
exploring potential radiopharmaceuticals in settings with both Gram-positive and 
Gram-negative bacteria. 
Ordonez et al. tested three potential radiopharmaceuticals based on an elaborate 
screening procedure with subsequent in vitro testing: para-aminobenzoic acid (PABA) 
(with uptake in several different bacterial strains including mycobacteria, E. coli, and 
S. aureus), mannitol (with uptake in S. aureus and E. coli), and sorbitol (with uptake 
in E. coli only). All three molecules were tested in a mouse model of myositis with 
fluorine labelled analogs that accumulated significantly more in viable bacteria 
compared to heat-killed bacteria. However, only [18F]FDS is readily available as a true 
fluorine-based radiopharmaceutical, whereas PABA and mannitol were tested as 
fluorinated analogs. Thus, although potentially useful, a significant preclinical testing 
program is necessary before translational evaluations are possible for the two most 
versatile molecules (PABA and mannitol), whereas [18F]FDS is readily available, but 
has the narrowest usage (E. coli  only) [39]. 
Gowrishankar et al. evaluated 6”-[18F]-fluoromaltotriose, a second-generation 
radiopharmaceutical targeting the bacteria specific maltose-maltodextrin transporter 
unique to bacteria and present in various both Gram-positive and Gram-negative 
species including S. aureus, E. coli, and P. aeruginosa. Maltotriose was investigated 
because previous studies of fluoro-labelled maltose and maltohexose showed a less 
favorable biodistribution profile with poor signal-to-noise ratio especially in the 
pulmonary organs. 6”-[18F]-fluoromaltotriose was tested in several in vitro settings to 
establish a better biodistribution profile. Subsequently, a myositis mouse model was 
employed to compare uptake in viable E. coli compared to uptake in heat-killed E. coli. 
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Furthermore, a P. aeruginosa wound model was investigated. The uptake of 6”-[18F]-
fluoromaltotriose was significantly higher in viable bacteria compared to dead bacteria 
and normal tissue. The authors also performed a response evaluation study in a single 
rat with incidental S. aureus infection – high specific uptake at the site of infection 
subsided significantly following relevant antibiotic treatment. Thus, 6”-[18F]-
fluoromaltotriose has the potential to image several different bacteria species, albeit 
without the ability to differentiate between them. Results also pointed to less favorable 
results for bacteria that invade cells, e.g., M. tuberculosis [36]. 
Sellmyer et al. bioengineered a novel fluorine-18 labelled radiopharmaceutical based 
on the antibiotic trimethoprim ([18F]FPTMP) targeting the enzyme dihydrofolate 
reductase (dhfr) in the DNA synthesis and known to have higher affinity for bacterial 
dhfr than human dhfr. Promising in vitro results established a favorable 
biodistribution and significantly higher uptake in viable bacteria compared to heat-
killed bacteria. Subsequently, a mouse myositis model was employed to test uptake in 
S. aureus, E. coli, and P. aeruginosa compared to turpentine-induced sterile 
inflammation, and implanted mammary carcinoma cells. The authors demonstrated a 
3-fold increased target-to-muscle ratio in bacterial infections with E. coli and S. 
aureus, whereas no uptake was seen in P. aeruginosa, which was also corroborated by 
lower uptake in P. aeruginosa in vitro. No uptake was seen in sterile inflammation or 
cancer cells. Conversely, when [18F]FDG was employed in the same model, increased 
uptake was seen in all three etiologies. A caveat in the present study is the potential 
for resistance towards the antibiotic’s mode of action which may render such a 
radiopharmaceutical useless. Furthermore, when different inoculation amounts were 
tested, [18F]FPTMP was not able to detect infections by less than 108 CFU, suggesting 
that the number of infection cells play a role [35]. 
Finally, Ebenhan et al. investigated the Ga-68-labelled antimicrobial peptide TBIA101, 
a so-called depsipeptide derivative proposedly especially active against multidrug 
resistant mycobacterium species through interaction with the bacterial cell envelope. 
Following biodistribution studies, radiopharmaceutical uptake was evaluated in a 
mouse model with muscle infection (S. aureus or M. tuberculosis) compared to sterile 
turpentine-induced inflammation. Significantly increased radiopharmaceutical 
uptake was seen in M. tuberculosis infection (T/NT ratio of 2.6), but none in S. aureus 
infection. Furthermore, a similarly increased uptake with T/NT ratio of 2.6 was also 
found in sterile inflammation. Thus, these results suggest a lack of bacterial selectivity 
for TBIA101 and therefore a limited usefulness in specific bacterial imaging [38]. 
In summary, three radiopharmaceuticals showed to be specific for bacterial infection 
imaging by using both Gram-positive and Gram-negative bacteria. However, all three 
demonstrated some caveats regarding the compounds’ applicability; one pointed to 
less favorable results for bacteria that invade cells, e.g., M. tuberculosis [36]; one was 
based on an antibiotic with the potential for limited use in case of resistance and also 
results pointing to less efficacy with smaller amounts of infective cells [35]; and one 
study reported a poor specificity for the studied radiopharmaceutical, limiting its 
translation to humans [38]. The QUADAS analysis revealed that the main source of 
bias was related to unspecified origins of animals or bacteria.  
 
Other pathogens 
 
Several microbial organisms not readily divisible into Gram-positives and Gram-
negatives have also been subjected to more or less specific PET-radiopharmaceuticals 
other than [18F]FDG. Thus, we included 6 studies for the analysis, excluding those that 
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did not meet the inclusion criteria. In total, 5 radiopharmaceuticals and 2 different 
bacterial strains were considered in the QUADAS analysis. 
Invasive pulmonary aspergillosis (IPA) is a life-threatening lung disease caused by the 
fungus Aspergillus fumigatus, a leading cause of invasive fungal infection-related 
mortality and morbidity in patients with hematological malignancies and bone 
marrow transplants. Several radiopharmaceuticals labelled with various isotopes have 
been investigated. Petrik et al. explored different 68Ga-labelled radiopharmaceuticals: 
first, they described the uptake of 68Ga-siderophores, [68Ga]galliumTAFC and 
[68Ga]galliumFOXE respectively, in invasive pulmonary aspergillosis. Their research 
showed both [68Ga]galliumTAFC and [68Ga]galliumFOXE can be used for imaging of 
IPA with [68Ga]galliumFOXE being slightly superior in terms of sensitivity. 
[68Ga]galliumTAFC showed also high in vitro specificity towards A. fumigatus 
compared to other tested micro-organisms and human lung cancer cells. In the second 
study, the same group also used 68Ga-radiolabelled siderophores to visualize IPA in A. 
fumigatus-infected animals with µPET/CT. These small high-affinity chelating 
compounds are produced by fungi and bacteria to scavenge iron from the host, and by 
Gram-negative bacterial pathogens as virulence factors. The high metabolic stability, 
favorable pharmacokinetics with rapid renal excretion and high specific uptake in A. 
fumigatus cultures were confirmed in imaging studies in a rat IPA model that showed 
high focal uptake in infected lung tissue corresponding to pathological findings seen 
on CT. High specific uptake in A. fumigatus cultures is somewhat reduced under 
conditions of iron overload, which is what patients who acquire fungal infections 
typically suffer from [53,60]. Rolle et al. used their own newly developed 
[64Cu]copper-DOTA-labelled A. fumigatus-specific monoclonal antibody (mAb), JF5, 
in neutrophil-depleted A. fumigatus-infected mice, which allowed specific localization 
of lung infection when combined with PET/MR. This radiopharmaceutical 
distinguished IPA from bacterial lung infections and, in contrast to [18F]FDG-PET, 
discriminated IPA from a general increase in metabolic activity associated with lung 
inflammation [43]. Severin et al. showed, that [89Zr]zirconium-oxalate can exhibit 
substantial tumor accumulation as well as significant accumulation in Aspergillus 
infected lungs as compared to healthy lungs [47]. They suggest control experiments 
mapping the biodistribution of free zirconium-89 in any preclinical study employing 
zirconium-89 where bone uptake is observed. 
Mycobacterium tuberculosis was studied in the same model of infection by two groups 
that used two different radiopharmaceuticals. Weinstein et al. radiolabelled an 
analogue of isoniazid (INH) with fluorine-18 to verify its ability as a 
radiopharmaceutical for PET imaging of M. tuberculosis. They reported an increasing 
uptake of [18F]INH in tuberculosis (TB) lesions of infected animals over time in 
comparison to non-infected ones, proposing [18F]INH as a promising agent for 
identifying TB infection. [18F]FDG on the other hand was not able to discriminate 
between infection and inflammation [52]. The unclear origin of bacterial cells and 
reference standard might have introduced biases in the study. 
More recently, M. tuberculosis infection was studied in a preclinical model using an 
analogue of the first-line tuberculosis drug, the pyrazinamide (PZA), radiolabelled 
with fluorine-18. Results showed a successful radiolabelling procedure of the 
compound, but also a comparable distribution in TBC necrotic areas between infected 
and uninfected mice, thus limiting its potential use [37]. No sources of bias were 
reported for this study.  
 
Discussion  
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Bacterial infections are still one of the main causes of mortality worldwide. Many 
efforts have been made to develop new specific radiopharmaceuticals for PET or 
SPECT imaging to improve the overall diagnostic accuracy [69-71]. The continuous 
development of bacteria-specific imaging agents to discriminate between septic and 
sterile inflammation testifies the need for a highly accurate tool for infection diagnosis 
and therapy follow-up. 
In this setting, we have previously published a meta-analysis of SPECT 
radiopharmaceuticals for imaging bacteria [3] and we now performed a perceptive 
analysis of the literature concerning PET radiopharmaceuticals for bacterial imaging 
in preclinical studies. Considering the heterogeneity of included manuscripts, we 
divided them into four groups in relation to the bacterial strain to which the described 
radiopharmaceutical is directed. Each paper was analysed following the QUADAS 
guidelines that verify the risk of bias, quality of studies and applicability, adjusting 
these parameters to our papers (Appendix 1). 
Most of the authors that used Gram-positive bacteria reported the suitability of the 
tested radiopharmaceuticals for bacterial imaging in animal models but also in 
patients. In particular, the ubiquicidin peptide fragments, both UBI-31-38 and UBI-
29-41, allowed to image foci of S. aureus infection in preclinical models with high 
T/NT ratios. Recently, UBI fragments were tested in humans and revealed to be safe 
and non-toxic, although further studies are needed to confirm preliminary results 
[28,32,44,51]. Other radiopharmaceuticals, like [124I]FIAU, were less encouraging 
when translated to patients despite initial promising results in animals [40]. Other 
groups showed high specificity of radiopharmaceuticals in the discrimination between 
infection and sterile inflammation, thus considering them as potential agents for 
bacterial imaging in humans [31,34,46].  
Worth of mention is the case of radiolabelled ciprofloxacin: discordant data when 
labelled with technetium-99m, unsuccessful when labelled with fluorine-18 [59,29], 
and highly specific when labelled with gallium-68 [58]. These controversial results are 
probably due to the difference in isotopes used and the chemistry to label with 
different isotopes that may influence the biological behaviour of radiolabelled-
ciprofloxacin. 
In the majority of papers on Gram-negative bacteria, promising results were reported 
by using radiolabelled sugars (sorbitol, maltose, maltohexaose and FAG). Indeed, 
several groups showed high specificity of [18F]FDS binding to E. coli or K. pneumoniae 
[33,42,48]. Also, other sugars such as FMH, 6′’-[18F]-fluoromaltose and [18F]FAG 
revealed to be sensitive and specific radiopharmaceuticals for detection of E. coli 
[49,50,55]. 
Regarding the QUADAS analysis for papers that used Gram-positive bacteria, the most 
frequent sources of bias were related to the origin of animals (about 50% of total 
articles) and the index test (about 50% of total articles), particularly the origin of 
bacterial cells and the not standardized infection model. Only two papers did not show 
risks of bias and applicability concerns in each section [62,34]. 
QUADAS analysis of papers on Gram-negative bacteria, only four of them showed a 
low risk of bias and low concerns about applicability through an appropriate 
experimental procedure, avoiding the introduction of biases [30,33,49,55]. The most 
frequent source of bias was related to animal selection and index test (the origin of 
bacterial cells). Indeed, it is extremely important to clarify the origin of 
animals/bacteria with the aim to perform reproducible and standard methods.  
Some group used both Gram-positive and Gram-negative bacteria or a combination of 
the with M. tuberculosis to induce infection in preclinical models. Out of four papers, 
three reported good specificity of radiopharmaceuticals for bacterial infection imaging 
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with future applications in clinics [35,36,39]. On the other hand, [68Ga]gallium-
DOTA-TBIA101 was found to be non-specific when the infection was induced by using 
S. aureus or M. tuberculosis [38], while it was considered a promising agent for E. coli 
bacterial infection [45]. Indeed, [68Ga]gallium-DOTA-TBIA101 requires further 
studies to confirm its specificity for bacterial imaging and for which bacterial strain. 
Concerning QUADAS analysis for these papers, the most frequent sources of bias were 
related to the origin of animals or bacterial cells (50% of total articles). Only one did 
not show risks of bias and applicability concerns in each section [36]. 
Finally, all groups that tested radiopharmaceuticals to image M. tuberculosis and A. 
fumigatus infections in preclinical models, reported high sensitivity and specificity to 
localize infectious foci, making them promising agents for infection imaging in 
humans too [37,43,47,52,53,60]. 
Regarding QUADAS analysis for papers that used other bacteria (M. tuberculosis, A. 
fumigatus), five articles out of six (83.3%) presented low risks of bias. 
Overall results suggest that, despite promising initial findings, more studies are 
needed to further confirm the diagnostic use of any of the described 
radiopharmaceutical. Better study design with standardized and reproducible 
infection models, an appropriated reference standard and a pertinent study flow, are 
needed. 
Despite many overall promising results, no radiopharmaceutical has been introduced 
into clinical practice yet. This is probably because specific and non-specific 
mechanisms coexist at the infection site leading to a bias in the analysis of the results. 
The most critical issue that we observed in all studies is related to the infection model, 
controls and general experimental setting such as the amount of bacterial cells, the 
radiopharmaceutical dose, the imaging time after radiopharmaceutical injection, the 
different time interval between bacteria injection, the radiopharmaceutical 
administration route, and the imaging time points. In addition, none of the reviewed 
papers take into consideration possible bacterial mutations that may occur during an 
infection, thus changing their properties. These mutations may alter the 
radiopharmaceutical uptake that could lead to a false negative scan (i.e., during 
antibiotic therapy or during epidemic infections). 
The Teflon tissue cage model is a good example of what could be considered a 
standardized reproducible animal model to study bacterial infections [65,72]. Indeed, 
once implanted into the back of the mouse, it provides several advantages such as a 
localized infection, an accurate determination of bacterial mass and 
radiopharmaceutical concentration over time or the study of biofilm formation [73]. 
The lack of common experimental models and procedures did not allow us to compare 
the results obtained using different radiopharmaceuticals and prediction of results in 
humans is difficult. 
Furthermore, in the light of data published so far, it emerges that there is the lack of 
knowledge whether it is possible to develop an all-purpose radiopharmaceutical to 
image all bacterial strains. Nowadays this remain an open goal, difficult to achieve, but, 
at the same time, crucial for the management, treatment and follow-up of patients with 
suspected bacterial infections.  
 
Conclusions  
 
This review highlights that several new PET radiopharmaceuticals for bacterial 
imaging have been developed with potential to be translated to humans for PET/CT 
imaging of infection. Despite initial promising results, however, many candidate 
compounds remain confined in a pre-clinical setting due to the presence of biases that 
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limits their impact. When designing new studies, standardized protocols and models 
could ensure that time, funds, and research efforts are put to the best possible use. 
Indeed, the most frequent sources of bias found in selected articles were related to 
animal selection and index test and showed the lack of standardization with current 
infection models and experimental settings. Thus, standardized protocols and 
consensus guidelines regarding animal models of infection are needed, preferably 
written by a joint technical committee.  
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Appendix 1 
QUADAS questionnaire for preclinical studies (top) and human studies (bottom) 
 

Domain Animals 
selection 

Index Test Reference 
Standard 

Flow and Timing 

Signaling 
question 

(yes, no or 
unclear) 

Does the 
origin of 
animals 

come from 
company? 

Is the origin of bacterial cells certified 
ATCC? 

Is it a standardized infection model? 
Can the radiopharmaceutical synthesis 

be source of bias? (QCs, AS) 
Were further in vitro, in vivo, ex-vivo 

tests performed to support main results? 

Is the used 
reference standard 

appropriated for the 
study? 

Is the imaging time 
appropriated for the 

study? 
Could the difference 

interval time between 
bacteria injection and 
radiopharmaceutical 
administration be a 

source of bias? 

Risk of bias 
(high, low 

or unclear) 

Could the 
selection of 

animals have 
introduced 

bias? 

Could the methodology of experiments 
have introduced bias? 

Could the reference 
standard or its 

interpretation have 
introduced bias? 

Could the study flow 
have introduced bias? 

Concerns 
about 

applicability 
(high, low 

or unclear) 

Are there 
concerns 
that the 
included 

animals do 
not match 
the review 
question? 

Are there concerns that the index test or 
its interpretation differ from the review 

question? 

Are there concerns 
that the target 

condition as defined 
by the reference 

standard does not 
match the review 

question? 

- 

 
Domain Animals 

selection 
Index Test Reference Standard Flow and Timing 

Signaling 
question 

(yes, no or 
unclear) 

Was a 
consecutive 
or random 
sample of 
patients? 

Did the study 
avoid 

inappropriate 
exclusions? 

Were the index test 
results interpreted 
without knowledge 
of the results of the 
reference standard? 

Is the reference standard 
likely to correctly classify the 

target condition? 
Were the reference standard 
results interpreted without 
knowledge of the results of 

the index test? 

Is the imaging time appropriated 
for the study? 

Was there an appropriate interval 
between index tests and reference 

standard? 
Did all patients receive a 

reference standard? 
Did all patients receive the 

reference standard? 

Risk of bias 
(high, low 

or unclear) 

Could the 
selection of 

patients have 
introduced 

bias? 

Could the conduct 
or interpretation of 
the index test have 
introduced bias? 

Could the reference standard 
or its interpretation have 

introduced bias? 

Could the study flow have 
introduced bias? 

Concerns 
about 

applicability 
(high, low 

or unclear) 

Are there 
concerns that 
the included 
patients do 
not match 
the review 
question? 

Are there concerns 
that the index test 

or its interpretation 
differ from the 

review question? 

Are there concerns that the 
target condition as defined 
by the reference standard 
does not match the review 

question? 

- 
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Abstract  
 
BACKGROUND: Diagnosis of implant-associated infection is challenging. Several 
radiopharmaceuticals have been described but direct comparisons are limited. Here 
we compared in vitro and in an animal model 99mTc-UBI, 99mTc-Ciprofloxacin, 99mTcN-
CiproCS2 and 111In-DTPA-biotin for targeting E. coli (ATCC 25922) and S. aureus 
(ATCC 43335). 
METHODS: Stability controls were performed with the labelled radiopharmaceuticals 
during 6 h in saline and serum. The in vitro binding to viable or killed bacteria was 
evaluated at 37 °C and 4 °C. For in vivo studies, Teflon cages were subcutaneously 
implanted in mice, followed by percutaneous infection. Biodistribution of i.v. injected 
radiolabelled radiopharmaceuticals were evaluated during 24 h in cages and dissected 
tissues. 
RESULTS: Labelling efficiency of all radiopharmaceuticals ranged between 94% and 
98%, with high stability both in saline and in human serum. In vitro binding assays 
displayed a rapid but poor bacterial binding for all tested agents. Similar binding 
kinetic occurred also with heat-killed and ethanol-killed bacteria. In the tissue cage 
model, infection was detected at different time points: 99mTc-UBI and 99mTcN-
CiproCS2 showed higher infected cage/sterile cage ratio at 24 h for both E. coli and S. 
aureus; 99mTc-Ciprofloxacin at 24 h for both E. coli and at 4 h for S. aureus; 111In-
DTPA-biotin accumulates faster in both E. coli and S. aureus infected cages. 
CONCLUSIONS: 99mTc-UBI, 99mTcN-CiproCS2 showed poor in vitro binding but good 
in vivo binding to E. coli only. 111In-DTPA-biotin showed poor in vitro binding but good 
in vivo binding to S. aureus and poor to E. coli. 99mTc-Ciprofloxacin showed poor in 
vitro binding but good in vivo binding to all tested bacteria. The mechanism of 
accumulation in infected sites remains to be elucidated. 
 
 
Keywords  
 
Tissue cage model, 99mTc-UBI 29-41, 99mTc-Ciprofloxacin, 111In-biotin, infection 
imaging 
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Introduction 
 
Implanted devices are increasingly used in modern medicine to alleviate pain or 
improve compromised function. Implant associated infections constitute a major 
complication leading to high morbidity, extensive patient care and costs [1]. The early 
discrimination between infective and aseptic implant failures is essential for choosing 
the appropriate therapy procedures. However, standard laboratory methods such as 
tissue cultures and direct microscopy are either slow or have low sensitivity [2, 3]. 
Thus, the development of a sensitive and specific diagnostic tool for detection of 
foreign body infections remains an important and challenging issue.  
Nuclear imaging techniques for evaluation of loosening prostheses have been 
increasingly used. To date, radiolabelled autologous leukocytes are the gold standard 
for scintigraphic imaging of infectious foci [4]. In alternative, an indirect approach is 
the radiolabelling of monoclonal antibodies or antibody fragments targeting specific 
leukocytes antigens or receptors. However, both methods have some limitation: the 
long and labour-intensive in vitro labelling procedure the first, and possible toxicity 
for repeated studies the second. In addition, sensitivity and specificity reported in pre-
clinical and clinical studies have been often contradictory or not satisfying [2, 5, 6].  
In the last years, diverse and novel agents able to target directly the infecting 
pathogens, rather than inflammatory cells, have been widely investigated. The 
antimicrobial peptide UBI 29-41 was labelled with technetium-99m and showed 
preferential accumulation at sites of experimental soft-tissue or foreign body 
associated infections. In clinical studies radiolabelled UBI 29-41 was investigated as 
an infection-specific agent allowing imaging of infectious foci in humans already 30 
min after administration [7-12]. In addition, synthetic antimicrobials have been 
evaluated and proposed as potential infection-specific radiopharmaceuticals. 99mTc-
Ciprofloxacin, belonging to the fluoroquinolone class of anti-bacterial, was pioneering 
this field and is the most extensively investigated. In both pre-clinical and clinical 
studies, 99mTc-Ciprofloxacin reported controversial frequency of false-positive cases, 
with specificity ranging between 41% and 83%. However, an increased specificity has 
been described when imaging was delayed from 1 h to 4 h or 24 h after administration 
of the radiopharmaceutical. Indeed, the delayed imaging would allow the clearance of 
aseptic inflamed lesions, whereas the radioactivity is retained in infection sites [6, 13-
20].  
The suboptimal radiochemical yield and the little understanding in the chemical 
structure of 99mTc complexes of Ciprofloxacin stimulated the research towards better 
chemically defined derivatives. Recently, a promising candidate, Ciprofloxacin 
dithiocarbamate (CiproCS2), has shown a fast and effective labelling, occurring by 
binding of two CiproCS2 molecules to a nitrido technetium-99m and resulting in a 
highly stable compound. Pre-clinical studies conducted with the 99mTcN-CiproCS2 
displayed in vitro bacterial binding and accumulation into infections sites higher than 
the precursor Ciprofloxacin [21]. Further evaluation would be recommended for a 
better characterization of this new radiopharmaceutical both in pre-clinical and 
clinical settings. 
Radiolabelled growth factors may also behave as specific agents accumulated by 
bacteria due to their high replication rate. Recently, indium-111 labelled biotin 
displayed high potentials for the diagnosis of vertebral osteomyelitis infections. When 
compared to clinical, radiological or laboratory tests, the SPECT/CT imaging of 
administered 111In-DTPA-biotin achieved a sensitivity of 84-100% and specificity of 
98-84% [22]. However, clinical studies are required to confirm the diagnostic 
potentials of this radiopharmaceutical. 
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The aim of our study was to compare the performance of three well known 
radiopharmaceuticals for bacteria imaging 99mTc-UBI [8], 99mTc-Ciprofloxacin [26, 
27], 111In-DTPA-biotin [22] and one newly synthesized radiopharmaceutical: 99mTcN-
CiproCS2. All products were tested in vitro and in vivo for targeting S. aureus and E. 
coli induced infection in a tissue-cage mouse model of foreign body infection. The 
tissue-cage model is a well-studied and well-understood model of reproducible, 
localized and persistent infection [23-25]. After subcutaneous aseptic implantation on 
the back of the mice, perforated Teflon cages fill with a vascularised granulation tissue 
and exudate, originating from an unspecific local inflammation process around the 
foreign body. Percutaneous injection of bacteria into cages causes a persistent 
infection, in which bacteria grow in adherent and planktonic growth phases. The 
advantage of this model is the easy sampling of cage fluid, performed in successive 
time points without harming the animals, allowing an accurate determination of 
planktonic bacterial load or concentration of administered radiopharmaceuticals.   
 
Materials and Methods 
 
Labelling procedures 
All labelling experiments and in vitro quality controls were performed at least three 
times for the already characterized radiopharmaceuticals. 99mTcN-CiproCS2 was 
labelled more than twenty times and quality controls performed in triplicate. We do 
not report the HPLC data and in vitro quality control data for 99mTc-UBI 29-41, 99mTc-
Ciprofloxacin and 111In-biotin since these data can be obtained from literature [7, 8, 
10, 11, 13, 22, 26, 27, 29, 32]. 

 
99mTc-UBI 29-41 
Lyophilized kits were reconstituted under aseptic conditions with Na99mTcO4, as 
previously described [8]. Briefly, the kits consisted of two vials: vial 1 contained 40 µl 
of NaOH and vial 2 contained 25 µg of UBI 29-41 and 12 µg of SnCl2. One ml of a 555 
MBq/ml 0.9% saline solution of Na99mTcO4, eluted from a 99Mo/99mTc generator, was 
transferred to vial 1. Thus, the content of vial 1 was resuspended and transferred to 
vial 2. After 15 min at room temperature, 5 ml of 0.9% saline solution were added to 
vial 2 (stock solution, SS) and labelling efficiency was analyzed as recommended by kit 
instructions [8]. Stability of the 99mTc-UBI 29-41 was evaluated by resuspending 100 
µl of the SS in saline and performing ITLC at different time points during 24 h.  

 
99mTc-Ciprofloxacin 
99mTc-Ciprofloxacin (1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-1-yl-quinoline-3-
carboxylic acid) was prepared using a lyophilized kit, as previously described [26, 27]. 
The kit consisted of 3 vials: vial 1 contained 20 mg of Ciprofloxacin, vial 2 30 mg of L-
tartarate acid and vial 3 50 mg of SnCl2. First, vials were reconstituted with 5 ml of 
sterile saline solution 0.9%, 10 ml of water for injection and 10 ml of 0.1M HCl, 
respectively. Vial 2 and 3 were further diluted 1:20 with water for injection in oxygen 
free vials. Labelling was performed in a fourth oxygen free vial (reaction vial), in which 
were transferred 250 µl from vial 1, 50 µl from 1:20 dilutions of vial 2 and 3, and finally 
500 µl of a Na99mTcO4 solution with activity of 740 MBq. After 20 min at room 
temperature the solution in reaction vial was filtered through a 0.22 µm Millipore and 
diluted 1:10 in saline (stock solution, SS). Quality controls were performed as 
described by the manufacturers [27]. Stability of the 99mTc-Ciprofloxacin was 
evaluated by resuspending 100 µl of the SS in 900 µl saline or serum and performing 
ITLC at different time points during 24 h. 
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111In-biotin 
A Diethylenetriaminepentaacetic acid a,w-bis-biocytinamide (DTPA-biotin) (SIGMA-
ALDRICH, USA) solution of 500 µg/ml was prepared in Acetate buffer 0.05 M, pH 5.5 
and sterile filtered with Millipore 0.2 µm filters. Labelling was performed as previously 
described [22]. Briefly 1 ml of DTPA-biotin sterile solution (500 µg) was mixed to 110 
MBq of Indium-111 chloride at room temperature for 15 minutes (stock solution, SS). 
Labelling efficiency was determined by high-performance liquid chromatography 
(HPLC), using a Phenomenex Jupiter 4 n column. As mobile phases 0.1% TFA/water 
(solvent A) and 0.1% TFA/acetonitrile (solvent B) were used at a flow rate of 0.75 
ml/min starting with a mixture of solvent A/B of 95/5% to a final ratio solvent A/B of 
70/30% for 25 minutes. Stability of the 111In-Biotin was evaluated by resuspending 100 
µl of the SS in 900 µl saline or serum and performing quality controls at different time 
points during 24 h. 

 
99mTcN-CiproCS2 
The kit was synthesized by I. A. Hajar et al. (University of Ferrara, Italy) and consisted 
of 3 vials: vial 1 contained 5 mg of succinic acid dihydrazide (SDH), 5 mg of 
ethylenediaminetetraacetic acid (EDTA), 0.1 mg of SnCl2 and phosphate buffer 0.1 M; 
vial 2 contained 12 mg of 1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl-
N-dithiocarbamate)-3-quinolinecarboxylic acid sodium salt, (abbreviated as 
Ciprofloxacin dithiocarbamate or CiproCS2); vial 3 contained 15 mg of γ-cyclodextrin. 
Briefly, 1 ml of 99mTcO4- (740 MBq) was added to vial 1. After 30 minutes of incubation 
at room temperature, 100 µl of a 0.5 M carbonate buffer (pH=9.5) were added. Then, 
15 ml of normal saline were added to vial 3 and 12 ml of the obtained solution were 
added to vial 2. Finally, 1 ml was transferred to vial 1 and the mixture was incubated 
at room temperature for 20 minutes.  Quality controls were performed by both instant 
thin layer chromatography (ITLC), thin layer chromatography (TLC) and reverse 
phase high-performance liquid chromatography (HPLC). ITLC silica gel strips and 
TLC silica gel strips (Baker-flex®, J.T. Baker, USA) were used as stationary phase. 
Regarding the former the mobile phase consisted in normal saline, while for the latter 
a methanol/0.5 M ammonium acetate (80:20 v/v) solution was used to determine the 
amount of free 99mTcO4- and unreacted 99mTc-nitrido intermediate. The amount of 
colloids was determined using ITLC albumin absorbed strips as stationary phase and 
an ethanol/water/ammonium (2:5:1) solution as mobile phase. High-performance 
liquid chromatography (HPLC) was carried out using a Phenomenex Jupiter 4 n 
column and 0.1% TFA/water (solvent A) and 0.1% TFA/acetonitrile (solvent B) as 
mobile phases at a flow rate of 0.75 ml/min, starting with a solvent ratio of A/B = 95/5 
for 10 minutes. Then, a gradient started over 15 min to a final ratio A/B = 5/95 and 
held constant for 3 minutes then back to 95/5 during the last 2 min. Stability of the 
99mTcN-CiproCS2 was evaluated by resuspending 100 µl of the SS in 900 µl saline or 
serum and performing TLC analyses at different time points during 24 h. 
 
Microorganisms  
The laboratory strains E. coli (ATCC 25922) and S. aureus (ATCC 35556, methicillin-
susceptible) were used. Bacteria were stored at -70 °C using a cryovial bead 
preservation system (Microbank, Pro-Lab Diagnostics, Richmond Hill, ON, Canada). 
Single cryovial beads were cultured overnight on Columbia sheep blood agar plates 
(Becton Dickinson, Heidelberg, Germany). Bacterial cultures were prepared by 
resuspending two to three colony forming units (CFUs) in 5 ml of Tryptic soy broth 
(TSB) and incubating overnight for 18-20 h at 37 °C. For in vitro studies, overnight 
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cultures were diluted 1:100 in TSB and further incubated at 37 °C to mid-logarithmic 
phase. Following, when an optical density (OD600) between 0.3 and 0.4 was achieved, 
cultures were centrifuged and bacterial pellets concentrated 10x in the appropriate 
volume of phosphate buffer solution (PBS) or a 0.1% acetic acid and 0.05% Tween 80 
supplemented PBS (incubation buffer solution, IBS) for testing 99mTc-UBI 29-41. 
Hundred µl of resuspended bacterial cultures were mixed with 900 µl of 
radiopharmaceutical solution, reaching a final load of ≈ 1´108 CFU/ml. 
For in vivo studies, overnight cultures were washed three times and re-suspended in 5 
ml of sterile saline 0.9%. Appropriate dilutions (inocula of 5´105 CFU and 5´106 CFU 
injected per mouse-cage of S. aureus and E. coli, respectively) of the washed overnight 
cultures were prepared and used for mice inoculation. Different inocula were prepared 
according to bacterial growth thus having the same number of bacteria 24 h after E. 
coli and 48 h after S. aureus inoculation. This was previously defined in a series of 
experiments not reported here. 
 
In vitro binding studies 
Binding of the test radiopharmaceuticals to E. coli and S. aureus was investigated in 
vitro. 
Mid-logarithmic phase bacterial cultures were 10´ concentrated and aliquoted into 
Eppendorf vials, together with the test radiopharmaceuticals. Vials were incubated for 
1 h at 37 °C, in the presence and in the absence a 100-fold excess of unlabelled 
radiopharmaceutical. Temperature dependency was evaluated by adapting bacterial 
aliquots for 1 h at 4 °C before addition of the radiopharmaceuticals, followed by further 
incubation for 1 h at 4 °C. Bacterial colony forming units were evaluated before and 
after 1 h incubation in the presence of radiopharmaceutical. For this purpose, 50 µl 
were 10-fold serial diluted in sterile saline and spread on Columbia agar plates. After 
overnight incubation at 37 °C, plates were counted and the exact log10CFU/ml 
calculated.  
For measuring radiopharmaceuticals’ binding to non-viable bacteria, cultures were 
exposed to 70% ethanol solution at 4 °C or in the buffer solution to 99 °C for 30 min 
(E. coli) or 1 h (S. aureus). Ethanol exposed cultures where washed before performing 
the binding tests. To confirm the non-viability of the resuspended heat-killed or 
ethanol-killed bacteria, 100 µL were spread on Columbia blood agar plates and the 
CFU enumerated after 24 h of incubation at 37 °C. Colony counts <10 CFU/ml were 
considered valid for further binding evaluation.  
For testing 99mTc-UBI 29-41, freshly prepared stock solutions (SS) were diluted 1:20 
with the incubation buffer solution (IBS, phosphate buffer solution 0.02 M 
supplemented with 0.1% acetic acid and 0.05% Tween 80), to a final concentration of 
210 ng/ml, 2.3 MBq/ml. Following, Eppendorf vials were filled with 800 µl of IBS, 100 
µl of bacterial suspension and 100 µl of diluted radiopharmaceutical.  
The SS of 99mTc-Ciprofloxacin and 99mTcN-CiproCS2 were diluted in PBS 1:10 and 1:40, 
respectively, from which 100 µl were transferred to Eppendorf vials containing 800 µl 
of PBS and 100 µl of bacterial suspensions. 
In the 111In-DTPA-biotin binding assay, the labelled SS was diluted 1:1000 in PBS, and 
500 µl transferred to vials pre-filled with 500 µl of bacterial cultures resuspended in 
PBS or a biotin depleted minimal medium. 
The percentage of radiopharmaceutical bound to bacterial cells was calculated by 
incubating the different radiopharmaceuticals with the bacteria suspensions for 
different time points between 5 min and 1 h. Probes were then centrifuged for 5 
minutes at 13,500 rpm at 4 °C. Pellets were washed with 500 µL of cooled buffer 
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solution. Supernatants and re-suspended pellets were counted in a multi-well NaI γ-
counter (Cobra; Packard) and the counts per minutes (CPM) recorded. The percentage 
of radiolabelled agents in the pellets was calculated as percentage of the CPMp/CPM0-
ratio per 8.0 log10 CFU/ml, where CPMp were the CPM associated to pellets and CPM0 
the total CPM of the radiolabelled agent added per vial. 
 
Tissue-cage infection model in mice 
C57Bl/6 mice from in-house breeding or purchased from Charles River (Germany) 
were housed in the Animal Facility of the Department of Biomedicine, University 
Hospital Basel, Switzerland, at a mean temperature of 23±2 °C, 50-55% relative 
humidity, and 12-h light/dark cycle. Drinking water and standard laboratory food 
pellets (CR) were provided ad libitum. At the age of 12 weeks, one sterile 
polytetrafluoroetylene (Teflon) cage (32 x 10 mm), perforated by 130 regularly spaced 
holes of 1 mm diameter, was aseptically implanted into the back of each mouse, as 
previously described [24, 28] (figure 1). Each cage was weighted and numbered before 
implantation, in order to normalize the final cage-associated CPM measurements with 
the weight of the cage tissue only. Two weeks after surgery, clips were removed from 
healed wounds and sterility of the cage was confirmed by plating of percutaneously 
aspirated cage fluid on Columbia blood agar plates. On the following day, 5´105 CFU 
of E. coli or 5´106 CFU of S. aureus resuspended in 200 µL of 0.9% NaCl, were injected 
into the cages. Cages in control animals were injected with sterile 0.9% NaCl. 
Experiments were performed in accordance to the regulations of Swiss veterinary law. 
The Institutional Animal Care and Use Committee approved the study protocol. 
 

 

 
Figure 1. SPECT/CT scan of a C57Bl/6 mouse after subcutaneous implant of the tissue cage 
and 99mTc-ciprofloxacin injection. No implant uptake is observed in the sterile cage. 
 
Biodistribution studies 
In biodistribution studies, 100 µl of test radiopharmaceuticals were administered into 
the mice lateral tail vein, 24 h and 48 h after induction of E. coli and S. aureus infection, 
respectively. In particular, the injected stock solutions were: 99mTc-UBI 29-41 (9.3 
MBq, 0.40 µg per mouse), 99mTc-Ciprofloxacin (7.4 MBq, 13 µg per mouse), 99mTcN-
CiproCS2 (7.4 MBq, 10 µg per mouse) and 111In-biotin (0.6 MBq, 0.5 µg per mouse). 
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Each radiopharmaceutical was injected in at least 10 to 12 mice per sterile/ infected 
testing group. 
Bacterial counts into cage fluids were evaluated by plating 10-fold serial dilutions of 
fluids collected on the day of radiopharmaceutical injection, plates were incubated for 
24 h at 37 °C and the CFU counted.  
Distribution of radiopharmaceuticals into the infected/sterile cage fluids was 
determined at 30 min, 1 h, 2 h, 4 h, 8 h, 12 h and 24 h p.i.. 100 µl of aspirated fluids 
were resuspended in 1 ml PBS and counted in a γ-counter. The percentage of injected 
dose (% IDTCF/ml) was calculated as measured CPM normalized per 1 ml cage fluid 
and divided by the CPM0 of the injected dose. Distribution into organs, tissues and 
explanted cages was measured at 30 min, 4 h and 24 h p.i. Mice were sacrificed with 
an intra-peritoneal injection of 50-80 µl saline solution of pentothal (100 mg/ml). 
Blood was collected by cardiac puncture and animals were perfused with 0.9% NaCl 
solution for around 5 min. Following, tissues were dissected, weighted and collected 
into test tubes for γ-counter (blood, heart, liver, spleen, stomach, kidneys, lungs, 
intestine, muscle, bone and cage). The percentage of injected dose (% IDtissue/g) was 
calculated as CPM associated to each organ divided by its weight in grams and by the 
CPM0 of the injected dose. Furthermore, for each radiopharmaceutical the infected 
cage/sterile cage ratio was measured, based on the Cage-fluid and the Cage-tissue to 
blood %ID ratio. 
 
Statistical analysis 
Comparisons of in vitro binding results and in vivo biodistribution data were 
performed using the Student t test for continuous variables. All results were given as 
mean values±SEM, unless otherwise indicated. Differences were considered 
significant when P values were <0.05. All calculations were performed using Prism 
4.0a (GraphPad Software, La Jolla, CA, USA). 
 
Results  
 
Quality controls and stability assays 
 
99mTc-UBI 29-41 
The labelling efficiency of 99mTc-UBI 29-41 was 97±0.2%, while the radioactivity 
associated with colloid or hydrolyzed 99mTc species was less than 1.6%. Specific activity 
was 3.8×101 MBq/mmol.  
The compound was stable in saline up to 6 h (95.6±1.52%), while in serum the 
radiochemical purity reached 80.2%, as it has been previously reported [29]. 
 
99mTc-Ciprofloxacin 
The labelling efficiency of 99mTc-Ciprofloxacin was 93±0.1%, with an amount of 
colloids not higher than 5%. Specific activity was 1.14×104 MBq/mmol. 
The compound was stable in serum up to 6 h (92.6±1.15%), whereas in saline its 
radiochemical purity decreased to 58±12.5% after 6 h. 
 
111In-DTPA-biotin 
111In-DTPA-biotin presented a labelling efficiency of 96±0.1%. Specific activity was 
5.2×104 MBq/mmol and was highly stable in saline and serum up to 6 h, without any 
significant decrease of the radiochemical purity (95.6±0.57%). 
 
99mTcN-CiproCS2 
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The labelling efficiency of 99mTcN-CiproCS2 determined by HPLC and TLC was 
approximately 97±0.15%, with an amount of unreacted 99mTc-nitrido intermediate not 
greater than 3%. Specific activity was 1.9×104 MBq/mmol. 
The compound was stable in saline and serum up to 6 h, without any significant 
decrease of the radiochemical purity (96.6±0.57%). 
 
In vitro binding studies 
99mTc-UBI 29-41, 99mTc-Ciprofloxacin, 99mTcN-CiproCS2 and 111In-DTPA-biotin 
displayed different binding properties to the E. coli and S. aureus. Overall, all tested 
radiopharmaceuticals showed higher binding to EtOH-killed or heat-killed bacteria 
than living bacteria (except for 99mTc-Ciprofloxacin and 111In-DTPA-biotin on heat-
killed S. aureus).  
As shown in table 1, 99mTc-UBI 29-41 and 99mTcN-CiproCS2 showed some specific 
displaceable binding only to E. coli. 111In-DTPA-biotin showed in vitro specific 
displaceable binding only to S. aureus. 99mTc-Ciprofloxacin showed specific 
displaceble binding to both E. coli and S. aureus. The highest in vitro bacterial binding 
was observed with 99mTcN-CiproCS2. Percentages of binding per 8.0 log10 CFU/ml 
were calculated and reported in Table 1. 
 

Table 1 
In vitro binding assay reported as % CPM/CPM0 (means±SD) measured after 1 h 

incubation of different radiopharmaceuticals with S. aureus or E. coli. 
 

Values are mean(+SD); t-test vs 100x cold at 37 °C; *p<0.05; **p<0.025; ***p<0.01; 
****p<0.005. 
 
Bacterial viability was tested for cultures exposed to radiopharmaceutical solutions 
during 1 h. Both S. aureus and E. coli cultures were not affected by the presence of any 
of the radiopharmaceuticals and bacterial counts remained equal to control vials. 
Whereas, in competition experiments, E. coli counts at 1 h incubation decreased when 
exposed to the 100-fold excesses of unlabelled Ciprofloxacin and CiproCS2 by ≈0.8 and 
≈3.5 log10 CFU/ml, respectively. In these cases, data were corrected for the loss of 
bacteria. 

 
 
 

37 °C 4 °C EtOH Killed Heat Killed 100x Cold 
37 °C 

99mTc-UBI 29-41 
E. coli 0.94±0.08**** 0.61±0.15 3.34±0.35**** 12.02±0.52**** 0.72±0.07 

S. aureus 0.36±0.04 0.28±0.05 15.90±0.87**** 10.20±2.53**** 0.28±0.11 
 

99mTc-ciprofloxacin 
E. coli 2.60±0.03**** 1.6±0.16**** 4.35±0.20**** 4.81±0.22**** 1.18±0.05 

S. aureus 1.43±0.07**** 1.11±0.05 2.12±0.25**** 0.52±0.04**** 1.04±0.11 
 

99mTcN-CiproCS2 

E. coli 32.51±3.47** 55.46±4.98**** 48.34±6.14**** 53.11±6.47**** 25.41±3.17 
S. aureus 91.10±3.67*** 95.14±4.15 93.14±4.03* 92.56±7.97 98.86±3.19 

 

111In-DTPA-Biotin 
E. coli 0.23±0.06 0.10±0.03** 0.09±0.04** 0.10±0.04** 0.21 ±0.09 

S. aureus 0.14±0.02*** 0.25±0.02**** 0.07±0.02 0.05±0.02 0.06±0.04 
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Biodistribution studies 
The E. coli and S. aureus mean ± SD load into cage fluids was 9.4±0.82 log CFU/ml 
and 6.3±0.62 log CFU/ml, respectively. No clinical or pathological signs of systemic 
infection (haematogenous dissemination) were observed during organ dissection. 
Thus, the cage fluid infections were considered persistent and localized. 
Accumulation of the radiolabelled agents into cage fluids was measured at 30 min, 2 
h, 4 h, 8 h, 12 h and 24 h p.i., the % IDTCF/ml calculated were plotted vs time and the 
kinetic profiles are reported in figure 2. 99mTc-UBI 29-41 and 111In-DTPA-biotin (figure 
2A and 2D) displayed a similar kinetic into cage fluids, with peak values measured at 
30 min p.i. of 3.26±1.45 and 3.55±0.92, respectively, followed by fast clearance and 
already at 12 h p.i. %ID/ml became <0.1. Similarly, 99mTc-Ciprofloxacin (figure 2B) 
peaks of 2.94±1.01 %ID were achieved in cage fluids at 30 min p.i. Differently, the 
penetration of 99mTcN-CiproCS2 (figure 2C) into cage fluids was lower than the other 
tested agents, with a slow kinetic and peak values in sterile fluids between 8 and 12 h 
of 0.23±0.01.   
Radiopharmaceutical accumulation into dissected tissues, organs and cage tissues was 
evaluated at 4 h and 24 h p.i. %ID/ g measured from total body biodistribution are 
reported in Table 2, and plots of the cage associated %ID/ g are displayed in figure 3. 
Distributions of the radiopharmaceuticals into cage tissues well correlated to the one 
measured in the cage fluids. In Table 3 are reported the Cage-fluid and the Cage-tissue 
to blood %ID ratios for all radiopharmaceuticals at 4 h and 24 h p.i.. 
Preferential accumulation of 99mTc-UBI 29-41 in E. coli infected than in sterile cages 
was measured between 12 h (p=0.045) and 24 h p.i. (p=0.0069) (figure 2A and 3A). 
The agent was fast cleared from blood and calculated cage fluid or tissue cages to blood 
ratios ranged between 1.90 - 6.00 % in sterile animals and 4.50 - 18.35 % in infected 
animals. At 24 h p.i. cage-fluid to blood ratios were significantly lower in non-infected 
than in both E. coli (p=0.0008) and S. aureus (p=0.035) infected animals (table 2).  
The uptake of 99mTc-Ciprofloxacin in both S. aureus and E. coli infected cage fluids 
and tissues (figure 2B and 3B) were higher than in sterile ones between 4 h and 24 h 
p.i. (p<0.05). Both cage and cage fluids to blood ratios were highly discriminative for 
infections already from 4 h p.i.. 
99mTcN-CiproCS2 did not differentiate between sterile and S. aureus infection (figure 
2C and 3C), but %ID, cage-fluid to blood and tissue-cage to blood ratios became 
significantly higher in E. coli infected animals from 4 h p.i. (p=0.028) to 24 h p.i. 
(p=0.0003).  
111In-biotin accumulated in S. aureus infected cages more than in sterile animals at any 
time after 4 h (p=0.0089) p.i. (figure 2D and 3D). %ID were significantly higher in E. 
coli infected than in explanted cages at 4 h p.i. (p=0.028) but not at 24 h p.i. (figure 
3D), while in E. coli infected cage fluids the accumulation was equal than the one in 
sterile animals. On the other hand, the ratios of cage-fluid and tissue-cage to blood 
were discriminative for both E. coli and S. aureus infections from 4 h to 24 h p.i. (table 
2).  
As previously described, in biodistribution studies both 99mTc-UBI 29-41 and 99mTc-
Ciprofloxacin accumulated in the kidneys, which constitute the main elimination 
route. In addition, 99mTc-Ciprofloxacin showed liver uptake, probably due to hepatic 
metabolism [7, 9, 10]. In accordance to J. Zhang et al. [21] 99mTcN-CiproCS2 
distributed mainly in liver and intestine, secondarily in spleen, lungs and kidneys. 
111In-biotin showed a low accumulation in all organs and tissues, as it was cleared from 
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blood already at 4 h p.i. A slight accumulation into kidneys indicated the latter being 
involved in the radiopharmaceutical elimination. 
All tested radiopharmaceuticals were cleared from most organs and tissues at 24 h p.i.. 

 
 

Figure 2. Distribution profiles of 99mTc-UBI 29-41 (A), 99mTc-ciprofloxacin (B), 99mTcN-
CiproCS2 (C) and 111In-DTPA-biotin (D) at 2, 4, 8, 12 and 24 h p.i. into cage fluids sterile (black 
diamonds and dotted lines), E. coli (close circles and continuous lines) or S. aureus (empty 
circles and dashed lines) infected. Data represent % ID/ ml of tissue fluid, expressed as mean 
± 1 SEM of three to five mice per testing group. Significant differences between infected and 
control cage fluids are indicated as follow: * P < 0.05, ** P < 0.005, ***P < 0.0005. 
 

Table 2 
Biodistribution after i.v. injection of 99mTc-UBI 29-41, 99mTc-ciprofloxacin, 99mTcN-

CiproCS2 and 111In-DTPA-biotin expressed as means (±SD) %ID/g of tissue 
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Table 3 
%ID-to-blood ratios in cage fluids or explanted cages from mice injected with 99mTc-

UBI 29-41, 99mTc-ciprofloxacin, 99mTcN-ciproCS2 or 111In-DTPA-biotin 
 
 

Sterile 
inflammation E. coli infection S. aureus infection 

Fluids 
(%ID/ml

) 
Cages 
(%ID) 

Fluids 
(%ID/ml) 

Cages 
(%ID) 

Infected 
cage/sterile 
cage (ratio) 

Fluids 
(%ID/ml) 

Cages 
(%ID) 

Infected 
cage/steril

e cage 
(ratio) 

99mTc-
UBI  
29-41 

4h 4.39 
(±1.07) 

6.00 
(±1.35) 

5.68 
(±2.21) 

6.03 
(±0.70) 1 4.50 

(±1.92) 
7.83 

(±3.91) 1.30 

24
h 

1.90 
(±1.11) 

4.00 
(±1.73) 

18.35 
(±2.91)**** 

11.33 
(±5.13)** 2.83 4.82 

(±1.87) ** 
8.67 

(±5.69) 2.16 

99mTc-
cipro-
floxacin 

4h 0.26 
(±0.06) 

0.35 
(0.08) 

0.44 
(±0.06)**** 

0.65 
(±0.05)**** 1.85 0.53 

(±0.03)**** 
0.76 

(±0.18)**** 2.17 

24
h 

0.52 
(±0.03) 

0.81 
(±0.09) 

1.66 
(±0.65)*** 

2.38 
(±0.74)**** 2.93 0.80 

(±0.05)**** 
1.33 

(±0.11)**** 1.64 

99mTcN-
ciproCS2 

4h 0.22 
(±0.02) 

0.31 
(±0.04) 

0.35 
(±0.06)**** 

0.74 
(±0.15)**** 2.38 0.14 

(±0.09)* 
0.22 

(±0.09) 0.70 

24
h 

0.82 
(±0.04) 

1.25 
(±0.07) 

1.59 
(±0.08)**** 

2.87 
(±0.45)**** 2.29 0.85 

(±0.17) 
1.52 

(±0.24)* 1.21 

111In-
Biotin 

4h 4.69 
(±1.42) 

4.72 
(±0.86) 

7.44  
(±1.31)** 

8.89 
(±0.95)**** 1.88 9.51 

(±0.29)**** 
9.61 

(±1.36)**** 2.03 

24
h 

2.26 
(±0.38) 

5.33 
(±0.58) 

3.82 
(±0.85)*** 

7.00 
(±1.00)** 1.31 6.24 

(±1.17)**** 
9.00 

(±1.73)**** 1.68 

Values are mean(±SD); t-test vs sterile fluids or sterile cages; *p<0.05; **p<0.025; 
***p<0.01; ****p<0.005. 
 

 
99mTc-UBI 29-41 99mTc-ciprofloxacin 99mTcN-CiproCS2 111In-DTPA-biotin 

4 h 24 h 4 h 24 h 4 h 24 h 4 h 24 h 

Blood 0.06(±0.01) 0.02(±0.00) 0.71(±0.17) 0.55(±0.05) 3.35(±0.31) 0.75(±0.03) 0.03(±0.00) 0.02(±0.00) 
Heart 0.14(±0.01) 0.02(±0.01) 2.16(±0.63) 1.01(±0.04) 0.64(±0.09) 0.20(±0.02) 0.06(±0.01) 0.01(±0.00) 
Liver 0.77(±0.02) 0.17(±0.07) 7.34(±3.76) 3.14(±0.27) 21.13(±0.93) 8.51(±1.29) 0.08(±0.01) 0.07(±0.02) 

Stomach 1.09(±0.18) 0.23(±0.16) 2.11(±0.74) 1.26(±0.14) 0.67(±0.36) 0.31(±0.12) 0.06(±0.04) 0.03(±0.01) 
Spleen 0.38(±0.10) 0.09(±0.03) 1.94(±0.85) 1.35(±0.05) 7.76(±0.96) 2.48(±0.75) 0.09(±0.02) 0.07(±0.01) 

Kidneys 40.18(±1.88) 5.80(±2.90) 15.42(±1.95) 9.94(±0.40) 3.78(±0.65) 0.87(±0.17) 1.48(±0.31) 1.00(±0.21) 
Lungs 0.62(±0.06) 0.05(±0.03) 1.61(±0.36) 1.09(±0.14) 5.62(±2.99) 0.51(±0.18) 0.04(±0.01) 0.38(±0.70) 

Intestine 0.71(±0.07) 0.13(±0.07) 2.71(±1.03) 0.84(±0.14) 14.50(±3.87) 1.12(±0.13) 0.18(±0.06) 0.08(±0.04) 
Bone 0.09(±0.01) 0.03(±0.01) 3.15(±0.46) 3.64(±0.25) 1.58(±0.27) 0.68(±0.05) 0.06(±0.00) 0.04(±0.00) 

Muscle 0.05(±0.02) 0.01(±0.00) 0.62(±0.17) 0.38(±0.06) 0.82(±0.09) 0.22(±0.03) 0.03(±0.01) 0.01(±0.01) 
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Figure 3. Distribution of 99mTc-UBI 29-41 (A), 99mTc-ciprofloxacin (B), 99mTcN-CiproCS2 (C) 
and 111In-DTPA-biotin (D) at 30 minutes, 4 h and 24 h p.i. in explanted cages sterile (bars with 
lines), E. coli (dark bars) or S. aureus (empty bars) infected. Data represent % ID/g of tissue, 
expressed as mean ± 1 SEM of three to five mice per testing group. Significant differences 
between infected and control cages are indicated as follow: * P < 0.05, ** P < 0.005, *** P < 
0.0005. 
 
Discussion  
 
Several classes of radiopharmaceutical have been developed, with the common aim of 
targeting either host or bacterial cells specifically involved in the infective process. We 
compared three well-known and promising radiopharmaceuticals and one newly 
synthesized, that bind to bacteria with different mechanisms. First, we evaluated in 
vitro the radiopharmaceutical binding activity to laboratory strains of E. coli and S. 
aureus, followed by study of their biodistribution in sterile and infected animals. For 
in vivo targeting bacterial infections, we used a tissue-cage mouse model of implant-
associated infection. 
The labelling kits demonstrated a high labelling efficiency and high stability both in 
saline and serum, with exception of 99mTc-ciprofloxacin, whose radiochemical purity 
decreased in saline to approximately 60% within 6 h. 
The correlation of the in vitro binding results with the binding to bacteria in vivo was 
unclear, and summarised in table 4. The different uptake mechanism and kinetics of 
radiopharmaceuticals to bacteria may result being highly affected by the conditions 
adopted in the in vitro tests. In our studies, the in vitro binding of the four 
radiopharmaceuticals to E. coli and S. aureus was poorly satisfactory. All 
radiopharmaceuticals showed strain differences and generally higher capacity to bind 
to dead than alive bacteria.  
Indeed, the initial interaction of antimicrobial peptides, as UBI 29-41, to microbial 
plasmatic membranes is mainly guided by electrostatic interaction between the 
positively charged peptide and the negatively charged lipid bacterial membranes. 
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Table IV 
Summary of results from in vitro and in vivo experiments 

 

 
In 

vitro*          
E. coli 

In 
vitro*          

S. 
aureus 

In 
vivo 

fluid**   
E. coli 

In vivo 
fluid**      

S. 
aureus 

In 
vivo 

cage**      
E. coli 

In vivo 
cage**       

S. 
aureus 

In 
vivo 
T/B 

fluid**          
E. coli 

In 
vivo 
T/B 

cage** 
E. coli 

In vivo 
T/B 

fluid** 
S. 

aureus 

In vivo 
T/B 

cage**        
S. 

aureus 
99mTc-UBI  
29-41 

p < 
0.005 ns 

p < 
0.005   
at 24h 

ns 
p < 

0.05    
at 24h 

ns 
p < 

0.005 
at 24h 

p < 
0.025 
at 24h 

p < 
0.025 at 

24h 
ns 

99mTc-
cipro-
floxacin 

p < 
0.005 

p < 
0.005 

p < 
0.05    

at 24h 

p < 
0.005 
at 24h 

p < 
0.05   

at 24h 

p < 
0.005 
at 24h 

p < 
0.01    

at 24h 

p < 
0.005 
at 24h 

p < 
0.005 
at 24h 

p < 
0.005        
at 24h 

99mTcN-
ciproCS2 

p < 
0.025 ns 

p < 
0.0005 
at 24h 

ns 
p < 

0.005 
at 24h 

ns 
p < 

0.005 
at 24h 

p < 
0.005 
at 24h 

ns 
p < 

0.05          
at 24h 

111In-
Biotin ns p < 0.01 ns 

p < 
0.0005 

at 8h 

p < 
0.005 
at 4h 

p < 
0.005 
at 4h 

p < 
0.025 
at 4h 

p < 
0.005 
at 4h 

p < 
0.005 
at 4h 

p < 
0.005          
at 4h 

*calculated between binding at 37 °C vs binding in presence of 100-fold molar excess of cold 
pharmaceutical; **calculated between infected vs sterile. ns = non-specific. 
 
Cytokines may also play a role. Later in time, the amphipathic nature of antimicrobial 
peptides induces hydrophobic interactions and insertion of peptides through the 
membranes with formations of pores. Finally, the pores mediate internalization and 
accumulation of antimicrobial peptides in the bacterial cytoplasm, where they 
presumably specifically bind to intracellular targets [7, 30]. Indeed, as seen in table 3, 
at 4 h p.i. the uptake of 99mTc-UBI 29-41 in sterile cages is very similar to infected ones. 
By contrast, at 24 h p.i. the peptide accumulates only in infected cages. 
Similarly, Ciprofloxacin, a fluoroquinolone antimicrobial targeting bacterial DNA-
gyrase, has been described to be taken up by gram positive and gram negative bacteria 
in a non-saturable mode, as simple diffusion through non specific protein channels or 
directly through the phospholipids bilayer. Bacterial uptake of Ciprofloxacin is 
reduced at lower temperatures, which is in accordance with our results. The 
Ciprofloxacin binding to bacteria may be affected by the phase of bacterial growth, the 
culture medium or the degree of aeration during growth. In addition, the active efflux 
system across the cytoplasmic membrane and the washing step performed after 
exposure of bacterial cultures to radiolabelled Ciprofloxacin may play key roles in the 
final binding percentage [31]. Previously, by using the same 99mTc-Ciprofloxacin kit 
preparation applied in our study, Sierra et al. reported, an in vitro binding to S. aureus 
of 22-23%, which is 10-fold higher than what we could measure [26]. However, Sierra 
et al. tested a bacterial density of OD600 = 1.5, which is three times higher than the one 
we used in the in vitro binding studies. In our in vitro studies, we chose a bacterial 
density with OD600 0.5 because corresponding to ≈ 8 log10CFU/ml, which is the highest 
bacterial counts achieved in vivo in the mouse cage fluid. Indeed, bacterial densities 
like ours have been used in in vitro assays in previous studies and led to a binding 
percentage similar to the one we report [32, 33].  
Differently from the other tested agents, biotin is a vitamin and was reported to have 
a specific, temperature and energy dependent receptor-mediated binding to E. coli 
[34]. However, our results showed that the binding of 111In-DTPA-biotin was not 
dependent on bacterial viability. A possible explanation for this discrepancy is the 
different concentration of biotin and bacteria that we used in our experiments. 
Our results show that the binding of 99mTc-UBI 29-41 is temperature dependent, non-
displaceable in S. aureus, and occurs also in killed bacteria; the binding of 99mTc-
Ciprofloxacin depends on temperature, is specific and displaceable for both bacterial 
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strains but occurs also in killed bacteria; the binding of 99mTcN-CiproCS2 is specific 
and displaceable only for E. coli; 111In-DTPA-biotin binding is temperature dependent, 
specific and displaceable S. aureus and poorly occurs in killed bacteria.  
The distribution studies of 99mTc-UBI 29-41, 99mTc-Ciprofloxacin and 111In-DTPA-
biotin performed in the mouse tissue cage model showed a rapid penetration into the 
cage tissues and fluids followed by an exponential clearance. The peak concentrations 
were higher in sterile than infected cages, but clearance of sterile cages occurred earlier 
than infected, thus giving the possibility to discriminate between sterile inflammation 
and infection with late acquired images. Differently, the penetration of 99mTcN-
CiproCS2 into cage fluids followed a slow kinetic and peak concentrations were 
achieved between 8 h and 12 h p.i.. 
In contrast with the low binding obtained in vitro, a significantly higher accumulation 
of the radiopharmaceuticals into infected tissue cages was achieved between 4 h and 
12 h p.i.. 99mTc-Ciprofloxacin and 111In-DTPA-biotin were discriminative for both E. 
coli and S. aureus infections. In previous pre-clinical and clinical studies, 99mTc-UBI 
29-41 was reported to be accumulated preferentially at infection sites between 30 min 
and 4 h p.i [7, 12, 35-37]. However, the tissue cage model did not support early time 
points due to delayed clearance of the non-infected cages. Indeed, at 30 min p.i., the 
radiopharmaceuticals showed comparable concentrations in sterile and infected cages 
and became discriminative for E. coli infected cages between 12 h and 24 h p.i.. 
99mTcN-CiproCS2 displayed low penetration into all cages, with peak values between 
7- and 20-folds lower than the ones measured with the other tested 
radiopharmaceuticals. Contrarily to the in vitro binding results, which led to higher 
binding affinity to S. aureus then to E. coli, 99mTcN-CiproCS2 was able to discriminate 
only for E. coli and not for S. aureus infected cages.  
The infected cage/sterile cage ratios of 99mTc-Ciprofloxacin and 111In-DTPA-biotin at 4 
h were higher than for 99mTc-UBI 29-41 and 99mTcN-CiproCS2. At 24 h T/NT ratios >2 
were observed with 99mTc-UBI 29-41, 99mTc-Ciprofloxacin and 99mTcN-CiproCS2 in E. 
coli infected cages, whereas in S. aureus cages and in all 111In-DTPA-biotin injected 
mice the radioactivity was mainly cleared. T/NT ratio >3 were not achieved at any time 
and with any bacteria, a finding that in our opinion may constitute a limiting factor for 
their human use for detecting residual infection during or after therapy. 
 
Conclusions  
 
We report here for the first time, a comparison between three well established 
radiopharmaceuticals, and one new, proposed for bacteria imaging. We compared in 
vitro labelling stability of published formulated kits, in vitro binding to different 
strains of bacteria, in vivo biodistribution in a reliable and reproducible animal model 
of foreign body infection.  
All compounds showed in vitro uncertain specific bacterial binding and in vivo poor 
discrimination for infected sites, and thus, do not constitute promising option for 
diagnosis occult implant associated infections. In particular, while 99mTc-
Ciprofloxacin and 111In-DTPA-biotin accumulated in both E. coli and S. aureus 
infected cages, 99mTc-UBI 29-41 and 99mTcN-CiproCS2 preferentially discriminated for 
E. coli infected cages, although the mechanism of accumulation in infected sites still 
remains to be elucidated. 
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Abstract  
 
BACKGROUND: Infectious diseases are still now one of the main causes of morbidity 
and mortality worldwide. Nuclear molecular imaging would be of great help to non-
invasively discriminate between septic and sterile inflammation through available 
radiopharmaceuticals, despite none is currently available for clinical practice. Here, 
we describe the radiolabelling procedure and in vitro and in vivo studies of 99mTc-
polymyxin B sulphate (PMB) as a new single photon emission computed tomography 
(SPECT) imaging agent for the characterization of infections due to Gram-negative 
bacteria. 
METHODS: PMB was conjugated with succinimidyl-6-hydrazinonicotinate 
hydrochloride (HYNIC) and radiolabelled with 99mTc. Quality control included 
stability over time in saline and serum up to 6 h; in vitro binding to several bacterial 
strains, viable or killed, at 37 and 4 °C. In vivo studies included pharmacokinetic and 
targeting studies in C57BL/6 mice with implanted infection in the thigh. Images were 
acquired at 1, 3 and 6 h post 99mTc-HYNIC-PMB injection and target-to-background 
(T/B) ratios were calculated. 
RESULTS: Labelling efficiency was equal to 97±2% with an average molar activity of 
29.5±0.6 MBq/nmole. Product was highly stable in saline and serum up to 6 h. In vitro 
binding assay showed significant displaceable binding to Gram-negative bacteria but 
not to Gram-positive controls. In mice, 99mTc-HYNIC-PMB was mainly uptaken by 
liver and kidneys. Targeting studies confirmed the specificity of 99mTc-HYNIC-PMB 
obtained in vitro, showing significantly higher T/B ratios for Gram-negative bacteria 
than Gram-positive controls. 
CONCLUSIONS: In vitro and in vivo results suggest that 99mTc-HYNIC-PMB has a 
potential for in vivo identification of Gram-negative bacteria in patients with 
infections of unknown aetiology. However, further investigations are needed to deeply 
understand the mechanism of action and behaviour of 99mTc-HYNIC-PMB in other 
animal models and in man. 
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Introduction 
 
Discrimination between sterile inflammation and infection has always been one of the 
major challenges for scientific community and for nuclear medicine too. Several 
radiopharmaceuticals, such as antimicrobial peptides, antibiotics, sugars or 
antifungal, poorly allows to differentiate between infection and sterile inflammation 
and also to unmask sites of occult infection. Despite excellent pre-clinical results, none 
of these radiopharmaceuticals has been introduced into clinics yet, due to poor 
specificity in man (1-5). 
As a matter of facts, the gold standard method for differential diagnosis of infections 
is the scintigraphy with radiolabelled autologous leukocytes (either with 99mTc-
HMPAO or 111In-oxine) (6, 7). 
In some case, such as in spondylodiscitis, the use of [18F]FDG has proved to be more 
sensitive and specific than radiolabelled white blood cells (8). 
Nevertheless, when infection is diagnosed, the problem remains about the 
identification of the causative agent and haemocultures or needle aspiration (or 
biopsy) are often necessary to isolate the pathogen. Nevertheless, both haemoculture 
and needle biopsy are often falsely negative and may require to be repeated several 
times. Haemoculture can be performed only if the patient has fever, and fluid 
aspiration is falsely sterile (9). Ultrasound guided or CT-guided biopsies or fluid 
aspiration can result in higher specificity but always with low sensitivity, ranging from 
69% to 80% (10-12).  
Despite several techniques are available for diagnosing bacterial infections, none is 
considered the gold standard, and clinicians often do not reach an aetiological 
diagnosis and start anti-microbial therapy using a wide spectrum antibiotic (13). 
A major improvement for therapy would be to identify, by a simple imaging modality, 
if the infection is caused by Gram negative (Gram-) or Gram positive (Gram+) bacteria 
or if it is a fungal infection. In the last 5 years we aimed at synthetizing a new 
radiopharmaceutical for the specific identification in vivo, by gamma camera imaging, 
of Gram- infections. 
Among the many antimicrobial peptides, we concentrated on polymyxins. Polymyxins 
were isolated from Bacillus polymyxa in 1947 by three different groups, independently 
(14-16). Polymyxins (A, B, C, D, E or colistin) are decapeptides with molecular weights 
in the range of 1200 Da, that differ only for few amino acid residues (17). This class of 
antimicrobial peptides is characterized from a specific structure consisting of a cyclic 
heptapeptide ring bound, through a tripeptide side chain, to a hydrophobic fatty acid 
tail (Figure S1).  
Despite five polymyxins were described, only polymyxin B and colistin were used for 
clinical purpose. They were used for cutaneous and superficial ophthalmic infections, 
but their use was excluded from systemic administration in the early 1970s because 
they cause severe neurotoxicity and nephrotoxicity in therapeutic dosage (18).  
Studies conducted on the relation between structure-activity of polymyxin B (PMB), 
demonstrate that PMB acts on lipopolysaccharide (LPS) like an amphipathic 
antimicrobial peptide: the polar face of the peptide interacts with the polar lipid A 
component of LPS, while the lipophilic face permeates into the hydrophobic layer of 
the outer membrane. As results of this interaction, PMB displaces Ca2+ and Mg2+ ions 
which stabilize LPS molecules in the outer membrane, resulting in disruption of the 
membrane and in a major susceptibility to other hydrophobic antibiotics (19, 20).  
Commercially, polymyxin B is available as polymyxin B sulphate, a mixture of 
polymyxin B1 and B2 as prevalent forms and polymyxins B3-6, that differ only for the 
fatty acid tail (21).  
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In the last decades, the use of polymyxin B and colistin was renewed due to increase 
of multidrug-resistant (MDR) Gram- bacterial infections (22) such as due to P. 
aeruginosa and A. baumanii, that are resistant to many available antibiotics (23, 24). 
Because of the considerable potential of this antimicrobial peptide, in this paper we 
describe the radiolabelling of polymyxin B sulphate with 99m-Technetium (99mTc) 
with the aim to produce a new radiopharmaceutical, with high specific activity, for 
imaging of Gram- infections. This would allow to inject nanomolar quantities of 
radiolabelled peptide thus avoiding any side effect. 
 
 
Materials and Methods 
 
Conjugation 
Labelling of polymyxin B sulphate (Sigma Aldrich, St. Louis, MO) was performed with 
indirect method: PMB molecules were conjugated with a heterobifunctional 
crosslinker, succinimidyl-6-hydrazinonicotinate hydrochloride (HYNIC), purchased 
from ABX (advanced biochemical compounds, Radeberg, Germany). HYNIC is able to 
react with free e-amino groups of lysine in proteins and to chelate 99mTc (25).  
HYNIC was dissolved in dimethylformamide (70 µM) (DMF; Sigma-Aldrich, St. Louis, 
MO) and PMB was dissolved in water. They were incubated for 2 h in the dark, at room 
temperature, using different HYNIC: protein molar ratio. In order to eliminate free 
SHNH molecules, the reaction mixture was purified by PD MidiTrap G-10 (GE 
Healthcare, Waukesha, WI) using distilled water as eluent. The amount of PMB in 
each fraction was determined by BCA assay: 25 µL of purified samples were added to 
200 µL of BCA reagents in a microplate and incubated at 37 °C for 30 minutes. 
Subsequently, absorbance at 562 nm was measured with a microplate 
spectrophotometer (Thermo Fisher Scientific Inc, Waltham, MA) and compared with 
protein solutions of known concentration. The conjugated product was also analysed 
by mass spectrometry (MALDI-TOF). 
 
Radiolabelling procedure 
10 µg of conjugated PMB was labelled with 222 MBq of freshly eluted 99mTcO4 (100 µL 
NaCl 0.9%). The reaction was conducted in presence of different amount of co-ligand 
tricine and reducing agent stannous chloride (SnCl2), in order to obtain the best 
labelling conditions. Therefore, tricine (Sigma-Aldrich, St. Louis, MO) was dissolved 
in distilled water and SnCl2 (Sigma-Aldrich, St. Louis, MO) in purged HCl 0.1 M (10 
mg/mL). The reaction solution was incubated for 10 minutes at room temperature and 
the labelling efficiency (LE) and colloid percentages were evaluated by quality 
controls. 
 
Quality controls 
LE and colloids percentage were evaluated by instant thin layer chromatography 
(ITLC) and high-performance liquid chromatography (HPLC).  
For iTLC, silica gel strips (Pall LifeSciences, Port Washington, NY) were used as 
stationary phase, NaCl 0.9% solution as mobile phase for determination of free 
pertechnetate (Rf=0.9) and NH3:H2O:EtOH (1:5:3) solution as mobile phase for 
colloids (Rf=0.1) determination. iTLC strips were analyzed by a radio-scanner 
(Bioscan, Inc, Poway, CA) and each species was determined. 
HPLC was performed with a Gilson system, using a reverse phase chromatography C-
18 column (5 mm, 5 µm, 250 x 4.6 mm, Phenomenex, Torrance, CA) and a H2O 
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(A)/Acetonitrile (B) (Baker, Sanford, ME) gradient (0-5 min 5% B; 5-15 min 5-95% B; 
15-18 min 95% B; 18-21 min 95-5% B) with a flow rate of 1 mL/min.  
Stability assay was performed adding 100 µL of 99mTc-HYNIC-PMB to 900 µL of 
freshly prepared human blood serum or NaCl 0.9%. The vials were incubated at 37 °C 
and the radiochemical purity was measured at 1, 3, 6, and 24 h by HPLC.  
 
Micro-organisms 
The laboratory strains E. coli (ATCC 25922), P. aeruginosa (ATCC 27853), S. aureus 
(ATCC 25923), E. faecalis (ATCC 29212), A. baumanii (ATCC 19606) and K. 
pneumoniae (ATCC 13883) were used. Bacteria were stored at -70 °C using a cryovial 
bead preservation system. Single cryovial beads were cultured overnight on Brain 
Heart Infusion Agar (BHI) for 24 h and, secondly, cultured on blood agar plates to 
evaluate the replication rate. For in vitro studies, a known concentration of bacteria 
was incubated until reaching the desired concentration of 1´108 CFU. 
 
In vitro binding studies 
Binding of 99mTc-HYNIC-PMB to all bacterial strains were tested in vitro. 99mTc-
HYNIC-PMB was diluted 1:100 in NaCl 0.9%, and 250 µL transferred to vials pre-filled 
with 500 µL of bacteria (108 CFU) and with a correct volume of NaCl 0.9%+1% of 
bovine serum albumin (BSA) to reach a final volume of 1 mL. Vials with bacterial cells 
were incubated at 37 °C and 4 °C to study whether the temperature influences the 
binding. Binding assay was also performed in the presence and in the absence of 100-
fold excess of unlabelled PMB in order to investigate the displacement of the 
radiopharmaceutical. The binding to bacteria was calculated at different time points 
(10 min, 30 min and 1 h), by centrifugation of vials for 10 minutes at 13500 rpm at 4 
°C. Pellets were washed with 1 mL of NaCl 0.9%+1% of BSA and centrifuged again for 
10 minutes at 13500 rpm. Pellets were then re-suspended in 1 mL of NaCl 0.9%+1% of 
BSA. Supernatants and re-suspended pellets were counted in a single-well NaI g-
counter (AtomLab, 500-Biodex) and the counts per minute (CPM) recorded. The 
percentage of 99mTc-HYNIC-PMB in the pellets was calculated as CPM/CPM0, where 
CPM were associated to pellets and CPM0 the CPM of pellet plus CPM of supernatant. 
 
Biodistribution studies  
Animal Facility of University Tor Vergata of Rome guidelines for the care and use of 
animals were followed.  
The physiological distribution of 99mTc-HYNIC-PMB was determined in C57BL/6 mice 
(female, 6-10 weeks old, Envigo): 1.85 MBq (50 µL, 0.1 mg) of radiolabelled PMB was 
injected in the lateral tail vein of mice. Images were acquired under anaesthesia using 
a high resolution g-camera (Li-Tech, Italy) at 1, 3, and 6 h. A few mice (n=3) were also 
studied up to 24 h p.i. but best time points for all experiments were set between 3 and 
6 h p.i. due to rapid binding of PMB to bacteria. 
After each time point, four mice were sacrificed; blood samples and major organs 
(small bowel, large bowel, kidneys, spleen, stomach, liver, muscle, bone, lungs and 
salivary glands) were collected and weighted for ex-vivo studies. The radioactivity in 
each vial was counted in a single-well gamma counter (PerkinElmer, Waltham, MA). 
The radioactivity in all organs was expressed as percentage of injected dose per organ 
(%ID) and percentage of injected dose per gram (%ID/g).  
 
Targeting studies 
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The specificity of 99mTc-HYNIC-PMB to localize infectious foci was investigated in 
C57/BL6 mice (female, 6-10 weeks old, Envigo). The infection was inducted by the 
injection of 3 different amounts of bacteria (107, 108 and 109 CFU for E. coli, P. 
aeruginosa, A. baumanii, S. aureus and E. faecalis) in right thigh in 100 µL of 
extracellular matrix (ECM)-based hydrogel (Matrigelâ, Corning). This compound 
allows to obtain a focused and high concentration infection in the mouse thigh. As 
control, mice received an injection of ECM-based hydrogel alone in the contralateral 
thigh. For each amount of bacterial cells, 4 mice were used in order to have 
reproducible and statistically significant data. Imaging was performed 24 h after the 
injection of bacteria at 1, 3 and 6 h after the injection of 99mTc-HYNIC-PMB in the 
lateral tail vein (1.85 MBq, 50 µL, 0.1 µg). Planar images were acquired using high 
resolution planar g-camera (Li-Tech, Italy), under anaesthesia. Each animal was 
acquired for the same imaging time, adjusting the scan time to dose. After imaging 
session at 6 h, mice were sacrificed. From each infected thigh, we removed the infected 
area that resulted inflamed at visual inspection. From contralateral thigh, we removed 
an equivalent volume of tissue where ECM-based hydrogel was administered. All 
removed tissues were weighted and counted using a single-well gamma counter 
(PerkinElmer, Waltham, MA).  
A few mice were also studied up to 24 h p.i. but best time points for all experiments 
were set at 3 and 6 h p.i. due to rapid binding of PMB to bacteria. 
The radioactivity was expressed as percentage of injected dose per organ (%ID) and 
percentage of injected dose per gram (%ID/g). For each time point, the in vivo target-
to-background ratios (T/B ratios) were measured by calculating the activity in two 
regions of interest (ROI) of same size, over the infected thigh (target) and contralateral 
non-infected thigh (background). 
 
Statistical analysis 
Statistical analysis was performed using SAS v. 9.4 (SAS, Institute Inc., Cary, NC, 
USA). All results were showed as mean ± SD. Shapiro-Wilk test was used to verify the 
normality of distribution of continuous variables. Comparisons of in vitro binding 
results were analysed by t Student test (HOT vs. 100x cold).  Multiple comparisons 
were performed by Benjamini-Hochberg (FDR). A probability level of p<0.05 was 
considered to be statistically significant.  
 
Results 
 
Radiolabelling 
The highest labelling efficiency (LE) was obtained using HYNIC:PMB ratio of 1.5:1, 
tricine:SnCl2 ratio of 50:1, obtaining a LE of 97±2% and an amount of colloids <10% 
as showed in Figure 1 and Figure S2. The molar activity is equal to 29.5±0.6 
MBq/nmole (21.7±0.4 MBq/µg). Radiolabelled PMB was stable up to 6 h both in 
human serum and in a 0.9% NaCl solution at 37 °C (Table 1). MALDI-TOF analysis 
showed one peak corresponding to unconjugated PMB at 1203.66 m/z and just one 
more peak of HYNIC-conjugated PMB at 1260.87 m/z (Figure S3). This data 
demonstrates that only 1 molecule of HYNIC is conjugated to PMB and presumably at 
the same position as also confirmed by HPLC analysis showing only one peak of 
conjugated and radiolabelled PMB. 
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Figure 1. HPLC chromatogram of 99mTc-HYNIC-PMB. A: UV chromatogram; B: radioactive 
chromatogram. 
 

Table 1 
Stability of 99mTc-HYNIC-PMB in NaCl and human serum 

 
0.9% NaCl Human serum 

1 h  3 h  6 h  1 h  3 h  6 h  
99±1.3% 99±1.5% 98±1.8% 97±1.6% 96±1.8% 96±2.1% 

 
In vitro binding studies 
The binding test of 99mTc-HYNIC-PMB to different bacterial strains is showed in Table 
2. Regarding the binding to P. aeruginosa, S. aureus and E. faecalis, results show that 
the temperature does not influence the binding. Instead, the binding to E. coli is 
influenced by temperature, as well as slightly for A. baumanii and K. pneumoniae. 
Specific displaceable binding was observed in Gram- bacteria at 37 °C and 4 °C 
(between 56% and 86% displaceable). In Gram+ bacteria, binding was generally lower 
and poorly displaceable (between 12% and 47%).  
 

 
 

Table 2 
In vitro binding assay of 99mTc-HYNIC-PMB in bacterial strains 

 
Bacterial strain 37 °C 4 °C 
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__________________ 
Data are % CPM/CPM0 (mean±SD) after 1 h incubation of 99mTc-HYNIC-PMB with the 
different bacterial strains. HOT = when only radiopharmaceutical was added to bacteria; 100x 
cold = when 100-fold molar excess of unlabelled PMB was added to bacteria together with 
tracer amount of radiopharmaceutical. t test (HOT vs 100x cold) for each experimental group 
(37 °C, 4 °C) = *p<0.029; **p<0.01; ***p<0.005. 

Biodistribution studies  
Biodistribution studies exhibit high uptake by the kidneys, and lower signal from liver 
and spleen (Tables 3a and 3b). Single organ counting showed an accumulation at renal 
level and a large bowel activity increasing over time. In supplementary material, 
Figure S4 shows the increase of activity over time in the bladder, indicating that renal 
excretion also occurs.  

 
 
 HOT  100-cold HOT 100-cold 

E. coli 36.2±12.5 9.9±1.7 24.2±8.6 10.4±2.7 

P. aeruginosa 31.5±7.6* 12.5±5.3 32.7±11.6 17.7±9.8 

A. baumanii 37.4±0.9** 5.4±8.3 28±4.3** 7.3±8.9 

K. pneumoniae 45±5.7*** 20.6±6.4 23.8±2.3 20.2±4.7 

S. aureus 15.9±9.2 12.6±1.9 15.4±7.8 12.6±4.3 

E. faecalis 18.5±8.3 19.5±4 14.8±7.9 13±1.3 
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Table 3a 
%ID/organ (mean±SD) in tissues after 99mTc-HYNIC-PMB injection 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 3b 
%ID/g (mean±SD) in tissues after 99mTc-HYNIC-PMB injection 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Organ 1 h 3 h 6 h 
Blood 3.87±0.55 2.18±0.20 1.87±0.17 

Small Bowel 2.34±0.19 1.67±0.45 1.21±0.03 

Large Bowel 0.66±0.07 0.96±0.45 1.05±0.23 

Kidneys 32.5±1.78 32.06±6.97 30.39±5.82 

Spleen 0.64±0.12 0.41±0.41 0.57±0.10 

Stomach 0.50±0.10 0.41±0.16 0.39±0.03 

Liver 11±0.73 8.22±2.92 8.54±1.35 

Muscle 0.45±0.05 0.24±0.11 0.22±0.07 

Bone 0.21±0.01 0.12±0.04 0.13±0.06 

Lungs 0.67±0.05 0.38±0.09 0.39±0.15 

Salivary Glands 0.27±0.08 0.14±0.01 0.12±0.01 

Organ 1 h 3 h 6 h 
Blood 3.34±0.51 1.87±0.19 1.57±0.18 

Small Bowel 2.88±0.21 2.01±0.36 1.20±0.01 

Large Bowel 1.22±0.22 1.62±0.81 2.09±0.41 

Kidneys 163.92±11.63 163.96±31.41 154.42±38.78 

Spleen 11.95±2.27 8.52±8.28 12.95±4.26 

Stomach 1.87±0.15 1.05±0.30 0.65±0.28 

Liver 14.50±0.64 10.89±4.84 12.67±0.71 

Muscle 1.48±0.45 0.63±0.13 0.67±0.07 

Bone 3.02±0.30 1.55±0.41 1.38±0.32 

Lungs 5.16±0.57 3.35±0.73 3.46±1.05 

Salivary Glands 2.27±0.31 1.43±0.27 1.19±0.11 
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Targeting studies 
Figure 2 shows a representative image of uptake in the infectious focus in comparison 
to contralateral by zooming on lower body part of mice, acquired by high resolution 
planar g-camera. In particular, S. aureus (Fig. 2a) and P. aeruginosa (Fig. 2b) have 
been chosen as representative images of uptake at 6 h p.i. and using 109 CFU. It is 
possible to appreciate how 99mTc-HYNIC-PMB accumulates in P. aeruginosa lesion 
(right thigh) than in contralateral left thigh or in S. aureus infected mouse. Figure S5 
shows the images of whole-body mice infected with S. aureus (A) or P. aeruginosa (B) 
in the right thigh and (ECM)-based hydrogel on the contralateral at 6 h p.i. of 99mTc-
HYNIC-PMB. 
From these images, T/B ratios were measured from the image pixel matrix for each 
mouse of each experiment and showed a slight increase over time for Gram- bacteria 
(E. coli, P. aeruginosa, A. baumanii), whereas a flat trend for Gram+ bacteria (S. 
aureus, E. faecalis).  
 

 
Figure 2. Representative planar g-camera images of zoom of lower body part of two 
mice infected with 109 CFU of S. aureus (A, red arrows) and P. aeruginosa (B, red 
arrows) versus contralateral with only (ECM)-based hydrogel (yellow arrows) at 6 h 
p.i. of 99mTc-HYNIC-PMB. 
 
At all time points, using different CFU of Gram- bacteria, it can be seen an increase of 
T/B ratios in relation to CFU. Conversely, for Gram+ bacteria, the increasing trend 
was not observed in relation to the increasing number of bacteria (Figure 3). Indeed, 
there are statistically significant differences between T/B ratios of Gram- strains when 
compared to Gram+, especially at 6 h p.i. as reported in Table 4. 
Results of ex-vivo counting of infected and contralateral thighs did not show the same 
results as obtained in vivo (data not shown) because of difficulty in identifying the 
infected area to remove. For this reason, these data were considered non-reliable and 
only in vivo calculated T/B are shown in Figure 3. 
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Figure 3. In vivo T/B ratios at 1 h (A), 3 h (B) and 6 h (C) p.i. of 99mTc-HYNIC-PMB with 
different amounts of bacteria: A. baumanii (black), E. coli (grey), P. aeruginosa (white), E. 
faecalis (black dots), S. aureus (black stripes). Values are mean±SD; multiple comparison 
between Gram-negative (A. baumanii, E. coli, P. aeruginosa) vs Gram-positive (E. faecalis, S. 
aureus) was performed and reported in Table 4. 
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Table 4 
Comparison of T/B ratios calculated in vivo in mice with Gram- or Gram+ infections 

after injection of 99mTc-HYNIC-PMB  
 

 1 h 

Bacterial strain E. 
faecalis S. aureus E. faecalis S. aureus E. faecalis S. aureus 

 107 108 109 
A. baumanii ns ns ns ns ns ns 

P. aeruginosa ns ns <0.0001 0.04 ns ns 
E. coli ns ns 0.0008 ns ns ns 

  3 h  
Bacterial strain E. 

faecalis S. aureus E. faecalis S. aureus E. faecalis S. aureus 

 107 108 109 
A. baumanii ns ns ns ns ns ns 

P. aeruginosa ns ns 0.0002 0.0007 0.02 0.006 
E. coli ns ns ns ns ns ns 

  6 h  
Bacterial strain E. 

faecalis S. aureus E. faecalis S. aureus E. faecalis S. aureus 

 107 108 109 
A. baumanii ns ns 0.007 0.007 0.01 0.04 

P. aeruginosa ns ns 0.01 0.027 0.001 0.001 

E. coli ns ns 0.004 0.004 0.002 0.003 

___________________ 
Multiple comparison was performed between different T/B from Figure 3. Gram-negative (A. 
baumanii, P. aeruginosa, E. coli) vs Gram-positive (E. faecalis, S. aureus). 
 
Discussion  
 
In the last decade, a high number of studies were published about new 
radiopharmaceuticals able to localize infective foci by direct interaction with bacterial 
cells, including antimicrobial peptides, antibiotics, phages, immunoglobulins or 
sugars, but none of these showed high specificity or sensibility.  
Many radiolabelled antibiotics have been proposed in humans, but none could be 
really considered “infection-specific” because of low specificity, low selectivity for a 
precise bacterial strain and lack of specific binding to bacteria (26). Antimicrobial 
peptides, mostly UBI (29-41), have been intensively studied for bacterial infection 
imaging, firstly radiolabelling it with 99mTc for SPECT and, then, with 68Ga for positron 
emission tomography (PET). Nevertheless, no conclusive results have been produced 
due to differences in infection models, bacterial strains, imaging protocol in preclinical 
and clinical studies (27-36). 
All these approaches aimed at finding a tracer for imaging all infections (both due to 
Gram+ and Gram-) as an alternative to well-established scintigraphy with 
radiolabelled white blood cells (WBC). Nevertheless, the diagnostic accuracy of 
labelled WBC is between 90 and 98% for differential diagnosis between infection and 
sterile inflammation and there is real need of developing an alternative 
radiopharmaceutical.  
Our approach, therefore, has been different. We did not aim at developing an 
alternative to labelled WBC, but we aimed to obtain a second-line test to discriminate 
between Gram- and Gram+ infections to provide substantial help to clinicians for 
starting an appropriate antibiotic therapy, in case isolation of pathogen cannot be 
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reached. At the moment, the same strategy has been followed by Weinstein and 
colleagues that used 18F-fluorodeoxysorbitol ([18F]FDS) to selectively image Gram- 
bacteria (37). However, due to the different isotope and different animal model used 
we cannot compare our results with those obtained by Weinstein et al.. 
After extensive search and several attempts, we selected PMB (38) to develop a new 
radiopharmaceutical for the non-invasive diagnosis of selective Gram-negative 
infection by gamma camera imaging. Herein, PMB has been conjugated with HYNIC 
as bifunctional crosslinker and radiolabelled with 99mTc with high specific activity, 
labelling efficiency, stability and specificity for Gram- bacteria, as demonstrated by in 
vitro binding studies in several bacterial strains (P. aeruginosa, A. baumanii and K. 
pneumonia as Gram- and S. aureus and E. faecalis as Gram+). 
The interaction between antimicrobial peptides, as PMB, and microbial plasmatic 
membrane is initially driven by electrostatic bounds between anionic and cationic 
charges, on lipid bacterial leaflet and peptide respectively (39). Then, the amphipathic 
action of antimicrobial peptide induces hydrophobic interactions with consequent 
formation of pores that lead to internalization of antimicrobial peptide followed by 
binding to intracellular molecules like LPS of dead bacteria. 
Based on in vitro results, we performed in vivo biodistribution studies in healthy mice 
that showed multiple excretion routes as also suggested by another study (40). Indeed, 
99mTc-HYNIC-PMB metabolism could be mainly hepatic (as suggested by the 
increasing faecal activity in the large bowel, over time), whereas the apparently stable 
renal activity over time could be due to a non-specific renal uptake mechanism, 
although some renal excretion can also occur (as suggested by the increasing bladder 
activity, over time). This activity in the bladder does not correspond to an increase of 
activity in the stomach and salivary glands that, on the contrary, is considerably 
reduced over time (Table 3b). These findings suggest that some renal excretion of 
99mTc-HYNIC-PMB, or of a 99mTc-labelled degradation product, occurs. 
Furthermore, we performed in vivo targeting studies, inducing infection with same 
Gram- and Gram+ bacterial strains, injected with (ECM)-based hydrogel in the right 
thigh of the mouse. These experiments showed significantly higher uptake in the 
infectious site when using Gram- bacteria than Gram+ ones, both in relation to the 
increased number of bacteria and over time, as showed by T/B ratios in Figure 3. In 
particular, the best time point for imaging mice was 6 h p.i. and the best number of 
CFU detected was 108 to 109. Nevertheless, also Gram+ bacteria showed a non-specific 
uptake, that should be taken into consideration in case of human studies as potential 
factor that may reduce the sensitivity of imaging. If non-specific binding is subtracted 
from data in Figure 3, it appears more evident that 108 and 109 Gram- bacteria can be 
visualized both at 3 and 6 h p.i. but 107 bacteria can only be detected at 6 h p.i. (Figure 
4).The reason why ex-vivo results of infected and contralateral thighs did not confirm 
the results obtained in vivo, could stand on the fact that inflamed tissues to be removed 
from infected thighs were very difficult to identify and of variable size and weight. This 
can be due to a different degree of leukocytic infiltration and oedema or generally to a 
host response to injury. Inflamed areas were generally larger in thighs infected with 
109 bacteria and in thighs infected with A. baumanii and smaller in Gram+ infected 
thighs. This variability in resected tissues resulted in a high variability of weights, and, 
as a consequence, a high variability of %ID/g and T/B ratios. For this reason, these 
data were considered non-reliable in contrast to in vivo measurement of thigh activity 
by drawing the same ROI over the infected and non-infected thighs.  
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Figure 4. In vivo T/B ratios after i.v. infection of 99mTc-HYNIC-PMB at different time points 
in different bacteria. 107 (A), 108 (B) and 109 (C). A. baumanii (black), E. coli (grey), P. 
aeruginosa (white), E. faecalis (black dots), S. aureus (black stripes). Values are mean±SD 
after subtraction of background activity (3.5). It can be seen that only 108 and 109 Gram- 
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bacteria can be seen at 3 and 6 h p.i. (B and C). By contrast, 107 bacteria (A) can be detected 
only at 6 h p.i. 
 
Best images were obtained using 108 CFU of P. aeruginosa, at 3 and 6 h p.i., whereas, 
for A. baumanii and E. coli, higher number of bacteria and late imaging time point (6 
h p.i.) was needed to reach comparable results. Therefore, a detectability limit could 
exist for which bacterial amount lower than 108 CFU are more difficult to detect. We 
should also consider that in humans, bacteria are spread (as in infected prosthesis and 
osteomyelitis) and not always localized (as in case of endocarditis) and may also 
produce biofilm that may further reduce the sensitivity of the technique. 
Therefore, a radiopharmaceutical with high specific activity is necessary in order to 
inject a reasonable amount of radioactivity avoiding pharmacological side effects. 
A possible criticism to the present study could be that the animal model we used does 
not well represent a human infection. However, we chose this model as an initial easy 
screening model for the evaluation of the specificity of 99mTc-HYNIC-PMB. In future, 
we will study model of osteomyelitis (41) or model with infected subcutaneous Teflon 
cage, as previously described (27). 
In addition, following the experience of 68Ga-radiolabelled antimicrobial peptides (5, 
42-44) and considering the fast binding of PMB to bacteria and fast metabolic 
clearance, we may consider labelling PMB with 68Ga for PET applications. 
 
Conclusions 
 
In the present study, we radiolabelled PMB with high specific activity, efficiency and 
stability. In vitro, the radiopharmaceutical showed a good specificity for Gram- 
bacteria in comparison to Gram+ ones as negative controls. In vivo, 99mTc-HYNIC-
PMB was excreted through multiple metabolic routes. Targeting studies confirmed the 
results obtained in vitro showing statistically significant differences between Gram- 
and Gram+ infected mice, suggesting 99mTc-HYNIC-PMB as potential agent for 
identification of Gram- infections. Further investigations are needed to investigate the 
in vivo sensitivity and specificity of 99mTc-HYNIC-PMB in other animal models and in 
humans. 
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Supplementary Materials 

 
Figure S1. Structural formula of native PMB with a molecular weight of approx. 1200 g/mole. 

 
Figure S2. HPLC analysis with an Acetonitrile gradient over 45 minutes of different forms of 
PMB Chromatogram (UV 210 nm) of unlabelled PMB (A), chromatogram (UV 210 nm) of 
HYNIC-conjugated PMB (B), chromatogram (UV 210 nm) of 99mTc-HYNIC-PMB (C) and 
Radiogram (counts) of 99mTc-HYNIC-PMB (D). The elution profiles of unlabelled and labelled 
PMB were unmodified using a faster Acetonitrile gradient (21 min) as shown in Figure 1. 
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Figure S3. Mass spectrometry analysis of conjugation HYNIC-PMB. The graph shows one 
peak corresponding to unconjugated PMB at 1203.6 m/z and one peak of HYNIC-conjugated 
PMB at 1260.8 m/z. 
 

 
Figure S4. Representative planar g-camera images of whole-body of healthy mice at 1 h (A), 
3 h (B) and 6 h (C) p.i. of 99mTc-HYNIC-PMB showing uptake mainly in liver and kidneys with 
minimal excretion in the urine (bladder) over time.  
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Figure S5. Representative planar g-camera images of whole-body of mice infected with 109 
CFU of S. aureus (A) and P. aeruginosa (B) versus contralateral with only (ECM)-based 
hydrogel (yellow arrows) at 6 h p.i. of 99mTc-HYNIC-PMB. 
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Abstract  
 
Nuclear medicine offers several techniques and procedures to image infection, but 
radiolabelled autologous white blood cells (WBC) are still the gold standard. These 
cells are usually labelled with 111In or 99mTc bound to a hydrophobic chelating agent 
that allows these isotopes to pass through the plasma membrane and enter in the 
cytoplasm. The most common compound in Europe is HMPAO that efficiently chelates 
99mTc. However, up to 20-40% of the complex is released from the cells in the first few 
hours. Aim of this study was to radiolabel a new compound, (S3CPh)2(S2CPh)-complex 
(SSS-complex) with 99mTc and compare its binding kinetics and specificity for WBC 
with HMPAO. The SSS-complex was labelled with 99mTc and analysed by iTLC and RP-
HPLC. In vitro quality controls included a stability assay in serum and saline. Results 
showed a labelling efficiency of 95±1.2% and 98±1.4% for 99mTc-SSS-complex and 
99mTc-HMPAO, respectively (p=ns). 99mTc-SSS-complex was stable in serum and in 
saline up to 24 h (94±0.1%). Cell labelling experiments showed a higher incorporation 
of 99mTc-SSS-complex than 99mTc-HMPAO by granulocytes (62.6±17.8% vs 40.5±15%, 
p=0.05), lymphocytes (59.9±22.2% vs 29.4±13.5%; p=0.03) and platelets (44.4±24% 
vs 20.5±10.7%; p=ns), but the release of radiopharmaceutical from granulocytes at 1 
h was lower for HMPAO than for SSS-complex (10.3±1.9% vs 21.3±1.8%; p=0.001). 
In conclusion, 99mTc-SSS-complex although showing high labelling efficiency, 
radiochemical purity and stability, is not a valid alternative to 99mTc-HMPAO for, ex-
vivo, white blood cells labelling because of high lymphocyte and platelet uptake and 
rapid wash out from granulocytes.   
 
 
Keywords  
 
SSS-complex, HMPAO, radiolabelled WBC, infection, nuclear medicine 
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Introduction 
 
The early and accurate localization of infectious foci and inflammation is a major 
challenge in contemporary nuclear medicine. In 1970s, a method for imaging of 
infections/inflammation, based on the ex-vivo labelling of autologous leukocytes with 
Indium-111 (111In), was developed by Thakur and colleagues [1-3]. However, 111In 
showed some drawbacks like poor image quality, unfavourable dosimetry and cell 
toxicity, in particular on the white blood cell (WBC) subsets [4-6]. 
Therefore, new methodologies were developed to replace 111In with 99mTc for ex-vivo 
cell labelling and in 1986, 99mTc-HMPAO entered in clinical practice for WBC 
radiolabelling and imaging of occult sites of infection [7]. 99mTc-HMPAO is less toxic 
than 111In-oxine to WBC, provides a better image quality and isotope availability. 
However, if not completely reduced intra-cellularly, may be released from cells with 
time, especially in those patients with impaired redox metabolism (hypovitaminosis, 
stress, metabolic diseases, drugs, etc.).  
Other several agents were tested as an alternative to HMPAO to label WBC. In 90s, 
ethyl cysteinate dimer (ECD) and d,l-cyclobutylpropylene amine oxime (d,l-CBPAO) 
were labelled with 99mTc and their labelling efficiency and stability were compared 
with 99mTc-HMPAO. Both showed higher radiochemical purity than 99mTc-HMPAO, 
but only 99mTc-d,l-CBPAO provided a comparable binding to WBC. Despite being 
reported as a valid alternative to 99mTc-HMPAO, it did not find its place in clinical 
practice [8,9]. Pasqualini et al. in 2002, patented [99mTc(S3CPh)2(S2CPh)] (SSS-
complex) as a new radiopharmaceutical product for selective labelling of WBC and in 
2003, Mevellec et al. published its synthesis using different methods [10,11]. They 
demonstrated that the most efficient labelling method was based on the reaction of a 
lyophilized formulation of 99mTc-gluconate with the sodium salt of 
phenyldithiocarboxylic acid. However, no systematic studies have ever been published 
to show the binding kinetics and specificity of this complex. 
Therefore, in the present study, we performed the radiolabelling with 99mTechnetium 
of SSS-complex and tested its radiochemical purity, stability, binding specificity and 
kinetics to different blood cell subsets as compared to 99mTc-HMPAO. 
 
Materials and Methods 
 
Radiolabelling of SSS-Complex 
A technetium-99m reducing kit, containing 4 mg of thin chloride dihydrate, 30 mg of 
sodium gluconate, 40 mg of potassium oxalate and 30 mg of ascorbic acid, was 
reconstituted with 10 ml of saline solution and 1 ml of this solution was added to 
freshly eluted 99mTcO4- (370-720 MBq). The mixture was gently stirred for 10 min at 
room temperature and, then, 8-10 mg of SSS-complex in 1 ml of saline solution was 
added. After 15 min of incubation at 100° C labelling efficiency (LE) and colloid 
percentages were measured. 
 
In Vitro Quality Controls 
Quality controls were performed using both instant thin layer chromatography (iTLC) 
and reversed phase-HPLC (RP-HPLC). For iTLC, silica-gel strips were used as 
stationary phase (Pall Life Sciences, Port Washington, NY), whereas a 0.5 M 
ethanol/toluene/chloroform/ammonium acetate 6:3:3:1 solution was used as mobile 
phase. In these conditions, it was possible to differentiate pertechnetate (Rf=0.5) and 
the intermediate gluconate complex (Rf=0). A mixture of petroleum ether and 
dichloromethane (6:4) was used as the mobile phase to perform quality controls of the 
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99mTc-SSS-complex (Rf =0.7). The strips were analyzed by a radio-scanner (Bioscan, 
Inc, Poway, CA) to calculate the LE. The complex was also analyzed by RP-HPLC using 
a C18 column (5 mm, 5 µm, 250 x 4.6 mm, Phenomenex, Torrance, CA) and the 
following mobile phase: H2O and THF gradient (0-3 min 70% H2O; 3-17 min 100% 
THF; 17-30 min 70% H2O) with a flow rate of 1 ml/min. 
Stability assays were performed adding 100 µl of 99mTc-SSS-complex to 900 µl of fresh 
human blood serum or to 900 µl of 0.9% saline solution. The vials were incubated up 
to 24 h at 37 °C. The LE was measured at 1, 3, 6, and 24 h by iTLC [12]. 
 
Radiolabelling Of White Blood Cells With 99mTc-SSS-Complex 
To evaluate SSS-complex specificity for WBC, whole blood from 4 healthy volunteers 
(40 ml) was collected and mixed with anticoagulant citrate dextrose ACD (8 ml). The 
blood was stratified in a centrifuge tube containing 20 ml of Lympholyte® (Cedarlane). 
The vial was centrifuged at 500 g for 20 min at room temperature. After centrifugation, 
platelets, mononuclear cells (MNCs), red blood cells (RBC) and polymorphonuclear 
cells (PMNCs) were separated as described in the guidelines [13,14]. Purity of each cell 
population was determined by FACS analysis. Platelets, MNCs and PMNCs (16x106 
cells) were separately collected and incubated with 99mTc-SSS-complex (74 MBq) 
under gently stirring for 10 min at 37 °C. Free 99mTc-SSS-complex was removed by 
centrifugation at 600 g for 10 min and washing with PBS. Cell-bound and free 
radioactivity was determined by counting the pellet and the supernatant, respectively. 
The labelling yield was calculated as 100*MBq pellet/MBq pellet + MBq supernatants. 
99mTc-HMPAO-WBC were prepared as described by EANM guidelines and used as 
control [13]. 
 
Stability Assay 
Stability of labelled cells was assessed incubating granulocytes, lymphocytes and 
platelets in PBS at 37 °C. After 1 h and 3 h, an aliquot from each vial was centrifuged 
to collect pellet and supernatant that were counted for radioactivity with a single-well 
gamma counter (Atomlab 500, Biodex) in order to evaluate the radiopharmaceutical 
elution from labelled cells over time.  
The trypan blue exclusion test was also performed in order to verify the viability of 
each cell population at different time points after labelling. 
 
Results  
 
Labelling of SSS-Complex 
The labelling efficiency of 99mTc-SSS-complex was >95%, as assessed by both iTLC and 
RP-HPLC analysis (Figure 1). In particular, the area below the curve of free 99mTc is 
1.8% at iTLC and 4.2% at HPLC. The resulting labelled complex was highly stable in 
both human serum and saline up to 24 h (94 ± 0.1%) (Figure 2). 
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Figure 1. iTLC (a) and HPLC (b) of the radiolabelled compound. Measuring the area under 
the curve of each peak, the labelling efficiency of 99mTc-SSS-complex is 98.2% as calculated by 
iTLC and 95.8% as calculated by HPLC. The two peaks (free 99mTc and 99mTc-SSS) at 
radiochromatogram in b are wider than the UV peaks because the volume of the UV cell is only 
10 µl and the volume of radiochromatogram cell is 50 µl for sensitivity reasons. 
 

 
Figure 2. Stability of radiolabelled 99mTc-SSS-complex in saline (diamonds) and in human 
serum (circles) over time. 
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Cell Separation and Labelling Technique 
FACS analysis revealed a good separation of each blood cell subset, with a purity of 
>90%. A statistically significant higher accumulation of 99mTc-SSS-complex was 
observed in each subpopulation as compared to 99mTc-HMPAO after cell labelling 
(Figure 3). 99mTc-SSS-complex did not show selectivity for any particular blood cell 
subset as well as 99mTc-HMPAO. In particular, granulocytes were labelled with 62.6± 
17.8% efficiency with 99mTc-SSS-complex and 40.5 ± 15% efficiency with 99mTc-
HMPAO (p = 0.05); lymphocytes were labelled with 59.9 ± 22.2% efficiency with 
99mTc-SSScomplex and 29.4 ± 13.5% efficiency with 99mTc-HMPAO (p = 0.03); finally, 
platelets were labelled with 44.4 ± 24% efficiency with 99mTc-SSS-complex and 20.5 ± 
10.7% efficiency with 99mTc-HMPAO (p = ns). 
 

 
Figure 3. Labelling effciency of different cell populations. Data are expressed as mean ± SD 
of four to seven experiments. 
 
Regarding 99mTc-SSS-complex, retention experiments showed a rapid decrease of 
radioactivity in each cell population after 1 h (21.3 ± 1.8%, 40.9 ± 19.6%, and 58.1 ± 
33.3%, respectively, for granulocytes, lymphocytes, and platelets), with a further 
washout up to 3 h (38.6 ± 13.8%, 75.8 ± 10.5%, and 87.6 ± 10.1%, respectively, for 
granulocytes, lymphocytes, and platelets). 99mTc-HMPAO shows a slower washout 
from each cells’ subset at each time point (Figure 4). Particularly, 99mTc-HMPAO 
showed the following values of washout: 10.3 ± 1.9% (p = 0.001), 41.6 ± 18.5%, and 
63.3 ± 9.1%, respectively, for granulocytes, lymphocytes, and platelets at 1 h, and 18.9 
± 1.6% (p = 0.05), 42.2 ± 15.4% (p = 0.005), and 67.4 ± 6.8% (p = 0.003) at 3 h for 
granulocytes, lymphocytes, and platelets, respectively. 
Labelling of cell subsets with 99mTc-SSS-complex showed no cell toxicity, with more 
than 99 ± 0.4% viable cells after 24 h. 
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Figure 4. Washout of 99mTc-HMPAO (a) and 99mTc-SSS-complex (b) in different labelled cell 
populations. All values are normalized to activity at t = 0 (black bars) and evaluated at 1 h 
(grey bars) and 3 h (white bars), expressed as mean ± SD of four to seven experiments. 
 
Discussion  
 
The development of radiopharmaceuticals to distinguish sterile inflammation from 
infection is still an open challenge, and it is crucial for the diagnosis of various bone 
and soft tissue diseases, including osteomyelitis, diabetic foot, immune bowel diseases 
(IBD), and fever of unknown origin (FUO) too. According to international 
standardized guidelines, 99mTc-HMPAO-WBC or 111In-oxine-WBC are the gold 
standard to image infection because of their high specificity and rapid clearance from 
lungs and blood [13, 14]. They specifically accumulate in infectious foci where a 
neutrophilic infiltrate predominates as a result of migration through the endothelium 
and basal membrane [15–17]. When using 111In-oxine or 99mTc-HMPAO for WBC 
labelling, a portion of lymphocytes are also radiolabelled. Since lymphocytes are very 
sensitive to radiation damage [18], it would be ideal to have a Tc-chelating agent that 
will selectively label only granulocytes in a mixed WBC suspension. 
Therefore, the aim of our study was to investigate the properties of a novel compound 
for granulocyte labelling: the SSS-complex. This was radiolabelled with 99mTc and 
compared with HMPAO. The labelling procedure of SSS-complex showed a >95% LE 
with negligible amount of 99mTc-colloids and high stability in both human serum and 
0.9% NaCl solution. 
When compared to 99mTc-HMPAO for WBC labelling, we found a higher labelling 
effciency of 99mTc-SSS-complex with respect to 99mTc-HMPAO for granulocyte, 
lymphocyte, and platelet labelling (Figure 3). But washout from these cells was much 
faster than 99mTc-HMPAO in all cell populations, reaching 38.6±13.8% of washout 
from granulocytes at 3 h (Figure 4). 
Indeed, granulocytes labelled with 99mTc-HMPAO showed a retention of radioactivity 
of 90% at 1 h and of 80% at 3 h versus only 80% and 61%, respectively, when labelled 
with 99mTc-SSS-complex. Washout from lymphocytes and platelets was similar at 1 h 
between the two radiopharmaceuticals, but higher for 99mTc-SSS-complex at 3 h in 
both cell subsets. 
Based on these results, it appears that 99mTc-SSS-complex cannot substitute 99mTc-
HMPAO for selective labelling of granulocytes. It enters into all cell subsets, and most 
importantly, it is ejected from granulocytes in a higher percentage than 99mTc-HMPAO. 
This behavior may affect image quality in vivo. 
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In an attempt to find a better agent for WBC labelling, Capriotti et al. compared 99mTc-
HMPAO and 99mTc-stannous colloids in 2004 [19]. In this study, 99mTc-HMPAO 
showed a lower and significant spontaneous radioactivity release at different time 
points in all subjects studied, confirming it as the best choice to label WBC. 
WBCs were also labelled with 99mTc-liposomes [20] and with 99mTc-P483H [21]. 
Radiolabelled liposomes showed a minimum release after washings at 2 and 6 h, while 
99mTc-P483H showed a radioactivity associated with WBC equal to 76.5%, both 
obtaining better results than 99mTc-SSS-complex but similar to those achievable with 
99mTc-HMPAO. 
Since there are no other Tc-chelating agents available for WBC labelling, the only 
alternative consists in the use of antigranulocyte antibodies [22–24], leaving open 
doors to the study of new radiopharmaceuticals for bacterial imaging, although 
radiopharmaceuticals synthetized until now showed several limitations [25, 26]. 
 
Conclusion  
 
99mTc-SSS-complex, although labels white blood cells with high efficiency, showed no 
selectivity for any particular cell subset, and as the main limiting factor, it showed a 
high spontaneous release from granulocytes over time. Therefore, in conclusion, 
99mTc-SSS-complex cannot be considered as a valid alternative to 99mTc-HMPAO to 
label granulocytes for in vivo use as an infection seeking agent. 
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Abstract  
 
The scintigraphy with radiolabelled autologous leukocytes (WBCs) is considered the 
gold-standard technique for imaging infections. Leukokit® is a commercially available, 
disposable, sterile kit for labelling WBCs ex-vivo. In this kit, WBCs isolation from red 
blood cells (RBCs) was performed using poly-(O-2-hydroxyethyl)-starch (HES) as 
RBCs sedimentation agent. Due to its poor availability, HES has been recently replaced 
by Gelofusine as RBC sedimentation agent.  
Aim of this study was to compare the labelling efficiency and the diagnostic accuracy 
of WBCs labelled with Leukokit® with HES vs Leukokit® with Gelofusine.  
WBCs were isolated using HES or Gelofusine for 45 minutes and then purified from 
platelets (PLTs) and labelled with 1.1±0.3 GBq of freshly prepared 99mTc-HMPAO. The 
following parameters were evaluated: number and type of recovered WBCs, RBCs 
contamination, PLTs contamination, vitality of neutrophils, chemotactic properties of 
neutrophils. Clinical comparison was performed between 80 patients (33 males; age 
67.5±14.2) injected with 99mTc-HMPAO-WBCs, using HES as sedimentation agent, 
and 92 patients (38 males; age 68.2±12.8) injected with 99mTc-HMPAO-WBCs using 
Gelofusine as sedimentation agent. Patients were affected by prosthetic joint 
infections, peripheral bone osteomyelitis or vascular graft infection. We compared: 
radiolabelling efficiency (LE), final recovery yield (RY), diagnostic outcome based on 
microbiology or 2-year follow-up.  
Results showed that HES provides the lowest RBCs and PLTs contamination but 
Gelofusine provides the highest WBC recovery. Both agents did not influence the 
chemotactic properties of WBCs and no differences were found in terms of LE and RY. 
Sensitivity, specificity and accuracy were also not significantly different for WBCs 
labelled with both agents (diagnostic accuracy 90.9%, CI = 74.9-96.1 vs 98.3%, CI = 
90.8-100; for HES and Gelofusine respectively).  
In conclusion, Gelofusine can be considered a suitable alternative of HES for WBCs 
separation and labelling. 
 
Keywords  
 
Leukokit, White-blood-cell labelling, Gelofusine, Infection imaging 
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Introduction 
 
The scintigraphy with radiolabelled autologous leukocytes (WBCs) is considered the 
gold-standard technique for imaging infections, reaching a sensitivity and specificity 
between 95% and 100% according to site [1–3], even though several other agents are 
currently being developed for direct imaging of bacteria [4, 5]. WBCs are usually 
radiolabelled with two radiopharmaceuticals: 99mTc-hexamethylpropylene amine 
oxime (99mTc-HMPAO) or 111In-oxine, following the EANM guidelines [6, 7]. WBCs 
isolation from whole blood is a key procedure to obtain a pure and specific 
radiopharmaceutical and to perform radiolabelled leukocyte scintigraphy. Leukokit® 
(GI Pharma, Italy) is a commercially available, disposable, sterile kit for labelling 
WBCs ex vivo. In this kit, poly(O-2-hydroxyethyl)starch (HAES-steril 10%, HES) has 
been routinely used as a sedimentation agent to remove erythrocytes (RBCs) from 
WBCs [8–12]. However, HES is no longer commercially available, and it was replaced 
in Leukokit® with an alternative agent, Gelofusine (B. Braun, Germany).  
The aim of the study is to test in vitro the suitability of Gelofusine as an alternative to 
HES. This was achieved through the assessment of several parameters after 
erythrocyte separation: the number and type of recovered WBCs; RBCs 
contamination; platelets (PLTs) contamination; viability of neutrophils; chemotactic 
properties of neutrophils. 
After the evaluation of safety and efficacy of the new sedimentation agent (Gelofusine) 
performed by the producers of Leukokit® (GI Pharma, Italy), we aimed at evaluating 
the performance of this “new Leukokit®” (initially produced by GI Pharma, Italy, and 
now produced by CellTech, Italy), as compared to the previous kit containing HES 
(“old Leukokit®” produced by GI Pharma, Italy), for WBCs purification and labelling 
with 99mTc-HMPAO, as requested by the Italian legislation. 
The second goal of the study consists in the complete validation of the “new Leukokit®”, 
containing Gelofusine, as compared to the previously commercialized kit, containing 
HES, applying our standard operating procedure (SOP) for the validation and annual 
revalidation of the WBCs purification and labelling procedure. 
Secondly, the “new” and the “old” Leukokit® were compared in terms of WBCs 
labelling efficiency, recovery yield, and diagnostic accuracy in patients with suspected 
infections. 
 
Materials and Methods 
 
WBC isolation 
For the in vitro study, WBCs were isolated from the blood of 5 healthy volunteers. In 
brief, 30 ml of blood was withdrawn from each subject with a syringe containing 6 ml 
of anticoagulant citrate dextrose (ACD). The blood was then divided in 3 Falcon-type 
tubes (12 ml each) containing 3 ml of HES, Gelofusine, or 0.9% NaCl solution, 
respectively. Gelofusine was provided at 4% concentration of a clear, transparent, and 
slightly yellowish sterile solution (catalogue no. 152117651, B. Braun, Germany). After 
approximately 40 minutes of sedimentation, cell-rich plasma (CRP) was collected 
from each vial and an aliquot was used for FACS analysis to evaluate the number of 
WBCs, RBCs, and PLTs contaminations. Another aliquot was used for the viability 
testing by the trypan blue exclusion test. The remaining CRP was then centrifuged on 
Lymphoprep® for 10 minutes at 1000 rpm to isolate granulocytes. After the 
centrifugation, the supernatant was discarded and the pellet was resuspended in 5 ml 
of phosphate buffered saline (PBS). FACS analysis and viability test were then 
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repeated, and the rest was used to evaluate the retention of the migrating capabilities 
of granulocytes. 
 
Migration assay for granulocytes 
Granulocytes migration was evaluated using a 24-well permeable support with 5 µm 
pores (Corning®) placed in a 24 multiwell plate. In the upper chamber of each well 
were placed 105 granulocytes in 100 µl of RPMI, whereas the lower chamber of each 
well contained 650 µl of RPMI supplemented with 10% FBS. The plate was then 
incubated overnight in an incubator at 37 °C and 5% CO2. The day after, the upper 
portion of the membrane contained in each well was cleaned to remove residual 
granulocytes and then the membranes were rinsed in Coomassie blue followed by 
distilled water. Each membrane was cut from the support and placed on a microscopy 
slide for counting. 
 
Leukokit® validation 
The SOP for the validation includes the following quality control tests (QC): 
(i) QC1 for the evaluation of hydrophobicity of 99mTc-HMPAO 
(ii) QC2 for the evaluation of clumps after WBCs purification and labelling by visual 
inspection 
(iii) QC3 to calculate the labelling efficiency (LE) and labelling yield (LY) of WBCs 
(iv) QC4 to evaluate the sterility of the final product 
(v) QC5 to evaluate the apyrogenicity of the final product 
(vi) QC6 to evaluate the vitality of radiolabelled cells by trypan blue exclusion test 
(vii) QC7 to evaluate the percentage of spontaneous release of 99mTc-HMPAO from 
labelled WBCs at different time points  
Leukokit® validation was performed in 6 patients who donated 60 ml of blood each 
(age 30–60), once given the written informed consent. For each patient, 60 ml of blood 
was withdrawn in two syringes with 6 ml of ACD each (30 ml and 30 ml of blood). 
The first 36 ml was used for WBCs labelling with the “old Leukokit®” containing HES 
as the sedimentation agent; the other 36 ml was used for WBCs labelling with the “new 
Leukokit®” containing Gelofusine as the sedimentation agent. 
The whole procedure requires between 2 h 45 min and 3 h 30 min depending on the 
erythrocyte-sedimentation rate (ESR) of the patient. Additional 4 h were necessary to 
complete all quality controls. 
 
Clinical analysis 
Clinical comparison was performed between 80 patients (33 males; age 67.5 ± 14.2) 
injected with 99mTc-HMPAO-WBCs, labelled using HES as the sedimentation agent, 
and 92 patients (38 males; age 68.2 ± 12.8) injected with 99mTc-HMPAO-WBCs, 
labelled using Gelofusine as the sedimentation agent. Patients were affected by 
prosthetic joint infections, peripheral bone osteomyelitis, or vascular graft infection, 
as reported in Table 1. 
Several parameters were considered: the radiolabelling efficiency (LE), final recovery 
yield (RY), and diagnostic outcome based on microbiology or 2-year follow-up. 
For each group of patients, diagnostic accuracy, sensitivity, specificity, negative-
predictive value (NPV), positive-predictive value (PPV), and their confidence intervals 
(CI) were calculated considering the number of patients as true positive (TP), true 
negative (TN), false positive (FP), and false negative (FN) based on the 
correspondence between the WBC scan and microbiology or follow-up. 
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Table 1 
Summary of clinical results of patients with WBCs prepared using HES-Leukokit® or 

Gelofusine-Leukokit®. 
 

  Accuracy Sensitivity Specificity PPV NPV 

HES 

Osteomyelitis 
(n=8) 

87.5 50 100 100 85.7 

Hip prosthesis 
(n=13) 

84.6 100 83.3 33.3 100 

Vascular grafts 
(n=3) 

100 100 100 100 100 

Knee prosthesis 
(n=20) 

95 100 94.4 66.7 100 

All (n=44) 90.9  
(74.9-96.1) 

83.3  
(22.3-95.7) 

92.1  
(78.1-98.3) 

62.5  
(18.4-90.1) 

97.2  
(81.3-99.3) 

Gelofusine 

Osteomyelitis 
(n=16) 

100 100 100 100 100 

Hip prosthesis 
(n=16) 

93.8 66.7 100 100 92.9 

Vascular grafts 
(n=5) 

100 100 100 100 100 

Knee prosthesis 
(n=21) 

100 100 100 100 100 

All (n=58) 98.3  
(90.8-100) 

91.7  
(61.5-99.8) 

100  
(92.3-100) 

100  
(71.5-100) 

97.9  
(88.7-99.9) 

All values are expressed as percentage, and the confidence intervals are given in brackets. 
 
Statistical analysis 
Comparisons of WBCs concentration, RBCs and PLTs contamination, and migration 
results were performed using Student’s t-test for continuous variables after 
confirmation of normal distribution by the Kolmogorov–Smirnov test. Results in 
patients were statistically compared performing the Student’s t-test, if normally 
distributed, otherwise performing the Mann–Whitney test. 
All results were given as mean values ± SD or SE, unless otherwise indicated. 
Differences were considered significant when p values were <0.05. All calculations 
were performed using Prism 7 (GraphPad Software, La Jolla, CA, USA). 
 
Results  
 
WBC isolation 
Gelofusine showed the best results in terms of number of recovered WBCs and 
granulocytes isolated from the blood of five healthy volunteers compared to HES and 
control (Figure 1 and Table 2). Differences are not statistically significant. Significant 
differences were observed when WBCs were purified from blood without any 
sedimentation agent, as expected, due to the low erythrocyte sedimentation speed 
(p=0.02 and p=0.03 for WBCs concentration (before), respectively, for HES and 
Gelofusine vs control; p=0.04 and p=0.07 for GRs concentration (before), respectively, 
for HES and Gelofusine vs control). 
On the contrary, the use of HES gave slightly lower RBCs and PLTs contamination 
(Figure 2). Differences are not statistically significant, except for PLTs contamination 
after GRs isolation between HES and control (p=0.04). 
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Figure 1. Recovery of total WBCs and granulocytes (GRs) when using HES, Gelofusine, or 
control (0.9% NaCl) before ((a)–(d)) and after ((e)–(h)) GR isolation (error bars = SE). 
 

Table 2 
Values of recovered blood elements after erythrocyte sedimentation with HES, 

Gelofusine, or control (before). The analysis was repeated after granulocyte 
purification by centrifugation. 

 

  
HES Gelofusine Control 

  
Before After Before After Before After 

Mean WBCs (106) 29.9±8.5 4.3±1.0 32.0±10.3 6.1±2.1 4.2±3.1 4.1±3.2 

Mean GRs (106) 19.1±7.1 3.8±1.0 20.8±8.0 5.5±2.0 1.6±1.4 1.3±1.0 

Mean RBCs (106) 0.2±0.04 0.1±0.01 0.1±0.04 0.1±0.01 0.02±0.02 0.05±0.02 

Mean PLTs (106) 1893.4±251.3 9.7±3.6 1450.3±246.8 13.5±2.7 304.5±170.4 27.2±6.3 
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Figure 2. RBC and PLT contamination using HES, Gelofusine, or control (0.9% NaCl) before 
and after granulocytes (GR) isolation (error bars = SE). 
 
Vitality of granulocytes 
High viability of isolated granulocytes was observed before and after purification, as 
revealed by the trypan blue exclusion test (Table 3 and Figure 3). No statistical 
differences were observed between samples analyzed immediately after sedimentation 
(total leukocytes) or after centrifugation over the Lymphoprep® gradient 
(granulocytes). The same applies for samples sedimented with HES or Gelofusine or 
control. 
 

Table 3 
Viability of mixed leukocytes or purified granulocytes tested by the trypan blue 

exclusion test. 
 

 HES Gelofusine Control 

Subj
ect 

Leukocyte
s (%) 

Granulocyte
s (%) 

Leukocyte
s (%) 

Granulocyte
s (%) 

Leukocyte
s (%) 

Granulocyte
s (%) 

A 99.8 99.2 99.9 99.4 98.8 98.5 

B 99.2 99.1 99.7 99.5 99.6 99.3 

C 99.4 99.5 99.4 99.2 99.5 99.5 

D 99.3 99.6 99.9 99.3 99.6 99.8 

E 99 99.5 99.1 99.8 99.2 99.4 
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Figure 3. Trypan blue exclusion test of WBCs showing very high cell viability after erythrocyte 
sedimentation with HES, Gelofusine, or control solution. Each square represents a random 
field from 5 different subjects (A, B, C, D, and E). 
 
Granulocyte migration assay 
Isolated granulocytes retained their ability to migrate in response to attracting stimuli, 
as revealed by migration assays performed in medium with or without 10% FBS 
(Figures 4 and 5). There was a significant difference between groups with or without 
FBS stimulation (p=0.001, p=0.007, and p=0.0006 for HES, Gelofusine, or control 
groups, respectively). 
In addition, there was no significant difference between cells prepared with HES or 
Gelofusine or without any sedimentation agent as control. 
 

 
Figure 4. Granulocyte migration assay performed using medium with (grey bars) or without 
(black bars) 10% FBS (error bars = SD). 
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Figure 5. Random field of Transwell membrane from subject C. 
 
Leukokit® validation 
The main QCs that are reported here (and of interest for the comparison of Gelofusine 
vs HES) are the labelling efficiency (LE), the labelling yield (LY), the vitality of labelled 
cells using the trypan blue exclusion test, and the spontaneous in vitro release of 99mTc-
HMPAO from labelled WBCs at different time points incubated at 37 °C (10′, 1 h, and 
4 h). 
The CRP volume was different for each patient, depending on ESR of each one (range 
20–30 ml). 
The average labelling efficiency (LE) was similar between the two sedimentation 
agents: 72.3 ± 4.8% for HES and 72.5 ± 8.9% for Gelofusine; the labelling yield (LY) 
was slightly better for HES (54.5 ± 4.1%) than Gelofusine (52.7 ± 5.8%). Differences 
were not statistically significant (Figure 6). 
 

 
 

Figure 6. Graphic representation of labelling effciency and labelling yield with different kits 
(data are mean of 6 subjects ± SD). The vitality test showed the same result for both 
sedimentation agents with a mean value ± SD equal to 99.7 ± 0.4%. 
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Finally, the release of 99mTc-HMPAO from labelled WBCs was evaluated. Results 
showed a less release from cells at 10 minutes for Gelofusine (4.9 ± 1.7%) in 
comparison to HES (5.4 ± 1.5%), showing similar results at 1 h and 4 h (10.8 ± 0.8% 
vs 9.3 ± 0.4%, respectively, at 1 h and 20.9 ± 2.4% vs 20 ± 2.2%, respectively, at 4 h) 
(Figure 7). All differences are not statistically significant. 
 

 
 

Figure 7. Graphic representation of the spontaneous in vitro release of 99mTc-HMPAO from 
labelled WBCs at different time points (data are mean of 6 subjects ± SD). 
 
Clinical analysis 
For the “new Leukokit®,” the LE and RY, calculated on 92 samples, were 71.4 ± 11.4% 
and 55.6 ± 9.4%, respectively, whereas for the “old Leukokit®”, the LE and RY, 
calculated on 80 samples, were 74.5 ± 9.6% and 54.8 ± 10.4%, respectively. Both 
differences were not statistically significant (t-test p=0.06 and p=0.57, respectively, 
for LE and RY). 
As far as the diagnostic performance of the two kits is concerned, we were able to 
include only 58 patients for the “new Leukokit®” and 44 patients for the “old 
Leukokit®” because of the availability of reliable microbiological results or clinical data 
during the 2-year follow-up. 
As shown in Table 1, there were no statistically significant differences between the two 
groups of patients either if we consider them in all or by single pathology (Pearson’s 
chi-square test). 
 
Discussion 
  
WBCs isolation and radiolabelling are critical steps to obtain an available 
radiopharmaceutical with high purity and labelling effciency, suitable for WBCs 
scintigraphy [13–16]. The availability of a sterile device, Leukokit®, has absolutely 
provided an instrument to facilitate the whole procedure, reducing time and assuring 
sterility as reported in the recent guidelines published by EANM Committee [14]. The 
utility and safety of Leukokit® were reported in several studies that obtained high 
values of LE and RY comparable to our study [3, 8–11, 17, 18]. These studies used 
99mTc-HMPAO-WBCs with Leukokit®. Hence, Leukokit® has been used for WBC 
labelling also using other chelating agents for 99mTc [19] or other isotopes such as 111In 
[20, 21], 18F-FDG [22, 23], and 64CuCl [24]. Thus, the use of Leukokit® plays a pivotal 
role for WBCs isolation and radiolabelling procedure in clinical practice. Indeed, 
Gelofusine was chosen as an alternative to HES as plasma expander within the 
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Leukokit®. It is commercially available at 4% concentration with a molecular weight 
average of 26500 Da. 
In our study, HES and Gelofusine were compared in vitro and in clinical practice after 
the introduction of Gelofusine in the Leukokit®. 
From our results, Gelofusine allowed a better separation of granulocytes from whole 
blood of healthy subjects as compared to HES, with optimal cell vitality. 
From data collected in patients, labelling effciency and labelling yield were similar for 
the two kits, and diagnostic accuracy, sensitivity, specificity, PPV, and NPV were also 
not significantly different for both sedimentation agents. These results are in 
agreement with data previously published [15, 16], being the overall diagnostic 
accuracy of the two tests equal to 98.3% and 90.9% (for Gelofusine and HES, 
respectively). In this study, we included only patients with a clearly defined diagnosis, 
mainly because of availability of microbiological data obtained during surgery or more 
rarely because of a 2-year follow-up without use of any antibiotic therapy. This 
selection may be at risk of bias, but rather than providing data in support of WBCs 
scan, we aimed at comparing with the same methodology and same source of bias two 
different groups of patients.  
When subdividing patients for different pathologies, we noticed that the number of 
patients with suspected vascular graft infection is too few to draw any conclusion, but 
even if removed from total, the overall results are the same with no statistical 
difference between WBCs scans in patients using “old Leukokit®” and “new 
Leukokit®”. In particular, in knee prosthesis, we found a sensitivity and specificity of 
100% and 94.4%, respectively, for the “old Leukokit®” and a sensitivity and specificity 
of 100% and 100%, respectively, for the “new Leukokit®”. Similarly, in hip prosthesis, 
we found a sensitivity and specificity of 100% and 83.3%, respectively, for the “old 
Leukokit®” and a sensitivity and specificity of 66.7% and 100%, respectively, for the 
“new Leukokit®”.  
These results are well in agreement with those recently published in two meta-analysis 
by Verberne et al. in which they report an overall sensitivity and specificity for 
radiolabelled WBCs scintigraphy in knee prosthesis of 88% and 77%, respectively [15], 
and in hip prosthesis a sensitivity and specificity of 88% and 92%, respectively [16], 
although in all mentioned studies WBCs were labelled without the use of Leukokit®. 
A possible criticism to our work can be raised by the consideration that we used blood 
of normal subjects for the in vitro experiments and not from patients. Indeed, the low 
ESR in normal subjects could have negatively influenced the sedimentation of RBCs 
and the purification of WBCs from RBCs and PLTs. However, the choice of using blood 
from normal subjects was done on purpose for ethical reasons and for evaluating the 
efficacy of Gelofusine and HES in the worst situation (i.e., when ESR is very low). 
 
Conclusions  
 
Both HES and Gelofusine sedimentation agents allowed reproducible separation of 
granulocytes from whole blood with a high percentage of purity and vitality as required 
by EANM guidelines. 
In particular, Gelofusine can be considered a suitable alternative of HES for WBCs 
separation and labelling, yielding to high labelling efficiency, without cell damage and 
high diagnostic accuracy. 
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Inflammatory and infectious diseases represented, still nowadays, a serious and 
significant cause of morbidity and mortality worldwide since when chronic 
degenerative diseases and cancer dominated the scenario in developed countries. For 
these diseases, a rapid and accurate diagnosis plays a pivotal role for early therapeutic 
interventions and to discriminate the infection from an inflammatory condition. 
Indeed, the identification of bacterial cells in infections would be of great help for both 
therapeutic and diagnostic approaches, especially with the development of novel and 
tailored therapies. 
In this scenario, there is a need of a non-invasive strategies to specifically localize 
bacterial or immune cells involved in infectious and inflammatory diseases before 
planning the best treatment option for patients. This strategy would allow to save time, 
reduce costs as well as side-effects due to non-appropriate therapy. Nuclear molecular 
imaging offers a plethora of radiopharmaceuticals for imaging bacteria and immune 
cells at preclinical level with possible translation to clinics. In this thesis, we present 
new and updated approaches to image infections as alternatives to currently available 
radiopharmaceuticals or to be implemented. 
For bacterial infections, many compounds like antibiotics, peptides, sugars were 
radiolabelled with several isotopes for SPECT and PET imaging, but very fews have 
been translated to humans with no promising results such as 99mTc-ciprofloxacin. This 
issue has been intensively described in the chapters 2 and 3. Indeed, these two 
systematic reviews give an extensive overview regarding the available 
radiopharmaceuticals for bacterial imaging and related concerns that limit their use 
in humans (e.g. the lack of specific mechanisms of binding of these compounds, the 
lack of standardized animal model, the lack of structured guidelines). 
In order to overcome these limits, our first approach, described in the chapter 4, 
consists in targeting E. coli and S. aureus using an innovative infection mouse model 
and a new radiopharmaceutical compared to three well-known and perfoming in vitro 
and in vivo studies. The mouse model is a Teflon cage implanted subcutaneously that 
allows to have a reproducible, localized and persistent infection. A ciprofloxacin 
derivative, ciprofloxacin dithiocarbamate (CiproCS2), was radiolabelled with 99mTc 
using a specific kit containing the antibiotic, succinic acid dihydrazide (SDH), 
ethylenediaminetetraacetic acid (EDTA), SnCl2, phosphate buffer and g-cyclodextrin. 
In vitro studies showed a rapid but poor bacterial binding for all tested 
radiopharmaceuticals, whereas in vivo studies displayed higher infected cage/sterile 
cage ratio for 99mTc-UBI and 99mTc-CiproCS2 at 24 h for both E. coli and S. aureus. 
However, none of tested radiopharmaceuticals seemed to be promising for 
discrimination of infected sites, whose accumulation still remains to be clarified. 
The same strategy was applied in the chapter 5 where we described the radiolabelling 
of an antibiotic that specifically binds to lipid A of lypopolisaccharide (LPS) of Gram-
negative bacteria, acting as an antimicrobial peptide. The antibiotic is polymyxin B 
(PMB) that is conjugated with HYNIC and radiolabelled with 99mTc, obtaining an 
excellent labelling efficiency and specific activity. In vitro studies were performed 
using several bacterial strains, both Gram-negative and Gram-positive as control, 
showing higher binding of 99mTc-HYNIC-PMB for Gram-negative bacteria than 
control. In animal model, infection was induced by the injection of three different 
amounts of bacteria plus Matrigel in the right thigh in comparison to only Matrigel in 
the contralateral and imaging was performed at 1, 3 and 6 h post injection of 99mTc-
HYNIC-PMB, measuring target-to-backgroud (T/B) ratio. Results showed higher T/B 
ratios for Gram-negative bacteria than Gram-positive controls in slightly time and 
bacterial amount-dependant manner, suggesting 99mTc-HYNIC-PMB as potential 
agent for selective diagnosis of Gram-negative infections. 
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In clinical practice, radiolabelled autologous WBCs are the nuclear medicine gold 
standard for the diagnosis of infections and inflammatory disorders. They can be 
labelled with 111In-oxine or 99mTc-HMPAO that are able to enter into cells’ cytoplasm 
and radiolabel cells. In the chapter 6, we tested a new chelating agent, (S3CPh)2 
(S2CPh)-complex (SSS-complex), with the aim to improve the radiochemical purity, 
the binding selectivity for leukocytes and its binding kinetics. The radiolabelling 
procedure of SSS-complex involved the use of a technetium-99m reducing kit, 
showing high labelling efficiency (>95%) and stable in both human serum and saline 
up to 24 h. Despite of high labelling efficiency to cells, 99mTc-SSS-complex showed no 
specific selectivity for any particular cell subset as well as a faster washout from cells 
than 99mTc-HMPAO. From our data, it appears that 99mTc-SSS-complex cannot be 
considered a valid alternative to 99mTc-HMPAO for in vivo imaging agent. 
The procedure to label WBCs is highly time expensive and high risk of cell 
contamination. Indeed, the LeukokitÒ has been developed with the goal to make easier 
the process. It is a commercial and disposable sterile kit, containing poly(O-2-
hydroxyethyl)starch (HAES-steril 10%, HES) as a sedimentation agent to remove 
erythrocytes (RBCs) from WBCs. Currently, HES is no more commercially available 
and Gelofusine has been proposed as substitute sedimentation agent. Hence, in the 
chapter 7, we compared the labelling efficacy and the diagnostic accuracy of WBCs 
labelled with LeukokitÒ containing HES and LeukokitÒ containing Gelofusine. In 
particular, we evaluated the number and type of recovered WBCs, red blood cells 
(RBCs) contamination, platelets (PLTs) contamination, vitality of neutrophils, and 
chemotactic properties of neutrophils. Secondly, we performed a clinical comparison 
in terms of radiolabelling efficiency, final recovery yield and diagnostic outcome in 
patients affected by prosthetic joint infections, peripheral bone osteomyelitis, or 
vascular graft infection. Results showed a lower RBCs and PLTs contamination for 
HES rather than Gelofusine, but higher WBCs recovery for Gelofusine and same 
chemotactic properties independently from the used sedimentation agent. Then, 
clinical analysis reported not significantly different sensitivity, specificity and accuracy 
for WBCs labelled with both agents, suggesting Gelofusine as suitable substitute of 
HES for WBCs separation and labelling. 
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Ontstekingsziekten en besmettelijke ziekten vertegenwoordigden vandaag de dag nog 
steeds een ernstige en significante oorzaak van morbiditeit en mortaliteit sindsdien 
toen chronische degeneratieve ziekten en kanker het scenario domineerden in 
ontwikkelde landen. Voor deze ziekten speelt een snelle en nauwkeurige diagnose een 
cruciale rol voor vroege therapeutische interventies en om de infectie te onderscheiden 
van een ontstekingsaandoening. De identificatie van bacteriële cellen bij infecties zou 
inderdaad van groot nut zijn voor zowel therapeutische als diagnostische 
benaderingen, vooral bij de ontwikkeling van nieuwe en op maat gemaakte therapieën. 
In dit scenario is er behoefte aan niet-invasieve strategieën om specifiek bacteriële of 
immuuncellen die betrokken zijn bij infectie- en ontstekingsziekten te lokaliseren 
voordat de beste behandelingsoptie voor patiënten wordt gepland. Deze strategie zou 
het mogelijk maken om tijd te besparen, kosten te verminderen en bijwerkingen als 
gevolg van niet-geschikte therapie. Nucleaire moleculaire beeldvorming biedt een 
overvloed aan radiofarmaca voor beeldvorming van bacteriën en immuuncellen op 
preklinisch niveau met mogelijke vertaling naar klinieken. In dit proefschrift 
presenteren we nieuwe en bijgewerkte benaderingen van beeldinfecties als 
alternatieven voor de momenteel beschikbare radiofarmaca of om te implementeren. 
Voor bacteriële infecties werden veel verbindingen, zoals antibiotica, peptiden, suikers 
radioactief gelabeld met verschillende isotopen voor SPECT- en PET-beeldvorming, 
maar zeer weinig zijn vertaald naar mensen zonder veelbelovende resultaten zoals 
99mTc-ciprofloxacine. Deze kwestie is intensief beschreven in de hoofdstukken 2 en 3. 
Deze twee systematische beoordelingen geven inderdaad een uitgebreid overzicht van 
de beschikbare radiofarmaca voor bacteriële beeldvorming en aanverwante 
problemen die het gebruik ervan bij mensen beperken (bijv. Het ontbreken van 
specifieke mechanismen voor binding van deze verbindingen, het ontbreken van 
gestandaardiseerd diermodel, het ontbreken van gestructureerde richtlijnen). 
Om deze limieten te overwinnen, bestaat onze eerste aanpak, beschreven in hoofdstuk 
4, uit het richten van E. coli en S. aureus met behulp van een innovatief 
infectiemuismodel en een nieuw radiofarmaceutisch middel in vergelijking met drie 
bekende en perfoming in vitro en in vivo studies. Het muismodel is een Teflon-kooi 
die subcutaan is geïmplanteerd en die een reproduceerbare, gelokaliseerde en 
aanhoudende infectie mogelijk maakt. Een ciprofloxacinederivaat, ciprofloxacine 
dithiocarbamaat (CiproCS2), werd radioactief gelabeld met 99mTc met behulp van een 
specifieke kit met het antibioticum, barnsteenzuur dihydrazide (SDH), 
ethyleendiaminetetra-azijnzuur (EDTA), SnCl2, fosfaatbuffer en cyc-cyclodextrine. In 
vitro studies toonden een snelle maar slechte bacteriële binding voor alle geteste 
radiofarmaca, terwijl in vivo studies een hogere geïnfecteerde kooi / steriele 
kooiverhouding vertoonden voor 99mTc-UBI en 99mTc-CiproCS2 na 24 uur voor zowel 
E. coli als S. aureus. Geen van de geteste radiofarmaca leek echter veelbelovend voor 
discriminatie van geïnfecteerde sites, waarvan de accumulatie nog moet worden 
opgehelderd. 
Dezelfde strategie werd toegepast in hoofdstuk 5, waar we de radiolabeling beschreven 
van een antibioticum dat zich specifiek bindt aan lipide A van lypopolisaccharide (LPS) 
van gramnegatieve bacteriën, die als een antimicrobieel peptide werken. Het 
antibioticum is polymyxine B (PMB) dat is geconjugeerd met HYNIC en radioactief is 
gelabeld met 99mTc, waardoor een uitstekende labelingsefficiëntie en specifieke 
activiteit wordt verkregen. In vitro-onderzoeken werden uitgevoerd met behulp van 
verschillende bacteriestammen, zowel gram-negatieve als gram-positieve als controle, 
die een hogere binding van 99mTc-HYNIC-PMB voor Gram-negatieve bacteriën 
vertoonden dan controle. In diermodel werd infectie geïnduceerd door de injectie van 
drie verschillende hoeveelheden bacteriën plus Matrigel in de rechter dij in 
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vergelijking met alleen Matrigel in de contralaterale en beeldvorming werd uitgevoerd 
op 1, 3 en 6 uur na injectie van 99mTc-HYNIC-PMB, het meten van de 
doel/achtergrond-verhouding (T/B). De resultaten toonden hogere T/B-
verhoudingen voor gramnegatieve bacteriën dan grampositieve controles op een 
enigszins tijds- en bacteriehoeveelheidsafhankelijke manier, hetgeen 99mTc-HYNIC-
PMB suggereert als potentieel middel voor selectieve diagnose van Gram-negatieve 
infecties. 
In de klinische praktijk zijn radioactief gemerkte autologe WBC's de gouden standaard 
voor nucleaire geneeskunde voor de diagnose van infecties en ontstekingsstoornissen. 
Ze kunnen worden gelabeld met 111In-oxine of 99mTc-HMPAO die in het cytoplasma en 
het radiolabel van cellen kunnen binnendringen. In hoofdstuk 6 hebben we een nieuw 
chelaatvormend middel (S3CPh)2(S2CPh)-complex (SSS-complex) getest, met als doel 
de radiochemische zuiverheid, de bindingsselectiviteit voor leukocyten en de 
bindingskinetiek te verbeteren. De radiolabelingsprocedure van het SSS-complex 
omvatte het gebruik van een technetium-99m-reductiekit, met een hoge 
etiketteringsefficiëntie (> 95%) en tot 24 uur stabiel in zowel menselijk serum als 
zoutoplossing. Ondanks de hoge labelingsefficiëntie voor cellen, vertoonde het 99mTc-
SSS-complex geen specifieke selectiviteit voor een bepaalde celsubset, evenals een 
snellere uitspoeling van cellen dan 99mTc-HMPAO. Uit onze gegevens blijkt dat het 
99mTc-SSS-complex niet kan worden beschouwd als een geldig alternatief voor 99mTc-
HMPAO voor een in vivo beeldvormend middel. 
De procedure om WBC's te labelen is zeer tijdrovend en een groot risico op 
celbesmetting. De Leukokitâ is inderdaad ontwikkeld met het doel om het proces 
eenvoudiger te maken. Het is een commercieel en wegwerpbaar steriel pakket dat poly 
(O-2-hydroxyethyl) zetmeel (HAES-steril 10%, HES) als sedimentatiemiddel bevat om 
erytrocyten (RBC's) uit WBC's te verwijderen. Momenteel is HES niet meer in de 
handel verkrijgbaar en is Gelofusine voorgesteld als vervangend sedimentatiemiddel. 
Daarom hebben we in hoofdstuk 7 de werkzaamheid van de labeling en de 
diagnostische nauwkeurigheid vergeleken van WBC's gelabeld met Leukokitâ met 
HES en Leukokitâ met Gelofusine. In het bijzonder hebben we het aantal en het type 
teruggewonnen WBC's, rode bloedcellen (RBC's) besmetting, bloedplaatjes (PLT's) 
besmetting, vitaliteit van neutrofielen en chemotactische eigenschappen van 
neutrofielen geëvalueerd. Ten tweede hebben we een klinische vergelijking uitgevoerd 
in termen van efficiëntie van radioactief labelen, uiteindelijke opbrengst van herstel 
en diagnostische uitkomst bij patiënten met prothetische gewrichtsinfecties, perifere 
bot osteomyelitis of vasculaire transplantaatinfectie. Resultaten toonden een lagere 
RBC's en PLT's contaminatie voor HES in plaats van Gelofusine, maar hogere WBC's 
herstel voor Gelofusine en dezelfde chemotactische eigenschappen onafhankelijk van 
het gebruikte sedimentatiemiddel. Vervolgens rapporteerde klinische analyse niet 
significant verschillende gevoeligheid, specificiteit en nauwkeurigheid voor WBC's die 
met beide middelen waren gelabeld, hetgeen suggereert dat Gelofusine een geschikt 
alternatief is voor HES voor WBC's-scheiding en labeling.  
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Given the high mortality and morbidity rate of infectious diseases worldwide due to 
increasing antibiotic resistance, their early diagnosis is of crucial importance for 
clinical practice as well as the discrimination between septic and sterile inflammatory 
processes. Currently, in clinics the scintigraphy with radiolabelled autologous white 
blood cells (WBC) is routinely used for imaging of infectious pathologies, but, being 
undirect imaging of infection, it does not allow to distinguish aseptic process from 
inflammation caused by the presence of bacteria. Novel attractive strategies have been 
and are being investigated with the goal to directly target the pathogen, exploiting 
several bacteria characteristics or molecules’ mechanisms of action, and at the same 
time to have a better accurate imaging agent for diagnosis and therapy follow-up. 
However, very few radiopharmaceuticals that seemed to be promising in preclinical 
setting are available in clinical practice. This lack of bacteria-specific 
radiopharmaceuticals in humans is related to several issues to be considered. Among 
main critical factors, we might include the bacterial cells properties that can be 
localized, dispersed or in the form of biofilm, the bacterial mutations occurring over 
time, the amount and location of bacteria, if intracellular or extracellular that influence 
and drive the choice of molecule to radiolabel. Furthermore, other issues concern the 
radiopharmaceutical such as the injected dose and after how long it is injected, the 
imaging time points, the pharmacokinetic and pharmacodynamic, the biological 
activity, the a-pyrogenicity, the effect on bacterial vitality and functions. 

Indeed, different approaches have been developed for bacterial imaging, if target-
driven (bacterial metabolism, antimicrobial compounds, cell wall components, iron 
metabolism), if species-driven (Gram-negative, Gram-positive, others), if isotope-
driven (γ or β emission), but, whatever approach is being considered, there are pros 
and cons in each one. In addition, in the literature, there are numerous published 
studies on bacterial imaging that used several compounds such as amino sugars, 
siderophores, peptides, antibiotics. Some of these also obtained promising and 
encouraging results, but also considerably heterogenous in bacterial strain, infection 
animal model, isotope, compound and time flow of the study. 

In the present thesis, we proposed two different approaches to improve the 
management of infectious diseases. Firstly, we radiolabelled with 99mTc two 
compounds, ciprofloxacin dithiocarbamate and polymyxin B, to directly image 
bacteria in two mouse models of infection, respectively the Teflon cage and “Matrigel-
mediated” infection. Secondly, we tried to get better the radiolabelling procedure of 
WBC that is intensively laborious and time consuming. We tested an alternative of 
HMPAO, called SSS-complex, to radiolabel WBC, but it cannot be considered a valid 
substitute. Then, it was strictly necessary to find an alternative of HES, the 
sedimentation agent into the LeukokitÒ, for commercial needs. Therefore, we tested 
Gelofusine as new sedimentation agent that, then, have been replaced HES, also 
apporting better results in terms of overall diagnostic accuracy. 

This thesis highlights the difficulty of accurately localize bacteria during infective 
process and confirms scintigraphy with radiolabelled WBC as the main diagnostic tool 
in clinical routine. In the meantime, the radiolabelling of WBC with PET isotopes (e.g. 
89Zr, 64Cu) is currently under investigation with the aim to improve the diagnostic 
performance of radiolabelled WBC. The PET imaging has higher spatial resolution and 
sensitivity than SPECT technique, surely improving the quantitative evaluation of 
radioactive signal from pathological tissues in infectious diseases. However, some 
concerns have to be taken into account after the radiolabelling procedure, such as the 
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following: the resulted labelling efficiency and specific activity, if the biological 
functions and chemotactic properties of WBC are preserved, if the used PET isotope is 
toxic for cells, the binding kinetics and the efflux rate from the cells. 

At the moment, imaging bacteria is still a difficult and challenging task because an 
ideal bacteria-specific imaging agent should be highly sensitive and specific, 
quantitative, rapid, stable, safe and easily manufacturable as well as characterized by 
specific biochemical properties (e.g. lipophilicity, metabolic stability, low binding to 
plasma proteins).   

Surely, having standardized protocols, guidelines and consensus documents would 
allow a better comparison between preclinical studies and, eventually, a prediction of 
results in humans. Being able to specifically image bacteria would allow to identify the 
responsive cause of an infection with the goal to improve the management, therapy 
decision-making and follow-up of patients with suspected infectious diseases. Indeed, 
the early detection of the specific pathogen responsible of that infection is still an open 
challenge, but it would be able to guide the choice of the most appropriate antibiotic 
therapy for each patient. 
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