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ABSTRACT: Infectious diseases hold significant global importance, resulting in millions of deaths annually and
spreading so swiftly that they present a global public health threat. Diagnosis of infections is usually based on a detailed
anamnesis, physical examination, as well as laboratory evaluation, and imaging methods. Nuclear medicine and
radionuclide imaging have gained a significant role in the diagnosis of infection in the last decades, mainly due to the
restrictions and limitations of conventional diagnosis methods in detecting and diffracting sterile inflammation and
infection. In recent years different agents such as peptides, aptamers, and antibodies have been investigated for infection
imaging due to the success they accomplished in radio imaging diagnosis of different diseases. In this review, currently
used and novel tracers for infection/inflammation imaging have been summarized and their advantages and
disadvantages have been reviewed for further possible studies.

KEYWORDS: Infection; diagnosis; radiolabeled peptides; radiolabeled aptamers; radiolabeled antibodies; radiolabeled
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1. INTRODUCTION

Infection and Inflammation imaging is one of the application areas of nuclear medicine. The complex
response of the body to any stimulus (physical, chemical, immunological, radiation) to bring the serum
molecules and/or cells of the immune system to the injured site is called inflammation, and if a
microorganism includes in this process, it is called infection [1]. Microorganisms that live naturally in the
body are not considered infections. Most microorganisms generally do not harm human health, but
pathogenic microorganisms such as viruses, parasites, bacteria, and fungi enter the body and cause infection
in various parts of the body as a result of various reactions.

Symptoms of infection vary depending on the type of infection and the disease it causes. Fever is one
of the most common symptoms of infection. In some cases, the absence of fever (eg chronic osteomyelitis)
and suspicion of latent infection are conditions that make it difficult to diagnose the infection. Diagnosis of
infection is usually complicated and currently available diagnostic methods show some disadvantages; thus,
the treatment process could be hindered or unspecified.

Inflammation, on the other hand, is a physiological, strongly structured, defending response to an
underlying infectious or non-infectious process or condition that involves cells of the immune system [2].
This condition typically causes false positive results in detecting infection lesions in imaging modalities. So,
finding appropriate tracers and imaging modalities to differentiate sterile inflammation from infection and
early diagnosis to control infectious diseases and provide efficient treatment is essential.

Determination of infection type and its source requires complete information, such as the patient’s
medical history, physical inspection, laboratory documents, and medical imaging results. The first step in
infection diagnosis is microbiologic examination such as direct examination and techniques, culture,
microbial identification, serodiagnosis, and antimicrobial susceptibility. Laboratory evaluation includes
monitoring leukocyte count, erythrocyte sedimentation (ESR), and C-reactive protein (CRP) level and
growth in blood culture. CRP, ESR, and white blood cells (WBC) have exhaustively investigated as
indicators for inflammation. The infection progression is represented more accurately by CRP, since CRP
levels rapidly decrease in subsiding acute infections while WBC levels may remain high due to their life
span of 5-6 days [3]. One of the most important disadvantages of these markers is, that they cannot
discriminate between bacterial and viral infection. This can lead to a wrong treatment procedure and
unnecessary antibiotic use [4].

Medical imaging methods including radiography (x-ray), computed tomography (CT),
ultrasonography, magnetic resonance imaging (MRI) and radionuclide imaging may use for the diagnosis of
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infection. Although all above-mentioned imaging techniques can spot the sicknesses' origin, nearly most of
them are insufficient in discriminating between infectious and inflammation.

Radionuclide imaging modalities including Single Photon Emission Computed Tomography
(SPECT) and Positron Emission Tomography (PET) tools used by specific diagnostic agents to determine and
diagnose infectious and inflammation diseases are getting attention and importance in recent years.
Radionuclide imaging is an early diagnosis technique, it can present increased activity within 24-48 hours
after the onset of symptoms and it is preferred, especially if there is a suspicion of non-localized infection.
One of the main differences between SPECT and PET imaging is the radioisotopes used. SPECT scans use
radioisotopes that emit gamma rays, while PET scans use radioisotopes that emit positrons. It can be said
that the sensitivity of PET is significantly higher than other imaging methods [5]. In addition, fusion camera
methods, such as PET/CT SPECT/CT, and PET/MRI perform the best of both structural and
pathophysiological processes. They lead to better specificities and diagnostic precisions [6]. PET/MRI
camera systems might be able to bring even higher diagnostic accuracy, particularly in inflammatory
situations because MRI compromises enhanced soft-tissue contrast information than CT [7].

Radioactive drugs administered for diagnostic or therapeutic purposes in nuclear medicine
examinations are called radiopharmaceuticals. Radiopharmaceuticals have two important structures. The
first is a radioactive element (radionuclide), which emits radioactive rays. The other is the pharmaceutical
moiety to which the radionuclide is bound. In principle, radiopharmaceuticals collect in certain organs or
tissues rendering to the physical, chemical, and biological properties of the pharmaceutical part to which
they are attached, and organ functions can be monitored or diseases can be treated thanks to the rays
emitted by the radionuclide they carry with them. In recent years, to increase the specificity of
radiopharmaceuticals, targeting moieties and targeted nanoplatforms have been used as pharmaceutical
parts of radiopharmaceuticals [8, 9].

Several radiopharmaceuticals have been already established based on infectious and inflammatory
diseases' pathophysiology [10]. In recent years, developments in molecular biology and radiolabeling
technology have led to the finding of new agents with very high specific activities, like new biomarkers,
peptides, aptamers, and antibodies [11]. So, specificity must also be added to increased nuclear medicine
sensitivity to distinguish both inflammatory disorder categories [12].

2. RADIOPHARMACEUTICALS USED IN THE CLINIC FOR IMAGING INFECTION

Imaging of infection by radiopharmaceuticals has a history of approximately half a century and
during this time, several radiopharmaceuticals labeled with Ga-67, Tc-99m, In-111, F-18, 1-131 were
developed for this purpose [13]. Currently used agents for infection detection are %“mTc-methylene
diphosphonate (MDP), ¢Ga-citrate, 18F- fluorodeoxyglucose (FDG), 1lIn-oxine- and %mTc-hexamethyl
propylene amine oxime (HMPAO)-labeled autologous leukocytes [14].

67Ga-citrate is approved to be a radiopharmaceutical for imaging both acute and chronic infections,
also it can be used for inflammation diagnosis. Moreover, it can be useful in osteomyelitis and fever of
unknown origin (FUO) diagnosis. Gallium binds to transferrin (TF), lactoferrin (LF), ferritin, and
siderophores which are iron-binding molecules. Different mechanisms have been postulated to explain the
67Ga-citrate uptake in infection including leukocyte labeling, lactoferrin binding at the site of infection, and
direct bacterial uptake. For the latter two mechanisms, it is assumed that the Ga-67 is available at the site of
infection in either usual or increased amounts [15]. Following injection, it is assumed that approximately
90% of the circulating Ga-67 is in the plasma, nearly all bound to transferrin. Increased blood flow and
vascular membrane permeability result in increased delivery and accumulation of Ga-67 at foci of infection
[16]. On the other hand, it can have some drawbacks as showing uptakes in many normal tissues. Besides,
slow blood clearance is another major disadvantage of this radio agent [17-19].

9mTc-MDP is also used for infections such as osteomyelitis. Uptake depends on blood flow and the
rate of new bone formation. For this purpose, three-phase bone imaging is performed as dynamic imaging,
perfusion, and static images of the region of interest, which is the blood pool or soft-tissue phase. Focal
hyper perfusion, focal hyperemia, and focally increased bone uptake are the classic appearance of
osteomyelitis. The test is sensitive and specific in normal bone but preexisting fractures, orthopedic
hardware, and adjacent soft-tissue infection decrease specificity [16].

Radiolabeled leukocytes are also a method currently used clinically for imaging infections. In
addition to the advantages of the method, there are also disadvantages such as the labeling process requiring
a lot of processing, not being a ready-to-use radiopharmaceutical, and requiring processing with blood
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components. The necessity of additional tests such as complementary marrow or bone imaging for the
diagnosis of musculoskeletal system infections makes the method more costly and less convenient for
patients [20]. There are different various methods for in-vitro labeling of leukocytes, "In-oxyquinoline and
9mTc-HMPAO are the two radio agents that are most used [21]. '!In labeling can be stable for a reasonable
period also it has a normal distribution of activity limited to the liver, spleen, and bone marrow. Its long
physical half-life (67 h) provides a time for delayed imaging, and this can be very useful for mucosal
infection. However, on the other side, it has a low photon flux and there is a 24-hour interval between
injection and imaging, which can be a considerable drawback. *mTc- HMPAO is another precursor used for
leukocyte labeling. Tc-99 m has good imaging quality compared to other radio agents such as In-111.
Another advantage is that it has a half-life of 6 hours, which is sufficient to perform imaging without
exposing the patient to excessive radiation [22, 23]. However, nonspecific uptake of Tc-99m may observed in
urine, bladder, gall bladder, bone marrow, and gastrointestinal system, especially in the colon [24]. So, this
distribution of radioactivity leads to a false-positive diagnosis. In a total comparison view, it can be
considered that mTclabeled leukocytes are more suitable and useful for acute inflammatory disease
imaging, like inflammatory bowel disease, when, In-labeled leukocytes are preferred for more slothful
diseases as prosthetic joint infection detection. [25].

18E-FDG has been used over the past years more often for infection diagnosis with PET imaging and
the fact that F-FDG is taken by WBC via glucose transporter and its phosphorylating cause F-18 monitored
WBC distribution in vivo [26]. Directly injected ¥F-FDG provides a convenient infection imaging process
with high sensitivity, nevertheless, it has low specificity [27, 28]. It can show uptake in many normal organs
by metabolic activity.

Based on the literatures published over the years, it can be concluded that none of the
radiopharmaceuticals currently available in the clinic are excellent at imaging infection, especially in
differentiating infection and inflammation. Therefore, studies are still ongoing to develop the ideal infection
imaging agent.

3. RADIOPHARMACEUTICALS INVESTIGATED FOR INFECTION IMAGING
3.1 Antimicrobial Peptides

Antimicrobial peptides (AMPs), also entitled host defense peptides (HDPs), are known as an
essential part of the immune response originating among all life classes. They are a varied class of naturally
happening molecules formed and accepted as the first defense line by all multicellular organisms. These
proteins could have an essential role in fighting against different microorganisms like viruses, bacteria,
fungi, yeasts, and even cancer cells [29]. Antimicrobial peptides produced by phagocytes, epithelial cells,
endothelial cells, and many other cell types are an important component of innate immunity against
infections caused by a variety of pathogens. They can also be found in the body under normal conditions or
can be induced in case of infection/inflammation. The common features of these peptides, which have
proven microbicidal activity against various microorganisms, are their small size and cationic charge. Many
antimicrobial peptides with these properties have been identified [30].

There are different types of peptides; Cationic AMPs which are commonly involved between 10 and
around 50 amino acids with a complete positive charge. Folded AMPs which are classified depending on
their secondary construction: a-helical; 3-sheet; and extended AMPs. Prolonged AMPs which is not hold a
precise design. They are distinct by a high content of particular remains, such as histidine, arginine, glycine,
or tryptophan [29].

The interaction of AMPs peptides with bacterial membranes or cell walls determines the capability
of AMPs to destroy bacteria. The binding of AMPs to the bacterial membrane causes non-enzymatic
interference. Discrimination for precise classes is because of alterations in the membrane composition of
different microbes and cell types [29].

AMPs are also considered potential targeting agents for developing radiotracers for infection
detection. Accumulation of these peptides at sites of infection, besides the cytotoxicity or attraction, to host
cells makes them attractive as targeting agents for radionuclide imaging of infection [31]. Moreover,
radiolabeled AMPS are suggested for infection and inflammation discrimination.

To prepare the peptide-based radiotracers, it is essential to attach a radionuclide to the peptide in the
radiolabeling process without changing its biological functions [32]. The process of antimicrobial labeling
peptides could be quick, adequate, steady, and safe. Tc-99m which is one of the most used radionuclides in
nuclear medicine imaging is also used for peptides radiolabeling. Different peptides are labeled with Tc-99m
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by indirect labeling with a chelate agent or bifunctional chelating agents. On the other hand, the direct
labeling technique is a more straightforward method in which the peptide is labeled in the lack of an
exogenous chelator [32].

Ubiquicidin (UBI) 29-41 is a cationic, synthetic antimicrobial peptide fragment that binds
preferentially with the anionic microbial cell membrane at the site of infection is one of the most studied
antimicrobial peptides for infection imaging.

Studies reveal that UBI (29-41) labeled with Tc-99m and Ga-68 could distinguish sterile inflammation
from infection [33-35]. Poor salt tolerance has been reported for cationic peptides. To overcome these
problems, 2-acetylphenylboronic acid (2-APBA) has been incorporated into #mTc-UBI (29-41) as a covalent
probe and carried out a comparable study with ®mTc-UBI (29-41) and 9*mTc-UBI (29-41)-2-APBA. Results
showed that both peptide complexes are stable in serum over 16 h, and *mTc-UBI (29-41)-2-APBA shows
enhanced uptake in S. aureus cells as compared to #mTc-UBI (29-41)[36].

Tc-99m labeled antimicrobial peptides can bind to both bacteria and fungi. As a result, it could be
concluded that the lack of discrimination between different infection agents is a limitation of these peptides
[30, 37]. Moreover, these peptides could be inadequate when the pathogens become intracellular. The
bacteria are surrounded by the anti-inflammatory cells or become intracellular after the host immune cells'
attack so, bacterial detection becomes more complex [38].

Ga-68 labeled RGD-peptide targeting avp3 integrin expression was used to quantify endothelial
activation in COVID-19 patients. Based on their results increased and localized endothelial cell activation can
be seen in the cardiopulmonary system in COVID-19 patients [39].

To sum up, although radiolabeled antimicrobial peptides are suggested to discriminate against
infection from inflammation, they can fail too in this regard; However, they can still be promising and need
more studies to develop successful agents.

3.2 Antibodies

Antibody is a large protein that plays an essential role in the immune system to detect and neutralize
foreign objects like pathogenic bacteria and viruses. It can be a microbe or an infected cell for attack by other
parts of the immune system. Antibodies produced by B cells (specialized white blood cells) can identify a
specific molecule of the pathogen, called an antigen. When an antigen encounters a B cell, it causes the B cell
to divide and clone. These cloned B cells - or plasma cells - release millions of antibodies into your
bloodstream and lymph system. They mimic your immune system’s natural ability to fight off pathogens.
For diagnostic and therapeutic purposes, monoclonal antibodies are used. Monoclonal antibodies (mAb)
discovery was back in 1975, when, Kohler and Milstein [40] established a method for selecting specific clones
of cells that produced pure antibodies against a single antigen; for this purpose, animals were immunized
with a target substance, as is the case for the production of polyclonal antibodies. The first antibodies used
for imaging were created by immunizing an animal (usually a mouse) with human tumor cells or cell
extracts and then collecting and purifying antibodies from the animal’s serum or ascitic fluid [41]. These
antibodies were derivatives from many B-lymphocyte clones, the polyclonal word is used to designate them.
Even though radiolabeled antibodies are more commonly investigated for cancer imaging [42-45], they are
also used for infection imaging [46].

In-111 or Tc-99m labeled human polyclonal immunoglobulin (HIG) has been extensively tested in
many clinical studies. It has shown excellent performance in the localization of musculoskeletal infection and
inflammation. In the study which was carried out in 226 patients with 232 possible foci of infection or
inflammation by application of In-111 labeled to IgG, all infected areas as focal osteomyelitis, knee
arthroplasties, septic arthritis, diabetic foot infections, and soft-tissue infections were distinguished (61 foci);
However, 11In-IgG scintigraphy could not discriminate between infectious and sterile inflammation [47]. In
another study, radiolabeled human immunoglobulin (HIG) has shown good results regarding pulmonary
infection-particularly in immunocompromised patients, but low sensitivity of radiolabeled HIG was
observed in the diagnosis of endocarditis and vascular lesions in general, due to long-lasting high levels of
circulating activity [48, 49].

In a study performed by Rubin et al., a radio iodinated murine mAb was used to recognize the sites
of deep thigh infections caused by Fisher Immunotype 1 Pseudomonas aeruginosa to [50]. They encouraged
unilateral, deep-thigh infections in rats by a shot of 2 x108 Fisher Immunotype 1 P. aeruginosa followed by an
intravenous injection of radiolabeled specific mAb. The signal-to-noise percentage of the specific mAb-
generated images was sustained to reinforce the distinction between explicit and non-specific mAb
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produced images, which was possible at 72 hours. Based on the results, it was possible to image confined
infections and concealed abscesses using organism-specific antibodies in scintigraphy [50].

Huang et al. investigated bacterial endocarditis in a rabbit model to evaluate microorganism-specific
antibodies. 99m-Tc-labeled mAb which is specific to S. aureus was injected into rabbits, and the
biodistribution was observed in both infected and control animal models. Based on this study's results, the
ratio of radioactivity in the aortic valve in the surrounding heart tissue or blood pool was considerably
higher in infected animals. They concluded that radiolabeled mAb could be a possibly beneficial way of
detecting infected endocardial lesions [51].

Goldenberg et al. also claimed that microbe-specific radiolabeled mAb is successful in detecting
infection in humans. This study observed that 99mTc-labeled mAb fragment specific for Pneumocystis
carinii could localize pneumonia in human lungs after 24 h of injection [52].

It has been reported that the results obtained with the use of radiolabeled monoclonal anti-
granulocyte antibodies for the diagnosis of osteomyelitis are comparable to those obtained with "In-labeled
leukocytes and that the accuracy of the results obtained when combined with bone scanning is even higher
than other methods used for this purpose [53].

3.3 Aptamers

Aptamers are short, single-stranded DNA (ssDNA) or single-stranded RNA (ssRNA) molecules that
can selectively bind to a specific target. Generally, SELEX (Systematic Evolution of Ligands by Exponential
Enrichment) method which was invented by two teams are used to generate the aptamers [54, 55]. The
process relies on multiple rounds of selection and replication until high specificity and low dissociation
aptamers towards the target molecule are generated. SELEX can be combined with capillary electrophoresis
(CE) or surface plasmon resonance (SPR). This combination contributes to reducing the period of selection
time. By using different selection strategies and modification of incubation conditions (pH, temperature,
etc.), specific aptamers for different target such as single atoms, molecules, bacteria, viruses, cells and tissues
can be engineered. In addition, chemical modifications of aptamers’ increase their biostability in vivo. The
secondary and tertiary structures of aptamers provide their binding with the target molecules [56].

Aptamers' specificities are similar to antibodies [57] but they have many advantages when compared
to antibodies (Table 1)[58-60]. The main ones are smaller in size, stable for longer, reproducible without the
need for experimental animals, have broader chemical labeling and modification possibilities, and are easily
adaptable to many different sensor platforms. Chemical modification of aptamers increases their biostability
in vivo [56]. In addition to these properties, aptamers are non-immunogenic, and their small size allows
them to penetrate cells. These unique properties of aptamers make them the right choice for the
development of diagnostic or therapeutic agents especially and competitive to monoclonal antibodies
especially in sensor studies [61-64].

Table 1. Comparison of aptamers and antibodies [58-60].

Target molecules
Molecular structure
Molecular size
Stability

Chemical function
Immune response
Affinity and specificity
Selection time

Cost

Storage conditions/
storage time

APTAMER

ANTIBODY

Any molecule or cell
Nuclide aside or peptide
Small (<30 Da)

Even if it is denatured repeatedly, it will
return to its old function.

An easy change in chemical function
No immune response

High

Couple of weeks

Low

Stable at room temperature, no need for
freezing / (if frozen or dried) years

Antigen
Protein
Big (>75kDa)

Lost its function after denaturation

Hardship in changing chemical function
Immune response

High

A couple of months

High

Easily denaturing, need for freezing / (if
frozen) ~6 months

Since their discovery, aptamers have been advanced for numerous uses, including infection imaging
and they have been used for detecting different kinds of infections as bacterial infections caused by
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Tuberculosis [65-67], Salmonella [68, 69], S. Aureus [70], E. coli [71, 72]; Viral infections caused by SARS-CoV
[73], Human immunodeficiency virus (HIV) [74], Hepatitis C virus [75, 76].

Nuclear imaging methods using radiolabeled aptamers for infection imaging are one of the methods
with the highest potential for clinical translation. The use of aptamer as a radio agent for imaging diagnosis
goes far back to 1997, in which a study was performed to isolate aptamer irreversible inhibitors of human
neutrophil elastase and use it in the field of diagnostic imaging. As it was reported before it is known that
enzyme elastase can bind to the surface of activated neutrophils, so, they also showed in this study that
aptamer inhibitor of elastase also binds specially to activated neutrophils based on a fluorescent flow
cytometry assay. In their next steps, they tested the ability of the aptamer to detect inflammation in a rat
reverse passive Arthus reaction model in an in vivo test. They have reported that it is probable to apply
aptamer ligands for use in diagnostic imaging, and they could offer weighty benefits over monoclonal
antibodies and other reagents [77].

In a study performed by Santos et al., an infection caused by S. aureus has been imaged by Tc-99m
labeled aptamers. They recommended that aptamers could be more comprehensively studied to improve
specific diagnostic radiopharmaceuticals for different infection types [78]. In another study, mice were
infected with S. aureus, Candida Albicans (C. Albicans), and Zymosan to mimic aseptic inflammation. After 24
h, radiolabeled S. aureus-specific aptamers were injected and biodistribution of the radiotracer was evaluated.
Biodistribution results showed statistically higher uptake of S. aureus-specific aptamers in the S. aureus foci
than inflammation and C. albicans infected areas. By this attitude, it was possible to discriminate aseptic
inflammation from bacterial infection. This study's results were so promising for using radiolabeled
aptamers as a radiotracer for a bacterial infection to diagnose other microorganisms and pathogens that
cause infection [79].

Ferreira et al. performed a study about detecting bacterial infection using Tc-99m labeled
peptidoglycan aptamer (Antibacl). According to biodistribution and scintigraphy imaging results, %mTc-
Antibacl can be considered as a practicable imaging agent to detect a bacterial infection focus. Moreover, it
can be a proper agent in distinguishing bacterial and fungal infections [80].

Chen et al. have to use radiolabeled oligomers complementary to the 16S rRNA in bacteria as
bacterial infection imaging radiotracer. They concluded that a mTc-MORF oligomer complementary to the
bacterial 16S rRNA showed binding to bacterial RNA, and radiolabeled MORF oligomers antisense to the
bacterial rRNA could help imaging bacterial infection detector [81].

In another study, two radiolabeled (1—3)-B-D-glucan aptamers (coded as Seq6 and Seq30) were used
as radiotracers to identify infectious foci caused by fungal or bacterial cells. Radiolabeled aptamers were
injected into Swiss mice infected with S. aureus or C. Albicans (separately) in the right thigh muscle. A higher
uptake of #mTc-labeled aptamers in the infected thigh than in the left thigh muscle (non-infected) was
observed. The target/non-target ratios were found as 3.17£0.22 for Seq6 and 2.66£0.10 for Seq30.
Radiolabeled Seq6 and seq30 aptamers were unsuccessful in the diagnosis of C. albicans infection. Based on
the results, radiolabeled aptamers were considered as a possible specific radio agent for S. aureus. The
authors concluded that further studies to prove their applicability for the diagnosis of S. aureus and other
bacterial infections could be suggested [82]. Although promising results were obtained with %mTc-labeled
aptamers in the diagnosis of infection and especially in the differentiation of infection and inflammation; still
there are not many studies about using aptamers as an agent for detecting infection.

Radiolabeled aptamer studies are generally carried out with Tc-99m which is used for SPECT
radioisotopes. There is a lack of examinations about aptamers radiolabeled with other radionuclides,
especially with PET radioisotopes. A few studies were performed with Ga-68 and F-18 isotopes. It is well-
known that PET offers many advantages such as improved image quality, better explanatory conviction,
higher diagnostic accurateness, lower patient dosimetry, and shorter imaging protocols as compared to
SPECT.

Based on the current studies, in a general evaluation, aptamers could be a promising in detection of
infection in different ways and more investigation and studies should perform to developed aptamer-based
radio agents for infection detection and discriminating infection and inflammation.

3.4 Antibiotics

Radiolabeled antibiotics can be considered a promising diagnostic method for infection detection
due to the specific binding to bacteria [83]. #mTc-ciprofloxacin is one of the first agent in the antibiotics
category which was studied by Solanki et al [84]. Different clinical studies were reported for applications of
9mTe-ciprofloxacin (infection); Suspected septic arthritis or osteomyelitis (27 patients) showed a 100%
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sensitivity and 37.5 specificity; Proven or suspected bone infection performed for 45 patients, showed 97.2
sensitivity 80 specificity and [85] and more recently, acute or chronic cholecystitis based on the clinical and
ultrasonographic findings of 60 patients, showed a 91.7 sensitivity and 75 specify [86].

Moreover, there are other fluoroquinolone antibiotics such as ceftizoxime [87], cefoperazone [88],
pefloxacin [89], lomefloxacin [90], doxycycline hyclate [91], levofloxacin [92] which were radiolabeled with
Tc-99m and used for bacterial infection imaging and showed promising results [93]. However, the low
binding affinity of radiolabeled antibiotics to bacteria was reported in some studies besides the risk of
antibiotic-resistant microorganisms causing hesitation in using radiopharmaceuticals for imaging bacterial
infections [94].

4. CONCLUSION

One of the most important issues for infection imaging is that nearly all the currently used and
available radiopharmaceuticals used in clinics for infection imaging with SPECT and PET methods are
insufficient, especially in the distinction between infection and inflammation. On the other hand, some
newly developed radiopharmaceuticals have been shown promising result in distinguishing infection and
inflammation [78, 35].

The other most important points to develop new infection imaging agent is the chelation steps of
radioisotopes and ligands which is used to target to infection area. One of the issues that need to be
emphasized is how radiolabeling will affect the probe entry into the bacterial cell or the mechanism of
binding to the target [95].

Peptides, aptamers, antibodies, and antibiotics are considered as a successful tracer for radio
imaging and diagnosis infection and inflammation despite some drawbacks for all of them. While aptamers
are much smaller than antibodies, they provide greater specificity than antibodies in many cases. Moreover,
they can be much cheaper and easier to modify. On the other hand, they are prone to quick degradation in
biological media due to interactions with biomolecules which this could be an important disadvantage for
aptamers in comparison to antibodies [95]. On the other hand, due to their low molecular weight and small
size, peptides can penetrate tumors more effectively than antibodies. Also, peptides can be less toxic and
exhibit low immunogenicity [14]. Finally, although antibiotics are known as chemicals that designed
specifically for bacteria cells for centuries and they can be a good specific option for infection detection,
radiolabeling modification of antibiotics may interfere their action mechanism could be considered as
drawback [14].

Based on the literatures published over the years, it can be concluded that none of the
radiopharmaceuticals currently available in the clinic are excellent at imaging infection, especially in
differentiating infection and inflammation. As a result, it is believed that it is still essential to perform more
studies to develop new infection-specific radiopharmaceuticals considering Bacteria-specific agents such as
aptamers, and antibodies, are getting more attention for this purpose.
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