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Abstract

Diagnosis of deep-seated bacterial infection is difficult, as neither standard anatomical imaging 

nor radiolabeled, autologous leukocytes distinguish sterile inflammation from infection. Two 

recent imaging efforts are receiving attention: 1) radioactive derivatives of sorbitol show good 

specificity with Gram-negative infections, and 2) success from combining anatomical and 

functional imaging for cancer diagnosis has rekindled interest in 99mTc-fluoroquinolone-based 

imaging. With the latter, computed tomography (CT) would be combined with single-photon-

emission-computed tomography (SPECT) to detect a 99mTc-fluoroquinolone-bacterial interaction. 

The present minireview provides a framework for advancing with fluoroquinolone-based imaging 

by identifying gaps in our understanding of the process. One issue is the reliance of 99mTc labeling 

on reduction of sodium pertechnetate, which can lead to colloid formation and loss of specificity. 

Specificity problems may be reduced by altering quinolone structure (an example is switching 

from ciprofloxacin to sitafloxacin). Another issue is the uncharacterized nature of 99mTc-

ciprofloxacin binding to, or sequestration in, bacteria -- specific interactions with DNA gyrase, an 

intracellular fluoroquinolone target, are unlikely. Replacing the C6-F of the fluoroquinolone 

with 18F provides an alternative to pertechnetate that may lead to imaging based on drug 

interactions with gyrase. Gyrase-based imaging requires knowledge of fluoroquinolone action, 

which we update. We conclude that quinolone-based probes show promise for diagnosis of 

bacterial infection, but improvements in specificity and sensitivity are needed. Those 

improvements require optimization of quinolone structure and reduction of pertechnetate, 

chemistry efforts that can be accelerated by refining microbiological assays.

Introduction

Diagnosis of deep-seated infection is problematic, in part because invasive methods, such as 

fine-needle aspiration, are not easily applied to critically ill patients. Furthermore, imaging 

technologies, such as X-ray, ultrasonography, computed tomography, and magnetic 

resonance imaging, are inherently non-specific and require morphological changes that may 

not be obvious at early stages of infection. Traditional detector- based leukocyte imaging 
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fails to provide the fine- structure detail needed to accurately locate, and effectively treat, 

infection. To address these issues, attention has turned to a combination of computed 

tomography (CT) and leukocyte scintigraphy (radiolabeled leukocyte single-photon 

emission computed tomography [SPECT]) and to metabolic imaging by 18-

fluorodeoxyglucose positron emission tomography (18FDG-PET). However, these leukocyte 

and metabolic imaging methods still fail to distinguish infection from sterile inflammation. 

Thus, a bacterium-specific test is needed.

Two recent efforts are encouraging. One, which continues the focus on metabolic substrates, 

has revealed that a derivative of sorbitol specifically enters Gram-negative bacteria. This 

work has entered initial phases of human testing.1 The second effort involves early work 

suggesting that 99mTc-labeled ciprofloxacin might serve as a functional probe for both 

Gram-negative and Gram-positive infections. Examples of poor specificity tempered early 

enthusiasm, but a novel approach has emerged from cancer diagnosis2 that could revitalize 

fluoroquinolone-based infection imaging. The strategy involves combining a functional 

assay, such as a radiolabeled, bacterium-specific test using SPECT, with an imaging method, 

such as CT, to accurately locate infection. Consequently, work on 99mTc-fluoroquinolone-

based imaging is continuing.3 To help focus efforts at quinolone refinement, we review 

why 99mTc-ciprofloxacin has been considered a viable imaging agent, consider aspects of 

imaging that lack an adequate knowledge base, and suggest ways to move forward.

Ciprofloxacin is an early member of the fluoroquinolone-class of antimicrobials. The agent 

was introduced into clinical practice in the 1980s, at about the same time that imaging 

became popular for agents radiolabeled with a metastable isotope of technetium (99mTc). By 

the late 1990s, promising results were obtained from coupling 99mTc to antibiotics, 

antibodies, peptide analogues, and anticancer drugs. The widespread availability and broad-

spectrum activity of ciprofloxacin led to this antibacterial being complexed to 99mTc and 

examined as a functional assay for infection. The use of ciprofloxacin was even 

commercialized with a diagnostic kit called Infecton®.

Among the potential applications was endocarditis caused by Staphylococcus aureus. It was 

hoped that information from echocardiograms could be augmented by ciprofloxacin-based 

imaging to assess infection in heart valves and pacemakers.4 Another potential application 

involved distinguishing sternal infection from inflammation, particularly following coronal 

bypass surgery.5 Clinical studies, when added to work with animal models of infection, were 

encouraging. However, conflicting results subsequently emerged.6 Since little effort had 

been made to understand the mechanism underlying bacterial imaging by ciprofloxacin, 

improving the system required trial-and-error studies using animal models for testing – 

rapid, reliable microbiological assays are not in place. Consequently, early excitement about 

imaging with 99mTc-ciprofloxacin dissipated. Nevertheless, quinolones remain a viable 

choice due to their broad spectrum activity – they must interact physically with many 

different bacterial pathogens.
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Technetium-Ciprofloxacin-Based Imaging

Diagnostic procedures have typically involved intravenous injection of a single dose (370–

740 MBq) of 99mTc-ciprofloxacin (~1 mg). At this dose, peak serum concentration is about 

0.08 μg/mL, approximately 50-times below that achieved with therapeutic doses of 

ciprofloxacin. Thus, a single dose is unlikely to have therapeutic value. Since the peak 

concentration of 99mTc-ciprofloxacin is above the minimal inhibitory concentration (MIC) 

for ciprofloxacin with some bacteria, 99mTc-ciprofloxacin could, in principle, exert some 

selective pressure for emergence of resistance. Indeed, selective pressure can be exerted at 

concentrations well below MIC. However, emergence of fluoroquinolone resistance is 

largely an epidemiological problem that is rarely seen with individual patients (most 

resistance issues derive from bacterial strains that are resistant prior to infection, which is 

discussed below).

Images of 99mTc-ciprofloxacin are acquired using a dual-headed gamma camera with 1-min 

exposures at intervals of 5, 30, 60, and 360 min; in some cases, a 24-hr reading is included 

to reduce the relative signal from non-specific labeling. 99mTc-ciprofloxacin concentrates in 

kidneys and is excreted through the urinary system; it also concentrates in uninfected liver 

and spleen. Consequently, many tissues cannot be imaged. However, bones and soft tissue 

have background levels low enough to allow sites of infection to be distinguished, especially 

when labeling is measured at various times after administration of the imaging agent. 

Indeed, early reports of 99mTc-ciprofloxacin imaging were promising. For example, in a 

multinational study involving more than 800 patients, imaging with 99mTc-ciprofloxacin 

showed a sensitivity of 85% and specificity for infection of almost 82%.4 Examples of 

potential applications are listed in Table 1.

In principle, 99mTc-fluoroquinolone-based imaging should be superior to labeled autologous 

leukocytes for identifying sites of infection, because leucocyte-based imaging reflects only 

inflammation. Moreover, recovering leucocytes from patients for labeling and administration 

requires additional laboratory procedures, thereby making 99mTc-fluoroquinolone-based 

imaging easier to perform in a clinical setting.

Experimentally, comparisons have been performed between 99mTc-labeled leukocytes and 

labeled ciprofloxacin for a variety of infections of joints, abdomen, heart, skin, and soft 

tissues. In one study,18 the two imaging agents showed concordance for 39/57 cases, but for 

18 they did not. In nine of the discordant cases, 99mTc-ciprofloxacin scored positive while 

leucocytes were negative; eight cases showed labeled ciprofloxacin to be correct at 

identifying infections not reported by leukocytes. These data supported the assertion that 

bacteria-specific labeling was superior. The other nine cases scored negative with 99mTc-

ciprofloxacin but positive with leucocytes. Of these, four were true negative; the other five 

had been treated with antibiotics that may have cleared bacteria from the site but left 

inflammation. Such results stimulated interest in 99mTc-ciprofloxacin as a radiodiagnostic. 

However, not every study showed the antimicrobial probe to be superior to labeled 

leukocytes.6 Thus, the method is not robust enough for general clinical use.
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Combining fluoroquinolone-based imaging with CT is likely to bring a new level of 

sensitivity to the detail afforded by CT. Indeed, CT alone has not performed as well 

as 99mTc-ciprofloxacin in studies with infected animals. For example, with diagnosis of 

mature, acute pancreas infection of swine, imaging by 99mTc-ciprofloxacin exhibited 94% 

sensitivity, 92% specificity, and 93% accuracy. For CT, the parameters were 13%, 100% and 

50%.19 Thus, 99mTc-fluoroquinolone-based imaging, commonly performed by SPECT, 

could add value to anatomical imaging by CT.

Interaction of 99mTc-Ciprofloxacin with Bacterial Cells

The early attention to clinical applications was not paralleled by similar effort on 

microbiology. Thus, many basic outstanding questions remain. For example, can 99mTc-

ciprofloxacin-based imaging demonstrate resolution of infection? In essence, can dead cells 

be distinguished from live ones, and if so, what is the basis for the distinction? In some 

reports, heat-killed bacteria (Escherichia coli and S. aureus) exhibited properties similar to 

those seen with live bacteria.20, 21 However, in other studies heat-killed S. aureus constituted 

a negative control for specific imaging of infection in animal models.22 Such contradictions 

must be resolved and methods for generating relevant “dead” bacterial populations 

established. For example, bacteria killed by antibacterial agents are likely to be more 

germane than bacteria killed by heat treatment.

Another issue is that 99mTc-ciprofloxacin behavior differs from that of its component parts 

when tests are performed with bacteria. For example, pure ciprofloxacin does not compete 

with 99mTc-ciprofloxacin for binding to S. aureus.21 Moreover, when two commonly studied 

efflux pumps are over-expressed in cultured S. aureus (NorA) or Pseudomonas aeruginosa 
(MexAB-OprM), no effect on accumulation of 99mTc-ciprofloxacin is observed.23 However, 

both pumps do reduce the intracellular concentration of free ciprofloxacin. 99mTc by itself is 

not taken up by the cells. Thus, studies of bacterial interactions with 99mTc-fluoroquinolones 

cannot be advanced by examining only the quinolone or the 99mTc component.

An approach for studying binding mechanism is to obtain mutants that fail to carry out 

binding. Such mutants should allow growth under conditions in which a 99mTc-

fluoroquinolone blocks wild-type growth. To our knowledge, this avenue has not been 

explored.

A third issue concerns DNA gyrase, the intracellular target of ciprofloxacin. Part of the 

initial enthusiasm for 99mTc-ciprofloxacin as an imaging agent rested on the broad-spectrum 

nature of the antimicrobial, which was due to the widespread distribution of gyrase. It has 

become clear that gyrase is not the target of 99mTc-ciprofloxacin, as seen with a biochemical 

test in which the formation of complexes containing ciprofloxacin, gyrase, and plasmid 

DNA was examined. These ternary complexes (cleaved complexes) are the hallmark of 

quinolone action, as they rapidly block DNA replication and interfere with the movement of 

transcription complexes. When ciprofloxacin was complexed to rhenium, which is 

chemically similar to technetium, and then used to study formation of the drug-gyrase-DNA 

complexes,24 the Re-ciprofloxacin reagent was at least 100-fold less active than free 

ciprofloxacin (interaction with gyrase could be even lower than reported, because release of 
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free ciprofloxacin from the Re-ciprofloxacin complex could have contributed to the 

apparent, low-level activity).

Finding little or no cleaved-complex-forming activity is consistent with how 99mTc and Re 

form complexes with ciprofloxacin – they interact with the C3-carboxyl and C4-keto 

substituents of fluoroquinolones (see Figure 1 for quinolone numbering and for location of 

radiolabel interaction with ciprofloxacin). The C3 and C4 structural moieties are central to 

the binding of quinolones to type II DNA topoisomerases25 --complexing of fluorquinolone 

with 99mTc or Re would exclude binding to gyrase-DNA complexes.

Infection-imaging studies should also argue against gyrase being the target of 99mTc-

ciprofloxacin, but insufficient data have been collected to make the case. For example, in an 

early study, imaging was unaffected by bacterial resistance to ciprofloxacin.26 Resistance 

commonly maps to genes encoding gyrase, and thus the experiment would have argued 

against gyrase being a target. However, increased efflux, which is not related to gyrase, can 

also cause resistance; the study failed to establish the source of resistance and therefore 

failed to address the target issue. A similar problem arose in another study in which clinical 

isolates of S. aureus were used to generate a foot infection in rats.27 When 99mTc-

ciprofloxacin was injected into the rats, radioactive regions in infected feet were detected 

only when the infecting bacteria were susceptible to ciprofloxacin. As in the experiment 

cited above, the molecular basis for resistance was not examined. Nevertheless, the rat study 

does argue for specificity, since an effect of bacterial resistance implicates infection rather 

than inflammation or increased blood flow as the source of the signal.

We conclude that the mechanism by which 99mTc-ciprofloxacin interacts with bacteria is a 

mystery. Our current speculation is that the 99mTc moiety of the imaging agent allows 

bacterial cells to sequester the agent through a mechanism that is distinct from that used for 

the pure drug. In vitro tests are now needed to show how drug structure, bacterial species, 

and physiological status of the bacteria influence sequestration of 99mTc-labeled 

fluoroquinolones. Such information is expected to be important for designing an effective 

quinolone-based imaging agent.

Preparation and Chemical Properties of 99mTc-Labeled Quinolones

Technetium, along with manganese and rhenium, is positioned in group VIIB of the periodic 

table with the transition metals. As a member of group VIIB, the electronic configuration of 

technetium is 1s22s22p63s23p63d104s24p64d65s1. It readily loses the seven electrons of the 

4d and 5s orbitals to attain a +7 oxidation state; the neutral state is as pertechnetate (TcO4
−). 

Technetium accepts electrons in these orbitals in reactions with reducing agents, gaining 

oxidation states from +1 to +6. In these states, technetium forms complexes with a variety of 

ligands.

More than 50 isotopes of Tc have been reported, with half-lives ranging from a few seconds 

to millions of years (98Tc has a half life of 4.2 million years). Of these isotopes,99mTc is the 

most important for medical imaging.28 99mTc forms when natural molybdenum (98Mo, 

~24% purity) is irradiated with slow neutrons to produce inexpensive, but low specific-
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activity 99Mo. 99Mo forms 99mTc (6-hr half-life; +7 oxidation state), which emits a 140-keV 

γ-ray that is readily detected by SPECT, an integrated form of radioactive tracer detection.

A principal factor in the formation and activity of 99mTc-labeled fluoroquinolones is 

the 99mTc oxidation state -- it needs to be lowered to react with ligands and to create a stable 

radiodiagnostic. To achieve that, 99mTcO4
−1 is treated with a reducing agent when incubated 

with ligand (fluoroquinolone).

Obtaining stable complexes requires reducing the oxidation state of 99mTc by different 

amounts for different ligands. For example, 99mTc is reduced to its +1 oxidation state when 

formed as technetium sestamibi; it is +3 when the ligands are dimercaptosuccinic acid, 2,6-

dimethylphenyl-carbamoylmethyl iminodiacetic acid analogues, furifosmin or teboroxime, 

and the oxidation state for stable complexes is +4 when the ligand is 

diethylenetriaminepentaacetic acid or methylene diphosphonate. It is +5 with citrate, 

mercapto-acetylglycylglycylglycine, gluconate, or tetrofosmin.29–33 Stable complexes with 

ciprofloxacin and other fluoroquinolones form when 99mTc is reduced to the +5 oxidation 

state and a d2 electronic configuration.

Among the early reducing agents tested were ascorbic acid and ferrous iron. Although they 

reduced 99mTcO4
−1, reduction tended to be incomplete.34 Sodium borohydride (NaBH4) and 

sodium dithionite (Na2S2O4) were effective in alkaline medium (pH >8) at high 

concentration, but the yield of the 99mTc-labeled radiopharmaceutical was low.35 Eventually 

formamidine sulphonic acid (FSA) and stannous salts, such as stannous tartrate and stannous 

chloride, emerged as preferred reductants among the many examined for safety, water 

solubility, restricted presence of free pertechnetate, and suppression of 99mTc-colloid 

formation (colloids are thought to reduce specificity).20, 26, 35

Preparation of 99mTc-labeled quinolone, using FSA or stannous tartrate as the reducing 

agent, requires a heating step, which makes preparation more complex than when 

SnCl2.2H2O is used.36, 37 This disadvantage of FSA and stannous tartrate led to SnCl2.2H2O 

being chosen as the reductant in the cold kits sold for preparation of 99mTc-ciprofloxacin.20

Although complexes of 99mTc-ciprofloxacin have been used for imaging since 1993,38 the 

structure of the radiopharmaceutical remains poorly defined.39 For most 99mTc-labeled 

compounds used clinically,28, 34 including the fluoroquinolones, the +5 oxidation state can 

be stabilized by forming a technetium(V)-oxo core (TcO+3 (13), TcO2+ (14)) or by forming 

a nitride core TcN+2 (15) (Figure 2) through a tetradentate ligand or through a pair of 

bidentate ligands.40, 41 X-ray crystallography and spectroscopic analysis of other metal-

quinolone structures, such as Cu(II)-ciprofloxacin42 and iron(II)-norfloxacin,43, indicate that 

the quinolone is bidentately bonded to 99mTc through the ring carbonyl oxygen and one of 

the carboxylic oxygens (Figure 3).28, 29 Structures bearing an oxo or a nitride core both have 

square planar pyramid geometry, with the C4-oxygen of two ciprofloxacin molecules located 

at the geometrical apex; an oxygen or nitrogen of the oxo or nitrido cores, respectively, 

locates at the pyramid of the Tc core (Figure 2).29, 44 Since almost all fluoroquinolones have 

the same C3 and C4 moieties, the general labeling principles are likely to be common for the 

class.
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Typically, the radiosynthesis of 99mTc-ciprofloxacin is performed by the addition 

of 99mTcO4
−1 saline solution (~ 5 mCi in 2 mL) to a vial containing reducing agent 

(SnCl2.2H2O; ~ 50 μg) and ciprofloxacin (2 mg) at acidic pH and room temperature. With 

gentle shaking, the radiosynthesis reaction is complete in 5–10 min.20 For complete 

reduction and maximum radiochemical yield, the reducing agent is present in large excess, 

with the ratio of SnCl2.2H2O to99mTcO4
−1 as high as 108 to 109.34

When FSA is used to label ciprofloxacin with 99mTc, a >98% yield of 99mTc-ciprofloxacin 

is achieved; infection-localization specificity is 70% with abdominal infection and 90% with 

skeletal infection.26 These values compare favorably with the use of stannous tartrate (80% 

specificity with deep-seated infection4) and stannous chloride (70% with arthroplasty 

infection45). Thus, several reducing agents have emerged as suitable for generating 99mTc-

fluoroquinolone-based imaging agents.

For nuclear diagnostics, simple, rapid preparation of imaging agents is highly desirable. To 

overcome the need for additional purification following reduction by stannous salts, 

compound 10 (also called Tc-tricarbonyl core) has been introduced (see Figure 1B). 

Compound 10 is synthesized by direct reduction of 99mTcO4
−1 using an aqueous solution of 

sodium borohydride in the presence of carbon monoxide. The complexing of compound 10 
with ciprofloxacin, which occurs with 99mTc in the low +1 oxidation state and in a low-spin 

d6 electronic configuration, has the advantage of straightforward synthesis. Moreover, the 

three water ligands are readily substituted by a variety of biomolecules, the Tc-tricarbonyl 

core is largely inert, and colloid formation is suppressed.46 Thus, the Tc-tricarbonyl core 

constitutes a potential platform for developing stable and specific 99mTc(CO)3-labeled 

probes.

When three potential imaging probes, compounds 4, 7 and 8 were compared for imaging a 

murine infection arising from injection of S. aureus into thigh muscle, the target to non-

target ratio was 4.3, 1.8, and 4.5, respectively, for the three probes (infected and uninfected 

thigh muscles were compared).47 As a result of such work, labeling with 99mTc-tricarbonyl 

core is beginning to be employed for studies of other fluoroquinolones.22

Fluoroquinolone structure appears to affect the target to non-target ratio, as ciprofloxacin is 

less active than some other quinolone derivatives.3 Although head-to-head comparisons have 

not been reported, compound 6 (99mTc-labeled sitafloxacin) may be better at imaging S. 
aureus.22, 48 Independent confirmation of sitafloxacin work would encourage comparisons 

with the thousands of other quinolones that are available for optimizing the quinolone 

moiety of the imaging agent (note that the agents need not be good therapeutics to be good 

diagnostics).

Labeling Fluoroquinolones with Gallium

Recently positron emission tomography (PET) imaging was advanced by the introduction of 

PET radionuclide generators. In these systems, a long-lived parent radionuclide decays to a 

short-lived radionuclide suitable for PET. For example, the generator system for gallium-68 

(68Ga, half-life = 67.7 min) results from the decay of long-lived germanium-68 (68Ge, half-
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life = 270.9 days). The 68Ge/68Ga generator is suitable in remote locations, similar to 

the 99Mo/99mTc generator used for production of 99mTc.49–51 An advantage of 

the 68Ge/68Ga generator system is the large number of reports describing on 68Ga-labeled 

molecules.52–56 In addition, PET offers greater sensitivity, spatial and temporal resolution, 

and more promising quantification capabilities than SPECT.57

The good sensitivity of PET imaging and the availability of in-house generation of 68Ga 

encouraged application to ciprofloxacin. In an initial report,58 bifunctional chelating agents 

that bind Ga were attached to the C7 end of ciprofloxacin using a propylamine linker. In this 

study, two derivatives of ciprofloxacin were generated, one with [2-(p-

isothiocyanato)-1,4,7,10-tetraazacyclo-dodecane-1,4,7,10-tetraacetic acid] (p-SCN-Bz-

DOTA), shown as compound 17 in Fig. 4, and the other with [2-(p-isothiocyanato)-1,4,7-

triazacyclononane-1,4,7-triacetic acid] (p-SCN-Bz-NOTA), shown as compound 18 in Fig. 

4.

Binding to cultured S. aureus was 0.9–1.0% and 1.6–2.3%, respectively, for 68Ga-17 
and 68Ga-18. These numbers were 3–7 times higher than with bacteria rendered non-viable 

by an unspecied process. As with 99mTc-ciprofloxacin work, ciprofloxacin failed to compete 

with the labeled compound for binding. In an animal infection experiment, S. aureus was 

injected into thigh muscle, and as a control turpentine was injected to create inflammation. 

For both probes the infection to control ratio was 2–3. This small difference in signal 

between infection site and an inflamed site suggest that considerable refinement is needed, 

much as discussed above for 99mTc-labeled quinolones.

Labeling Fluoroquinolones with 18Fluorine

Labeling at the C6-F position of ciprofloxacin with 18F provides a different approach for 

infection diagnosis by eliminating the pertechnetate and chelating moieties from 

consideration, since the 18F labeled probe is chemically identical to ciprofloxacin. Side-by-

side testing of 18F-ciprofloxacin and 99mTc-ciprofloxacin or 68Ga-ciprofloxacin can now be 

performed to define the contribution of the 99mTc and 68Ga labeling moieties to interactions 

with bacterial cells.

Since 18F-ciprofloxacin preferentially localizes in infected tissue (up to 5-fold47, 59), 

fluoroquinolone alone can be an imaging agent. However, the large, uncharacterized binding 

of 18F-ciprofloxacin to bacteria (E. coli) masks specific binding to gyrase.59 Thus, even with 

bonafide ciprofloxacin, the nature of the interaction with bacterial cells is undefined.

We note that 18F-ciprofloxacin was initially disfavored for routine clinical use because 

production of 18F required a cyclotron and therefore distribution to remote areas was 

logistically difficult. Moreover, the labeling procedure, a nucleophilic 18F/19F exchange 

reaction, is lengthy (40 min), requires high temperature (175 °C), and involves complex 

handling.60 Recently, however, an automated method has been reported.60 If the 18F-labeling 

technology becomes widely used, which may involve solving the proximity problem 

between cyclcotron and PET facility, it may be important to revisit the potential of direct 
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binding to gyrase. Toward that end, in the next section we provide a brief update on 

fluoroquinolone interactions with the target topoisomerases.

Fluoroquinolone Action

As pointed out above, the hallmark of quinolone action is the formation of ternary, cleaved 

complexes containing quinolone, DNA, and gyrase or topoisomerase IV. Formation of 

cleaved complexes, which is reversible,61 constitutes the mechanistic basis for MIC, a 

measure of growth inhibition. X-ray crystallography of cleaved complexes shows gyrase and 

topoisomerase IV as heterotetramers in which one fluoroquinolone molecule binds to each 

GyrA/GyrB dimer (ParC/ParE for topoisomerase IV).62, 63 These structures show binding of 

the drug at a pair of sites in which the drug intercalates into DNA; the C7 ring system 

extends into GyrB (ParE), and the C3–C4 keto/carboxyl interacts with helix-4 of GyrA 

(ParC) through a water-magnesium bridge.25 This important drug-target interaction at GyrA 

would be blocked by complexing of fluoroquinolone to 99mTc.

Quinolone resistance arises from failure of the compounds to avidly form cleaved 

complexes. One mechanism is restriction of intracellular drug concentration (mutations that 

reduce uptake or increase efflux). Another is blockage of the drug-target interaction, largely 

by amino acid substitutions in GyrA and ParC that interfere with formation of the water-

Mg2+ bridge between quinolone and enzyme.25

The importance of the drug-enzyme bridge is emphasized by the behavior of 

fluoroquinolone-like compounds called quinazolinediones (for structure see Figure 1A, 

compound 3). These agents lack the C3-carboxyl, cannot form the water-Mg2+ bridge with 

amino acids in helix-4 of GyrA and ParC, and require higher concentrations to form cleaved 

complexes.64 Nevertheless, diones bypass the effects of existing resistance substitutions in 

GyrA and would therefore be unaffected by widespread fluoroquinolone resistance. Thus, 

they might be useful substitutes for ciprofloxacin as an 18F-based imaging agent. We note 

that gyrase-based resistance is unlikely to affect imaging by 99mTc-labeled compounds, 

because the compounds do not target gyrase, as pointed out above. Thus, diones would not 

confer an advantage for 99mTc-based diagnosis. Moreover, diones lack the C3 carboxyl 

group used to form 99mTc complexes.

Recent drug-enzyme cross-linking experiments identified a second binding interaction 

between fluoroquinolones and gyrase.61 The key observation is that a C7 acetyl chloride 

derivative of ciprofloxacin (compound 9) forms cross-links with Cys residues at two distant 

locations, one in GyrB, as expected from X-ray crystallography, and one in GyrA near the 

site where the water-Mg bridge forms between quinolone and enzyme. Cross-linking at two 

distant sites by the same species of quinolone is most easily explained by two drug-gyrase 

binding modes. In support of this idea, we recently found that an aryl group appended to the 

C7 piperazinyl ring of ciprofloxacin, which according to X-ray structures should extend into 

GyrB, suppresses the protective effect of GyrA resistance substitutions.65 The most active 

example found to date is a C7 dinitrophenyl derivative of ciprofloxacin (compound 7), a 

compound that selectively enriches cells carrying an uncommon gyrA resistance mutation. 
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To our knowledge, C7-aryl derivatives of ciprofloxacin have not been examined as potential 

imaging agents.

Rapid lethal action by quinolones differs mechanistically from blocking growth, although 

both derive from formation of cleaved complexes. While lethal action is important 

therapeutically, it is irrelevant for imaging and is not discussed.

Moving Forward

As an imaging agent, 99mTc-ciprofloxacin suffers from low specificity; consequently, its use 

has been controversial.66–68 Variations in 99mTc-ciprofloxacin preparation, including colloid 

content and subjective evaluation of images, also contribute to uncertainty. Nevertheless, 

additional studies are encouraged by promising early clinical work with 99mTc-

ciprofloxacin, apparent improvement arising from the substitution of sitafloxacin for 

ciprofloxacin, and the potential to improve resolution by combining CT with SPECT. These 

“proof-of-principle” studies now need to shift to careful comparative work with 99mTc-

labeled fluoroquinolones to 1) determine how the agents interact with bacterial cells, 2) learn 

whether that mechanism differs among pathogen species, and 3) identify structural changes 

in the probes that increase the contribution of specific interactions. The same considerations 

apply to 68Ga-labeled probes.

Efforts are being made to develop inorganic, organic, and organometallic derivatives 

of 99mTc-ciprofloxacin,69 and many of the derivatives have imaging potential in animal 

models. They may also exhibit antibacterial activity, but that is not a positive feature, as it 

can contribute to the emergence of fluoroquinolone resistance. Indeed, structural 

modifications that improve binding to bacteria but eliminate potential therapeutic activity are 

preferred.

Refinement of 18F-labeled fluoroquinolones into gyrase-targeting agents remains a 

possibility, since these probes are structurally identical to the unlabeled antibacterial. Such 

work requires reducing non-gyrase binding, which is currently uncharacterized.

Concluding Remarks
99mTc offers many advantages as a radiodiagnostic, among which are ready availability, 

straightforward methods for preparation, and relative low cost. Moreover, the need for 

detecting deep-seated infection will continue to increase as antibiotic resistance limits the 

ability to diagnose by empirical trial-and-error treatment. Thus, a demand exists, especially 

in countries where expensive instrumentation is not readily available.

Considerable clinical data is now available for 99mTc-ciprofloxacin that can serve as a 

comparator for new derivatives. We also have methods for complexing fluoroquinolones 

to 99mTc, but those methods need chemistry refinement to avoid colloid formation and loss 

of specificity. Current tests for success (human and animal trials) are too cumbersome and 

expensive for rapid refinement of preparation methods and structural refinement. 

Intermediate assays, such as microbiological tests, are hampered by inadequate knowledge 

of binding mechanism. That lack of understanding also precludes the development of rapid 
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biochemical assays. On the other hand, many options exist for optimizing the quinolone 

component of the complex: structure can affect many properties of quinolones, and 

thousands of these compounds have been synthesized. Thus, opportunities exist for refining 

the fluoroquinolones into useful imaging agents.
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Figure 1. 
Aspects of fluoroquinolone structure. Panel A. Structures of quinolone-class molecules. 

Quinolones have a characteristic dual-ring structure (numbering is as shown for 

ciprofloxacin). Ciprofloxacin differs from norfloxacin by replacement of the N1-ethyl with 

an N1-cyclopropyl group. The quinazolinedione shown is identical to ciprofloxacin except at 

the 2 and 3 positions. The absence of the C3 carboxyl prevents the dione from interacting 

strongly with amino acids in helix-4 of GyrA and ParC, which in turn makes diones 

insensitive to resistance substitutions in helix-4. 99mTc is shown interacting at the C3 

carboxylate and C4 carbonyl substitutents of ciprofloxacin. Panel B. Labeling of 

ciprofloxacin (1) and dithiocarbamate ciprofloxacin (8) with fac-[99mTc(OH2)3(CO)3]+ (10). 

A carbonyl water complex of technetium (compound 10) is formed by reacting 99mTcO4 
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with carbon monoxide and sodium borohydride. Compound 10 then complexes with either 

ciprofloxacin (1) or compound 8, in both cases at the fluoroquinolone C3 and C4 positions.
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Figure 2. 
Structure of technetium cores. Oxo cores (13 & 14) and a nitride core (15) are shown 

complexed with 99mTc (V). “L” represents ligands that coordinate with the Tc cores to form 

the apex of the structure; the oxygen or nitrogen of the core form the pyramid base. In the 

case of ciprofloxacin labeling, the four ligand positions are occupied by two bidentate 

ciprofloxacin molecules, as shown in Figure 3.
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Fig. 3. 
Bidentate interaction of fluoroquinolone with Tc. Structures of 99mTc-ciprofloxacin are 

shown using TcO+3 (4) and TcN+2 (16) cores that complex with ciprofloxacin through a 

two-bidentate coordination. Both structures have a square planar pyramid geometry, with the 

C4-oxygen of ciprofloxacin at the geometrical apex and an oxygen or nitrogen at the 

pyramid base of the Tc core.
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Figure 4. 
CP-PA-SCN-Bz-DOTA (17) and CP-PA-SCN-Bz-NOTA (18) ciprofloxacin derivatives for 

labeling with 68Ga (β+-emitter PET radionuclide). The structure of both compound 17 and 

18 are shown as 68Ga-17 and 68Ga-18 in which compound 17 and 18 make 6 coordinate 

covalent bonds with 68Ga in its +3 oxidation state.
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Table 1

Examples of clinical studies with 99mTc-labeled ciprofloxacin

Infection type No. Patients Sensitivity (%) Specificity (%) Ref.

Foot infection/type 2 diabetes mellitus 25 66 86 7

Gastrointestinal/abdominal infections 21 79 91 8

Orthopedic infection 22 85 92 9

Osteoarticular infection 27 100 38 6

Osteoarticular infection 94 98 100 10

Osteomyelitis 48 81 87 11

Osteomyelitis 45 97 80 5

Postoperative spine infection 22 78 69 12

Prosthetic joint infections 16 86 78 13

Pulmonary tuberculosis 21 80 90 14

Septic arthritis 25 94 47 15

Spinal infection 11 82 87 16

Tuberculous osteomyelitis 14 93 71 17
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