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Abstract

:

Bone and soft tissue infections are potentially life-threatening and require immediate and intensive treatment. However, there is still no single diagnostic method that can reliably confirm or rule out such conditions. Imaging with radiopharmaceuticals (i.e., scintigraphy) is a powerful diagnostic tool in the management of patients with infectious or inflammatory diseases. In this work, a new and efficient way to modify the thiazole ring of the cefepime molecule has been proposed and experimentally verified. The developed organic synthesis routes allow for the coupling of the appropriate complexing ligand of the gallium-68 radionuclide with cefepime. The new NODAGA-Glu-CFM conjugate was radiolabeled with gallium-68 with a high yield and showed full stability in human serum. In addition, the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate was hydrophilic and positively charged. Therefore, on the basis of these results, the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate might be considered as a new promising radioconjugate for the diagnosis of bacterial infections.
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1. Introduction


Nowadays, one of the biggest problems in medicine is the time from the correct diagnosis to the start of treatment. Fortunately, there are more and more diagnostic techniques and treatment methods that allow the fastest and best possible response. One of the most desired methods is positron-emission tomography (PET), which allows for personalized diagnosis [1]. The advantages of using PET outweigh the high cost of the devices, thus increasing their use in diagnostics [2]. Due to the growing role of PET, there is a huge necessity to search and test new radiopharmaceuticals for PET diagnostics to help clinicians effectively treat patients [3]. Therefore, there are a significant number of publications on PET radiopharmaceuticals that have been tested as diagnostics of bacterial infections [4,5,6,7,8,9,10].



The spread of this imaging technique is resulting in the increasing use of gallium-68, for PET diagnostics, which has a better resolution and sensitivity than SPECT [3,4]; however, it will be difficult or impossible to replace the significance of technetium-99m in diagnosis [11].



In addition to the growing need for oncological diagnostics, there is a strong clinical need for quantitative and specific imaging of inflammation and bacterial infections [3]. As the diagnosis of infection or inflammation can be ambiguous, clinicians often struggle with many doubts or wrong diagnoses [12]. Such infections, which can be diagnosed using the PET technique, include diabetic foot syndrome (DFS). This is one of the most serious complications of diabetes, which has been recognized as one of the diseases of civilization according to a WHO report. According to WHO estimates, 422 million people suffered from diabetes in 2014, representing 8.5% of the total population. This is a fourfold increase compared to 1980 (108 million), primarily associated with a global lifestyle change related to being overweight or obese. Unfortunately, the predictions are not optimistic and there will be more and more people with diabetes, with an estimated 578 million people affected by 2030 [13]. DFS involves deterioration of the blood supply to the foot, which becomes hypoxic and susceptible to infection. The spreading soft tissue infection results in bacterial infection of the bones. This is an indication for amputation, but there is difficulty in distinguishing between bone infections and non-infectious neuropathic bone lesions, which is why a clear diagnosis is so important [14]. At the time of diagnosis, more than 10% of people with DFS are accompanied by peripheral neuropathy and/or vascular disease [12]. The lifetime risk of foot ulceration in a person with diabetes may be as high as 25% [15,16]. It is important to be aware that a lower limb amputation occurs due to diabetes every 30 seconds [16,17,18].



Osteomyelitis is often overlooked; thus, the correct diagnosis and prompt treatment of the infected area are important in DFS [19]. For this purpose, white blood cell (WBC) scintigraphy is used as the gold standard, but due to the time-consuming nature of this method, other approaches are being searched for [20,21]. In the current literature, publications exist which suggest a similar diagnostic accuracy for the use of [18F]fluorodeoxyglucose [22,23], or alternatively, radiolabeled ciprofloxacin derivatives such as N4′-3-[18F]fluoropropylciprofloxacin [24], [18F]F-ciprofloxacin [25] and 99mTc-ciprofloxacin [13]. In the present study, we attempted to label another antibiotic—cefepime (CFM)—which is widely used in the treatment of diabetic foot infections caused by Gram-positive and Gram-negative bacteria [26,27]. Cefepime is a fourth-generation cephalosporin that is registered for use above the age of two months according to the Food and Drug Administration (FDA). It is active against S. pyogenes, S. pneumoniae, E. coli, H. influenzae, M. catarrhalis, N. gonorrhoeae, P. aeruginosa, M. morganii, Proteusmirabilis, some Citrobacter, Enterobacter, Klebsiella, Providencia and Serratia. It is used for pneumonia, complicated urinary tract infections, complicated abdominal infections, peritonitis associated with dialysis, acute biliary infections and bacterial meningitis [28].



The aim of this work was to design and study a new synthesis route for the cefepime derivatives, as well as the synthesis and study of the physicochemical properties of cefepime labeled with the radionuclide 68Ga, a radiopharmaceutical which can be used for PET diagnosis of diabetic foot syndrome.




2. Materials and Methods


Cefepime was a gift from the Public Central Teaching Hospital of Medical University of Warsaw. Fmoc-Asp-OH was purchased from Bachem AG (Bubendorf, Switzerland), Boc-Glu-anhydride was purchased from Fluorochem Ltd (Hadfield, UK). Macrocyclic chelator 2,2′-(7-(1-carboxy-4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (NODAGA-NHS) was purchased from CheMatech (Dijon, France), other chemicals and solvents were purchased from Merck (Darmstadt, Germany) and used as obtained. 68Ga radionuclide (emitter β+, t1/2 = 67.7 min, Eβmax = 1.9 MeV, in the form of [68Ga]GaCl3 in 0.1 M HCl solutions) was eluted from the commercially available GalliaPharm® 68Ge/68Ga generator (Eckert and Ziegler, Berlin, Germany). Deionized water was prepared in a Hydrolab water-purification system (Hydrolab, Straszyn, Poland). Human serum was a gift from the Regional Centre for Blood Donation and Blood Treatment in Warsaw, Poland.



HPLC analyses, separations and purifications were carried out using a VWR-Hitachi LaChrom Elite HPLC system which consisted of a pump L2130, column thermostat L-2350, UV diode array detector (DAD) L-2455 and the EZChrom Elite data system. The radioactivity was monitored using a 3 × 3” NaI(Tl) scintillation detector Raytest Gabi Star (Straubenhardt, Germany). The separation of the obtained products was accomplished on a LiChrospher® 100 RP-18 analytical column (5 µm particle size, 100 Å pore size, 4.6 mm × 250 mm) from Merck (Darmstadt, Germany) and a SUPELCOSIL™ LC-18 semi preparative column (5 µm particle size, 120 Å pore size, 10 mm × 250 mm) from Sigma-Aldrich Co. LLC (Darmstadt, Germany). The solvents were as follows: solvent A, 0.1% (v/v) trifluoroacetic acid (TFA) in water; solvent B, 0.1% (v/v) trifluoroacetic acid (TFA) in acetonitrile. The gradient conditions are presented in Table 1. The chromatograms were performed using UV (220–400 nm) or γ-detection.



The radiochemical purity (RPC) of the synthesized [68Ga]Ga-NODAGA-Glu-CFM radioconjugate was analyzed by instant thin-layer chromatography (ITLC) using a glass microfiber chromatography paper impregnated with a silica gel (Agilent, Santa Clara, CA, USA), and 0.2 M citrate buffer, pH 5.0, was used as the developing solvent. After completing development, the distribution of radioactivity on the strips was determined using a Storage Phosphor System Cyclone Plus (Perkin-Elmer Life and Analytical Sciences, Downers Grove, IL, USA).



1H NMR spectra were registered with a Bruker Avance Neo 400 spectrometer in DMSO-d6 solvent. During the measurements, the temperature was stabilized at 295 K and the 1H signals were calibrated on the residual solvent signal (2.5 ppm).



The IR spectrum was recorded on a Thermo Scientific Nicolet iS10 FT-IR spectrometer in the range of 4000–400 cm−1 using a KBr pellet.



2.1. Syntheses


The low reactivity of the amine group attached to the thiazole ring (as in the CFM molecule) in the coupling reaction of the chelator in the form of active ester such as NHS or SCN and CFM molecule results in a very low reaction yield [29]. In the absence of ligand in the anhydride form for a direct coupling reaction, the use of a linker in the anhydride form becomes necessary for the coupling reaction of the ligand with the CFM molecule. Other synthetic pathways which allow the conjugation of chelators with beta-lactam antibiotic cores are described in the literature [30,31].



2.1.1. Preparation of Linker-CFM Derivatives


The aim of the modification of the CFM molecule was to obtain a linker-CFM derivative. The selected linker should play the role of a spacer between the cefepime molecule and a radionuclide chelator, e.g., such as NODAGA-NHS. Taking into account the structure of the cefepime molecule and the pharmacophore fragment responsible for the biological properties of this antibiotic, the most suitable site for linker attachment appears to be the primary amino group of the thiazole ring as suggested in [29] and the papers cited therein. Thus, we used two homologues of dicarboxylic acids as linkers: aspartic acid, Asp, (Scheme 1) and glutamic acid, Glu, (Scheme 2). In both cases, dicarboxylic acid was used in the anhydride form, and the primary amino group was protected with an Fmoc (9-fluorenylmethoxycarbonyl group) or Boc (tert-butyloxycarbonyl group) protecting group, respectively. After removing the protecting group, the free amino group of the linker was used for the coupling reaction with the radionuclide chelator. The modification processes were carried out in several steps described in Section 3. Results and Discussion.




2.1.2. Preparation of [68Ga]Ga-NODAGA-Glu-CFM Radioconjugate


The 68Ge/68Ga generator was eluted with an NE-1000 programmable single syringe pump, and the eluate was collected every 500 μL. The most radioactive fraction (containing the most 68Ga radionuclide) was used for the synthesis of radioconjugates without additional concentration. The 68Ga radiolabeling of the NODAGA-Glu-CFM conjugate was achieved as follows: 200 µL of [68Ga]GaCl3 (50.4 MBq) in 0.1 M HCl from the 68Ge/68Ga generator was added into a solution of 50 µg of the NODAGA-Glu-CFM conjugate previously dissolved in 300 µL of a 0.4 M acetate buffer (pH = 5), and the reaction mixture was allowed to stand at room temperature for 15 min. The radiochemical yield and purity were determined by the HPLC and ITLC methods (as an average value from at least three independent measurements).




2.1.3. Preparation of Ga-NODAGA-Glu-CFM-‘Cold’ Reference Compound


The Ga-NODAGA-Glu-CFM reference compound was obtained using 4 µL (0.776 µmol) of GaCl3 solution in 0.65 M HCl added to 0.5 mg (0.517 µmol) NODAGA-Glu-CFM conjugate previously dissolved in 75 µL of a 0.4 M acetate buffer (pH = 5). The obtained crude products were purified by HPLC before lyophilization and characterization by mass spectrometry.





2.2. Physicochemical Properties Studies of [68Ga]Ga-NODAGA-Glu-CFM


Physicochemical properties studies of the obtained radioconjugate were performed using a radioconjugate previously isolated from the radiolabeling reaction mixture by the HPLC method (gradient 2, γ-detection).



2.2.1. Lipophilicity Studies


The lipophilicity of the studied radioconjugate was characterized by the logarithm of its distribution coefficient, LogD7.4, in the n-octanol/PBS (pH 7.40) system, which mimics the physiological conditions (Product Properties Test Guidelines OPPTS 830.7550, 1996).



The 0.5 mL of the isolated radioconjugate in PBS solution was introduced to a test tube containing 0.5 mL of n-octanol and vortexed for 1 min. After that the test tube was centrifuged for 5 min at 5800 rpm to ensure complete separation of layers. The radioactivity of each phase was determined, using the well-type NaI(Tl) detector (ISOMED 2100, NUVIA Instruments, Dresden, Germany). The LogD was determined as an average value from three independent measurements.




2.2.2. Paper Electrophoresis Studies


Paper electrophoresis studies have been performed for the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate using the gallium eluate [68Ga]GaCl3 ([68Ga]Ga3+ cation as a reference radiocompound).



Paper electrophoresis experiments were performed on 20 × 1 cm chromatographic paper strips, Paper Chromedia GF 83 (Whatman, Little Chalfont, UK), pre-treated with phosphate buffer (0.01 M, pH 7.40), using a midi horizontal electrophoresis unit (Sigma-Aldrich, St. Louis, MO, USA) device. The experimental conditions were as follows: 200 V (10 V cm−1) for 45 min.



The developed paper strips were left to dry, and then the distribution of radioactivity on the strips was determined using a Storage Phosphor System Cyclone Plus (Perkin-Elmer Life and Analytical Sciences, Downers Grove, IL, USA).




2.2.3. Radioconjugate Stability Study in Human Serum


The stability of the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate separated from the reaction mixture was studied by incubation at 37 °C in human serum for up to a few half-lives of the gallium-68 radionuclide. In order to study the stability of the radioconjugate in human serum, a 0.1 mL aliquot of the solution of radioconjugate was added to 0.9 mL of human serum and incubated at 37 °C. After time periods of 0.5 and 2 h, an appropriate volume of the incubated serum mixture was withdrawn, mixed in an Eppendorf tube with ethanol and vigorously shaken to precipitate proteins. After centrifugation, the radioactivity of both phases (precipitate and supernatant) was measured and, additionally, aliquots of the supernatant were analyzed by the HPLC method to check whether the radioconjugate had converted into another water-soluble radioactive form. The radioconjugate stability study was conducted in triplicate.






3. Results and Discussion


The CFM derivatives were synthesized according to Scheme 1 and Scheme 2, and the progress of reaction was monitored by the HPLC method.



3.1. Synthesis of Asp-CFM Molecule


In the first step, Fmoc aspartic anhydride (Fmoc-Asp-anh) was synthetized (Figure 1). A total of 135 mg (0.38 mmol) of Fmoc-Asp-OH (linker) was added to the flask with 500 μL (5.30 mmol) of acetic anhydride. The flask was then heated in an oil bath to 85 °C. An additional 500 μL of acetic anhydride (1 mL in total) was added. The mixture was heated for about 20 min until the linker was completely dissolved. The flask was then cooled rapidly to room temperature, and the product was filtered and washed with diethyl ether. The resulting white dusty precipitate was dried in vacuo.



To the Eppendorf tube with 8.40 mg (25 µmol) of Fmoc-Asp-anh, 10 mg (20.83 µmol) of CFM dissolved in 200 μL of DMF was added. The synthesis was carried out overnight at room temperature, and the progress of the reaction was checked by HPLC. After completion of the reaction, the solvent was removed under vacuum and the residue dissolved in acetonitrile. The crude product Fmoc-Asp-CFM, consisting of two structural (constitutional) isomers (Scheme 1, products of step two), was purified by HPLC (gradient two, Figure 2, RT = 24.71 and RT = 24.99 min) and lyophilized: yield 75% and purity over 98%. The presence of the product was confirmed by mass spectrometric analysis.



MS for C38H40N7O10S2+, TOF MS ES+ m/z: (calculated: 818.23); found: 818.36.



In order to remove the Fmoc-protecting group, 5 mg (6.11 µmol) of Fmoc-Asp-CFM was used, dissolved in 50 µL of 2.5% piperidine in DMF (Scheme 1, step three). The reaction mixture was maintained for 30 min at room temperature. The final products (isomer Asp-CFM(α), RT = 18.67 min, and isomer Asp-CFM(β), RT = 19.33 min) were isolated from the reaction mixture by HPLC (Figure 3, gradient two) and analyzed by MS. For further syntheses, the beta isomer obtained with a higher yield was used.



MS for C23H30N7O8S2+, TOF MS ES+ m/z: (calculated: 596.16); found: 596.29.




3.2. Synthesis of NODAGA-Asp-CFM Conjugate


A total of 1 mg (1.58 µmol) of Asp-CFM(β) was dissolved in 25 µL of DMF. Then, the solution was transferred to an Eppendorf tube with 1.5 mg (2.04 µmol) NODAGA-NHS before 0.86 µL (6.21µmol) of triethylamine (Et3N) was immediately added (Scheme 3). The tube was closed and left overnight on the magnetic stirrer at room temperature. The final conjugate was purified by HPLC (Figure 4) and lyophilized for later use: yield 90–95%, purity 95%. The presence of the conjugate was confirmed by MS analysis.




3.3. Synthesis of NODAGA-Glu-CFM Conjugate


The above-described synthesis of NODAGA-Asp-CFM indicates a problem with the separation of the two isomers Fmoc-Asp-CFM(α) and Fmoc-Asp-CFM(β). Therefore, it was decided to carry out an analogous synthesis of the NODAGA-linker-CFM conjugate using glutamic acid as a linker, which, compared to aspartic acid, contains an additional -CH2 group, which should result in a better separation of the products. The stepwise synthesis of the NODAGA-Glu-CFM conjugate (Scheme 2) is analogous to that of the NODAGA-Asp-CFM, with the exception of the Boc-Glu-anh preparation step as this reagent was commercially available.



For the synthesis of the Boc-Glu-CFM derivative, 13.50 mg (28 µmol) of CFM and 6.42 mg (28 µmol) of Boc-Glu-anh in 200 µL of DMF were used. The Eppendorf tube was closed and left for 24 h on the magnetic stirrer at room temperature, and the progress of the reaction was checked by HPLC. The obtained final products with RT values of 18.28 min and 18.79 min (Figure 5) were isolated from the reaction mixture by HPLC (gradient two). The results of mass spectrometry confirmed the obtainment of the Boc-Glu-CFM derivative in the form of two isomers: Boc-Glu-CFM(α) (RT =18.29 min) and Boc-Glu-CFM(γ) (RT =18.79 min).



MS for C29H40N7O10S2+, TOF MS ES+ m/z: (calculated: 710.80); found: 710.23.



The chemical yield of this reaction was surprisingly low; therefore, in order to check the purity of the purchased reagent Boc-Glu-anh, mass spectrometry analysis was performed. The results of MS analysis showed that the signal from the active anhydride form (Boc-Glu-anh, m/z-228.14) was several times smaller than that of the hydrated form of the reagent (246.12 m/z). The active form of Boc-Glu-anh in the purchased reagent was present at only about 10%, which can provide an explanation for the low yield of synthesis of the Boc-Glu-CFM product obtained in the form of the two isomers. For further syntheses, only the gamma isomer obtained with a higher yield was used. The purity of the final product was higher than 98%.



In the second step, the Boc-protecting group was removed. In this case, 4 mg (5.64 µmol) of γ isomer of Boc-Glu-CFM was used and dissolved in 40 µL of 2.5% TFA in DMF. The reaction mixture was incubated for 45 min. The final product Glu-CFM was isolated from the reaction mixture by HPLC (purity 98%) (gradient two, Figure 6, RT = 13.10) and analyzed by MS.



MS for C24H32N7O8S2+, TOF MS ES+ m/z: (calculated: 610.17); found: 610.32.



In the last step, 1 mg (1.64 µmol) Glu-CFM (γ isomer) dissolved in 40 µL DMF was transferred to a tube containing 1.44 mg (1.97 µmol) of NODAGA-NHS, and then 0.823 µL (5.9 µmol) of Et3N was added. The vial was left for 24 h on the magnetic stirrer at room temperature, and the final product was isolated from the reaction mixture by HPLC (gradient two, purity 98%). The recorded chromatogram (Figure 7) showed a single peak with a retention time of 14.77 min. The obtained NODAGA-Glu-CFM conjugate was characterized by the methods dedicated for the analysis of radiopharmaceutical precursors recommended by the European Pharmacopoeia 11.0, monograph 07/2022:2902 (nuclear magnetic resonance spectrometry, infrared absorption spectrophotometry, mass spectrometry and chromatographic methods). The results of infrared absorption spectrophotometry and mass spectrometry are shown below. However, we do not present the results of the 1H NMR analysis. The presence of the four-membered ring (lactam) adjacent to a six-membered ring in the synthetized conjugate resulted in the broadening of the signals, leading to a poor resolution of the multiplets. Moreover, the obtained 1H NMR spectrum was complicated by overlapping signals arising from many protons and was difficult to analyze. For this reason, the NMR spectrum was not essential to confirm that the conjugate was successfully obtained, and the NMR data are not shown.



IR (KBr) νmax/cm−1: 3435 s, br (OH, NH), 2942 w, br (CH) 2853 sh (CH), 1777 w (C=O), 1677 vs. (C=O), 1629 sh (C=O), 1562 sh (C=O), 1462 w, 1393 w, br, 1352 w, sh, 1286 w, 1204 m, 1183 sh, 1135 w, 1072 vw sh, 1043 w, 923 vw, 836 vw, 801 vw, 722 vw, 594 vw, 518 vw.



MS for C39H55N10O15S2+, TOF MS ES+ m/z: (calculated: 967.33); found: 967.36.




3.4. Synthesis of [68Ga]Ga-NODAGA-Glu-CFM Radioconjugate and Ga-NODAGA-Glu-CFM ‘Cold’ Reference Compound


For the radiolabeling reaction, NODAGA-Glu-CFM conjugate was selected. The conditions have been described previously in Section 2.1.2. Under these conditions, [68Ga]Ga-NODAGA-Glu-CFM was synthesized with a radiochemical yield (RCY) higher than 90%, as is shown in Figure 8. The radiochemical purity (RPC) of the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate was checked using the ITLC method, where free 68Ga3+ cations moved with the solvent front (Rf ≈ 1), while the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate remained at the origin (Rf ≈ 0.0–0.1) (Figure 9). The HPLC chromatogram of the ‘cold’ reference compound Ga-NODAGA-Glu-CFM (Figure 8), obtained with a high yield (95%) and final purity over 98%, showed a peak with RT = 13.76. The slight shift of the peak position compared to the RT of the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate (RT = 13.94 min) results from the arrangement in the series of the gamma detector after the DAD detector. The peak position of the ‘cold’ reference compound (characterized by MS) confirmed that the corresponding radioconjugate was obtained in the labeling reactions.



MS for C39H52GaN10O15S2+, TOF MS ES+ m/z: (calculated: 1033.23); found: 1033.22.



The 1H NMR data for the reference compound Ga-NODAGA-Glu-CFM are not shown for the same reason as the NODAGA-Glu-CFM conjugate.




3.5. Characterization of [68Ga]Ga-NODAGA-Glu-CFM Radioconjugate


The obtained [68Ga]Ga-NODAGA-Glu-CFM radioconjugate was purified by HPLC (gradient two) and tested for its lipophilicity, as well its stability in human serum. The lipophilicity (LogD7.4 value) of the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate was determined to be −3.68 ± 0.12, which proves its highly hydrophilic nature.



The electrophoretic diagrams of the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate and gallium eluate [68Ga]GaCl3 (with the [68Ga]Ga3+ cation as a reference radiocompound) showed only single peaks. In both cases, the peaks were shifted toward the cathode. These results confirmed the expected positive charge of the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate, which may have a beneficial effect on the interaction of the radioconjugate with bacterial cells. Based on the literature data, most bacterial cells possess an overall negative charge due to the presence of peptidoglycan, which is rich in carboxyl and amino groups [32,33,34]. For this reason, better binding of the designed radioconjugate to the wall of bacterial cells can be expected.



The HPLC radiochromatograms of the isolated [68Ga]Ga-NODAGA-Glu-CFM radioconjugate recorded after 0.5 h and 2 h of incubation at 37 °C in human serum are shown in Figure 10. These studies showed that the tested radioconjugate is completely stable in human serum. The measurements of radioactivity of both the supernatant and precipitate fractions showed that the percentage of 68Ga-radioconjugate bound to serum components ranged from 7% to 10% and was independent of incubation time.





4. Conclusions


In this study, a new and efficient way to synthesize the cefepime derivatives Asp-CFM and Glu-CFM has been designed and experimentally confirmed. It was shown that modification of the cefepime molecule can be achieved by a direct coupling reaction between Fmoc-Asp-anh or Boc-Glu-anh and the amine group of the thiazole ring of the CFM molecule. Modification of the CFM molecule at this site (via the thiazole ring) does not affect the biological activity of the antibiotic (its affinity to bacterial cells), which has already been determined [29]. Mild acidic/basic conditions can be used for the deprotection reaction of the amine group (removal of the Fmoc or Boc groups) which is crucial for the possibility of further coupling with any chelator in the ester (-NHS or –SCN) form.



The new NODAGA-Glu-CFM conjugate was radiolabeled with gallium-68. The obtained [68Ga]Ga-NODAGA-Glu-CFM radioconjugate was formed with a high yield and specific activity within the range of 0.68–0.87 MBq/nmol, as well as exhibiting full stability in human serum.



In conclusion, on the basis of these results, it can be considered that the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate meets all the physicochemical requirements for radiopharmaceuticals. Bearing in mind that the modification of cefepime via the amine group of the thiazole ring does not affect its affinity to bacterial cells [29], the newly developed and tested radioconjugate can be considered as a new promising radioconjugate for the diagnosis of bacterial infections which, despite its promise, requires further biological research. This is the first report on the labeling of the antibiotic cefepime with gallium-68 and a cefepime-based diagnostic 68Ga-radiopharmaceutical with potential use in PET imaging of bacterial infections in diabetic foot syndrome.
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Scheme 1. Modification scheme of the CFM molecule with aspartic acid as a linker. 
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Scheme 2. Synthesis route of the NODAGA-Glu-CFM conjugate. 
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Figure 1. HPLC chromatogram (at 280 nm) of the reaction mixture of Fmoc-Asp-anh synthesis (RT = 17.11 min, gradient 1). 
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Figure 2. HPLC chromatogram (at 270 nm) of the reaction mixture of Fmoc-Asp-CFM derivative synthesis (products of step 2: isomer α (RT = 24.71 min) and isomer β (RT = 24.99 min) (gradient 2). 
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Figure 3. HPLC chromatogram (at 270 nm) of deprotection reaction mixture of Fmoc-Asp-CFM derivative in 2.5% piperidine solution after 30 min; isomer Asp-CFM(α) with RT = 18.68 min and isomer Asp-CFM(β) with RT = 19.33 min (gradient 2). 
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Scheme 3. Coupling reaction of NODAGA-NHS with Asp-CFM(β). 
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Figure 4. HPLC chromatogram (at 270 nm) of the reaction mixture of NODAGA-Asp-CFM (RT = 19.48 min) conjugate synthesis (gradient 2). 
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Figure 5. HPLC chromatogram (at 270 nm) of the reaction mixture of Boc-Glu-CFM derivative synthesis: Boc-Glu-CFM(α) (RT = 18.28 min) and Boc-Glu-CFM(γ) (RT = 18.79 min) (gradient 2). 
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Figure 6. HPLC chromatogram recorded at 270 nm of the deprotection reaction of Boc-Glu-CFM in 2.5% TFA solution (gradient 2). 
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Figure 7. HPLC chromatogram at 270 nm of the reaction mixture of NODAGA-Glu-CFM conjugate (Rt = 14.77 min) synthesis (gradient 2). 
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Figure 8. HPLC analysis of reaction mixtures after synthesis of [68Ga]Ga-NODAGA-Glu-CFM (gradient 2) and the ‘cold’ reference compound Ga-NODAGA-Glu-CFM (270 nm, gradient 2). 
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Figure 9. ITLC analyses of free 68Ga3+ (A) and the reaction mixture after synthesis of the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate (B) using citrate buffer as a developing solvent. 
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Figure 10. The HPLC radiochromatograms of the [68Ga]Ga-NODAGA-Glu-CFM radioconjugate recorded after (A) 0.5 h and (B) 2 h of incubation at 37 °C in human serum. 
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Table 1. Gradient profiles used in HPLC.
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Gradient Conditions

	
Flow [mL/min]

	
Time

[min]

	
Eluent Content




	
%A

	
%B






	
Gradient profile 1 used in HPLC with analytical column

	
1

	
0

	
5

	
95




	
11

	
60

	
40




	
13

	
60

	
40




	
16

	
80

	
20




	
20

	
80

	
20




	
22

	
5

	
95




	
Gradient profile 2 used in HPLC with semi-preparative column

	
3

	
0

	
0

	
100




	
22

	
60

	
40




	
26

	
60

	
40




	
28

	
80

	
20




	
30

	
80

	
20




	
32

	
0

	
100
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