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I. Introduction and objectives 

Early detection and targeted cancer treatment remain among the 

greatest challenges of modern medicine. Therapeutic strategies 

increasingly rely on personalized and targeted approaches, including 

small-molecule drugs, antibody-drug conjugates (ADCs), and cell- and 

gene-based therapies. These methods not only allow for the selective 

targeting of tumor cells but also help reduce side effects and improving 

patients’ quality of life. 

Accurate and early diagnosis is a prerequisite for advanced 

targeted therapies, in which molecular imaging plays a crucial role. These 

techniques enable non-invasive, in vivo visualization of biological 

processes in living tissues through the use of specific diagnostic 

molecules. These tracer molecules typically consist of two main 

components: a targeting moiety (e.g., monoclonal antibody, antibody 

fragments, peptides, etc.) and a signaling unit that containing a 

radioisotope. 

HER2-positive breast cancer accounts for approximately  

15 - 20% of breast tumors, and receptor overexpression is typically 

associated with a more aggressive clinical course. Reliable - ideally 

whole-body - determination of HER2 status is fundamental important for 

personalized care and guiding targeted therapeutic decisions. 

Manganese isotopes show great promise for bimodal imaging 

(PET/MRI - positron emission tomography / magnetic resonance 

imaging). The isotope 52Mn is a positron emitter (t1/2 = 5.59 days) making 

itsuitable for extended PET scans, particularly when applying slowly 

circulating, high-molecular-weight vector molecules such as antibodies. 
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The paramagnetic 55Mn isotope is considered as a potentially safer 

alternative to gadolinium(III)-based contrast agents for MRI. 

The development of Mn(II)-based diagnostic agents lies in the 

preparation of stable and kinetically inert chelates that ensure long-term 

stability of the complexes under in vivo conditions. The imaging 

efficiency and selectivity of the tracers depend on the optimized chelator 

structure and its ability to be conjugated to vector molecules. 

The aim of my doctoral research was to developand fine-tune 

structure of chelators suitable for the complexation of Mn(II) ions, 

intended for use in modern molecular in vivo imaging applications. The 

following objectives were set:  

Development of chelator platform: to design a chelator scaffold 

capable of forming Mn(II) complex that are suitable for both PET and 

MRI diagnostics. 

Synthesis and study of bifunctional ligands (BFLs): 

incorporation of the promising chelator scaffold into bifunctional ligands 

with various donor-atom side chains, enabling systematic investigation 

of relaxivity, thermodynamic stability, kinetic inertness, and 

radiolabeling efficiency using 52Mn. 

Conjugation of BFLs with biovector molecules, radiolabeling 

with [52Mn]Mn(II), and in vivo evaluation of the obtained conjugates: 

attachment of the most promising ligand to a biovector (HER2+ breast 

cancer-specific antibody or affibody), followed by purification, 

characterization and assessment of its biological behavior, imaging 

efficiency, and in vivo stability.Development of a new ligand family 

through fine-tuning of the chelator scaffold: investigation of whether 

rigidifying the chelator structure and introducing cryptand-like, cross-

bridged features can improve the stability and kinetic inertness of Mn(II) 

complexes. Synthesis of thebifunctional derivatives of these ligands and 
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characterization of their physicochemical properties systematically 

compared to identify the structural factors influencing diagnostic 

performance. 

II. Methods 

Synthesis: Starting reagents and solvents were purchased from Sigma-

Aldrich, Tokyo Chemical Industry, and Fluorochem, and used without 

further purification. The macrocyclic ligands and their Mn(II) complexes 

were synthesized by standard synthetic procedures, applying microwave 

activation (MW) when required (CEM Discover). Reaction monitoring 

and purification method development were performed by analytical 

HPLC (Waters Alliance 2690/2695 system equipped with a Waters 996 

PDA diode array detector) using reversed-phase columns: Phenomenex 

Luna C18(2), YMC-Pack ODS-AQ, Waters XBridge Shield RP18.  In 

some cases, intermediate purifications were carried out by flash NP-LC 

(CombiFlash® EZ Prep), while intermediates and final products were 

purified by preparative RP-HPLC (YL91100; column: Phenomenex 

Luna C18(2) preparative). The identity and purity of the obtained 

compounds were confirmed by 1H/13C NMR (Bruker Avance DRX 360 

MHz; Bruker Avance I 400 MHz; Bruker Avance II 500 MHz) and 

HRMS (ESI-QTOF) (Bruker maXis II UHR, coupled to an Agilent 7100 

capillary electrophoresis system). XBridge Peptide BEH C18 OBD 

analytical columns were used for the analysis of protein and conjugate 

samples, and XBridge Peptide BEH C18 OBD preparative columns were 

used for their purification. 

Equilibrium studies and relaxometry: Protonation constants of ligands 

and stability constants of the complexes were determined by pH-
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potentiometry (Metrohm 785 DMP Titrino). For slowly forming systems 

(e.g., 3,9‑PC2AMpipBnpCO2H), 1H relaxometry using batch samples 

(“out-of-cell” samples) was applied to determine the stability of the 

Mn(II) complex. Data fitting was performed using the PSEQUAD 

program. Relaxivity measurements were carried out with Bruker 

minispec mq20 (0.47 T) and mq60 (1.41 T) relaxometers at 25.0 and 37.0 

°C. r1p and r2p values were calculated from the linear relationship 

between the measured relaxation rates and Mn(II) concentrations. 

Relaxometric titrations were also performed (monitoring the pH 

dependence of relaxation rates R1, and R2), in which the diamagnetic 

contribution of water under the given conditions was subtracted, and the 

data were normalized to the Mn(II) ion concentration (r1p, and r2p) 

Kinetic studies: The inertness of PC2A-derived complexes was assessed 

under the conditions recommended in the literature by P. Caravan et al., 

where Zn(II)-induced metal exchange was monitored through changes in 

T2 relaxation times (1 mM Mn(II) complex; 25 equiv. Zn(II); 37.0 °C; 

1.41 T; pH = 6.0; 50 mM MES). For cross-bridged derivatives, acid-

assisted dissociation was studied in 0.1 - 1.0 M HCl, using 300 µL sample 

volume, 1 mM complex, and I = 1.0 M (HCl+NaCl). Reactions were 

monitored at 25.0 °C and 1.41 T by following T2 relaxation times. 

Production and purification of [52Mn]Mn radioisotope: For 

radiochemical studies, the 52Mn isotope was produced in a cyclotron by 

proton irradiation (14 - 18 MeV) of a natural chromium target 

(52Cr(p,n)52Mn). The manganese produced was purified by anion-

exchange chromatography (AG 1-X8), and, when necessary, an 

additional DGA-based step was applied to remove transition metal 

contaminants (Fe/Zn/Cu) that could interfere with labeling. The 

procedures yielded high-purity [52Mn]MnCl2 solutions. 
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Optimization of [52Mn]Mn radiolabeling and evaluation of 

transchelation using trans-CDTA assays: Radiolabeling conditions of 

three bifunctional PC2A-derivtive chelators (3,9‑PC2ABnpCO2H, 

3,9‑PC2MABnpCO2H, 3,9‑PC2AMpipBnpCO2H) were optimized by 

systematically varying pH (4 - 8), temperature (25 - 95 °C), and ligand 

concentration (0.3 µM - 1 mM). Reactions were evaluated by analytical 

RP-HPLC (PDA + Gabi Star RA; column: YMC-Pack ODS-AQ) and 

iTLC-SG. Transchelation studies were performed in the presence of a 

large excess of trans-CDTA, with sampling at different time points 

followed by analysis by radio-HPLC. For cryptate-type ligands 

3,9‑CB8O2PC and 3,9‑CB8O2PCBnpCO2H), radiolabeling was carried out 

at elevated temperatures (25 and 90 °C), pH 6 - 8, and higher ligand 

concentrations (1 - 5 mM) due to the slow kinetics of complex formation.  

PET/MRI imaging: In vivo imaging was conducted in female CB17 

SCID mice, using two breast cancer models (4T1 triple-negative murine 

breast cancer and HER2-positive MDA-MB human breast cancer) 

implanted at two different anatomical sites (the shoulder region and the 

inguinal fat pad). The radiopharmaceutical was administered 

intravenously. Imaging sessions were performed at 4 hours, 1 day, and 

3 days post-injection (with an additional 2-day time point for HER2-

cases) using a preclinical nanoScan PET/MRI 1T system (Mediso Ltd.). 

Anesthesia was maintained with inhaled isoflurane throughout the 

procedures. For MRI, T1-weighted gradient echo sequences served as 

anatomical reference. PET data were reconstructed using the MLEM 

algorithm and analyzed quantitatively based on ROI/VOI (region/volume 

of interest). Results were expressed as standardized uptake values 

(SUVs). All animal experiments were carried out under approved 

protocols, in accordance with EU and national animal welfare regulations 

(permit number: 16/2020/DEMÁB).  
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III. New scientific results 

III.1. We developed synthetic procedure for the preparation of 

pyclen-based isomeric ligands (3,6- and 3,9-disubstituted). 

Synthetic methods were developed for the synthesis of pyclen-based 

isomeric ligands (3,6- and 3,9-disubstituted 3,9-PC2A). In the first step, 

the pyclen (6) macrocycle was synthesized, and selective protection of 

its nitrogen atom (N6) in trans position relative to the pyridine unit was 

achieved by protonation in aqueous medium at pH ≈ 8.55 (Fig. 1). 

Subsequent addition of a stoichiometric amount of the formaldehyde-

sodium bisulfite adduct afforded the 3,9-disubstituted product almost 

quantitatively (with 7% formation of the 3,6-isomer). This intermediate 

was transformed into the corresponding nitriles (15) via NaCN 

substitution, followed by hydrochloric acid hydrolysis to yield the 

corresponding diacetates (16). The isomeric chelators were purified using 

preparative HPLC.  

 

Figure 1. Synthesis of 3,9-PC2A (16):  

(xii) HOCH2SO3Na, H2O, pH = 8,55, 60 °C → NaCN, RT, 3 h, (xiii) conc. HCl, 100 °C, 3 h. 

For the preparation of 3,6-PC2A (16), the synthetic procedure involved 

dialkylation of the previously synthesized 3-Alloc-PC (12) with methyl 

bromoacetate in the presence of K2CO3, cleavage of the Alloc protecting 

group using Pd(PPh3)4/phenylsilane, and subsequent acidic hydrolysis of 

the resulting ester (18) (Fig. 2). 
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Figure 2. Synthesis of 3,6-PC2A (19): 

(xiv) methyl bromoacetate, K2CO3, ACN, 20 h (78%); (xv) Pd(PPh3)4, phenylsilane, N2-atm., 

CH2Cl2, 0 °C → RT, 15 min (64%); (xvi) 3 M HCl, 100 °C, 23 h (75%). 

III.2. We found that the Mn(II) complexes of 3,6- and  

3,9-PC2A exhibit markedly different thermodynamic stability and 

dissociation behavior, but similar solvent exchange kinetics and 

relaxation properties. 

We investigated the key physicochemical parameters of the Mn(II) 

complexes of the synthesized ligands. Our results showed that the 

[Mn(3,9-PC2A)] complex has better thermodynamic stability (log 

KMnL = 17.09(2) vs. 15.53(1) for 3,9-PC2A and 3,6‑PC2A complexes, 

respectively) and slightly improved relaxometric properties (r1p = 2.72 

and 2.91 mM-1s-1 for the 3,6- and 3,9-PC2A complexes, respectively, at 

25 °C and 0.49 T). These relaxivity values indicate the presence of an 

inner-sphere water molecule coordinated to the metal ion in both Mn(II) 

complexes. The [Mn(3,6-PC2A)] complex exhibited very reasonable 

kinetic inertness (kobs = 3.28(3) × 10-4 and 5.43(4) × 10-4 s-1 for the 3,6- 

and 3,9-PC2A complexes, respectively) as determined from Zn(II)-

induced metal exchange reactions. Based on these studies, we concluded 

that both ligands can be treated as suitable platforms for the synthesis of 

inert Mn(II) complexes and can safely be applied in the design of smart 

contrast agents or bifunctional ligands. Finally, the 3,9-PC2A ligand 

platform was selected as the basis for bifunctional ligand design, as the 

kinetic parameters of its Mn(II) complex can be significantly improved 
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by introducing electron-withdrawing substituents at the nitrogen atom 

opposite the pyridine ring (N9).  

III.3. We synthesized four bifunctional PC2A derivatives  

(3,9-PC2ABnpNO2, 3,9-PC2ABnpCO2H, 3,9-PC2MABnpCO2H,  

3,9-PC2AMpipBnpCO2H), to investigate how chemical nature of donor 

atoms in the side chains influences s the physicochemical parameters 

of the resulting Mn(II) complexes. In addition, we examined the 

effect of conjugation-capable moieties (BnpCO2H, BnpNO2) on these 

properties.  

Starting from 6-Boc-pyclen (14), the PC2A(OEt) (21) and PC2MA(OEt) 

(23) derivatives were prepared by dialkylation with ethyl bromoacetate 

and ethyl-(S)-2-(trifluoromethanesulfonyloxy)propionate, respectively 

(Fig. 3). The Boc protecting group was then removed using a 

trifluoroacetic acid/dichloromethane mixture. 

 

Figure 3. Synthesis of 3,9-PC2A(OEt) (21) and 3,9-PC2MA(OEt) (23):  

(xvii) ethyl bromoacetate, CH3COONa.3H2O, ACN, 65 °C, 48 h, (88%); (xviii) TFA : DCM 

(7 : 15), 0 °C → RT, 24 h (93%); (xix) ethyl (S)-2-(trifluoromethanesulfonyloxy)propionate, 

K2CO3, DCM, 0 °C, 72 h (79%); (xx) TFA : DCM (7 : 15), 0 °C → RT, 24 h (96%). 
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The 3,9-PC2AMpip (24) ligand was obtained by direct alkylation of 

pyclen (6) in acetonitrile in the presence of sodium acetate trihydrate as 

a base (Fig. 4). 

 

Figure 4. Synthesis of 3,9-PC2AMpip (24):  

(xxi) 2-bromo-1-(piperidin-1-yl)ethan-1-one, CH3COONa.3H2O, ACN, 60 °C, 48 h (40%). 

Secondary amines at the 6-position were alkylated with tert-butyl-4-

(bromomethyl)benzoate in the presence of DIPEA, K2CO3 or NaI. 

Subsequent removal of the ester protecting groups afforded BFLs bearing 

a terminal BnpCO2H moiety (Fig. 5). 

 

Figure 5. Synthesis of 3,9-PC2ABnpCO2H (26), 3,9-PC2MABnpCO2H (28)  

and 3,9-PC2AMpipBnpCO2H (30):  

(xxii) tert-butyl 4-(bromomethyl)benzoate, NaI, DIPEA, ACN, 80 °C, 72 h (93%); (xxiii) 

NaOH, EtOH, 60 °C, 3 h (86%); (xxiv) tert-butyl 4-(bromomethyl)benzoate, NaI, K2CO3, ACN, 

80 °C, 72 h (52%); (xxv) NaOH, EtOH, RT → 60 °C, 3 h (87%);  

(xxvi) tert-butyl-4-(bromomethyl)benzoate, K2CO3, ACN, 60 °C, 48 h (84%);  

(xxvii) TFA : DCM (7 : 15), 0 °C → RT, 12 h (96%). 
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For the synthesis of the 3,9-PC2ABnpNO2 ligand, the 3,9-PC2MeCN (15) 

intermediate was alkylated with p-nitrobenzyl bromide, and the resulting 

product (31) was subsequently hydrolyzed with hydrochloric acid (Fig. 

6). 

 

Figure 6. Synthesis of 3,9-PC2ABnpNO2 (32): 

(xxviii) p-nitrobenzyl bromide, NaI, DIPEA, 60 °C, 72 h →  

(xxix) conc. HCl, 110 °C, 3 h (66%). 

III.4. It was found that incorporation of the chelators into the BFL 

framework led to improved the relaxometric and kinetic properties 

of the resulting Mn(II) chelates, whereas their thermodynamic 

stability remained unchanged.  

Through the studies of the ligands and their Mn(II) complexes, we 

demonstrated that the transformation of the parent 3,9-PC2A chelator 

into bifunctional ligands improved the dissociation kinetics and 

relaxometric properties of the Mn(II) complexes, while the apparent 

stability of the complexes either remained unchanged (acetate side 

chains) or decreased only slightly (α-methyl-acetate and amide 

derivatives). The Mn(II) chelate of the nitro-substituted ligand exhibited 

better kinetic parameters; however, classical reduction reactions led to 

side products, and therefore the benzoic acid derivative was ultimately 

chosen for conjugations. 
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III.5. Based on the results of radiolabeling reactions with 

[52Mn]Mn(II) we found that macrocyclic BFLs containing 

carboxylate groups could be labeled instantaneously, whereas 

efficient labeling of the ligand bearing an amide metal binding 

moiety  required elevated temperatures or prolonged reaction times. 

The model bifunctional ligands were labeled with cyclotron-produced 

and purified [⁵²Mn]Mn(II), and the physicochemical properties of the 

resulting complexes were investigated. The acetate derivatives were 

efficiently labeled within 5 min at pH > 6.0, even at 1 µM ligand 

concentration. In contrast the 3,9-PC2AMpipBnpCO2H bis(amide) 

derivative ligand  required 4 - 5 hours at room temperature or heating to 

50 °C to achieve near-quantitative labeling. Notably, the Mn(II) complex 

of this ligand exhibited the highesrt kinetic inertness, as demonstrated by 

transchelation experiments in the presence of excess trans-CDTA. 

Despite this kinetic advantage, 3,9-PC2ABnpCO2H (the carboxylate 

derivative) was selected for bioconjugation, as the amide side chains of 

the former hydrolyzed under radiochemical conditions, yielding the 

corresponding diacetate ligand. Based on these findings s, 3,9-

PC2ABnpCO2H was selected as the most suitable ligand for the 

development of the targeted radiotracer candidate. 

III.6. A synthetic method for preparing  a derivative of the selected 

BFL (3,9-PC2AMpipBnpCO2H) suitable for selective conjugation (3,9-

PC2ABnpMA) was developed. 

The selected 3,9-PC2AMpipBnpCO2H chelator contains two coordinating 

acetate groups and a non-coordinating p-benzoic acid unit designed for 

conjugation. Since the chelator possesses the same functional groups for 

both conjugation and metal binding, instead of direct biovector coupling 

we introduced a maleimide reactive group on the p-benzoic acid moiety. 
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To achieve this, , the acetate groups were first protected. The key steps 

of the synthesis (Fig. 7) included  alkylation of 3,9-diNs-pyclen (13) with 

tert-butyl-4-(bromomethyl)benzoate; removal of the nosyl protecting 

groups with thiophenol; introduction of acetate side chains with tert-butyl 

bromoacetate; and introduction of the maleimide reactive group by 

HBTU/HOBt activation of the carboxyl group of the p-benzoic acid unit. 

Finally, removal of the protecting groups afforded the  

3,9-PC2ABnpMA (38) ligand. 

 

Figure 7. Synthesis of 3,9-PC2ABnpMA (38):  

(xxx) tert-butyl 4-(bromomethyl)benzoate, NaI, DIPEA, ACN, 80 °C, 48 h (93%);  

(xxxi) thiophenol, K2CO3, DMF, RT, 24 h (58%); (xxxii) TFA : DCM (7 : 15), RT, 12 h (93%); 

(xxxiii) tert-butyl bromoacetate, DIPEA, DMF, 60 °C, 48 h (42%); (xxxiv) HBTU, HOBt, 

DIPEA, DCM, RT, 48 h (56%); (xxxv) TFA : DCM (7 : 15), 0 °C → RT, 24 h (90%). 
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III.7. We optimized the bioconjugation of the 3,9-PC2ABnpMA (38) 

ligand with an anti-HER2 affibody (43) and performed its 

radiolabeling with [52Mn]Mn(II) (44).  

 

Figure 8. Conjugation of the bifunctional ligand (BFL) 3,9-PC2ABnpMA (38) to an anti-HER2 

affibody and preparation of [[52Mn]Mn(3,9-PC2ABnpMA)(H2O)]-Cys-HER2-affibody (44). 

(xxxx) 2 mg reduced ZHER2:2891-Cys-affibody, 333 µL 1.0 M ammonium acetate (pH = 5.5), 

1 mL MQ-water, 60 µL ACN, 37 °C, 5 d; (xxxxi): 1.68 - 3.36 MBq [52Mn]MnCl2, 4,35 µmol 

HEPES (pH = 7.02) puffer, RT, 15 min. 

The affibody (ZHER2:2891), produced and tested in vitro at the Institute of 

Biochemistry of the Romanian Academy, was purified by RP-HPLC 

prior to conjugation. Due to the chemoselectivity of thiol-maleimide 

Michael addition, we optimized the pH of the coupling reaction. Within 

the literature-reported pH-range (pH 6.5 - 7.5) we observed maleimide 

hydrolysis and amine addition (Fig. 8). Therefore, the reaction was 

carried out at pH = 5.5, 37 °C, under an argon atmosphere, using 2 mg 

affibody with an excess amount of 3,9-PC2ABnpMA (38). After five days, 

more than 98% conversion was achieved. The product was isolated by 

RP-HPLC, its structure confirmed by ESI-QTOF-UHRMS, and then 

lyophilized.  
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III.8. We prepared the radiotracer [52Mn]Mn(3,9-

PC2ABnpMA)(H2O)-Cys-HER2-affibody (44) by radiolabeling the 

conjugate with [52Mn]Mn(II). 

The conjugate was labeled under previously optimized conditions in 

HEPES buffer (pH = 7.02) for 15 minutes at room temperature (Fig. 8). 

Following radiolabeling, the sample was diluted to the appropriate 

volume and used without further purification for in vivo PET/MRI 

experiments, as the radiotracer was obtained with 100% radiochemical 

purity, as confirmed by radio-HPLC and iTLC analyses.  

III.9. We tested the radiotracer [52Mn]Mn(3,9-PC2ABnpMA)(H2O)-

Cys-HER2-affibody (44) in vivo in CB17 severe combined 

immunodeficient (SCID) mice bearing MDA-MB (HER2+) and 4T1 

(HER2-) tumors. 

 

Figure 10. Time-activity curves (TACs) of the SUVmean tumor-to-blood ratio (mammary and 

back implants) obtained from serial nanoPET/MR imaging of CB17 SCID mice bearing MDA-

MB-HER2⁺ (HER2+) and 4T1 (HER2-) xenografts following tail-vein injection of the 

[[52Mn]Mn(3,9-PC2ABnpMA)(H2O)]-Cys-HER2-affibody radiotracer. 
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Our imaging studies revealed that the produced radiotracer showed 

remarkable accumulation in HER2-positive tumor tissue as early as 4 

hours post-injection as observed in in vivo PET/MRI scans (Fig. 10). These 

results demonstrate that the conjugate is suitable for the detection of 

HER2-positive breast cancer by PET/MRI imaging. We also observed 

that the specific tumor uptake of lesions implanted in different tissues 

(muscle/shoulder and inguinal mammary fat pad) varied significantly 

(Fig. 9)indicating  that the local tumor microenvironment influences the 

accumulation of the conjugate. In addition, the radiotracer exhibited high 

renal clearance, which we aim to reduce in future by introducing human 

serum albumin (HSA)-binding unit(s) tot he conjugate. 

 
Figure 10. nanoPET/MR imaging of a CB17 SCID mouse bearing an MDA-MB (HER2+) 

tumor. Decay-corrected coronal PET images acquired at 4, 24, and 72 h post-injection of the 

[[52Mn]Mn(3,9-PC2ABnpMA)(H₂O)]-Cys-HER2-affibody radiotracer following intravenous 

(tail-vein) injection (top), shown as slices without kidney (w/o k) and with kidney (k), together 

with the corresponding transaxial PET images (bottom).  

Orthotopic tumors are indicated by red arrows. 
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III.10.  A novel synthetic route was developed for cryptand 

derivatives in order to improve the inertness of the Mn(II) chelates.  

To enhance the inertness of Mn(II) chelates, we prepared a new family 

of cryptand ligands based on rigid pyclen, bis-pyclen, and O-pyclen 

macrocycles. Starting from 6-Boc-pyclen (14), we synthesized the  

3,9-CB8O2PC (40) cryptand scaffold via intramolecular ether bridge 

formation with 1,2-bis(2-iodoethoxy)ethane using sodium acetate 

sodium acetate trihydrate as a templating base, followed by removal of 

the Boc protecting group (Fig. 11). Subsequent steps, including 

alkylation with tert-butyl-4-(bromomethyl)benzoate and removal of the 

tert-butyl ester protecting groups, yielded a new bifunctional cryptand-

type chelator (42).

 

Figure 11. Synthesis of 3,9-CB8O2PC (40) and 3,9-CB8O2PCBnpCO2H(42): 

(xxxvi) 1,2-bis(2-iodoethoxy)ethane, CH3COONa·3H2O, ACN, 110 °C, 48 h (44%); (xxxvii) 

TFA : DCM (7 : 15), 0 °C → RT, 18 h (88%); (xxxviii) tert-butyl 4-(bromomethyl)benzoate, 

K2CO3, ACN, 80 °C, 24 h (52%); (xxxix) TFA : DCM (7 : 15), 0 °C → RT, 24 h (79%). 
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III.11. It was determined that the  inertness of the Mn(II) complexes 

formed with the new cryptand-type ligands (3,9-CB8O2PC and 3,9-

CB8O2PCBnpCO2H) closely approaches that of commercially available 

macrocyclic Gd(III)-based contrast agents. 

We investigated the formation and dissociation kinetics, water-exchange 

and relaxometric properties, as well as the radiolabeling capability of the 

Mn(II) complexes of the 3,9-CB8O2PC ligand (a derivative of 3,9-PC2A) 

and the corresponding bifunctional 3,9-CB8O2PCBnpCO2H chelator. We 

found that the Mn(II) complexes of these cryptand-type ligands form 

very slowly  - taking several days even at pH 7.4 -  but exhibit outstanding 

inertness. Despite their slow formation, [52Mn]Mn-radiolabeling 

experiments confirmed that these complexes can be efficiently labeled 

under suitable conditions. 

The acid-assisted dissociation rate constant of  

[Mn(3,9-CB8O2PCBnpCO2H)]⁺ (k1 = 1.75 × 10-4 M-1s-1) was lower than 

that of [Gd(HP-DO3A)], a commercially available Gd(III)-based 

macrocyclic contrast agent (k1 = 6.8 × 10-4 M-1s-1), as well as that of the 

most inert Mn(II) chelate reported to date (k1 = 1.6 × 10-3 M-1s-1). This 

value approaches that of [Gd(DO3A-BT)] contrast agent (k1 = 2.8 × 10-5 

M-1s-1). The relaxivity of the Mn(II) chelate of the synthesized BFL 

ligand was also comparable (r1p = 4.27 mM-1s-1, pH 7.4, 37 °C, 0.49 T) 

to that of commercially available Gd(III)-based contrast agents such as 

DOTAREM (r1p = 3.4 mM-1s-1) and the withdrawn MAGNEVIST  

(r1p = 3.4 mM-1s-1). Based on their acid-assisted dissociation kinetic 

properties, [Mn(3,9-CB8O2PC)]²⁺ and [Mn(3,9-CB8O2PCBnpCO2H)]⁺ 

represent the most inert Mn(II) complexes reported to date. Owing to 

these exceptional properties, this new ligand family has been placed 

under patent protection.  
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IV. Potential applications of the results 

The results presented in this dissertation lie at the intersection of applied 

coordination chemistry and medical imaging. Our findings may have 

indirect implications for medical diagnostic and therapeutic applications. 

The 3,9-PC2A-based bifunctional platform fulfills the requirements of 

both PET and MRI: chelators with acetate side chains provide rapid and 

efficient [52Mn]Mn(II) labeling and favorable inertness against 

transchelation reactions. The relaxometric performance of paramagnetic 

Mn(II) complexes is clinically relevant. Indeed, GE (General Electric) is 

currently testing an Mn(II) complex of a PC2A-derived chelator in a 

phase II clinical trial. The modular benzyl-carboxylate/maleimide 

anchoring system enables selective conjugation of antibodies, affibodies, 

and peptides, thus allowing rapid adaptation of the system to other targets 

(e.g., EGFR, PSMA) while maintaining labeling capacity and imaging 

performance. 

The prepared radiotracer demonstrated measurable, targeted radiotracer 

accumulation in HER2-positive tumors as early as 4 h after injection in 

in vivo PET/MRI experiments, supporting its diagnostic value. 

Differences in tracer uptake between implantation sites (shoulder muscle 

vs. inguinal mammary fat pad) highlight the influence of the tumor 

microenvironment on tracer uptake, which may inform future diagnostic 

and therapeutic strategies . To reduce renal burden and prolong biological 

half-life, we plan to introduce HSA-binding units, adjust 

charge/hydrophobicity, and apply optimized linker architectures. 

The newly developed Mn(II) complexes of cryptand ligands may offer 

excellent alternatives to the currently dominant Gd(III)-based MRI 
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agents in specific respects.  Due to their exceptional a Hungarian patent 

(P2400001) was filed for this ligand family, which was subsequently 

extended to international protection in 2025. 

A promising strategy bridge the sensitivity gap between PET and MRI is 

the application of a 52/55Mn “cocktail”: 52Mn provides the PET signal, 

while 55Mn contributes paramagnetism, using identical chelation 

chemistry and conjugation. When attached to a biovector, the effective 

size of the conjugate increases, leading to a higher rotational correlation 

time (τR), which is expected to improve relaxivity in MRI. In the case of 

monoclonal antibodies, several (~6 - 7) chelators can be attached to a 

single biomolecule, further enhancing relaxivity through multivalent 

effects. Concurrently, HSA-binding units that are capable of binding to 

human serum albumin (HSA) increase the effective size of the conjugate 

and decrease rotational correlation speed (i.e., τR increases), which 

further enhances relaxivity. Altogether, these factors may contribute to 

the development of a truly bimodal PET/MRI conjugate capable of 

delivering both quantitative molecular (PET) and high-resolution 

anatomical (MRI) information using the same bioconjugate. 
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