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A B S T R A C T   

Theranostic and personalized medicine are blooming strategies to improve oncologic patients’ health care and 
facilitate early treatment. While 18F-radiochemistry for theranostic application is attractive due to its imaging 
properties, combining diagnosis by positron emission tomography (PET) via aluminum-fluoride-18 and β−

therapy with lutetium-177 is relevant. Nevertheless, it requires the use of two different chelating agents, which 
are NOTA and DOTA for aluminum-fluoride-18 and lutetium-177 radiolabeling, respectively. To overcome this 
issue, we propose herein the synthesis of a new hybrid chelating agent named NO2A-AHM, which can be labeled 
with different types of emitters (β+, β− and γ) using the mismatched Al18F/177Lu pair. NO2A-AHM, is based on a 
hydrazine moiety functionalized by a NOTA cycle, a chelating arm, and a linker with a maleimide function. This 
design is chosen to increase the flexibility and allow the formation of 5 up to 7 coordination bonds with metal 
ions. Moreover, this agent can be coupled to targeting moieties containing a thiol function, such as peptides, to 
increase selectivity towards specific cancer cells. Experimental complexation and computational chemistry 
studies are performed to confirm the capacity of our chelating agent to label both aluminum-fluoride and 
lutetium using molecular modeling approaches at Density Functional Theory (DFT) level. 

The proof of concept of the ability of NO2A-AHM to complex both aluminum-fluoride-18, for PET imaging 
applications, and lutetium-177 for radiotherapy has shown encouraging results which is prominent for the 
development of a fully consistent theranostic approach.   
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1. Introduction 

The diagnosis and treatment of cancers through nuclear medicine 
have been improved during the last years due to the development of 
novel radiopharmaceutical targeting systems. Indeed, the discovery of 
cancer-type specific receptor on tumor cells allows the development of 
specific binding compound to target these receptors and hence the tu-
moral tissues. During the last four decades, the development of new 
radiopharmaceuticals with highly specific targeting capabilities has 
emerged in the field of nuclear medicine. These new radiopharmaceu-
ticals allow patients health care improvement by offering more specific 
radiotracers for the precise diagnostic of numerous pathologies by nu-
clear imaging and their treatment by targeted radionuclide therapy 
(TRT). [1,2] These two diagnosis and treatment modalities are com-
bined under the theranostic approach allowing access to personalized 
medicine. This approach consists in using the same radiopharmaceutical 
labeled either with a β+-emitter for positron emission tomography (PET) 
imaging or with γ-emitter for single photon emission computed to-
mography (SPECT) imaging for diagnosis or labeled with α- or 
β− -emitters for treatment. A radiopharmaceutical is composed of a tar-
geting entity coupled via a linker to a chelating agent which binds a 
radionuclide. 

Radionuclides used in the theranostic approach are essentially 
radiometals requiring labeling via coordination bonds formation. The 
most common strategy up to date to ensure this aim is the labeling of the 
same compound with matched pairs of radionuclides for both diagnostic 
and therapy (64Cu/67Cu, [3] 44Sc/47Sc, [4] 149Tb/152Tb/155Tb/161Tb 
[5]). [6] Nevertheless, a majority of these radioemitters are not yet used 
in clinical routine, hence seriously limiting this approach. An alternative 
strategy involves the use of mismatched pairs (68Ga/177Lu, [7] 
44Sc/177Lu, [8] 68Ga/90Y, 64Cu/90Y [9]) with two different radionuclides 
to radiolabel the same compound. 

The targeting agent is essential to provide adapted biological prop-
erties to the radiopharmaceutical (biodistribution, tumor uptake, 
dosimetry, clearance…). Numerous specific targeting agents are known 

to bind selectively to receptors overexpressed on tumor cells and are 
essentially biomolecules like peptides, proteins, or antibodies. A sig-
nificant number of radiopharmaceuticals employing the mismatched 
pairs 68Ga/177Lu showed excellent clinical success. The first one is the 
couple [68Ga]Ga-DOTATATE/[177Lu]Lu-DOTATATE (Luthatera®) tar-
geting the somatostatin receptor, overexpressed on neuroendocrine tu-
mors. These radiotracers are composed of the octreotide peptide as 
targeting agent, DOTA chelator as a bifunctional chelator (BFC), and 
gallium-68 for diagnosis or lutetium-177 for treatment. For prostate 
cancer, the prostate-specific membrane antigen (PSMA) receptor is 
targeted by the 2-[3-(1,3-dicarboxypropyl)-ureido]pentanedioic acid 
(DUPA) pattern and is contained in the radiopharmaceuticals [68Ga]Ga- 
PSMA-11 and [177Lu]Lu-PSMA-617 (Pluvicto®). [10] This strategy of-
fers a similar biodistribution profile with the use of radionuclides 
commonly used for clinical applications (68Ga/177Lu). 

Recent advances in fluoride-18 radiochemistry have been made in 
particular by the novel strategy developed by McBride et al. in 2009 
allowing the direct labeling of fluoride-18 by complexation. The so- 
called “aluminum-fluoride-18” strategy consists in the complexation of 
an aluminum atom by a chelator and fluorine-18, this former playing the 
role of a co-ligand. [11] Furthermore, this innovative strategy opens the 
gate to new mismatched theranostic pairs such as Al18F/177Lu in the 
development of new radiopharmaceuticals but the need of adapted BFC 
is crucial. 

BFCs were developed to link the radionuclide to the targeting agent. 
The BFC is covalently coupled to the targeting agent and the radiometal 
is fixed to it through the formation of coordination bonds. Numerous 
BFCs have been developed (Fig. 1) including acyclic chelating agents 
such as diethylenetriaminepentaacetic acid (DTPA), N,N′-bis-[2-hy-
droxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N′-diacetic acid 
(HBED-CC), or cyclic chelating agent like 1,4,7-triazacyclononane- 
1,4,7-triacetic acid (NOTA) and its derivatives 1,4,7-triazacyclono-
nane,1-glutaric acid-4,7-acetic acid (NODAGA) and {4-[2-(bis-carbox-
ymethylamino)-ethyl]7-carboxymethyl-[1,4,7]triazonan-1-yl}acetic 
acid (NETA), 1,4,7,10-tetraazacyclododecane-N,N′,N′′,N′′‘-tetraacetic 

Fig. 1. Chemical structures of chelators used for Al18F-labeling and for 177Lu-labeling.  

W. Laurène et al.                                                                                                                                                                                                                               



Journal of Inorganic Biochemistry 246 (2023) 112267

3

acid (DOTA) to complex diagnostic and therapeutic radionuclides. [12] 
Nevertheless, the choice of the chelating agent depends on the 

radiometal to prevent the off-target side effect. Thus, using those che-
lators can limit the development of theranostic agents as one chelator 
cannot form stable complexes with all radiometals. Various coupling 
strategies have been studied to link the targeting agent to the BFC, 
among them the irreversible bioconjugation reaction with formation of 
an amide bond is well described. However, this strategy involves the use 
of preliminary protected chelators and targeting agents and is prone to 
degradation by proteases. Other bioconjugation strategies such as thiol- 
maleimide click reactions or the formation of thiourea thanks to iso-
thiocyanate (NCS) function are also commonly used. These reactions are 
fast, complete in mild reaction conditions (physiological conditions, 
room temperature) and are selective towards thiol or amine functions 
respectively, thus enabling to carry out coupling reactions with unpro-
tected targeting agents. 

Fluoride-18 is the most used β+-emitter (half-life of 110 min, mean 
β+ (95%) energy of 250 keV), is produced through a cyclotron (18O(p, 
n)18F) and provides PET images with high spatial resolution. Since it is a 
halogen atom, it must be coupled to the targeting agents via covalent 
bonding. The indirect substitution approach employing prosthetic 
groups is the most widespread strategy of radiofluorination, despite this 
strategy has limitation regarding the time of radiosynthesis and radio-
chemical yield. [13] The “aluminum-fluoride-18” strategy takes 
advantage of the easiness of the metal-ion chelating approach. Indeed, 
the {Al18F}2+ forms five coordination bonds with chelating agents with, 
for example, acyclic chelator HBED-CC and cyclic chelator based on 
NOTA cycles like NODAGA and NETA. This chelator size is the most 
adapted for {Al18F}2+ complexation providing high radiochemical 
incorporation yield. [14,15] 

Lutetium-177 (half-life of 6.7 days) is an element belonging to the 
lanthanide group, often used for TRT due to its β− -emission (β− (100%), 
mean β− energy of 134 keV) and its γ-radiation (γ, 113 keV (6.4%), 208 
keV (11%)) allowing an efficient monitoring of treatment by SPECT 
imaging. Lu3+ ion can form from six to nine coordination bonds and can 
be complexed by cyclic chelators presenting a large cavity size (DOTA), 
besides of acyclic chelators (DTPA). [16] Some research groups have 
considered the chelation of lutetium-177 with a small cyclic cage like 
NOTA but decomplexation has been observed in some cases [17,18] 
albeit contrasting results are reported. [19] The poor stability of 177Lu- 
NOTA complex could be principally due to the insufficient number of 
donor group (5–6) to fully saturate the coordination sphere of the metal 
ion (preferential coordination number between 8 and 9). 

The development of theranostic agents using Al18F/177Lu mis-
matched pair is less studied as none of commonly used chelators have 
the ability to complex both elements. Lepage et al. have been the first to 
investigate the development of a theranostic agent for the mismatch pair 
18F/177Lu. The radiotracer was developed with two label units, a DOTA 
cycle for lutetium-177 radiolabeling and an organotrifluoroborate 
prosthetic group for fluoride-18 radiolabeling providing the compound 
DOTA-AMBF3-PSMA for use in the treatment of prostate cancer by 

means of nuclear medicine through theranostic approach. [20] 
The first study on the development of BFCs for theranostic approach 

was conducted by Chong and coworkers. [21] BFCs were designed as 
derivatives from NETA chelator such as C-NE3TA [22,23] and 3p-C- 
NETA [24,25], representing hybrid cyclic/acyclic chelating agents 
combining a NETA macrocyclic ring with additional chelating arms and 
possessing an asymmetric carbon. 

The 3p-C-NETA had shown its ability to be labeled by a large panel of 
radiometals (aluminum-fluoride-18, copper-67, yttrium-90, terbium- 
161, lutetium-177 and bismuth-212/213). This strategy relies on the 
combination of the flexibility provided by an acyclic chelating arm and 
the greater stability afforded by a cyclic chelating agent. Moreover, 
nuclides with a large atomic radius (e.g., lutetium) are not well stabilized 
by small cyclic chelating agents like NOTA and are placed on the top of 
the cycle leading to a non-octahedral geometry. Thus, adding a chelating 
arm may stabilize the complex by surrounding the radionuclide on the 
opposite side of the cycle and presenting an additional donor group to 
increase the coordination number between the metal and the chelator. 
Ahenkorah et al. studied the stability of 3p-C-NETA-based radio-
conjugates. [26] The good stability of the [18F]AlF-3p-C-NETATATE, 
and [177Lu]Lu-3p-C-NETATATE was observed both in PBS and human 
serum during 2 h and 10 days, respectively. Regarding [68Ga]Ga-3p-C- 
NETATATE, a good stability of the complex was observed in PBS after 2 
h but 45% of decomplexation was observed after 2 h in human serum. 
This result gave encouraging results for the development of theranostic 
agents using the mismatched pair Al18F/177Lu using the same compound 
to label. 

Concerning the impact of the charge of the radiometal-chelator 
complex, it has been described that they have a major influence on 
the pharmacokinetic properties of labeled peptides. [27–29] Despite, 
Baun et al. has shown that the biodistribution was unmodified for NOTA 
and NODAGA 68Ga-complexes which are differently charged. Similar 
results were also described by Guo et al. by comparing the two radio-
pharmaceuticals [18F]AlF-NOTA-PRGD2 and [68Ga]Ga-NOTA-PRGD2 
given respectively neutral and positively charged radiotracers. [30,31] 

We therefore propose a new BFC, NO2A-AHM, (Fig. 2) and evaluate 
its ability to complex the mismatched Al18F/177Lu pair to provide new 
radiopharmaceuticals for theranostic approach. Our BFC is built around 
a hydrazine moiety which has the advantage to be easily functionalized 
by up to four groups thanks to its two nitrogen atoms, to be inert towards 
peptidases and to afford a good flexibility thanks to the sp3 hybridization 
of the nitrogen atoms. Moreover, compounds having a hydrazine moiety 
have the advantage to present any asymmetric carbon. The originality is 
based on the use of the hydrazine moiety functionalized by a cyclic 
chelator (NOTA), and a chelating arm to elaborate a hybrid cyclic and 
acyclic chelating agent. Thereby, this new chelating agent could com-
plex various radiometals with a NOTA cycle for small ionic radius ele-
ments (i.e., aluminum) while being able to accommodate larger ionic 
radius elements thanks to additional chelating arm (i.e., lutetium). 
Indeed, the number of donor groups would adapt in function of radio-
nuclides, providing from five to seven coordination bonds, thus 
increasing the stability regarding its complex with NOTA alone. Thiol- 
maleimide click chemistry reaction was chosen to link the targeting 
agent, since it is fast and total in mild conditions while being selective to 
thiol function when using unprotected peptides. Thus, the hydrazine 
moiety is also functionalized by a linker presenting a terminal mal-
eimide function to couple the BFC to a large panel of targeting agents 
with a thiol function, such as peptides or antibodies. The synthesis and 
characterization of this new BFC is described. Then molecular modeling 
investigation to study the atoms of the BFC involved in the complexation 
is performed, following by the complexation evaluation of the BFC with 
aluminum-fluoride and lutetium. To evaluate the perspective of appli-
cation of this new BFC to be used for radiopharmaceutical purpose, 
preliminary radiolabeling tests were done. 

Fig. 2. Chemical structure of the new BFC NO2A-AHM.  
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2. Results and discussion 

2.1. Synthesis of NO2A-AHM 

The synthetic strategy consisted in the functionalization of a hy-
drazine molecule with three entities (NOTA cycle, chelating arm and 
maleimide linker). The addition order of the three entities was deter-
mined to firstly introduce the maleimide linker, secondly the chelating 
arm and finally the NOTA cycle (Scheme 1). 

Firstly, the coupling of the maleimide linker to the free amino group 
of the commercially available starting material tert-butyl carbazate by 
amidation was achieved under classical peptide coupling conditions (i. 
e., HATU as activator, NMM, stirred in DMF for 5 h at room temperature 
(RT). [32,33] After purification on silica gel using DCM/EtOH (98/2, v/ 
v), compound 1 was obtained with a high yield of 91% and a purity of 
95% determined by HPLC at 214 nm (Step i, Scheme 1). Then, the Boc 
protecting group was removed with an excess of TFA in DCM at RT for 5 
h. After precipitation in cooled Et2O (− 20 ◦C) and centrifugation, the 
compound 2 was afforded as a white solid with a purity of 95% at 214 
nm and a quantitative yield (Step ii, Scheme 1). 

The next step has consisted in the coupling of the chelating arm using 
a SN2 reaction between the compound 2 and tert-butyl bromoacetate. 
This reaction has shown the formation of the willing compound 3 and 
the dialkylated compound 3′. Results of the optimization allowing to 
increase the ratio mono-bialkylated 3/3′ products are described in 
Table SI-1. The use of DMF, 1.1 equiv. of K2CO3 and 1 equiv. of tert-butyl 
bromoacetate (Condition 8, Table SI-1) based on Lubell and coworkers’ 
procedure, [34,35] has conducted to a 3/3′ ratio of 81/19 with only 4 ±
3% of remained compound 2, thus providing an isolated yield of com-
pound 3 of 53%.The next step was the addition of a bromoacetyl func-
tion on the hydrazine of compound 3 through an acylation reaction 
using bromoacetyl bromide [36] (Step iv, Scheme 1). This reaction 
produced HBr specie which decreased the pH of the reaction mixture. 
Thus, a base has to be introduced in the reaction mixture to maintain a 
neutral pH during the reaction and to avoid the deprotection of the tBu 
group. K2CO3 was tested initially (2 equiv.) but it did not increase the pH 
above 2. As a result, partial deprotection of the tBu group was observed 
10 min after the addition of bromoacetyl bromide. We noted that the 
addition of an organic base like pyridine (1.5 equiv.) was efficient to 
stabilize the pH at a value of 7 and helped avoid the tBu deprotection. 
The acylation reaction was completed in 15 min leading to the desired 
compound 4 in an excellent yield of 89% with a purity of 96% 

determined by HPLC at 214 nm. The NOTA chelator was then coupled to 
compound 4 to afford compound 5 via an SN2 reaction between the 
bromine atom on compound 4 and the secondary amine of commercially 
available NO2AtBu under basic conditions to increase the nucleophilic 
characters of this secondary amine (Step v, Scheme 1) and neutralize 
HBr formed during the reaction. [37] The synthesis of compound 5 was 
performed by adding a solution of NO2AtBu (0.9 equiv.) and a base in 
anhydrous ACN to a solution of compound 4 (1 equiv.) in anhydrous 
ACN at 0 ◦C and then stirred at RT for 20 h. Different bases were eval-
uated (i.e., DIEA, pyridine, K2CO3, Et3N and NMM from 1 to 3 equiv.) to 
minimize the formation of the side-product 5′ relative to the formation 
of the desired compound 5 (Table SI-2). This by-product 5′ resulted from 
the coupling of two NO2AtBu cycles with the compound 4 via an SN2 
reaction of the bromine atom following by an aza-Michael addition re-
action on the maleimide function. Aza-Michael additions of a wider 
range of amines (e.g., primary, secondary, acyclic and cyclic) [38] and 
maleimides are known from the literature. Among others, it was shown 
that in simultaneous presence of thiol and primary amine groups, a 
competition between thiol- and aza-Michael additions occurred in 
aqueous buffer. [39] Chemoselective thiol-Michael additions were 
observed from pH 6.5 to 7.5, but above this pH range (up to pH 7.5), 
primary amines competed directly with the thiol groups in Michael 
additions (i.e., loss of thiol chemoselectivity) due to the increasing 
nucleophilicity of the amines. These findings would tend to suggest that 
the pH during the reaction must be under 7.5 to disfavor the formation 
of the by-product 5′, but at the same time, it should be high enough to 
allow SN2 reaction. It would therefore seem that a neutral pH of 7.0 
represents the optimal condition for minimizing by-product 5′ forma-
tion. The best result was achieved using a dropwise addition of the 
NO2AtBu/DIEA (2 equiv.) solution for 2 h at 0 ◦C. This slow addition 
helped significantly to improve the 5/5′ ratio by up to 98/2 with a very 
high compound 4 consumption (i.e., 2% remaining), resulting in an 
isolated compound 5 yield of 37%. Despite these optimized conditions, 
only 37% of compound 5 were isolated, and this was due to the difficulty 
in separating compound 5 from 5′ during the purification step. 

Finally, tBu protecting groups on compound 5 were removed with an 
excess of TFA in DCM (Step vi, Scheme 1). After precipitation in cooled 
Et2O (− 20 ◦C), centrifugation and purification by RP-C18 HPLC, the 
final compound 6 (i.e., NO2A-AHM) was afforded as a white solid with a 
purity of >98% at 214 nm and a quantitative yield (Step vi, Scheme 1). 
In summary, NO2A-AHM was obtained in six steps with an overall yield 
of 16%. The two nucleophilic substitutions were the two limiting steps 

Scheme 1. NO2A-AHM synthesis. Reagents and conditions: (i) maleimidohexanoic acid, HATU, NMM, DCM/DMF (1/1, v/v), RT, 5 h, 91%; (ii) TFA, DCM, RT, 5 h, 
quantitative; (iii) BrCH2CO2tBu, K2CO3, DMF, RT, overnight, 53%; (iv) BrCH2COBr, pyridine, DCM, RT, 20 min, 89%; (v) NO2AtBu, DIEA, ACN, overnight, RT, 37%; 
(vi) TFA, DCM, RT, 5 h, quantitative. 
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(Steps iii and v, Scheme 1) with yields of 53% and 37%, respectively, 
after optimization of the reaction conditions. 

2.2. Molecular modeling 

Molecular modeling has been used to elucidate the main structural 
properties of the chosen ligands and complexes, and also due to the 
difficulties encountered in obtaining suitable crystals for structural 
analysis by X-Ray Diffraction. Firstly, aluminum complexes have been 
modeled demonstrating the ability of NO2A-AHM to complex the metal 
ion, different conformers varying on their coordination numbers have 
also been explored. Furthermore, the availability of coordination sites 
allowing the inclusion of fluoride has also been confirmed. The struc-
tures of the AlF-NO2A-AHM complex have been obtained as well and 
were systematically compared with those of Al/AlF to allow a direct 
comparison. 

2.2.1. Optimized geometries 
The coordination properties of NO2A-AHM towards aluminum 

mono-fluoride cation ({AlF}2+) and lutetium cation (Lu3+) were studied 
by molecular modeling under the framework of density functional the-
ory (DFT). The optimized geometries for the most stable conformations 
and the calculated free energies determined for each complex are pre-
sented in Fig. 3. 

2.2.1.1. Optimized geometry of AlF-NO2A-AHM. To fully evaluate the 
complexation between NO2A-AHM and trivalent aluminum (Al(III)), 
the stability of two different conformers were studied (Fig. 4). Thus, to 
explore the complex configurational space experienced by the chelating 
systems, we also modeled an additional hexacoordinated compound in 
which the oxygen of the amide function is directly coordinating 
aluminum (Hexa_Al_O=C). Interestingly, the latter appeared to be quasi- 
degenerated with Hexa_Al_arm, having a small free energy difference of 
5.51 kcal.mol− 1. Consequently, and also depending on the energy bar-
rier, both minima can be populated. Conversely, the saturation of the 
coordination sphere of Al with a fluoride resulted in the most favorable 
complex and yielded a remarkable stabilization compared to Hex-
a_Al_arm by 46.75 kcal.mol− 1. 

Moreover, a comparison between the equilibrium geometries of 
Hexa_Al and Hexa_Al_F can be appreciated in Fig. 4. Both complexes 
were neutral and presented octahedral coordination around aluminum 
with a N3O2F first coordination sphere for Hexa_Al_F and N3O3 for 
Hexa_Al_arm. Aluminum was located at the center of the chelator ring 
and was coordinated by the three nitrogen atoms of the NOTA cycle, the 
two oxygen atoms of the carboxylate group of the alkyl side chains and 
the fluoride atom. The geometry was coherent with the DFT calculation 
reported by Wang et al. [40] Looking into more detailed geometrical 
parameters, the average Al–N and Al–O coordination distances were of 
2.130 and 1.853 Å, respectively, and they behave similarly for the two 
complexes (Table SI-3). The relatively short bond lengths further 
corroborated the stability of the coordination between Al and the 
chelator. Indeed, even the presence of fluoride did not distort 

significatively the coordination environment. However, the AlF bond in 
Hexa_Al_F, was significantly shorter (1.733 Å) than the other Al–N and 
Al–O bonds, as expected from the high affinity of fluoride for 
aluminum, as shown by its high stabilization energy estimated at around 
580–670 kJ.mol− 1. [41] For both structures, a slightly distorted octa-
hedron was observed as the 12 orthogonal and the 3 linear angles were 
close to the ideal values of 90◦ and 180◦, respectively. The orthogonal 
angles were averaged at 89.809◦ for Hexa_Al_arm and 89.843◦ for 
Hexa_Al_F, while the linear angles were centered at 168.330◦ and 
168.015◦, respectively. Despite the high similarity between the two 
structures, the Hexa_Al_F geometry appeared slightly more distorted 
than Hexa_Al_arm. The average of the difference between the ideal 
orthogonal angles (90◦) and the orthogonal angles was of 5.741◦ and 
5.482◦, respectively, and the average difference between the ideal linear 
angles (180◦) and linear angles was of 11.984◦ and 11.670◦, respec-
tively. A similar distorted octahedral arrangement was observed in the 
X-ray structures of AlF-NODA presenting orthogonal and linear angles 
averaging at 89.89◦ and 169.60◦, respectively. [41] 

2.2.1.2. Optimized geometry of Lu-NO2A-AHM. The computational 
study was extended to Lu-NO2A-AHM complex. As lutetium is able to 
form complex with a chelator thanks to 6 to 9 coordination bonds, two 
hexacoordinated and one heptacoordinated conformations 
(Hexa_Lu_O=C, Hexa_Lu_arm and Hepta_Lu, respectively) were modeled 
to determine the most stable configuration. Also, the possible coordi-
nation of water was considered including 1, 2 or 3 molecules. The 
heptacoordinated structure was the most stable one compared to hex-
acoordinated and highly coordinative solvated species. The difference of 
energy between Hexa_Lu_O=C, Hexa_Lu_arm was significant (ΔG: 9.33 
kcal.mol− 1) and demonstrated the importance of the chelating arm for 
the complexation of metal. Heptacoordinated complex had a similar 
energy compared to Hexa_Lu_arm (ΔG: 1.31 kcal.mol− 1) and hence 
should be populated at RT. All the solvated species were at least 5 kcal. 
mol− 1 above these two species, eventually discarding their formation in 
water environments. 

Looking into the geometries of Hexa_Lu_arm and Hepta_Lu, some 
considerations concerning their structural parameters can be drawn, 
especially in comparison with the corresponding Al complexes. The 
hexacoordinated structure presented an octahedral geometry with 
lutetium as the center atom complexed by N3O3 donor set. The 
complexation sphere involved the three nitrogen atoms of the NOTA 
cycle, the two oxygen atoms of the carboxylate group of the alkyl side 
chains and the oxygen atom of the chelating arm (Table SI-4). The 
average Lu-N and Lu–O coordination bond lengths were of 2.527 and 
2.148 Å, respectively, and hence longer than Al–N and Al–O coordi-
nation bond due to the larger atomic radius of lutetium (difference be-
tween Lu–N and Al–N bond length of 0.397 Å and difference between 
Lu–O and Al–O of 0.295 Å). These bond lengths demonstrated the 
strength of coordination of lutetium with the chelator. A distorted oc-
tahedron was observed as the 12 orthogonal and the 3 linear angles were 
close to the ideal values of 90◦ and 180◦, respectively, the average of 
orthogonal angles being 89.476◦ and the average linear angles 

Fig. 3. Optimized geometries of AlF-NO2A-AHM (a) and Lu-NO2A-AHM (hexacoordinated (b) and heptacoordinated (c)). Hydrogens were removed for 
more clarity. 
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150.783◦. The average of the difference between the ideal orthogonal 
angles (90◦) and the orthogonal angles was of 15.318◦ and the average 
difference between the ideal linear angles (180◦) and linear angles was 
of 29.217◦. Thus, the Hexa_Lu geometry was more distorted than Hex-
a_Al_F geometry and this could be explained by a most important ring 

deformation. The heptacoordinated structure presented distorted 
pentagonal bipyramidal geometries with lutetium as the center atom 
complexed by N3O4 donor set (complexation with the three nitrogen 
atoms of the NOTA cycle, the two oxygen atoms of the carboxylate group 
of the alkyl side chains, oxygen atom of the chelating arm and the 

Fig. 4. Chemical structures of Al- and AlF-NO2A-AHM complexes studied in molecular modeling and their free energy (kcal.mol− 1) related to the free energy of 
Hexa_Al_F structure. 

Fig. 5. Evaluation of defluorination reaction from AlF-NO2A-AHM to Al-NO2A-AHM conformation (free energy values in kcal.mol− 1).  
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oxygen atom of the carbonyl group). The average Lu–N and Lu-Ocar-

boxylic acid coordination bond lengths of the Hepta_Lu structure were 
close to Lu–N and Lu–O bond lengths in Hexa_Lu_arm (Lu–N length of 
2.543 Å and 2.527 Å respectively and Lu-Ocarboxylic acid of 2.192 Å and 
2.148 Å, respectively). The Lu-Ocarbonyl coordination bond length was 
instead longer than Lu-Ocarboxylic acid bonds (2.337 Å). This bond lengths 
demonstrated the lowest implication of the carbonyl group as donor 
compared to oxygen of carboxylic acid. Nevertheless, this carbonyl 
group was fundamental to slightly increase the stability of the complex 
as the free energy of Hepta_Lu was lower than the one of Hexa_Lu_arm 
(ΔE: 1.31 kcal.mol− 1) (Table SI-4). 

2.2.2. Modeling of defluorination reaction 
To test the stability of AlF-NO2A-AHM, defluorination was modeled 

exploring the free energy profile along the progressively increase of the 
distance between the fluoride from the aluminum starting from the 
Hexa_Al_F geometry (Fig. 5). A high energy barrier of 57.43 kcal.mol− 1 

should cross to break the bond between aluminum and fluoride, con-
firming the strength of aluminum-fluoride complex and the robustness 
of the aluminum-fluoride bond. The defluorination conducted to the 
formation of Hexa_Al_O=C configuration, where the oxygen atom of the 
carbonyl function formed a coordination bond with the aluminum. This 
Hexa_Al_O=C geometry had a higher free energy than Hexa_Al_F (ΔG: 
51.80 kcal.mol− 1). Thus, we may evidence that the defluorination was 
both kinetically and thermodynamically unfavorable. Note however 
that Hexa_Al_O=C had a slightly higher free energy than Hexa_Al_arm 
and hence should be regarded as an intermediate lately evolving to the 
final favorable conformation. Hexa_Al_O=C, had an octahedral geome-
try where aluminum was complexed by N3O3 donor set (complexation 
with the three nitrogen atoms of the NOTA cycle, the two oxygen atoms 
of the carboxylate group of the alkyl side chains and oxygen atom of the 
carbonyl group). The average Al–N and Al–O coordination bond 
lengths were of 2.098 and 1.862 Å and were thus similar to Al–N and 
Al–O bond lengths of the Hexa_Al_F geometry. The average of orthog-
onal angles was of 90.034◦ for Hexa_Al_O=C and 89.843◦ for Hexa_Al_F, 
while the average of linear angles was of 166.451◦ for Hexa_Al_O=C and 
168.015◦ for Hexa_Al_F. Thus, the average of the difference between the 
ideal orthogonal angles (90◦) and the orthogonal angles was of 6.667◦

and the average difference between the ideal linear angles (180◦) and 
linear angles was of 13.549◦, indicating that Hexa_Al_O=C was slightly 
more distorted than Hexa_Al_F which can also lead to some geometrical 
strains further decreasing the stability of the former. 

2.3. Complexation studies 

Complexation evaluation was conducted using the non-radioactive 
mismatched pair natF/natLu (Scheme 2). Complexation with {AlnatF}2+

will give a negatively charged complex, whereas Lu3+ will give neutral 
complex with NOTA as chelator. 

2.3.1. Aluminum-fluoride complexation 
The strategy for the complexation of NO2A-AHM with aluminum- 

fluoride was studied using AlCl3 and NaF (Step (i), Scheme 2). First, 
{AlnatF}2+ complex was in-situ synthesized by mixing 4.5 equiv. of NaF 
with 1.5 equiv. of AlCl3 in 0.1 M NaOAc buffer (pH 4.5) and stirring for 
5 min at RT. Then, a solution of NO2A-AHM (1 equiv.) in 0.1 M NaOAc 
buffer (pH 4.5) and EtOH at various ratios (Fig. 6b) was added and 
complexation was performed during 30 min (Scheme 2) at various 
temperatures (Fig. 6a). The presence of AlF-NO2A-AHM complex was 
confirmed by LC-MS ([M + H]+, m/z calculated 613.21, found 613.15) 
(Fig. SI-1). Since the optimal labeling temperature may depend on the 
type of chelator, the temperature impact on the conversion rate was 
assessed. Acyclic chelators can be complexed at low temperature 
(30–50 ◦C) such as HBED-CC [42] whereas cyclic chelators, such as 
NOTA, need harder temperature condition (90–110 ◦C). [43] For NO2A- 
AHM, which is a hybrid between cyclic and acyclic chelator, we tried 
various temperatures (40, 60, 70 and 90 ◦C, Fig. 6a) of complexation 
using a complexation media of 0.1 M NaOAc buffer (pH 4.5) with 50% 
EtOH. These attempts showed that the increasing temperature had a 
significant positive impact on the conversion rate of {AlnatF}2+ into 
NO2A-AHM and a minimal temperature of 70 ◦C was required to reach 
>99% of complexation. This harsher temperature condition can be 
explained by the presence of the NOTA cycle. The impact of the EtOH 
content in the EtOH/0.1 M NaOAc buffer (pH 4.5) solvents mixture on 
the conversion rate was also studied (Fig. 6b) at the temperature set at 
90 ◦C. In fact, some studies on Al18F-radiotracers demonstrated the 
importance of using a co-solvent such as EtOH. On one hand, D’Souza 
et al. suggested that a hydrophilic organic solvent would allow a better 
solubilization of Al18F-complex, leading to a high labeling yield. [41] On 
the other hand, Laverman et al. suggested that the achievement of the 
Al18F-reaction at lower ionic strength by adding co-solvents (e.g., EtOH, 
ACN) would allow a considerable increase in radiochemical conversion. 
[44] In our case, the conversion rate increased from 65% without EtOH 
to >99% with 50% EtOH (i.e., EtOH/0.1 M NaOAc buffer (pH 4.5) (1/1, 
v/v)). Similar conclusions about EtOH impact were raised by Kang et al. 
for the radiolabeling of NODA chelator using aluminum-fluoride strat-
egy. [45] In conclusion, the best conditions involving 0.1 M NaOAc 
buffer (pH 4.5) with 50% of EtOH at 70 ◦C for 30 min let to a conversion 
rate > 99%. AlF-NO2A-AHM complex was then directly purified by RP- 
HPLC to remove buffer salt and excess of NaF and AlCl3, allowing to 
obtain a good yield of 75% with a high HPLC purity up to 95% under UV 
detection at 214 nm. No decomplexation was observed after purification 
using ACN and H2O solvents containing 0.1% of TFA (pH 2). 

A study concerning the formation of the {AlnatF}2+ complex was also 
conducted by 19F and 27Al NMR measurements. For this purpose, 
different solutions of AlCl3, NaF and AlCl3 + NaF (1 and 3 equiv. of NaF 
compared to AlCl3) were prepared in D2O or in 0.1 M NaOAc buffer (pH 
4.5). Regarding the NaF samples, different 19F spectra were observed 
depending on whether it was solubilized in D2O or buffer (Fig. SI-2a, 
yellow and green spectra). In the presence of D2O, one singlet at − 122.5 

Scheme 2. AlF-NO2A-AHM and Lu-NO2A-AHM synthesis. Reagents and conditions: (i) EtOH/0.1 M NaOAc buffer at pH 4.5 (1/1, v/v), AlCl3, NaF, 70 ◦C, 30 min, 
75%; (ii) 0.1 M NaOAc buffer at pH 4.5, Lu(NO3)3, 40 ◦C, 30 min, 66%. The coordination bonds are represented by dotted lines. 
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ppm was detected while the 19F spectrum in the buffer presented two 
singlets at − 121.5 and − 131.0 ppm, which could be explained by some 
interactions between fluoride ion and NaOAc. Concerning the 27Al 
spectrum of AlCl3 in D2O or in buffer (Fig. SI-2b, yellow and green 
spectra), according to literature data, [46] two singlets at δ ~0.6 ppm 
(sharp) and at δ ~5 ppm (broad) were observed in both solvents cor-
responding to hexacoordinated Al(III) ions as [Al(D2O)6]3+ complex and 
oligomers, respectively. The spectrum in D2O also presented a singlet at 
δ 63.8 ppm which is attributable to a tetracoordinated Al(III) ion. In the 
mixture of AlCl3 with 1 or 3 equiv. NaF in D2O or in buffer (Fig. SI-2a and 
b, purple and red spectra), significant changes were observed in both the 
19F and 27Al spectra compared to those of AlCl3 and NaF alone (i.e., two 
peaks around δ − 156 and 157 ppm on 19F spectra and one broad singlet 
at δ ~1.5 ppm on 27Al spectra). These modifications suggest an inter-
action and bond formation between Al(III) and F− ions. 

1H NMR spectra of NO2A-AHM and AlF-NO2A-AHM were recorded 
in D2O at 330 K (Fig. 7a,b). Regarding the chelating agent (Fig. 7a), the 
chemical shift region of 3.21–3.46 ppm revealed the presence of five 
singlets corresponding to the 12 protons of the NOTA cycle (i.e., six 
methylene groups of the NOTA backbone), the singlet at δ 3.93 ppm, 
integrating for 6 protons, was assigned to the three methylene groups of 
the pending acetate arms of NOTA. After complexation with {Al-natF}2+, 
the 1H NMR spectrum in the same region showed a broad multiplet 
(22H, 2.76–3.86 ppm) encompassing both the methylene groups of the 
macrocyclic backbone and two pending acetate arms (Fig. 7). The 
appearance of this multiplet could be explained by the ring conforma-
tional interconversion and also by the loss of chemical equivalence of 
the methylene group protons in the macrocycle and on the pending 
acetate arms upon Al(III) ion coordination. [47] 27Al NMR also prove the 
complexation, a new broad resonance at 40.5 ppm (Fig. 7d) appeared on 
the spectrum of AlF-NO2A-AHM complex in D2O at 300 K corre-
sponding to a hexacoordinated Al(III) ion. [48] 19F spectrum of AlF- 
NO2A-AHM showed the conversion of fluoride on aluminum(III) ion 
coordinated by the ligand NO2A-AHM, a new signal at δ − 176.3 ppm 
(Fig. 7c) appeared compared to the spectrum of AlCl3 with 3 equiv. NaF 
without ligand in buffer (Fig. SI-2a in red). 

Finally, the stability of the AlF-NO2A-AHM complex over time (from 
0 to 6 h) was studied in 0.1 M PBS (pH 7.4), H2O, and 0.1 M NaOAc (pH 
4.5) at RT by RP-HPLC analysis under UV detection at 214 nm (Fig. 8). 
Neither defluorination no decomplexation of {AlnatF}2+ were observed 
during this time range. 

2.3.2. Lutetium complexation 
For the complexation with Lu(III), 1.5 equiv. of Lu(NO3)3 was added 

to NO2A-AHM in 0.1 M NaOAc buffer (pH 4.5) for at least 30 min 

(Scheme 2). The impact of the two previously discussed factors (i.e., 
temperature and EtOH rate) on the conversion rate was also examined 
(a). The results showed the success of labeling for all temperatures tested 
(25, 40 and 90 ◦C, Fig. 9a) with a kinetic complexation that increased 
with temperature. The presence of Lu-NO2A-AHM complex was 
confirmed by LC-MS ([M + H]+, m/z calculated 741.17, found 741.15) 
(Fig. SI-3). In addition, evaluation of duration influence was studied and 
allowed to obtain a conversion rate of 94% after 3.5 h at RT compared to 
60% after 30 min at RT (data not shown). Like the hybrid chelator 3p-C- 
NE3TA, containing both cyclic and acyclic chelator systems (one NOTA 
and one pendant carboxylic acid arm), [49] NO2A-AHM can be labeled 
efficiently with 177Lu3+ under mild conditions. A fast kinetic complex-
ation at a lower temperature with a high complex stability can be 
observed in the presence of acyclic chelator systems having enough ri-
gidity. [50] For example, Chong et al. carried out kinetic complexation 
studies of 177Lu3+ under mild conditions (pH 5.5, RT) for the hybrid 
chelators 3p-C-NETA and 3p-C-NE3TA (the only difference between the 
two is the presence of a second pendant carboxylic acid arm in 3p-C- 
NETA). [49] The results showed a much faster kinetic complexation for 
3p-C-NETA with a radiolabeling efficiency of 100% in 1 min compared 
to 95% in 60 min for 3p-C-NE3TA. No co-solvent was necessary to 
complex lutetium to NO2A-AHM differently from the case of AlF-NO2A- 
AHM, and EtOH decreased conversion rate (Fig. 9b). In conclusion, the 
best conditions for lutetium complexation were 40 ◦C in 0.1 M NaOAc 
buffer (pH 4.5) for 30 min, leading to a conversion rate of 96%. Lu- 
NO2A-AHM complex was directly purified by RP-HPLC to remove 
buffer salt and excess of Lu(NO3)3. HPLC purification needs to be per-
formed without 0.1% TFA in ACN and H2O solvents, otherwise 35% 
decomplexation was observed after purification. We suggest that the low 
pH of the purification solvent (0.1% of TFA, pH 2) is the cause of this 
decomplexation. Lu-NO2A-AHM was obtained in good yield of 66% 
with a high HPLC purity of over 98% under UV detection at 214 nm. 

Comparison of the 1H NMR spectra of compounds NO2A-AHM and 
Lu-NO2A-AHM shows a change in the clumps corresponding to the ring 
protons (Fig. 10) and provides evidence for the complexation of Lu3+ by 
NO2A-AHM. After complexation with Lu3+, the 1H NMR spectrum 
showed an integrating bulk for twelve protons in the region of δ 
2.90–3.40 ppm containing overlapping low-resolution multiplets due to 
the duplication of the 12 protons of the NOTA ring (N-CH2-CH2-N ring) 
(initially in the region of δ 3.21–3.46 ppm). The singlet initially 
observed at δ 3.93 integrating for the three alkyl side chains (3 N-CH2- 
COO− ) turned into two broad singlets. These multiplets can be explained 
by ring conformation interconversions and protons in the alkyl side 
chains that are no longer equivalent upon coordination. 

The complex was moderately stable in PBS with 53% of intact Lu- 

Fig. 6. (a) Influence of the temperature on the conversion rate of AlF-NO2A-AHM.Reaction parameters: 1.5 equiv. AlCl3 and 4.5 equiv. NaF stirred for 5 min at RT in 
0.1 M NaOAc buffer (pH 4.5) at 50% EtOH rate, then addition of NO2A-AHM, 30 min, 40–90 ◦C. (b) Influence of EtOH rate on the conversion rate of AlF-NO2A- 
AHM. Reaction parameters: 1.5 equiv. AlCl3 and 4.5 equiv. NaF stirred for 5 min at RT in 0.1 M NaOAc buffer (pH 4.5), addition of NO2A-AHM and 0, 25 and 50% 
EtOH, 30 min, 90 ◦C. Conversion rate in % was measured using HPLC under a UV detection at 214 nm. 
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NO2A-AHM presented after 17 days. However, only 8% and 11% of 
decomplexation product was observed after 18 days in NaOAc buffer 
and water, respectively. (Fig. 11). During the stability study, only the 
decomplexation product (i.e., NO2A-AHM) was identified, and no 
degradation product was observed. 

2.4. Radiolabeling 

The ability of NO2A-AHM to complex non-radioactive {AlnatF}2+

and natLu3+ in a stable manner was determined by complexation and 
stability assays, and confirmed by molecular modeling. Thus, a proof of 
concept of the ability of NO2A-AHM to complex alumnium-fluoride-18 
and lutetium-177 was conducted. 

2.4.1. Radiosynthesis of [18F]AlF-NO2A-AHM 
Several protocols of Al-18F-radiolabeling were reported in the liter-

ature, [14,51] and different teams such as Kang et al. and Kersemans 
et al. demonstrated that a high ratio of co-solvent such as EtOH 
(60–80%) and buffer at pH around 4.5–5.0 allowed to obtain high la-
beling yield. [45,52] In this work, the radiolabeling strategy of NO2A- 
AHM was adapted from the reaction conditions described by Kang et al. 
[45] 

The radiosynthesis consisted in the production of [18F]NaF followed 
by its addition to a solution of AlCl3 (7 μg, 0.6 equiv. in a solution of 0.5 
M NaOAc buffer (pH 4.5)/EtOH (20/80, v/v)) for 5 min at RT to form a 
{Al18F}2+ complex. Then, NO2A-AHM (30 μg, 53 nmol, 1 equiv.) was 
radiolabeled with {Al18F}2+ (50 MBq) for 15 min at 90 ◦C in a solution of 
0.5 M NaOAc buffer (pH 4.5)/EtOH (20/80, v/v). The impact of the 
AlCl3 equiv. on the conversion rate was also studied. Results presented 

Fig. 7. 1H NMR spectra of (a) NO2A-AHM and (b) AlF-NO2A-AHM in D2O at 330 K (400 MHz) (peak at δ 4.75 ppm corresponds to H2O), (c) 19F NMR spectrum of 
AlF-NO2A-AHM in D2O at 300 K (376.5 MHz) (peak at δ − 75.54 ppm corresponds to TFA), (d) 27Al NMR spectrum of AlF-NO2A-AHM in D2O at 300 K (104.26 MHz) 
(*: Trace of H2O in D2O). 
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in Fig. SI-4a showed that 0.6 equiv. of AlCl3 allowed to obtain the best 
radiochemical yield of 76 ± 8% (n = 4). The final pH was of 5.1 ± 0.1 (n 
= 4) and the average molar activity was Am = 1.0 ± 0.1 MBq/nmol 
calculated as the ratio between the total activity and the molar amount 
of NO2A-AHM used for radiosynthesis. Evaluation of the complexation 
stability of the radiotracer with {Al18F}2+ was determined by radio- 
HPLC analysis for 3 h and showed no decomplexation or degradation 
(Fig. SI-4b). 

2.4.2. Preliminary study of radiosynthesis of [177Lu]Lu-NO2A-AHM 
Lutetium-177 radiolabeling assays of BFC NO2A-AHM were con-

ducted according to radiolabeling conditions used for the lutetium-177 
radiolabeling of PSMA-I&T on EasyOne® (Trasis) whose protocol has 
been validated for clinical routine. Briefly, 380 ± 30 MBq of [177Lu] 
LuCl3 in 0.4 mL of 0.1 M HCl was added to a solution of NO2A-AHM (20 
μg, 35 nmol) in 0.56 M NaAsc (2 mL) to reach a pH of 4.5. Radiolabeling 
was performed for 30 min at 90 ◦C. The determination of the radio-
chemical conversion rate was performed using radio-HPLC and radio- 
TLC techniques. Only 0.3% of a radiolabeled product was measured in 
radio-HPLC with a retention time of 5.8 min. The radio-TLC analysis 
using iTLC-SG as stationary phase and 0.5 M citrate buffer (pH 5) as 

mobile phase has confirmed this result as the non-complexed [177Lu] 
Lu3+ cation with a frontal report (fr) of 0.9 was found at 98%. We ex-
pected to obtain a compound with a fr of 0.0–0.2 using this radio-TLC 
conditions, as observed by the team of Eryilmaz and Kilbas for [177Lu] 
Lu-FAPI-04 and [177Lu]Lu-FAPI-46. [53] These results can be explained 
either by an instability of the BCF, NO2A-AHM, or by the fact that the 
conditions employed (i.e., temperature of 90 ◦C) do not allow to radio-
label this new BFC. 

To optimize the radiochemical conversion rate, mimetic conditions 
used for the complexation with native lutetium have been tested. For 
this purpose, the NaAsc solution was replaced by a 0.7 M NaOAc solu-
tion (pH 8). Thus, 0.2 mL of the NaOAc solution was used to buffer the 
lutetium-177 solution in 0.1 M HCl (380 MBq, 1 mL) to adjust the 
radiolabeling pH to 4.5. The radiolabeling of NO2A-AHM (20 μg, 35 
nmol) was performed at 40 ◦C for 30 min. This time, the radio-HPLC and 
radio-TLC chromatograms (Fig. SI-5) showed the presence of [177Lu] 
Lu-NO2A-AHM with a radiochemical conversion rate of 24% and 42%, 
respectively. The average molar activity was Am = 10.8 ± 2.3 MBq/ 
nmol calculated as the ratio between the total activity and the molar 
amount of NO2A-AHM used for radiosynthesis. These preliminary re-
sults are therefore promising and shown the capacity of this hydrid cy-
clic/acyclic chelating agent to be radiolabel by lutetium-177. Obviously, 
an optimization of the radiolabeling conditions will be planned in the 
near future to validate new radiopharmaceuticals bearing this new BFC. 

3. Conclusion 

The combination of a NOTA cyclic chelator and an additional 
chelating arm on a polyfunctionalizable hydrazine unit, allows the 
construction of a hybrid chelator named NO2A-AHM. This study pre-
sented the evaluation of the addition of a pendant carboxylic acid arm 
on the NOTA chelator to increase the stability of the complex formed 
with lutetium regarding its complex with NOTA and propose an inno-
vative design for the development of a chelator for theranostic appli-
cation using 18F/177Lu mismatched pair. The hydrazine is the main 
element which allow to functionalize the three elements constituting the 
BFC, a NOTA macrocyclic chelator, a chelating arm and a maleimide on 
the extremity of an alkyl spacer for bioconjugation with cysteine con-
taining peptides. Although the maleimide-thiol bioconjugation has a lot 
of advantages regarding its specificity and the use of unprotected pep-
tide, the adduct can be prone to retro Michael reaction in vivo. To 
overcome this possibility, other bioconjugation strategies could be 
implemented such as the use of 3-arylpropiolonitriles instead of the 

Fig. 8. RP-HPLC stability over time of the complexed AlF-NO2A-AHM (1 mg/ 
mL) in 0.1 M NaOAc (pH 4.5), H2O, and 0.1 M PBS (pH 7.4) at RT under UV 
detection (214 nm). 

Fig. 9. (a) Influence of the temperature on the conversion rate of Lu-NO2A-AHM. Reaction parameters: 1.5 equiv. Lu(NO3)3 and NO2A-AHM in 0.1 M NaOAc buffer 
(pH 4.5), 30 min, 25–90 ◦C. (b) Influence of EtOH rate on the conversion rate of Lu-NO2A-AHM. Reaction parameters: 1.5 equiv. Lu(NO3)3 and NO2A-AHM in 0.1 M 
NaOAc buffer (pH 4.5)/EtOH in different ratio (v/v) 30 min, 90 ◦C. Conversion rate in % was measured using HPLC under a UV detection at 214 nm. 
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maleimide function, which showed selective bioconjugation with 
cysteine residues in the presence of other amino acid residues, and 
affording hydrolytically stable bioconjugates. [54] The 6 steps synthetic 
route explored around the polyfunctionalization of the hydrazine moiety 
has provided NO2A-AHM with an overall yield of 16%. 

The comprehension of atoms/functions involved in the complexation 
around aluminum-fluoride and lutetium cations was studied by 
modeling calculation of the complexes. Octahedral geometries were 
observed for the AlF-NO2A-AHM complex and distorted pentagonal 
bipyramidal for Lu-NO2A-AHM. A defluorination study of the AlF- 
NO2A-AHM complex highlighted the very high strength of the Al–F 
bond and that a competition between the complexation of aluminum by 
the chelating arm and fluoride is not possible. 

Complexation studies with the non-radioactive aluminum-fluoride 
{AlnatF}2+ and lutetium natLu3+ were carried out. These can be com-
plexed by the developed BFC with conversion rates of >99% and 98%, 
respectively. The reference complex AlnatF-NO2A-AHM has a very high 
stability, while the natLu-NO2A-AHM complex shows moderate stability 
after 18 days but need to be evaluated in formulated solution. 

Preliminary radiolabeling tests of the new BFC with aluminum-fluoride- 
18 and lutetium-177 were undertaken. Thus, a radiochemical conver-
sion rate of 76% and 24% were obtained for the compound [18F]AlF- 
NO2A-AHM and [177]Lu-NO2A-AHM, respectively. 

This study demonstrates the proof of concept that this new BFC could 
be used to complex both aluminum-fluoride and lutetium. Further op-
timizations will be necessary both to increase the radiochemical con-
version rate and to have stable radioconjugate in the purpose to use this 
new bifunctional chelator in radiopharmaceutical agents. This work is 
the first step in the development of theranostic agents using the mis-
matched pairs 18F/177Lu. However, a particular attention will be given 
to pharmacokinetic properties evaluation. Indeed, [18F]FAl-NO2A- 
AHM is a negatively charge complex whereas [177Lu]Lu-NO2A-AHM is 
a neutral complex. The versatility of NO2A-AHM to complex other 
radiometal like gallium-68 and copper-64 is under investigation. 

Access to radiopharmaceutical using this BFC coupled by thiol- 
maleimide click chemistry reaction to targeting agents containing 
cysteine moieties is under evaluation. Thus, radiopharmaceuticals con-
taining cysteine amino acid and DUPA recognition pattern could be used 
to target PSMA receptors for prostate cancer diagnosis and treatment 
applications. Moreover, cysteine or thiol containing targeting agents 
could be evaluated to show the versatility of the BFC to be coupled to 
several targeting agents. The coupling of NO2A-AHM to targeting 
agents containing cysteine amino acid, will conduct to get access to new 
radiopharmaceuticals. In vitro and in vivo evaluations including stability 
experiments of radioconjugates could be performed to conclude about 
the potential of this new BFC in the development of new theranostic 
agents. 

4. Experimental section 

4.1. Reagents and general methods 

All chemicals were purchased at the highest purity commercially 
available and were used without further purification. Dry solvents were 
obtained by distillation over P2O5 under an argon atmosphere or dried 
with sieves and other reagent-grade solvents were used as received. 
NO2AtBu was purchased from CheMatech (Dijon, France). 2-(1H-7-Aza-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronoium hexafluorophosphate 
(HATU) was purchased from Iris Biotech GmbH (Marktredwitz, Ger-
many). The hydrazine monohydrate, tert-butyl carbazate, N-methyl-
morpholine (NMM), trifluoroacetic acid (TFA), and Lu(NO3)3 were 
purchased from Alfa Aesar (Haverhill, MA, USA). 6-maleimidohexanoic 

Fig. 10. 1H NMR spectra of (a) NO2A-AHM and (b) Lu-NO2A-AHM in D2O at 330 K (400 MHz) (peak at δ 4.75 ppm corresponds to H2O).  

Fig. 11. RP-HPLC stability over time of the complexed Lu-NO2A-AHM (1 mg/ 
mL) in 0.1 M NaOAc (pH 4.5), H2O, and 0.1 M PBS (pH 7.4) at RT under UV 
detection (214 nm). 
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acid, tert-butyl bromoacetate, NaF and AlCl3 were obtained from Sigma- 
Aldrich (Taufkirchen, Germany). Bromoacetyl bromide and pyridine 
were purchased from Acros Organics. Potassium carbonate was purchased 
from Fluka Chemika. Chelex100® was purchased from BioRad. All 
products were used without further purification. Only Milli-Q water (18.2 
MΩ.cm− 1) was used for the aqueous solutions preparation. All reactions 
were realized under nitrogen atmosphere. 

Centrifugation was performed using Eppendorf 5810 R centrifuge. 
Product purifications were performed using Geduran 60H Silica Gel 
(63–200 mesh) flash chromatography. Preparative HPLC experiments 
were conducted with a Varian setup equipped with 2 Prostar 210 pumps, 
a reversed phase Varian Pursuit5 column (5 μm, 21.2 × 150 mm), a 
Prostar 335 Varian PDA UV–visible detector and a Prostar 363 Varian 
fluorescence detector. Data acquisition was performed by Varian Star 
Chromatography software. The column was used at 10 mL.min− 1 flow 
rate and the injection volume was of 10 mL. Purification was performed 
at 308 nm. Mobile phase A was H2O with 0.1% of TFA and the mobile 
phase B was ACN with 0.1% TFA. 

1D and 2D NMR spectra (1H, 13C, 2D COSY, 2D HSQC, 2D HMBC) 
were recorded on a Bruker Advance 300 spectrometer in CDCl3 or 
DMSO‑d6 or D2O at 300 K on the facility of the APPEL platform of LCPM, 
Nancy, France expected for 1D and 2D NMR spectra (1H, 13C, 19F, 27Al, 
2D COSY, 2D HSQC, 2D HMBC) of the compounds NO2A-AHM, AlF- 
NO2A-AHM and Lu-NO2A-AHM which were recorded on a Bruker 
Advance 400 spectrometer in D2O at 300 or 330 K on the CPM NMR 
facility of Université de Lorraine, Nancy, France. Chemical shifts (δ) 
were reported in parts per million (ppm) and were referenced to the 
signal of CDCl3 (δ = 7.26 and 77.16 ppm for 1H and 13C NMR, respec-
tively) or DMSO‑d6 (δ = 2.50 and 39.52 ppm for 1H and 13C NMR, 
respectively) or D2O (δ = 4.79 ppm for 1H NMR). Coupling constants (J) 
are given in hertz (Hz) and the multiplicity is defined as s for singlet, 
d for doublet, t for triplet, m for multiplet, br for broad or combinations 
thereof (NMR in Fig. SI-1-11). 

Analytical HPLC-MS analysis was performed on a Shimadzu LC-MS- 
2020, monitored by a Diode Array Detector SPD-M20A and Mass 
Spectroscopy Detector (Shimadzu, Marne la Vallée, France) using a 
Pursuit 5® C18 column (150 × 4.6 mm, 5 μm, Varian) (Varian, Agilent 
Technologies, Santa Clara, CA, USA). The column was used at 0.8 
mL⋅min− 1 flow rate of a gradient from 5 to 100% of B (A = ACN/H2O 5/ 
95, 0.1% of formic acid; B = ACN, 0.1% formic acid) for 15 min. The 
mobile phase A was ACN/H2O 5/95 v/v with 0.1% of formic acid and 
the mobile phase B was ACN with 0.1% formic acid. The flow rate was 
0.8 mL.min− 1. The positive ions ionization ESI mode was applied (HPLC- 
MS in Fig. SI-1-11). 

High resolution mass spectrometry (HRMS) experiments were per-
formed on a micrOTOF Bruker (electrospray ionization ESI+, 50–1000 
in low and 50–2500 in width). 

4.2. Organic synthesis 

4.2.1. Synthesis of tert-butyl 2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) 
hexanoyl)hydrazine-1-carboxylate (1) 

To a stirred solution of tert-butyl carbazate (500 mg, 3.78 mmol) and 
NMM (1.65 mL, 15.1 mmol, 4 equiv.) in anhydrous DCM (10 mL) was 
added at 0 ◦C a solution of 6-maleimidohexanoic acid (780 mg, 3.78 
mmol, 1 equiv.) in anhydrous DCM (5 mL). A solution of HATU (1.43 g, 
3.78 mmol, 1 equiv.) dissolved in a minimum amount of DMF was added 
to the reaction mixture. The reaction mixture was slowly raised to RT 
and stirred for 5 h. The mixture was then washed 3 times with of H2O 
containing 0.1% TFA (20 mL) and the aqueous phase was extracted 
twice with DCM (20 mL). The organic phases were combined, dried over 
Na2SO4 and the solvent was removed under reduced pressure. The crude 
was purified by silica flash column chromatography (DCM/EtOH, 98/2, 
v/v) to give 1 as yellow oil (1.15 g, yield: 91%). Analytical HPLC Rt: 10.4 
min and purity: 99% (λabs = 214 nm). 1H NMR (CDCl3, 300 MHz) δ 
1.18–1.39 (m, 2H, CH2-CH2-CH2-CONH), 1.42 (s, 9H, (CH3)3), 

1.52–1.75 (m, 4H, CH2-CH2-CH2-CH2-CONH), 2.20 (t, 2H, J = 7.1 Hz, 
CH2-CONH), 3.47 (t, 2H, J = 7.1 Hz, CH2-N-(CO)2), 6.66 (s, 2H, 
HC––CH), 6.96 (br s, 1H, NH), 8.13 (br s, 1H, NH). 13C NMR (CDCl3, 75 
MHz) δ 25.3 (CH2), 26.8 (2 CH2), 28.8 (3 CH3), 34.4 (CH2), 39.2 (CH2), 
82.3 (C, t-Bu), 134.7 (2 HC––CH), 156.3 (CO2NH), 171.5 (2 CO), 173.0 
(NH-CO-CH2). LC-MS (ESI) calculated for C15H23N3O5Na [M + Na]+ m/ 
z 348.15, found 348.15. 

4.2.2. Synthesis of 6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) 
hexanehydrazide (2) 

To a solution of compound 1 (1.08 g, 3.32 mmol, 1 equiv.) in DCM (5 
mL) was added TFA (5.1 mL, 66.4 mmol, 20 equiv.) for deprotection of 
the Boc group. The reaction mixture was stirred at rRT for 5 h. TFA was 
co-evaporation four times with DCM (125 mL). The residue was 
precipitated in cooled Et2O (40 mL, − 20 ◦C). The solution was cen-
trifugated 15 min at 5000 rpm and the supernatant was removed. The 
white powder was dried under vacuum (746 mg, yield: quantitative). 
Analytical HPLC Rt: 6.3 min and purity: 90% (λabs = 214 nm). 1H NMR 
(DMSO‑d6, 300 MHz) δ 1.12–1.34 (m, 2H, CH2-CH2-CH2-CONH), 
1.39–1.61 (m, 4H, CH2-CH2-CH2-CH2-CONH), 2.16 (t, 2H, J = 7.3 Hz, 
CH2-CO-NH), 3.38 (t, 2H, J = 6.9 Hz, CH2-N-(CO)2), 7.01 (s, 2H, 
HC––CH), 10.44 (s, 1H, NH). 13C NMR (DMSO‑d6, 75 MHz) δ 24.1 (CH2), 
25.5 (CH2), 27.6 (CH2), 32.5 (CH2-CO), 38.7 (CH2-N), 134.4 (2 
HC––CH), 171.0 (2 CO), 171.6 (CO). LC-MS (ESI) calculated for 
C10H16N3O3 [M + H]+ m/z 226.11, found: 226.10. 

4.2.3. Synthesis of tert-butyl (6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) 
hexanamido)glycinate (3) 

Compound 2 (300 mg, 1.33 mmol, 1 equiv.) and K2CO3 (202.5 mg, 
1.46 mmol, 1.1 equiv.) was dissolved in cooled DMF (15 mL, 0 ◦C). Tert- 
butyl bromoacetate (197 μL, 1.33 mmol, 1 equiv.) was dissolved in 
anhydrous DMF (5 mL) and added dropwise during 2 h to the stirred 
solution. The reaction mixture was slowly raised to RT and stirred 
overnight. Then, the reaction mixture was diluted in H2O (100 mL) and 
the resulted solution was extracted thrice with EtOAc (30 mL). The 
organic phase was dried over Na2SO4 and the solvent was removed 
under reduced pressure. The crude was purified by silica flash column 
chromatography (EtOAc/n-hexane, 80/20, v/v) to give compound 3 as a 
yellow oil (238 mg, yield: 53%). Analytical HPLC Rt: 10.9 min and pu-
rity: 98% (λabs = 214 nm). 1H NMR (CDCl3, 300 MHz) δ 1.12–1.37 (m, 
2H, CH2-CH2-CH2-CONH), 1.45 (s, 9H, 3 CH3), 1.52–1.78 (m, 4H, CH2- 
CH2-CH2-CH2-CONH), 2.10 (t, 2H, J = 7.3 Hz, CH2-CO-NH), 3.44–3.57 
(m, 4H, CH2-N-(CO)2, NH-CH2-COO), 6.66 (s, 2H, HC––CH), 7.17 (br s, 
1H, NH), 7.49 (br s, 1H, NH). 13C NMR (CDCl3, 75 MHz) δ 25.5 (CH2), 
26.9 (CH2), 28.8 (3CH3), 28.8 (CH2), 35.0 (CH2), 38.2 (N-CH2), 53.9 
(NH-CH2) 82.45 (C, t-Bu), 134.7 (2 HC––CH), 171.0 (2 CO), 171.5 
(COO), 172.6 (CONH). LC-MS (ESI) calculated for C16H26N3O5 [M +
H]+ m/z 340.17, found 340.10. 

4.2.4. Synthesis of tert-butyl N-(2-bromoacetyl)-N-(6-(2,5-dioxo-2,5- 
dihydro-1H-pyrrol-1-yl)hexanamido)glycinate (4) 

To a solution of compound 3 (238 mg, 0.70 mmol, 1 equiv.) and 
pyridine (85 μL, 1.05 mmol, 1.5 equiv.) in anhydrous DCM (2 mL) was 
added dropwise a solution of bromoacetyl bromide (47 μL, 0.56 mmol, 
0.8 equiv.) in anhydrous DCM (3 mL) for 10 min at RT. The reaction 
solution was stirred for 10 min more before evaporation of the solvent to 
dryness. The residue was precipitated in cooled Et2O (40 mL, − 20 ◦C). 
The solution was centrifugated 15 min at 5000 rpm and the supernatant 
was removed. The white powder was dried under vacuum and used in 
the next step without further purification (287 mg, yield: 89%), 
Analytical HPLC Rt: 12.4 min and purity: 96% (λabs = 214 nm). 1H NMR 
(CDCl3, 300 MHz) δ 1.27–1.38 (m, 2H, CH2-CH2-CH2-CONH), 1.47 (s, 
9H, 3 CH3), 1.54–1.78 (m, 4H, CH2-CH2-CH2-CH2-CONH), 2.25 (t, 2H, J 
= 7,1 Hz, CH2-CONH), 2.80 (s, 2H, CH2-COOtBu), 3.52 (t, 2H, J = 6.9 
Hz, CH2-N-(CO)2), 3.84 (s, 2H, CO-CH2-Br), 6.69 (s, 2H, HC––CH), 8.07 
(br s, 1H, NH). 13C NMR (CDCl3, 75 MHz) δ 25.7 (CH2), 26.9 (CH2), 27.2 
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(CH2-Br), 28.7 (3 CH3), 28.8 (CH2), 34.5 (CH2), 38.1 (N-CH2), 50.0 (NH- 
CH2) 83.6 (C, tBu), 134.7 (2 HC––CH), 168.8 (CO-NH), 169.2 (2 CO), 
171.5 (CO), 172.3 (CO-NH). LC-MS (ESI) calculated for 
C18H26BrN3O6Na [M + Na]+ m/z 482.09, found 482.00.: 

4.2.5. Synthesis of di-tert-butyl 2,2′-(7-(2-(1-(2-(tert-butoxy)-2-oxoethyl)- 
2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanoyl)hydrazinyl)-2- 
oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetate (5) 

To a solution of compound 4 (94 mg, 0.20 mmol, 1 equiv.) in 
anhydrous ACN (10 mL) was added dropwise at rRT for 2 h a solution of 
NO2AtBu (72.9 mg, 0.18 mmol, 0.9 equiv.) and DIEA (71 μL, 0.40 mmol, 
2 equiv.) in anhydrous ACN (5 mL). The reaction mixture was stirred at 
RT during 12 h and then diluted with H2O containing 0.1% TFA (50 mL). 
The aqueous phase was extracted thrice with DCM (3 × 30 mL). The 
organic phases were combined and washed with brine (30 mL), dried 
over Na2SO4 and the solvent was removed under reduced pressure. 
HPLC purification was achieved using an isocratic at 50% of B during 20 
min followed by gradient of 50% to 100% of B in 15 min. Compound 5 
was detected by UV at 220 nm (Rt: 14.5 min) and the collected fraction 
was evaporated under reduced pressure and then freeze dried. Com-
pound 5 was obtained as a white powder (49.1 mg, yield: 37%). 
Analytical HPLC Rt: 13.5 min and purity: 92% (λabs = 214 nm). 1H NMR 
(CDCl3, 300 MHz) δ 1.17–1.36 (m, 2H, CH2-CH2-CH2-CONH), 1.45 (s, 
27H, 9 CH3), 1.54–1.73 (m, 4H, CH2-CH2-CH2-CH2-CONH), 2.29 (t, 2H, 
J = 6.9 Hz, CH2-CO-NH), 2.84–3.37 (m, 14H, c(N-CH2-CH2-N-CH2-CH2- 
N-CH2-CH2), N-CH2-COOtBu), 3.45–3.58 (m, 8H, N-CH2-CON, 2 N-CH2- 
COOtBu, CH2-N-(CO)2), 6.67 (s, 2H, HC––CH), 10.18 (br s, 1H, NH). 13C 
NMR (CDCl3, 75 MHz) δ 25.0 (CH2), 26.8 (2CH2), 28.8 (9 CH3), 34.0 
(CH2), 38.2 (CH2-N-(CO)2), 48.5 (2 N-CH2), 50.7 (2 N-CH2) 51.33 (CH2- 
CON), 53.0 (2 N-CH2), 55.4 (CO-N-CH2-COO), 56.4 (2 N-CH2-COO), 
83.0 (2 C, tBu), 83.5 (C, tBu), 134.7 (2 HC––CH), 167.4 (NH-N-CO), 
169.1 (2 COO), 170.3 (2 CO), 171.6 (COO), 173.7 (CO-NH). LC-MS (ESI) 
calculated from C36H61N6O10 [M + H]+ m/z 737.44, found 737.40. 

4.2.6. Synthesis of 2,2′-(7-(2-(1-(carboxymethyl)-2-(6-(2,5-dioxo-2,5- 
dihydro-1H-pyrrol-1-yl)hexanoyl)hydrazinyl)-2-oxoethyl)-1,4,7- 
triazonane-1,4-diyl)diacetic acid (NO2A-AHM) 

To a solution of compound 5 (45.2 mg, 0.06 mmol, 1 equiv.) in DCM 
(2 mL) was added TFA (1.2 mL, 15.9 mmol, 260 equiv.) for tBu esters 
deprotection. The reaction mixture was stirred at room temperature for 
5 h and then TFA was removed under reduced pressure. The residue was 
precipitated in cooled Et2O (40 mL, − 20 ◦C). The solution was cen-
trifugated 15 min at 5000 rpm and the supernatant was removed. The 
white powder was dried under vacuum. HPLC purification was achieved 
using a gradient of 5% to 70% of B in 40 min. NO2A-AHM was detected 
by UV at 308 nm (Rt: 20.9 min) and the collected fraction was evapo-
rated under reduced pressure and then freeze dried. NO2A-AHM was 
obtained as white powder (34.8 mg, yield: quantitative). Analytical 
HPLC Rt: 7.2 min and purity: 98% (λabs = 214 nm). 1H NMR (D2O, 400 
MHz, 330 K) δ 1.25–1.40 (m, 2H, CH2-CH2-CH2-CONH), 1.56–1.75 (m, 
4H, CH2-CH2-CH2-CH2-CONH), 2.37 (t, 2H, J = 7.3 Hz, CH2-CO-NH), 
3.21 (s, 2H, CH2), 3.23 (s, 2H, CH2), 3.29 (s, 2H, CH2), 3.31 (s, 2H, CH2), 
3.46 (s, 4H, 2 CH2), 3.54 (t, 2H, CH2-N-(CO)2), 3.93 (m, 8H, 3 CH2- 
COOH, N-CH2-CO-N), 6.87 (s, 2H, HC––CH). 13C NMR (DMSO‑d6, 75 
MHz) δ 24.0 (CH2), 25.7 (CH2), 27.6 (CH2), 32.5 (CH2), 36.9 (CH2-N- 
(CO)2), 48.9 (2 N-CH2), 49.1 (2 N-CH2), 49.4 (2 N-CH2), 53.5 (CH2-CO- 
N), 54.4 (3 N-CH2-COO), 134.4 (2 HC––CH), 169.5 (NH-N-CO), 170.9 (2 
CO), 171.1 (3 COOH), 171.7 (CO-NH). HRMS (ESI) calculated from 
C24H37N6O10 [M + H]+ m/z 569.2571, found 569.2549. 

4.3. Complexations 

4.3.1. Synthesis of AlF-NO2A-AHM 
To a AlCl3 solution in 0.1 M NaOAc buffer at pH 4.5 (2.5 mL, 10.6 

mM, 1.5 equiv.) was added NaF solution in 0.1 M NaOAc buffer at pH 4.5 
(2.5 mL, 31.7 mM, 4.5 equiv.) and stirred for 5 min at RT. NO2A-AHM 

solution (1 mL, 17.6 mM, 1 equiv.) in 0.1 M NaOAc buffer (pH 4.5) and 
EtOH (6 mL) were added to the {AlnatF}2+ solution to reach a 50% of 
EtOH rate into final solution. The resulted mixture solution was heated 
for 30 min at 90 ◦C. HPLC purification was achieved using a gradient of 
5% to 45% of B in 30 min. AlF-NO2A-AHM was detected by UV at 220 
nm (Rt: 15.2 min) and the collected fraction was evaporated under 
reduced pressure and then freeze dried. AlF-NO2A-AHM was obtained 
as a white powder (8.08 mg, yield: 75%). Analytical HPLC Rt: 8.4 min 
(C18, 10–40%B in 15 min) and purity: 96% (λabs = 214 nm). 1H NMR 
(D2O, 400 MHz, 300 K) δ 1.27–1.43 (m, 2H, CH2-CH2-CH2-CONH), 
1.56–1.77 (m, 4H, CH2-CH2-CH2-CH2-CONH), 2.40 (t, 2H, J = 7.3 Hz, 
CH2-CO-NH), 2.76–4.37 (m, 22H, 11 CH2), 6.87 (s, 2H, HC––CH). 13C 
NMR (D2O, 100.6 MHz, 300 K) δ 24.3 (CH2-CH2-CH2-CH2-CONH), 25.5 
(CH2-CH2-CH2-CH2-CONH), 27.3 (CH2-CH2-CH2-CH2-CONH), 33.1 
(CH2-CH2-CH2-CH2-CONH), 37.4 (CH2-N-(CO)2), 49.1 (N-CH2), 49.8 (N- 
CH2), 51.7 (N-CH2), 52.8 (N-CH2), 52.9 (N-CH2), 53.5 (N-CH2), 54.0 
(CH2-CO-N), 55.4 (N-CH2-COO), 62.9 (N-CH2-COO), 63.0 (N-CH2- 
COO), 134.3 (2 HC––CH), 170.9 (NH-N-CO), 171.5 (2 CO), 173.4 (CO- 
NH), 176.1 (COO), 176.4 (2 COO). 19F NMR (D2O, 376.5 MHz, 300 K) δ 
− 176.31 ppm. 27Al NMR (D2O, 104.26 MHz, 300 K) δ 69.72 ppm. LC-MS 
(ESI) calculated from C24H35AlFN6O10 [M + H]+ m/z 613.22, found 
613.15. 

4.3.2. Synthesis of Lu-NO2A-AHM 
To a solution of NO2A-AHM in 0.1 M NaOAc buffer at pH 4.5 (2 mL, 

10.63 mM, 1 equiv.) was added a solution of Lu(NO3)3 in 0.1 M NaOAc 
buffer at pH 4.5 (2.5 mL, 11.42 mM, 1.5 equiv.) at RT. The solution 
mixture was heated for 30 min at 40 ◦C. HPLC purification was achieved 
using a gradient of 5% to 35% of B in 35 min. Lu-NO2A-AHM was 
detected by UV at 214 nm (Rt: 19.4 min) and the collected fraction was 
evaporated under reduced pressure and then freeze dried. Lu-NO2A- 
AHM was obtained as a white powder (11.16 mg, yield: 66%). Analyt-
ical HPLC Rt: 7.08 min (C18 10–50%B in 15 min) and purity: 98% (λabs 
= 214 nm). 1H NMR (D2O, 400 MHz, 300 K) δ 1.22–1.40 (m, 2H, CH2- 
CH2-CH2-CONH), 1.49–1.77 (m, 4H, CH2-CH2-CH2-CH2-CONH), 
2.25–2.46 (m, 2H, CH2-CO-NH), 2.86–3.40 (m, 12H, 6 CH2 (NOTA)), 
3.39–3.91 (m, 10H, 3 N-CH2-COO, CO-CH2-N, CH2-N-(CO)2), 6.83 (s, 
2H, HC––CH). 13C NMR (D2O, 100 MHz, 300 K) δ 24.2 (CH2-CH2-CH2- 
CH2-CONH), 25.6 (CH2-CH2-CH2-CH2-CONH), 27.4 (CH2-CH2-CH2-CH2- 
CONH), 33.1 (CH2-CH2-CH2-CH2-CONH), 37.5 (CH2-N-(CO)2), 49.0 (N- 
CH2), 50.3 (N-CH2), 51.0 (N-CH2), 51.8 (N-CH2), 52.8 (N-CH2), 54.5 (N- 
CH2), 54.8 (CH2-CO-N), 58.2 (N-CH2-COO), 61.7 (N-CH2-COO), 64.9 (N- 
CH2-COO), 134.4 (2 HC––CH), 172.3 (NH-N-CO), 173.5 (2 CO), 175.6 
(CO-NH), 179.4 (COO), 180.1 (2 COO).LC-MS (ESI) calculated from 
C24H34LuN6O10 [M + H]+ m/z 741.17, found 741.15. 

4.4. Molecular modeling 

Initial structures were generated using Avogadro 1.2.0 software 
[55,56] and used as input for further geometry optimization. The geo-
metrie optimization has been performed with DFT using B3LYP func-
tionals. The 6-31G basis set was used for AlF-NO2A-AHM study whereas 
basis set def2-TZVP+SDD was used for Lu-NO2A-AHM. All the calcu-
lations have been performed using the Gaussian16 software. [57] 
Optimization were performed in aqueous solution with water modeled 
as a polarizable continuum model (PCM). Vibrational frequencies have 
been calculated to confirm that all the structures are local minima on the 
potential energy surface. Furthermore, free energy has been estimated 
using the rigid rotor approach. Interconversion between different con-
formations, and defluorination have been studied considering relaxed 
scans along the respective relevant coordinates using the same level of 
theory as for the geometries optimization. 

4.5. Radiolabeling 

Sodium chloride solution for injection, 0.9% (wt/v) was purchased 
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from B. Braun (Saint-Cloud, France). Anhydrous AlCl3 (99.999%, trace 
metals basis) and NaOAc (99.99% trace metals basis) were purchased 
from Sigma Aldrich (Taufkircher, Germany). Acetic acid glacial 
(>99.85%) was supplied by Merck (Darmstadt, Germany). Anhydrous 
absolute EtOH was purchased from Carlo Erba (Val-de-Reuil, France). 
Milli-Q water (18.2 MΩ.cm− 1) was used for the aqueous solutions 
preparation. 

Buffer was prepared and controlled with Mettler Toledo pH-meter 
with InLab Micro pH electrode. Sep-Pak Accell Plus QMA Plus Light 
Cartridge (130 mg Sorbent per Cartridge, 37–55 μm) was purchased 
from Waters. 

No-carrier-added fluoride-18 was produced via the 18O (p,n)18F nu-
clear reaction on a PET Trace cyclotron (GE). The bombardment was 
performed at 10 μA during 5 min to provide 3.7 GBq of fluoride-18 
delivered as a solution in 18O-enriched water (1.6 mL). Radiolabeling 
steps was thanks to ThermoMixer® from Eppendorf for heating and 
stirring. Radiolabeling tests were performed using EasyOne® (Trasis, 
Ans, Belgium) for automated 177Lu-complexation experiment or manu-
ally after [18F]NaF production using AllInOne® synthesis module 
(Trasis, Ans, Belgium). 

Radiosynthesis were monitored either by thin-layer chromatography 
(TLC). TLC plates were revealed using TLC-scanner mini-GITA® (Elysia 
Raytest, Straubenhardt, Germany) and by HPLC using Waters system 
(2695eb pump, auto sampler injector, 2998 PDA detector, NaI detector 
from Berthold (Bad Wildbad, Germany) controlled by Empower Soft-
ware (Orlando, FL, USA). The system was equipped with an ACE® 
Avantor RP-C18 column (150 × 3.0 mm, 3 μm). The mobile phase A was 
H2O with 0.1% of TFA and the mobile phase B was ACN with 0.1% TFA. 
The peaks were detected with UV detection at 214 nm and with activity 
detector. This work was performed on a platform member of France Life 
Imaging network (grant ANR-11-INBS-0006). 

4.5.1. Radiosynthesis of [18F]AlF-NO2A-AHM 
[18F]NaF was synthesized on AllInOne® module following the pro-

tocol of Collet et al. [58] Briefly, [18F]NaF was eluted from a QMA 
chloride cartridge with 3 mL of NaCl 0.9% with a decay-corrected (dc.) 
radiochemical yield (RCY) of 81 ± 3% (n = 12). Aluminum chloride 
solution at 2 mM in NaCl 0.9% (16 μL, 0.6 equiv.) and 500 μL of [18F] 
NaF solution (50 MBq) were stirred together in 1250 μL of AcONa buffer 
0.1 M pH 4.5/EtOH (20/80, v/v) at RT for 5 min. A solution of NO2A- 
AHM of 1 mg.mL− 1 in MilliQ water was added (30 μL, 1 equiv.) and the 
radiolabeling was performed at 90 ◦C for 15 min using a Thermomixer 
(300 rpm). The radiolabeling was controlled by HPLC using a gradient of 
5% to 40% of B in 15 min (flow rate of 0.6 mL.min− 1) (Rt: 6.1 min) and 
by radio-TLC using silica plate as stationary phase and H2O/ACN (4/6, 
v/v) as mobile phase (fr: 0.7). 

4.5.2. Radiosynthesis of [177Lu]Lu-NO2A-AHM 
Radiosynthesis were performed on a EasyOne® (Trasis) module. The 

lutetium-177 solution (380 ± 30 MBq of [177Lu]Lu3+ in HCl 0.1 M (0,4 
mL)) provided by ITM (Munich, Germany) was transferred in the 
reactor. The precursor solution containing NO2A-AHM solution at 1 
mg/mL (20 μL) and NaAsc (0,56 M in H2O) or NaOAc (0.14 M in H2O) in 
position 3 was transferred to vial which has contained the lutetium-177 
solution and then, was transferred into the reactor. The radiolabeling 
was performed 30 min at 40 or 90 ◦C in a sealed reactor. The reaction 
mixture was transferred to the final vial in position 6 to evaluate the 
radiolabeling efficiency and diluted with NaCl 0,9% to reach a final 
volume of 10 mL. The radiolabeling was controlled by HPLC using a 
gradient of 5% to 50% of B in 10 min (flow rate of 0.8 mL.min− 1) (Rt: 5.8 
min) and by radio-TLC using iTLC-SG as stationary phase and citrate 
buffer 0.5 M pH 5.0 as mobile phase (fr: 0.3). 
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A. Siegel, H.W. Strauss, The future of nuclear medicine, molecular imaging, and 
theranostics, J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 61 (2020) 263S–272S, 
https://doi.org/10.2967/jnumed.120.254532. 

[2] L. Filippi, A. Chiaravalloti, O. Schillaci, R. Cianni, O. Bagni, Theranostic 
approaches in nuclear medicine: current status and future prospects, Expert Rev. 
Med. Devices 17 (2020) 331–343, https://doi.org/10.1080/ 
17434440.2020.1741348. 

[3] O. Keinänen, K. Fung, J.M. Brennan, N. Zia, M. Harris, E. van Dam, C. Biggin, 
A. Hedt, J. Stoner, P.S. Donnelly, J.S. Lewis, B.M. Zeglis, Harnessing 64Cu/67Cu 
for a theranostic approach to pretargeted radioimmunotherapy, Proc. Natl. Acad. 
Sci. 117 (2020) 28316–28327, https://doi.org/10.1073/pnas.2009960117. 
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