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A B S T R A C T   

A method for the introduction of bifunctionalized 1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetic acid 
(DOTA) into the bridging unit of peptide-based radiopharmaceuticals has been developed. The method is 
executed in the context of Fmoc-based solid-phase peptide synthesis (SPPS) using standard coupling reagents 
(HOAt, TBTU, DIPEA) and was optimized to maximize yields (>99% conversion) and suppress the formation of 
side products (<25%). The bifunctionalized DOTA chelator can be used to integrate radioactive or non- 
radioactive Ga3+-isotopes. This facilitates novel and structurally simple PET tracer designs and the combina
tion of other functional moieties, such as dyes, with Ga-DOTA-chelates in one hybrid tracer.   

Introduction 

Novel multimodal imaging approaches such as hybrid (fluorescence/ 
radioactive) imaging and surgical guidance [1,2] or the implementation 
of the recently introduced radiohybrid (rh) concept [3] add a new level 
of complexity to the structural design of targeted probes with appro
priate in vitro and in vivo characteristics. 

The classical, linear peptide tracer design (chelator-pharmacophore 
or chelator-linker- pharmacophore) constitutes the structural basis of 
virtually all radiometal-labeled peptide tracers currently used in the 
clinic [4]. The integration of additional functionalities (fluorescent dye, 
pharmacokinetic modifiers, prosthetic groups for 18F-labeling etc.) often 
requires the introduction of a trifunctional linker (e.g. an additional 
lysine residue). In many cases, such as in SiTATE [5], hybrid prostate- 
specific membrane antigen (PSMA)-ligands [6] or rh PSMA-analogs 
[3], this branching concept proved sufficient for generating tracers 
with appropriate in vitro and in vivo profiles. To simplify the design of 
bimodal (or hybrid) tracers and to accommodate even more function
alities, further branching can be envisioned [7]. However, such designs 
yield complex, high molecular weight compounds and entail challenges 
for protecting group strategies and synthetic accessibility. 

In a pilot study of our group, the implementation of the rh concept 
(DOTA chelator and silicon fluoride acceptor (SiFA) moiety) in so
matostatin receptor 2 (sst2) targeted Tyr3-octreotate (TATE, D-Phe-cyclo 
[L-Cys-L-Tyr-D-Trp-L-Lys-L-Thr-L-Cys]-L-Thr) ligands was attempted in 
analogy to the design of the recently approved rh PSMA ligand [18F][Ga] 

rhPSMA-7.3 (POSLUMA), using one single branching unit [3]. Although 
synthetically successful, this approach led to sst2-targeted tracers with 
diminished affinity, probably caused by the loss of the TATE adjacent 
[Ga]DOTA moiety, which is known to greatly enhance ligand affinity 
[8]. Furthermore, the compounds were highly lipophilic, necessitating 
the introduction of an additional pharmacokinetic modifier. 

As shown in the literature, the stable chelation of Ga3+ only requires 
two of the four carboxylate pendant arms available in the DOTA chelator 
[9]. When coupled to the pharmacophore, one of the two redundant 
carboxylate arms is engaged in the amide bond to the peptide pharma
cophore, but the other remains free. It was thus the objective of this 
study to exploit this free carboxylate functionality to use the DOTA 
chelator as a bridging unit in the context of the SPPS of sst2-targeted rh 
ligands. This approach was expected to reduce the structural complexity 
of SiFA-based rh sst2-ligands and to allow the introduction of additional 
pharmacokinetic modifiers to finetune in vitro and in vivo tracer 
characteristics. 

Materials and methods 

Synthesis of Fmoc-TATE(PG)-2-CT 

The synthesis of resin-bound Fmoc-TATE(PG)-2-CT was carried out 
according to a procedure by Niedermoser et al [10]. Detailed protocols 
are provided in the supplemental information. Briefly, 2-CT resin is 
loaded with Fmoc–L–Thr(tBu)–OH (resin occupancy: 0.5–0.7 mmol/g). 
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After Fmoc-deprotection using 20% piperidine in DMF, Fmoc-L-Cys 
(Acm)-OH was coupled, followed by Fmoc-L-Thr(tBu)-OH, Fmoc-L-Lys 
(Boc)-OH, Fmoc-D-Trp(Boc)-OH, Fmoc-L-Tyr(tBu)-OH, Fmoc-L-Cys 
(Acm)-OH and Fmoc-D-Phe-OH. Oxidative cyclization of the resulting 
peptide-chain with simultaneous deprotection of the Acm-protecting 
groups was carried out using Thallium(III) trifluoroacetate [11], 
yielding the resin-bound Fmoc-TATE(PG)-2-CT. After most reaction 
steps, test cleavages using 95% trifluoroacetic acid (TFA) were carried 
out to confirm quantitative coupling/cyclisation. 

RP-HPLC (anal.; 10–90% MeCN/H2O (0.1% TFA, v/v) in 15 min): tR 
= 10.8 min; K‘ = 4.1. 

ESI-MS (positive ion mode): m/z calculated for C64H74N10O14S2: 
1270.48, found: 1315.1 [M + CO2 + H]+. 

Synthesis of two exemplary ligands 

Synthesis of SSA1 
Somatostatin analogue 1 (SSA1) was synthesized based on the above 

Fmoc-TATE(PG)-2-CT precursor. Upon Fmoc-deprotection, DOTA(tBu)2 
was coupled to the resin-bound peptide (see GSP7 in the supplementary 
materials). Subsequently, Fmoc-D-Dap-OtBu, Dimethylglycine hydro
chloride and SiFA-Br were coupled using the respective optimized pro
tocols (see supplementary material). The product was cleaved from the 
resin with simultaneous removal of all acid-labile groups using TFA, 
purified via preparative RP-HPLC, and lyophilized. 

SSA1: 
= N-SiFAlin-N,N-Me2-Gly-D-Dap(trans-DOTA-TATE)-OH. 
RP-HPLC (anal.; MeCN/H2O (0.1% TFA, v/v) in 15 min): tR = 12.6 

min; K‘ = 5.0. 
RP-HPLC (prep.): (35–47% MeCN/H2O (0.1% TFA, v/v) in 20 min): 

tR = 17.2 min; K‘ = 5.2. 
ESI-MS (positive ion mode): m/z calculated for 

C87H127FN17O21S2Si+: 1856.86, found: 619.9 [M + 3H]3+, 929.3 [M +
2H]2+. 

Synthesis of SSA2 
SSA2 was synthesized based on the 2-CT-TATE(PG)-Fmoc precursor. 

Upon Fmoc-deprotection, DOTA(tBu)2 was coupled to the resin-bound 
peptide (see GSP7 in the supplementary materials). Subsequently, 
Fmoc-D-Lys-OtBu, Dimethylglycine hydrochloride and SiFA-Br were 
coupled using the respective optimized protocols (see supplementary 
material). The product was cleaved from the resin with simultaneous 
removal of all acid-labile groups using TFA, purified via preparative RP- 
HPLC, and lyophilized. 

SSA2: 
N-SiFAlin-N,N-Me2-Gly -D-Lys(trans-DOTA-TATE)-OH. 
RP-HPLC (anal.; 10–60% MeCN/H2O (0.1% TFA, v/v) in 15 min): tR 

= 12.7 min; K‘ = 5.0. 
RP-HPLC (prep; 33–50% MeCN/H2O (0.1% TFA, v/v) in 20 min): tR 

= 18.5 min; K‘ = 5.5. 
ESI-MS (positive ion mode): m/z calculated for 

C90H133FN17O21S2Si+: 1898.91, found: 634.0 [M + 3H]3+, 950.3 [M +
2H]2+, 1899.8 [M + H]+. 

Complex formation with natGa 
For the incorporation of natGa into the DOTA chelator, a 2 mM so

lution of SSA1 and SSA2 in dimethylsulfoxide (DMSO), respectively, is 
added to a solution of Ga(NO3)3 (20 mM in H2O, 1.5 eq.) and diluted to 1 
mM by the addition of DMSO. The respective mixtures were heated to 70 
⁰C for 1 h, resulting in quantitative complex formation. 

[natGa]SSA1: 
N-SiFAlin-N,N-Me2-Gly-D-Dap(trans-[natGa]DOTA-TATE)-OH. 
RP-HPLC (anal; 10–60% MeCN/H2O (0.1% TFA, v/v) in 15 min): tR 

= 13.1 min; K‘ = 5.2. 
ESI-MS (positive ion mode): m/z calculated for 

C87H125FGaN17O21S2Si+: 1923.77, found: 642.2 [M + 3H]3+, 962.7 [M 

+ 2H]2+, 1283.5 [2 M + 3H]3+. 
[natGa]SSA2: 
N-SiFAlin-N,N-Me2-Gly-D-Lys(trans-[natGa]DOTA-TATE)-OH. 
RP-HPLC (anal.; 10–60% MeCN/H2O (0.1% TFA, v/v) in 15 min): tR 

= 13.2 min; K‘ = 5.3. 
ESI-MS (positive ion mode): m/z calculated for 

C90H131FGaN17O21S2Si+: 1965.82, found: 656.2 [M + 3H]3+, 983.8 [M 
+ 2H]2+, 1311.8 [2 M + 3H]3+. 

Results and discussion 

A scheme for the general reaction of DOTA(tBu)2 with the N-terminal 
amine of protected, resin-bound TATE (H2N-TATE(PG)-2CT, H2N-D-Phe- 
cyclo[L-Cys-L-Tyr(tBu)-D-Trp(Boc)-L-Lys(Boc)-L-Thr(tBu)-L-Cys]-. 

L-Thr(tBu)-2CT) is shown in Fig. 1. 
Using resin-bound H2N-TATE(PG)-2CT typically loaded with 0.72 ±

0.02 mmol H2N-TATE(PG)-2CT per g, we initially used standard 
coupling conditions for direct N-terminal conjugation of DOTA(tBu)2. 
After 2 h, no product formation was observed by reversed-phase high 
performance liquid chromatography (RP-HPLC, λ = 214 nm) (Table 1, 
entry 1). Modifying the number of equivalents of DOTA(tBu)2 or of the 
coupling reagents also did not lead to any product formation after 2 h 
(entry 2–4). Upon continuing the reaction overnight, improved product 
formation was observed. However, this was accompanied by an un
wanted side-product that seemed to stem from on-resin dimerization 
(entry 5). Formation of this dimer significantly lowers the synthetic 
yields of the desired product, prompting us to further optimize the re
action conditions such as to suppress the dimerization. 

Since the side-product is the result of the activation of both free 
carboxylates of DOTA(tBu)2, we attempted to suppress this by intro
ducing increased amounts of DOTA(tBu)2 (entry 6). Statistically, this 
was expected to suppress the formation of the di-activated species and to 
favor the formation of the product. Indeed, a lower degree of dimer
ization was observed. In agreement with the underlying hypothesis, the 
reaction in the presence of an excess of coupling reagents (entry 7) led to 
increased dimer formation (as well as higher overall conversion rates). 

To increase the yield of the coupling reaction, different coupling 
reagents were investigated (entry 8–10), none of which provided 
improved results. Further investigations involving higher equivalents of 
DOTA(tBu)2 (entry 11), longer preactivation times (entry 12), consec
utive addition of the active ester solution (entry 13), strict control of the 
pH at 8–9 (entry 14) or coupling to uncyclized H2N-TATE(PG)-2CT 
followed by cyclization using Tl(CF3CO2)3 [11] (not shown) also had no 
positive impact on the reaction. 

Further batches of Fmoc-TATE(PG)-2CT were thus prepared with 
lower resin-loading (0.51 ± 0.01 mmol/g; n = 4). This was found to 
disfavor the dimerization and consistently provided > 75% of the 
desired monomer using the reaction conditions described in entry 15. 
The small remaining fraction of dimeric side-product (ca. 10–25%) does 
not interfere with the subsequent steps of SPPS and is easily removed 
from the product by preparative RP-HPLC at a later stage. 

Upon successful coupling of DOTA(tBu)2 to TATE(PG)-2CT, the 
remaining free carboxylate of the peptide-resin bound DOTA(tBu)2 was 
then converted to an active ester by the addition of a solution of HOAt 
(1.5 eq.), TBTU (1.5 eq.) and DIPEA (4.5 eq.) for 10 mins. A solution of 
Fmoc-D-Lys-OtBu (1.5 eq.) was added to extend the linker and convert 
the N–terminus to a Fmoc-protected primary amine, which is suitable for 
standard solid-phase peptide synthesis. The reaction scheme is given in 
Fig. 2. This step was completed quantitatively based on RP-HPLC. 

Based on this method, we were able to successfully synthesize a se
ries of novel rh sst2 ligands containing N-terminal pharmacokinetic 
modifiers as well as a SiFAlin-moiety which allows for radiolabeling with 
18F. The capacity of DOTA to complex Ga3+ remains unaffected by its 
integration into the linker, as was confirmed by the quantitative for
mation of the natGa complexes of the respective compounds. 
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Conclusion 

In summary, a synthetic strategy for the incorporation of DOTA as a 
bridging unit during SPPS was successfully implemented and optimized, 
leading to high yields of the desired product and efficient suppression of 
side product formation. This synthetic strategy allows access to a series 
of novel sst2 targeted rh tracers containing additional functionalities. 
Generally, the introduction of the DOTA-chelator as a bridging unit may 
serve as a valuable synthetic concept for a variety of multifunctional 
68Ga-labeled imaging probes with compact molecular designs. 
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