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Abstract: 

ObjecƟve: To compare the tumor targeƟng and pharmacokineƟc properƟes of a SSTR2 
(somatostaƟn receptor type 2) homodimer 8 and a SSTR2/FAP (Įbroblast acƟvaƟon protein) 
heterodimer 14 for neuroendocrine tumors. 

Methods: Both dimers were synthesized on a modular triazine plaƞorm with PEG2 linkers and 
labeled with luteƟum-177. Radiochemical purity, lipophilicity, receptor aĸnity, and cellular 
uptake were evaluated. Ex vivo biodistribuƟon studies were conducted in H69 tumor-bearing 
mice at 1, 4, and 24 h post-injecƟon (p.i.). Autoradiography and immunohistochemistry were 
performed on tumor secƟons. 

Results: Both dimers showed high radiochemical purity (>95%), good stability, and SSTR2 
aĸnity similar to DOTA-TATE. The heterodimer 14 showed approximately 2-fold higher uptake 
in FAP-posiƟve cells than [177Lu]Lu-FAPI-46. In H69 xenograŌs, both dimers demonstrated 
comparable tumor exposure (AUC0-24 h = 98.21 ± 5.45 vs. 97.89 ± 3.50) and retenƟon kineƟcs 
(t1/2 = 12.6 h vs. 12.9 h). Compared with homodimer 8, heterodimer 14 exhibited favorable 
pharmacokineƟcs, including reduced renal uptake and prolonged blood circulaƟon. Under 
SSTR2 blockade, heterodimer 14 retained parƟal tumor uptake, suggesƟng addiƟonal non-
SSTR2-mediated interacƟons. Autoradiography demonstrated the blockade-resistant uptake 
of [¹⁷⁷Lu]Lu-14, and immunohistochemistry conĮrmed FAP expression in H69 tumors. 

Conclusion: Both dimers achieved eīecƟve SSTR2-mediated tumor targeƟng. Compared with 
homodimer 8, heterodimer 14 exhibited disƟnct pharmacokineƟc characterisƟcs while 
maintaining comparable tumor targeƟng, supporƟng the feasibility of SSTR2/FAP dual-
targeƟng. 

Keywords: Neuroendocrine tumors; SSTR2; FAP; bivalent ligands; targeted radionuclide 
therapy. 



1 Introduction 

Neuroendocrine tumors (NETs) comprise a biologically heterogeneous group of malignancies 
arising from neuroendocrine cells and characterized by marked variability in receptor 
expression, growth kineƟcs, and clinical behavior (1, 2). This heterogeneity results in diverse 
clinical presentaƟons and complicates therapeuƟc management (3-5). ConvenƟonal treatment 
strategies include surgery, somatostaƟn analogs (SSAs), chemotherapy, targeted therapies, 
and liver-directed intervenƟons (6, 7). 

PepƟde receptor radionuclide therapy (PRRT) has recently emerged as an important treatment 
opƟon for paƟents with advanced inoperable NETs expressing somatostaƟn receptors (SSTRs) 
(2, 8, 9). Among the Įve known SSTR subtypes (SSTR1-5), SSTR2 is the predominant isoform in 
well-diīerenƟated NETs and represents the principal molecular target for current 
radiopharmaceuƟcals (10). Radiotracers, such as [68Ga]Ga-DOTA-TATE and [64Cu]Cu-DOTA-
TATE, have substanƟally improved imaging, staging, and paƟent straƟĮcaƟon, while [177Lu]Lu-
DOTA-TATE (Lutathera) has demonstrated signiĮcant therapeuƟc beneĮt by delivering 
targeted radiaƟon to SSTR-posiƟve tumors (11-14). 

However, therapeuƟc eĸcacy remains limited in a subset of paƟents, parƟcularly those with 
high-grade or poorly diīerenƟated NETs that exhibit low or heterogeneous SSTR2 expression. 
The insuĸcient radioligand uptake in these cases highlights the need for alternaƟve molecular 
design strategies capable of overcoming receptor heterogeneity or low SSTR2 expression (15). 
One promising approach is pepƟde dimerizaƟon, which can enhance binding avidity, metabolic 
stability, circulaƟon Ɵme, and tumor retenƟon through mulƟvalent interacƟons (16). 
Homodimeric constructs targeƟng SSTR2 can increase binding avidity when receptor density 
is suĸcient, leading to enhanced tumor uptake and prolonged tumor retenƟon without 
altering biological speciĮcity (17). 

In parallel, heterodimeric radioligands capable of targeƟng two biomarkers simultaneously 
oīer a complementary strategy (18, 19). Fibroblast acƟvaƟon protein (FAP), expressed on 
cancer-associated Įbroblasts and frequently upregulated in aggressive NET phenotypes with 
reduced SSTR2 expression, represents a parƟcularly relevant secondary target (20-22). FAP-
directed small-molecule radiotracers, including [68Ga]Ga-FAPI-46 and [68Ga]Ga-OncoFAP, 
exhibit rapid tumor accumulaƟon and high imaging contrast, although their short tumor 
retenƟon limits therapeuƟc applicability (23-25). 

Building on our previous development of the dual-targeƟng ligand eSOMA-FAP-02 
(unpublished data), a Įrst-generaƟon heterodimer designed for simultaneous targeƟng of 
SSTR2 and FAP, we established the feasibility of dual-receptor targeƟng in vivo. However, 
although proof-of-concept was achieved, eSOMA-FAP-02 exhibited subopƟmal 
pharmacokineƟcs, resulƟng in insuĸcient tumor-to-background raƟo. This encouraged us to 
opƟmize the molecular architecture to improve tumor targeƟng eĸcacy and overall in vivo 
performance. The present study extends this approach by synthesizing and evaluaƟng a next-
generaƟon SSTR2-targeƟng homodimer 8 and SSTR2/FAP-targeƟng heterodimer 14 (Fig. 1). 
These constructs were assembled using a triazine-based plaƞorm incorporaƟng TATE-derived 
SSTR2-targeƟng units, a FAP-targeƟng moƟf, and the 1,4,7,10-tetraazacyclododecane-1-



glutaric anhydride-4,7,10-triaceƟc acid (DOTA-GA) chelator to generate homodimeric and 
heterodimeric radioligands. UlƟmately, 8 and 14 could improve targeƟng of high-grade or 
poorly diīerenƟated NETs with low or heterogeneous SSTR2 expression. Using a shared 
molecular framework to isolate the eīects of valency and target mulƟplicity, this study 
systemaƟcally compared homodimeric and heterodimeric radioligands. The aim was to 
elucidate the role of dimerizaƟon and dual-targeƟng on hydrophilicity, stability, and receptor 
binding, and to assess their respecƟve impact on tumor uptake, retenƟon, and biodistribuƟon 
in neuroendocrine tumor models. 

Figure 1. Chemical structures of the SSTR2-targeting homodimer 8 and SSTR2/FAP-targeting 

heterodimer 14. The dimers were constructed on a triazine-based scaffold (in gray) enabling modular 

conjugation of the SSTR2-targeting cyclic peptide derived from TATE (in orange), the FAP-targeting unit 

based on 8-QCP (in blue), and the DOTA-GA chelator (in red). 

2 Results 

2.1 Chemistry  

The SSTR2 binding peptide 3 (26) and FAP binding unit 9 (27) were selected from libraries 
previously developed in our group. The cyclic pepƟde 3 was synthesized via standard Fmoc-
based solid-phase peptide synthesis (SPPS) (Scheme 1). To increase peptide hydrophilicity, a 

GABOB linker was introduced, yielding compound 4 in 46% yield. The synthesis of both dimers 
was achieved using a PEG2-funcƟonalized 1,3,5-triazine core 5 previously developed in our 

laboratory (28) as a modular plaƞorm for mulƟvalent ligand assembly (Scheme 2). 



The SSTR2-targeting homodimer 8 was prepared by conjugation of two SSTR2-targeting 

peptides 4 to the triazine-based platform 5, followed by Boc removal with TFA to afford the 

corresponding amine 6 in 28% yield. Subsequent coupling of 6 with the chelating agent DOTA-

GA anhydride, afforded the intermediate 7 in 81% yield. Final Alloc deprotection afforded 8 in 

50% yield with >95% chemical purity, as confirmed by LC-MS (Fig. S5). 

Synthesis of the SSTR2/FAP-targeting heterodimer 14 consisted of conjugation of the SSTR2-

targeted peptide 4 to the triazine platform 5 to afford monosubstituted intermediate 10 in 

26% yield, followed by the attachment of FAP-targeting moiety 9 to give 11 in 50% yield. 

Following Boc deprotection, the corresponding amine 12 was coupled with DOTA-GA 

anhydride to afford intermediate 13 in 47% yield over two steps. Final Alloc deprotection gave 

the desired heterodimer 14 in 36% yield with >95% chemical purity (Fig. S10). 

 

Scheme 1: Synthesis of the GABOB-funcƟonalized cyclic pepƟde 4. Reagents and condiƟons: (a) Fmoc-

SPPS; (b) TTFA, DMF, rt, 3 h; (c) 20% piperidine in DMF, rt, 15 min; (d) TFA/DCM/TIPS (95:2.5:2.5, v/v/v), 

rt, 3 h, 50%; (e) Boc-GABOB-OH, HBTU, DIPEA, DMF, rt, 1 h; (f) TFA/DCM (1:1, v/v), rt, 30 min, 46%, over 

two steps. 



Scheme 2. Chemical syntheses of the SSTR2 homodimer 8 and SSTR2/FAP heterodimer 14. Reagents and 
condiƟons: (a) 4, DMF, HBTU, DIPEA, rt, 1 h; (b) TFA/DCM/TIPS (95:2.5:2.5, v/v/v), rt, 30 min, 28% over 
two steps; (c) DOTA-GA anhydride, DMF, DIPEA, rt, 1 h, 81%; (d) Pd(PPh3)4, PhSiH3, DCM, rt, 3 h, 50%; (e) 
9, DMF, HBTU, DIPEA, rt, 1 h, 26%; (f) 4, DMF, HBTU, DIPEA, rt, 1 h, 50%; (g) TFA/DCM (1:1, v/v), rt, 30 
min, 74%; (h) DOTA-GA anhydride, DMF, DIPEA, rt, 1 h, 64%; (i) Pd(PPh3)4,PhSiH3, DCM, rt, 3 h, 36%. 

2.2 Radiochemistry, stability and lipophilicity 

The two dimers were efficiently radiolabeled with lutetium-177, achieving radiochemical 

yields (RCY) and radiochemical purities (RCP) above 95% (Table 1, Fig. S11-12). The stability of 
[177Lu]Lu-8 and [177Lu]Lu-14 was assessed by radio-HPLC aŌer incubaƟon in phosphate-

buffered saline (PBS) and murine serum for 1, 4, and 24 h. Both radiotracers demonstrated 

high stability in PBS, with radiochemical purities remaining > 88% after 24 h. In murine serum, 

[177Lu]Lu-8 showed relatively higher stability, retaining > 89% intact compound at 24 h, 

whereas [177Lu]Lu-14 exhibited moderate degradation, with 78% intact tracer remaining at 24 

h post-incubation. The lipophilicity of both compounds was determined by LogD7.4 

measurements (Table 1). Both dimers were highly hydrophilic, as demonstrated by the 

negative LogD7.4 values (-1.8 ± 0.1 and -2.1 ± 0.1 for [177Lu]Lu-8 and [177Lu]Lu-14, respectively).  

Table 1. Radiochemical proprieƟes of [177Lu]Lu-8 and [177Lu]Lu-14. 

Compound RCY (%) RCP (%) 
LogD7.4 

(n=3) 

PBS (%)* Murine serum (%)* 

1 h 4 h 24 h 1 h 4 h 24 h 

 [177Lu]Lu-8 > 95 99.7 -1.8 ± 0.1 96.5 94.5 94.3 96.1 89.7 89.5 

[177Lu]Lu-14 > 95 95.3 -2.1 ± 0.1 93.1 90.8 88.9 92.0 88.9 78.4 



* Results are expressed as the percentage of intact labeled ligand aŌer incubaƟon at 37 °C (n = 1) 

2.3 Binding aĸnity for SSTR2, huFAP, muFAP, and DPP4 

CompeƟƟve binding assay was carried out in U2OS.SSTR2 cells and [177Lu]Lu-DOTA-TATE was 
used as a radioligand (Fig. 2). Both dimers exhibited IC50 values for SSTR2 comparable to DOTA-
TATE (5.3 ± 0.3 nM, 8.8 ± 0.8 nM and 6.0 ± 1.7 nM for DOTA-TATE, compounds 8 and 14, 
respecƟvely), conĮrming high receptor binding aĸnity. The aĸnity of 14 for human FAP 
(huFAP), murine FAP (muFAP), and the related protease DPP4 was determined using a 
recombinant enzymaƟc assay (Table 2). The heterodimer 14 exhibited nanomolar IC50 values 
for huFAP and muFAP, while showing markedly lower aĸnity for DPP4, demonstraƟng high 
selecƟvity for FAP over DPP4.  

 

Figure. 2. CompeƟƟve binding assay on U2OS.SSTR2 cells and corresponding IC50 values of DOTA-TATE, 
8 and 14 (n = 3). 

Table 2. IC50 values of the SSTR2/FAP-targeƟng heterodimer 14 for huFAP, muFAP and DPP4. 

Compound 
Inhibition Specificity 

IC50, huFAP nM IC50, muFAP nM IC50, DPP4 µM 

FAPI-46 1.5± 0.5 1.4 ± 0.5 20.5 ± 2.5 

14 2.9 ± 0.5 2.0 ± 0.3 n.d. 

n.d.: not determined due to insuĸcient inhibiƟon for reliable curve Įƫng. 

2.4 Cell uptake and binding studies 

Uptake and internalizaƟon of the two dimers were invesƟgated in U2OS.SSTR2 and HT-
1080.huFAP cell lines (Fig. 3). In U2OS.SSTR2 cells, the uptakes of [177Lu]Lu-8 and [177Lu]Lu-14 
were lower than the reference [177Lu]Lu-DOTA-TATE (25.2 ± 6.5% AD at 0.5 h and 61.4 ± 6.4% 
AD at 2 h). The uptake of [177Lu]Lu-8 increased from 22.7 ± 4.1% AD at 0.5 h to 49.2 ± 3.2% AD 
at 2 h, similarly, the uptake of [177Lu]Lu-14 showed  an increase from 15.4 ± 5.1% AD to 41.6 
± 3.3% AD within 2h (Fig. 3A). In HT-1080.huFAP cells, [177Lu]Lu-14 displayed a greater increase 
in uptake overƟme, reaching 37.0 ± 6.4% AD at 2h, approximately 2-fold higher than that of 
the reference [177Lu]Lu-FAPI-46 ( 17.6 ± 4.3% AD) (Fig. 3B). As expected, high internalizaƟon 
(>90% of the total uptake) was observed for [177Lu]Lu-8 in U2OS.SSTR2 cells and [177Lu]Lu-14 
in both cell lines (Fig. 3A & 3B). The uptake speciĮcity was conĮrmed by co-incubaƟon with an 
excess of unlabeled DOTA-TATE or FAPI-46, which resulted in negligible uptake for all 
radiotracers (Table S1).  



Figure. 3. Cell uptake and internalizaƟon studies of [177Lu]Lu-DOTA-TATE, [177Lu]Lu-8, and [177Lu]Lu-14 
using U2OS.SSTR2 (A) and HT-1080.huFAP cells (B) at diīerent Ɵme points. 

2.5 Ex vivo biodistribution  

Ex vivo biodistribuƟon studies were carried out at 1, 4, and 24 h aŌer administraƟon of 
[177Lu]Lu-8 and [177Lu]Lu-14. An addiƟonal group of mice was co-injected with a 100-fold molar 
excess of unlabeled DOTA-TATE and sacriĮced at 4 h post-injecƟon (p.i.) (4 h-block group) to 
evaluate SSTR2-targeted uptake speciĮcity (Fig. 4, Table S2 & S3). PharmacokineƟc analysis 
was performed to determine the biological half-life (t1/2) and Ɵssue exposure (AUC 0 → 24 h) of 
tumors, blood, and major organs (Fig. 5).  

Both radiotracers demonstrated comparable tumor uptake at early Ɵme points, reaching 5.76 
± 0.80% ID/g for [177Lu]Lu-8 and 5.66 ± 0.97% ID/g for [177Lu]Lu-14 at 1 h p.i. Tumor uptake 
gradually decreased at 4 h and 24 h p.i., resulƟng in comparable tumor half-lives (12.6 h for 
[177Lu]Lu-8 and 12.9 h for [177Lu]Lu-14) and overall tumor exposure (AUC0 → 24 h: 98.21 ± 5.45 
and 97.89 ± 3.50, respecƟvely). Blocking with excess unlabeled DOTA-TATE markedly reduced 
tumor and pancreas uptake at 4 h p.i. of [177Lu]Lu-8 (tumor: 0.59 ± 0.03% ID/g vs. 4.96 ± 0.59% 
ID/g; pancreas: 0.30 ± 0.02% ID/g vs. 2.74 ± 0.57% ID/g), conĮrming SSTR2-speciĮc tracer 
accumulaƟon. However, only a moderate reducƟon in tumor uptake (3.23 ± 0.70% ID/g vs. 
5.07 ± 0.27% ID/g) and no signiĮcant change in pancreaƟc uptake (2.02 ± 0.20% ID/g vs. 2.21 
± 0.24% ID/g) were observed following co-administraƟon of DOTA-TATE with [177Lu]Lu-14. 
These Įndings indicate that the accumulaƟon of [177Lu]Lu-14 on Ɵssues was not solely 
mediated by SSTR2. Consistently, higher uptake in the pancreas was observed for [177Lu]Lu-8 
than [177Lu]Lu-14 (6.60 ± 1.46% ID/g vs. 4.16 ± 0.53% ID/g). 

Renal uptake was markedly higher for the homodimer [177Lu]Lu-8, reaching 107.3 ± 9.7% ID/g 
and 116.0 ± 4.6% ID/g at 1 and 4 h p.i., whereas [177Lu]Lu-14 showed substanƟally lower kidney 
retenƟon (22.3 ± 2.4% ID/g at 1 h and 19.5 ± 1.6% ID/g at 4 h p.i., p < 0.001). Co-injecƟon of 
excess unlabeled DOTA-TATE did not signiĮcantly reduce renal uptake for either tracer.  

The heterodimer [177Lu]Lu-14 also exhibited a longer blood half-life than the homodimer (2.3 
h vs. 1.0 h), resulƟng in higher blood pool acƟvity at early Ɵme points. This prolonged 
circulaƟon enhanced exposure in vascularized organs such as the liver, heart, and spleen, 
where uptake was signiĮcantly greater at 4 h p.i. compared to the homodimer (p < 0.01). 
InteresƟngly, the heterodimer [177Lu]Lu-14 also demonstrated high bone uptake at 1 h p.i. 

(A)                                                      (B)                                        

 



(6.31 ± 1.08% ID/g), while bone uptake was nearly negligible for the homodimer [177Lu]Lu-8 
(1.00 ± 0.40% ID/g), likely reŇecƟng the contribuƟon of the FAP targeƟng moiety in the 
structure of 14. AddiƟonally, [177Lu]Lu-14 showed signiĮcantly higher skin uptake compared to 
the [177Lu]Lu-8 (7.05 ± 0.73% ID/g at 1 h p.i. and 4.10 ± 0.35% ID/g at 4 h p.i. vs. 1.98 ± 0.27% 
ID/g at 1 h p.i. and 0.71 ± 0.04% ID/g at 4 h p.i., respecƟvely, p < 0.001). Both radiotracers 
showed low background acƟvity in most organs at 24 h p.i., reŇecƟng eĸcient clearance from 
non-target Ɵssues.  



 

Figure 4. Ex vivo biodistribuƟon of [177Lu]Lu-8 and [177Lu]Lu-14 in H69 tumor bearing mice at 1, 4, and 

24 h p.i.; A blocking group (4 h-block, co-injected with excess DOTA-TATE) was included for comparison. 

Uptake in Ɵssues is expressed as the percentage of the injected dose per gram of Ɵssue (% ID/g). 
StaƟsƟcal signiĮcance between the two groups was determined using unpaired two-tailed Student's t-

tests; *P < 0.05, **P < 0.01, *** P < 0.001, ns, not signiĮcant. 



 

Figure 5. (A) PharmacokineƟc modeling of major organs clearance for [177Lu]Lu-8 and [177Lu]Lu-14. (B) 

Area under the curve up to 24 h p.i. (AUC0 → 24 h) from the biodistribuƟon data. 

2.6 Autoradiography studies 

Ex vivo autoradiography of H69 tumor secƟons collected at 4 h post-injecƟon revealed a 
broadly comparable and relaƟvely even distribuƟon of [¹⁷⁷Lu]Lu-8 and [¹⁷⁷Lu]Lu-14 across 
tumor secƟons under non-blocking condiƟons (Fig. 6). Under SSTR2 blockade, the 
autoradiographic signal of [177Lu]Lu-8 was markedly reduced from 1.7% to 0.5% AA (a 70.6% 
decrease), indicaƟng predominantly SSTR2-mediated uptake. In contrast, [177Lu]Lu-14 retained 
a considerable residual signal under blocking condiƟons (from 2.3% to 1.1% AA, 48% of the 
acƟvity measured under non-blocking condiƟons), suggesƟng the presence of an addiƟonal 
non-SSTR2-mediated uptake component. These Įndings are consistent with the quanƟtaƟve 
ex vivo biodistribuƟon results (Fig. 4). 

To assess the contribuƟon of FAP expression in the H69 tumor model used in this study, 
addiƟonal in vitro autoradiography using [¹¹¹In]In-FAPI-46 was performed on H69 tumor 
secƟons, with HT-1080.huFAP tumor secƟons serving as a FAP-posiƟve control. H69 secƟons 
exhibited a detectable signal (4.3% AA, Fig. 7), whereas HT-1080.huFAP secƟons showed 



substanƟally higher binding signal (42.3% AA, Fig. S13), approximately 10-fold greater than 
that observed in H69 secƟons. 

 

Figure 6. Ex vivo autoradiography of H69 tumor secƟons at 4 h post-injecƟon. RepresentaƟve H&E-

stained secƟons and corresponding autoradiograms are shown for [177Lu]Lu-8 (A) and [177Lu]Lu-14 (B) 

under non-blocked and blocked condiƟons.  

 

Figure 7. In vitro autoradiography of H69 tumor secƟons. RepresentaƟve H&E-stained secƟons and 

corresponding autoradiography are shown for [111In]In-FAPI-46 under non-blocked and blocked 

condiƟons. 

2.7 Immunohistochemical validation 

To conĮrm the presence of FAP, immunohistochemical staining for FAP was performed on H69 
tumor secƟons, using HT-1080.huFAP xenograŌs as a posiƟve control and FAP-negaƟve Ɵssue 
as a negaƟve control (Fig. 8). Immunohistochemical analysis revealed disƟnct FAP distribuƟon 
paƩerns in the FAP-posiƟve specimens. In HT-1080.huFAP xenograŌs, FAP staining appeared 
as a homogeneous and diīuse paƩern throughout the cell mass. In contrast, FAP 
immunoreacƟvity in H69 tumor xenograŌs was extensive throughout the Ɵssue secƟons but 
displayed a Įbrillar, bundle-like texture. The negaƟve control Ɵssue exhibited no speciĮc 
immunoreacƟvity, conĮrming the speciĮcity of the anƟbody.  
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Figure 8. IHC assessment of FAP expression in FAP-negaƟve control Ɵssue, HT-1080.huFAP posiƟve-

control and H69 xenograŌs (full view/ 2.5x/ 20x). FAP immunoreacƟvity was visualized using DAB 

chromogen and appears brown, whereas nuclei were counterstained with hematoxylin. 

3 Discussion  

In this study, we successfully developed an SSTR2-targeƟng homodimer 8 and an SSTR2/FAP-
targeƟng heterodimer 14 using a modular PEG2-funcƟonalized 1,3,5-triazine scaīold, 
previously developed in our group for mulƟvalent ligand assembly (28). This plaƞorm enabled 
controlled sequenƟal conjugaƟon and structural symmetry, disƟnguishing it from previously 
reported PEG- or lysine-based SSTR2 dimers (19, 29). Both dimers were labeled with 177Lu in 
high radiochemical yield and purity, and showed a hydrophilic character comparable to 
[177Lu]Lu-DOTA-TATE (LogD7.4 = -1.94 ± 0.01) (30). The heterodimer 14 retained binding aĸnity 
to FAP and SSTR2, with IC₅₀ values in the nanomolar range. Serum stability was slightly lower 
for the heterodimer 14 compared to the homodimer 8 (78% vs. 89.5% intact radiotracer at 24 
h), consistent with previous reports on pepƟde-small molecule heterodimers where 
conjugaƟon may slightly aīect stability without compromising receptor binding (31, 32).  

The in vitro cell uptake and internalizaƟon studies conĮrmed that both dimers maintained high 
receptor speciĮcity and eĸcient internalizaƟon. In U2OS.SSTR2 cells, high SSTR2-targeted 
uptake (40%-60% of added acƟvity) was observed for both constructs, supporƟng their 
suitability for radionuclide therapy applicaƟons. In HT-1080.huFAP cells, [177Lu]Lu-14 
demonstrated higher uptake than [177Lu]Lu-FAPI-46, suggesƟng preserved funcƟonality of the 
FAP-binding moƟf in a dual-targeƟng format. These in vitro Įndings provided the raƟonale for 
subsequent in vivo evaluaƟon of both dimers. 
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Ex vivo biodistribuƟon demonstrated comparable tumor uptake and exposure of both dimers 
in SSTR2-overexpressing xenograŌs. The Lu-177 labeled homodimer 8 showed a tumor uptake 
proĮle comparable to that of [111In]In-DOTA-TATE previously reported by our group in the same 
H69 xenograŌ model (33). This lack of enhanced tumor uptake may reŇect subopƟmal 
molecular architecture, such as linker length, global charge, or spaƟal orientaƟon, which could 
limit simultaneous engagement of adjacent SSTR2 receptors. AlternaƟvely, agonist-induced 
dissociaƟon of SSTR2 receptor homodimers has been proposed to be required for receptor 
internalizaƟon, a process that could be hindered by bivalent ligands (34, 35). Similarly, the 
heterodimer 14 maintained eīecƟve tumor targeƟng but did not show the enhanced tumor 
uptake reported for some SSTR2/FAP dual-targeƟng radiotracers (19, 29). This is consistent 
with the minimal FAP availability in H69 tumors, as conĮrmed by [111In]In-FAPI-46 
autoradiography, where the signal of [111In]In-FAPI-46 was approximately 10-fold lower than 
in FAP-posiƟve controls, thereby limiƟng the contribuƟon of the FAP-targeƟng moiety to tumor 
accumulaƟon. Immunohistochemical analysis further revealed a Įbrillar FAP staining paƩern 
in H69 tumors, suggesƟve of stromal CAF expression. This is consistent with the established 
role of FAP as a CAF marker (36) and with the known ability of tumor cells to recruit and 
convert host Įbroblasts into CAFs during xenograŌ establishment (37, 38). High renal uptake 
of the homodimer 8 was expected for DOTA-TATE-based pepƟdes, as kidneys represent the 
dose-limiƟng organ in pepƟde receptor radionuclide therapy due to proximal tubular 
reabsorpƟon of radiolabeled somatostaƟn analogs (39, 40). Reduced kidney retenƟon of the 
heterodimer 14 suggests that architectural modiĮcaƟon signiĮcantly inŇuences renal 
handling, as similarly observed in other heterobivalent pepƟde systems (41).  

Notably, elevated bone uptake was observed exclusively for the heterodimer 14. This is in line 
with previous reports showing bone accumulaƟon in mice for other FAP-targeƟng radioligands 
(42, 43). However, such skeletal accumulaƟon has not been consistently reported in previously 
described SSTR2/FAP heterodimers (19, 29), suggesƟng that this observaƟon may be 
inŇuenced by construct-speciĮc properƟes. Importantly, this physiological bone uptake has 
not been reported in human FAPI PET/CT imaging (44, 45), suggesƟng that the murine bone 
accumulaƟon is unlikely to aīect its therapeuƟc potenƟal. The heterodimer 14 also 
demonstrated prolonged blood circulaƟon and delayed clearance. This extended circulaƟon 
did not translate into enhanced tumor uptake, likely due to limited FAP availability in the H69 
xenograŌ model. This pharmacokineƟc feature may prove advantageous in tumors with a 
more prominent FAP-posiƟve stromal compartment by providing greater opportunity for FAP 
engagement, thereby potenƟally improving tumor uptake and prolonging tumor exposure 
window (19, 29). 

Nevertheless, although IHC conĮrmed the presence of FAP protein in H69 tumors, the current 
tumor model does not allow us to quanƟtaƟvely disƟnguish SSTR2-mediated from FAP-
mediated uptake in vivo. Consequently, the mechanisƟc basis of tumor accumulaƟon remains 
incompletely deĮned, and the added value of dual-targeƟng cannot be fully established. 
Future studies in models with diīerenƟal target expression, parƟcularly those with suĸcient 
FAP and SSTR2 co-expression, will be required to fully evaluate the potenƟal of this 
heterodimeric strategy. 



4 Conclusion 

Both dimers demonstrated eīecƟve SSTR2-mediated tumor targeƟng in vitro and in H69 
xenograŌs. Compared with the homodimer 8, the SSTR2/FAP-targeƟng heterodimer 14 
exhibited disƟnct in vivo pharmacokineƟcs, including altered Ɵssue distribuƟon and prolonged 
circulaƟon. These Įndings indicate that SSTR2/FAP heterodimerizaƟon can modulate 
pharmacokineƟc properƟes while preserving eīecƟve SSTR2-mediated tumor targeƟng. 
However, the contribuƟon of FAP-mediated uptake remains to be elucidated in more clinically 
relevant tumor models with abundant FAP-posiƟve stroma. 

5 Materials and Methods 

5.1 General information 

5.1.1 Chemistry 

All chemicals and solvents were obtained from commercial suppliers and used as received, 
unless otherwise speciĮed. LC-MS was carried out using an Agilent 1260 InĮnity II LC/MSD XT 
system (Amstelveen, The Netherlands). Electrospray ionizaƟon in posiƟve mode was used to 
conĮrm the idenƟty of the synthesized products. PuriĮcaƟons were performed on a 
preparaƟve high-performance liquid chromatography (HPLC) using an Agilent 1290 InĮnity II 
system equipped with an autosampler and a fracƟon collector. UV 
absorbance was measured at 230, 254, and 280 nm. Both LC systems were controlled by 
Agilent OpenLab CDS ChemStaƟon soŌware.  

5.1.2 Radiochemistry 

[111In]InCl3 was provided by Curium (PeƩen, The Netherlands) and [177Lu]LuCl3 was purchased 
from PI Medical (Raamdonksveer, The Netherlands).Radio-HPLC analyses were carried out 
using a Waters 2695 system equipped with a Waters 2998 diode array detector and a 
radioacƟvity detector from Canberra (Zadik, Belgium). This HPLC system was controlled by 
Empower 3 soŌware. Instant thin-layer chromatography (iTLC) was performed on iTLC-SG 
plates from Agilent (Folsom, CA, USA), eluted with a sodium citrate soluƟon (0.1 M, pH 5.0) 
and analyzed using a Brightspec bSCAN radio-chromatography scanner (Antwerp, Belgium). 
Radiochemical yield (RCY) was determined from iTLC, while radiochemical purity (RCP) of the 
labeled compounds was measured by radio-HPLC. RadioacƟvity measurements were 
performed using a VDC-405 dose calibrator from Comecer (Joure, The Netherlands). 
RadioacƟve samples for LogD7.4 determinaƟon, in vitro assays, and in vivo Ɵssue uptakes were 
counted using a Wizard 2480 γ-counter from Perkin Elmer (Waltham, MA, USA) or a Hidex 
AMG automaƟc gamma counter (Turku, Finland). 

5.2 HPLC conditions 

The LC-MS analyses were performed on an Agilent Poroshell 120 EC-C18 column (3 x 100 mm, 
2.7 µm) at a Ňow rate of 0.5 mL/min and with a mobile phase consisƟng of: A [0.1% formic 
acid (FA) in water, v/v] and B [0.1% FA in acetonitrile (ACN), v/v]. EluƟon of the products was 
performed according to the following gradient: 0–5 min (5–100% B) and 5–8 min (100% B). 



PuriĮcaƟon of the dimers was performed using an Agilent Prep C18 column (50 x 21.2 mm, 5 
µm). The mobile phase consisted of solvents C [0.1% triŇuoroaceƟc acid (TFA) in water, v/v] 
and D [0.1% TFA in ACN, v/v] at a Ňow rate of 10 mL/min. The following eluƟon method was 
used: 0–2 min (5–20% D), 2–10 min (20–40% D) and 10–12 min (40–100% D). 

The analyses of the radioacƟve products were performed on an analyƟcal Gemini C18 column 
(250.0 x 4.6 mm, 5 µm) from Phenomenex (Torrance, CA, USA) at a Ňow rate of 1 mL/min. The 
mobile phase consisted of: E [0.1% TFA in water, v/v] and F [0.1% TFA in ACN, v/v]. EluƟon of 
the products was performed according to the following gradient: 0-3 min (5% F), 3-23 min (5 
to 100% F) and 23-27 min (100% F). 

5.3 Chemical synthesis 

The FAP-targeƟng building block 9 and the triazine-based plaƞorm 5 were synthesized 
according to procedures previously reported by our group (46). Detailed syntheƟc procedures 
of the SSTR2-targeƟng pepƟde, homodimer 8, and SSTR2-FAP heterodimer 14, as well as 
chromatograms and spectrometric analyses, are provided in the Supplementary Materials 
(Figures S1-S10). 

5.4 Binding affinity 

All enzymaƟc assays were performed in black 384-well plates (Corning, high-binding, Ňat-
boƩom), and enzymaƟc acƟvity was measured at λEX 350 nm/λEM 485 nm on a Hidex Sense 
microplate reader (Turku, Finland). For huFAP and muFAP assay, 50 µL of reacƟon mixture 
consisƟng of 10 µM Z-Gly-Pro-AMC substrate (Abcam; Cambridge, UK), 10 ng huFAP or muFAP 
protein (Biolegend; San Diego, CA, USA), and assay buīer (50 mM Tris, 100 mM NaCl, and 1.5 
µM BSA, DMSO (1% v/v), pH 7.4), were supplemented with increasing concentraƟons (10-11 M 
to 10-5 M) of SSTR2-FAP heterodimer 14 or FAPI-46. Val-boroPro (10-4 M) from Bachem 
(Bubendorf, Switzerland) and assay buīer served as posiƟve and negaƟve controls, 
respecƟvely. The enzymaƟc assay of DPP4 contained 100 µM of H-Gly-Pro-AMC substrate 
(MedChemExpress; Monmouth JuncƟon, NJ, USA), 10 nM DPP4 (Abcam; Cambridge, UK), 
assay buīer and increasing concentraƟons (10-10 M to 10-4M) of 14. SitaglipƟn (10-4 M) from 
Abcam and assay buīer were used as posiƟve and negaƟve controls, respecƟvely. H-Gly-Pro-
AMC in assay buīer was used as a baseline control. The plates were analyzed by microplate 
reader at 37 °C under dark condiƟons aŌer 1 h (huFAP), 2 h (muFAP), or 30 min (DPP4). For all 
assays, the components were kept on ice before plaƟng and experiments were performed in 
triplicate. 

5.5 Radiolabeling   

Prior to labeling, the concentraƟons of the dimers were determined by ƟtraƟon according to 
a method previously described (47). [111In]InCl3 or [177Lu]LuCl3 in 0.5 M HCl was added to a 
mixture of FAPI-46, DOTA-TATE or dimers (8, 14), ascorbic acid/genƟsic acid (10 μL, 50 mM), 
ethanol (10 µL), sodium acetate (1 μL, 2.5 M), and H2O (Įnal volume of 140 μL). For in vitro 
studies, [177Lu]Lu-labeled compounds (DOTA-TATE, FAPI-46, and dimers 8 and 14) were 
prepared at a molar acƟvity of 20 MBq/nmol and used for cell uptake and receptor binding 



assays. In vitro autoradiography was performed using [111In]In-FAPI-46 at a molar acƟvity of 20 
MBq/nmol. For ex vivo biodistribuƟon studies, [177Lu]Lu-labeled dimers (8 and 14) were 
administered at a molar acƟvity of 5 MBq/nmol. The mixture was incubated for 15 min at 90 
°C. To complex any remaining free radionuclide, 5 μL of diethylenetriaminepentaaceƟc acid 
(DTPA) at a concentraƟon of 3 mg/mL was added.   

5.6 In vitro stability 

[¹⁷⁷Lu]Lu-8 or [¹⁷⁷Lu]Lu-14 (~3 MBq) was incubated in 300 µL of PBS (0.1 M, pH 7.4) or murine 
serum at 37 °C. The stability of the radiolabeled pepƟde was assessed at 1, 4, and 24 h post-
incubaƟon. No prior treatment was required for the samples in PBS before analysis by radio-
HPLC. However, an equal volume of acetonitrile was added to the samples in murine serum to 
precipitate the proteins. The soluƟon was then centrifuged for 10 min at 13’000 rpm, and the 
supernatant was subsequently subjected to radio-HPLC analyses. 

5.7 LogD7.4 

DistribuƟon coeĸcients (LogD7.4) were determined using the shake-Ňask method. A sample 
containing [¹⁷⁷Lu]Lu-8 or [¹⁷⁷Lu]Lu-14 (~ 0.5 MBq) was added to 500 µL of PBS (pH 7.4) and 500 
µL of n-octanol. The vial was vigorously vortexed and then centrifuged at 10’000 rpm for 10 
min to allow phase separaƟon. Samples of 10 µL from both phases were collected and 
measured in the γ-counter. Measurements were performed in triplicates and the LogD7.4 value 
was calculated using the following equaƟon: LogD7.4 = log [(counts in n-octanol phase)/(counts 
in aqueous phase)].  

5.8 Cell culture 

Human osteosarcoma cells (U2OS) transfected with SSTR2 receptor (U2OS.SSTR2) and the 
human sarcoma HT-1080 and HT-1080.huFAP cell lines were cultured in DMEM Glutamax© 
(Gibco; Breda, The Netherlands) supplemented with 2 mM L-glutamine, 10% FBS, 50 UI/mL 
penicillin, and 50 µg/mL streptomycin. NCI-H69 cells from ATCC (Manassas, VA, USA) were 
cultured in Gibco™ RPMI 1640 Medium supplemented with 2 mM glutamine (Fisher ScienƟĮc; 
Landsmeer, The Netherlands), penicillin (50 units/mL), streptomycin (50 μg/mL) and 10% fetal 
bovine serum (FBS). All cell lines were regularly passaged at 80% conŇuence and maintained 
at 37 °C and 5% CO2. 

5.9 Uptake/internalization studies 

U2OS.SSTR2 cells were seeded in 6-well plates 24 hours before the experiment (5 × 105 
cells/well). HT-1080.huFAP cells were seeded in 12-well plates 24 hours before the experiment 
(1 × 105 cells/well). Adhered cells were incubated with 10−9 M of [177Lu]Lu-DOTA-TATE, 
[177Lu]Lu-FAPI-46, [¹⁷⁷Lu]Lu-8 or [¹⁷⁷Lu]Lu-14 in 1 mL or 750 µL (for U2OS.SSTR2 or HT-
1080.huFAP, respecƟvely) of internalizaƟon medium (RPMI medium supplemented with 2 mM 
glutamine, 20 mM HEPES, and 1% BSA w/v, pH 7.4) for 0.5, 1, or 2 h at 37 °C and 5% CO2. 
Uptake speciĮcity was evaluated with a block containing 1000-fold excess of non-labelled 
DOTA-TATE or FAPI-46. AŌer incubaƟon, medium was removed and cells were washed twice 



with cold PBS. The membrane-bound fracƟon was collected by incubaƟng cells with an acid 
buīer (50 mM glycine, 100 mM sodium chloride, pH 2.8) for 10 min at room temperature (rt). 
Cells were lysed using sodium hydroxide (1 M) for 5 min at rt to obtain the internalized fracƟon. 
Both fracƟons were measured in the γ-counter. Data were analyzed in GraphPad Prism 9.0 and 
expressed as percentage of added dose. 

5.10 Binding affinity assay 

U2OS.SSTR2 cells were seeded in a 24-well plate 24 h prior to the assay (1 × 105 cells/well). 
Medium was removed and the cells were washed once with PBS. Then, medium (DMEM 
medium supplemented with 2 mM, 20 mM HEPES, and 1% BSA, pH 7.4) containing [177Lu]Lu-
DOTA-TATE (10−9 M) and decreasing concentraƟons of unlabeled 8, 14, or DOTA-TATE (10−13 to 
10−6 M) were added. Cells were incubated at 37 °C for 90 min. AŌer incubaƟon, the medium 
was removed, and cells were washed twice with cold PBS and lysed with 1 M NaOH for 5 min 
at rt. The lysate was transferred to counƟng tubes, and measurement was performed using 
the γ-counter. For each concentraƟon, experiments were performed in triplicate. The 50% 
inhibiƟon constant (IC50) was calculated by Įƫng the data to a one-site Fit-Ki curve in 
GraphPad Prism v9. 

5.11 Animal models 

Six-week-old female Balb/c nu/nu-speciĮc mice (Janvier; Le Genest-Saint-Isle, France) were 
housed in individually venƟlated cages (4 mice/cage). Upon arrival, mice were acclimated for 
one week, with access to food and water ad libitum. Mice were subcutaneously inoculated on 
the right shoulder with NCI-H69 cells (5 × 106 cells) suspended in 100 μL of 1/3 Matrigel 
(Corning Inc.; Corning, NY, USA) and 2/3 Hank’s balanced salt soluƟon (Gibco; Paisley, UK). NCI-
H69 xenograŌs were allowed to grow for 2 weeks, reaching a tumor size over 200 mm3 at the 
start of the study.  

5.12 Ex Vivo Biodistribution 

To determine the biodistribuƟon of the compounds, mice were intravenously injected with 
100 µL of radiotracer. At speciĮc Ɵme points (1, 4, and 24 h post-injecƟon), blood was collected 
via retro-orbital puncture under isoŇurane/O2 anesthesia, aŌer which the mice were sacriĮced 
via cervical dislocaƟon. Tumors and organs of interest (heart, lungs, liver, spleen, stomach, 
large and small intesƟne, pancreas, kidneys, muscle, skin, and bone) were excised, washed in 
PBS, bloƩed dry, and collected into tubes. All collected Ɵssues were weighed and measured in 
the γ-counter. The percentage of injected dose per gram (% ID/g) was determined for each 
Ɵssue sample and corrected for the injected acƟvity and the % ID present at the injecƟon site. 

5.13 Autoradiography studies 

In vitro autoradiography studies were conducted using fresh-frozen NCI-H69 and HT-
1080.huFAP tumor xenograŌs. Fresh-frozen NCI-H69 and HT1080.huFAP tumors were 
cryosecƟoned into 10 μm slices and mounted on Starfrost PlusTM microscope slides (VWR, 
Leuven, Belgium) using the CryoStar NX70 cryostat (Thermo ScienƟĮc, Waltham, MA, USA). 



Autoradiographic binding studies were performed as previously described (48). First, Ɵssue 
slices were pre-incubated for 10 min at rt in washing buīer containing 167 mM Tris-HCl, pH 
7.6, 5 mM MgCl2 and 0.25% BSA. SecƟons were then incubated for 1 h at rt with 100 µL of 10-

9 M [111In]In-FAPI-46. Binding speciĮcity was assessed on adjacent secƟons by co-incubaƟon 
with 10-6 M unlabeled FAPI-46. AŌer incubaƟon, the slides were washed three Ɵmes with cold 
buīer and air-dried prior to imaging. All autoradiographic images were acquired using the 
BeaQuant imaging system (AtlanƟc Instruments for Research, Nantes, France) and analyzed 
using Beamage soŌware version 3.1.1 (AtlanƟc Instruments for Research). Radiotracer binding 
was expressed as % AA measured in counts/mm2/min. Tumor secƟons were subsequently 
subjected to hematoxylin and eosin (H&E) staining. 

5.14 FAP-specific immunohistochemistry (IHC) 

FAP expression in fresh-frozen NCI-H69 and HT-1080.huFAP xenograŌ Ɵssues was evaluated by 
automated chromogenic immunohistochemistry using a Ventana BenchMark Discovery ULTRA 
system (Ventana Medical Systems Inc.). Immediately aŌer excision, xenograŌ tumors were 
embedded in Cryo-Gel in Ɵn cans and snap-frozen in liquid nitrogen. On the day of staining, 
the tumors were secƟoned at a thickness of 4 µm using a CryoStar NX70 cryostat (Thermo 
ScienƟĮc, Waltham, MA, USA). SecƟons were mounted on Superfrost Plus™ microscope slides 
(VWR, Leuven, Belgium), air-dried, and Įxed in ice-cold acetone for 10 min at -20°C. The 
secƟons were subsequently incubated with the rabbit monoclonal anƟ-FAP anƟbody 
EPR20021 (Abcam, Cambridge, UK) at a 1:50 diluƟon for 32 min at 37°C. AnƟbody binding was 
detected using the OmniMap anƟ-rabbit HRP reagent (cat. no. 760-4311, Ventana), followed 
by chromogenic development with the ChromaMap DAB DetecƟon Kit (cat. no. 760-159, 
Ventana). SecƟons were counterstained with Hematoxylin II and treated with blue reagent 
according to the manufacturer's instrucƟons. 

5.15 Statistics  

All statistical analyses were performed with GraphPad Prism version 9.0 (San Diego, CA, USA). 

IC50 values and curves were determined using a non-linear regression Log(inhibitor) vs. 

response analysis with variable slope (four-parameters). Tumor and organ clearance graphs 

were calculated by one-phase decay linear regression, corrected for the grow-in phase when 

applicable. Data are reported as mean ± SD (standard deviation) for at least three independent 

replicates. Unpaired two-tailed Student's t-tests were used for group comparisons. 
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