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Abstract: Several radiopharmaceuticals targeting fibroblast activation protein (FAP) based on the highly potent FAP 
inhibitor UAMC1110 are currently under investigation. Pre-clinical as well as clinical research exhibited the potential 
of these imaging agents. However, the monomeric small molecules seemed to have a short retention time in the 
tumor in combination with fast renal clearance. Therefore, our strategy was to develop homodimeric systems hav-
ing two FAP inhibitors to improve residence time and tumor accumulation. The homodimers with two squaramide 
coupled FAP inhibitor conjugates DOTA.(SA.FAPi)2 and DOTAGA.(SA.FAPi)2 were synthesized and radiochemically 
evaluated with gallium-68. [68Ga]Ga-DOTAGA.(SA.FAPi)2 was tested for its in vitro stability, lipophilicity and affinity 
properties. In addition, human PET/CT scans were performed for [68Ga]Ga-DOTAGA.(SA.FAPi)2 with a head-to-head 
comparison with [68Ga]Ga-DOTA.SA.FAPi and [18F]FDG. Labeling with gallium-68 demonstrated high radiochemical 
yields. Inhibition measurements revealed excellent affinity and selectivity with low nanomolar IC50 values for FAP. In 
PET/CT human studies, significantly higher tumor uptake as well as longer tumor retention could be observed for 
[68Ga]Ga-DOTAGA.(SA.FAPi)2 compared to [68Ga]Ga-DOTA.SA.FAPi. Therefore, the introduction of the dimer led to an 
advance in human PET imaging indicated by increased tumor accumulation and prolonged retention times in vivo 
and thus, the use of dimeric structures could be the next step towards prolonged uptake of FAP inhibitors resulting 
in radiotherapeutic analogs of FAP inhibitors.
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Introduction

Fibroblast activation protein (FAP) is a member 
of the S9 family of serine proteases. In addition 
to FAP, this S9 family includes other closely 
related proline-specific serine proteases, such 
as prolyl oligopeptidase (PREP) and the dipepti-
dyl peptidases 4, 8, and 9 (DPP4, DPP8, and 
DPP9) [1]. FAP, a specific marker of myofibro-
blasts, has become a target of great interest, 
especially in the field of cancer diagnostics. 
Many radiotracers based on the highly selec-
tive FAP inhibitor UAMC1110 were developed 
and already used in different (pre-)clinical trials 
[2-9]. Recently, our group reported FAP inhibitor 

(FAPi) PET tracers containing squaramide (SA) 
as a linker moiety coupled to bifunctional DOTA 
and DATA5m chelators [10]. These precursors 
and their non-radioactive metal (natGa and natLu) 
complexes demonstrated very potent in vitro 
inhibition of FAP in combination with a high 
selectivity with respect to prolyl endopeptidase 
(PREP). A preclinical µPET study and ex vivo bio-
distribution indicated high accumulation in 
tumor and overall, very low background activity 
at 1 h p.i. in HT-29 colon cancer tumor-bearing 
mice. Both [68Ga]Ga-DATA5m.SA.FAPi and [68Ga]
Ga-DOTA.SA.FAPi were examined in clinical 
PET/CT studies. Kreppel et al. showed specific 
uptake of [68Ga]Ga-DATA5m.SA.FAPi in focal nod-
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ular hyperplasia [11]. Ballal and Yadav et al. 
executed clinical trials with [68Ga]Ga-DOTA.
SA.FAPi in patients holding various end-stage 
cancer types [12]. The same authors have per-
formed a first theranostic approach of [68Ga]
Ga-DOTA.SA.FAPi PET/CT and [177Lu]Lu-DOTA.
SA.FAPi radiotherapy in an end-stage breast 
cancer patient [13]. Yet, prolongation of resi-
dence times in stroma tissue appears to be one 
of the key challenges to turn FAP inhibitors into 
radiotherapeutics.

An approach to improve tumor accumulation as 
well as retention time is the formation of dimer-
ic derivatives. Already in 2009 our group 
reported DOTA-based homodimers containing 
two separated tyrosine units [14, 15]. Later, 
Chauhan et al. published bivalent chalcones 
bound to DTPA to diagnose Alzheimer’s disease 
[16]. This homodimeric PET tracer displayed 
high affinity towards Aβ aggregates and high 
brain uptake in vivo. Later, the same group also 
published another chalcone-containing homo- 
dimeric tracer labeled with carbon-11. A higher 
binding affinity and higher brain uptake were 
observed for the latter compared to the corre-

sponding monomeric tracer [17]. Liolios et al. 
observed comparable in vivo behavior and 
slightly better in vitro cell binding for dimeric 
HBED-CC coupled bombesin GRPR-antagonists, 
when compared to the monomeric analogs 
[18]. In 2019, Zia et al. published PSMA target-
ing mono- and bivalent PET tracers equipped 
with a sarcophagine chelator. They reported 
significantly increased tumor uptake with low 
background and retention for a homodimeric, 
copper-64 complexed structure than the corre-
sponding monomeric analogue [19].

These desirable effects of bivalent structures 
with regard to the increased tumor accumula-
tion and prolonged tumor retention time have 
led us to develop the two homodimeric struc-
tures DOTA.(SA.FAPi)2 and DOTAGA.(SA.FAPi)2 
with squaramide-conjugated FAP inhibitors 
(Figure 1). The SA.FAPi moieties are connected 
via a central, bifunctional DOTA or DOTAGA che-
lator, respectively. As common substructure, 
they contain the SA.FAPi monomer that we 
reported earlier [10]. Non-radioactive complex-
es [natGa]Ga-DOTA.(SA.FAPi)2, [natGa]Ga-DOTA- 
GA.(SA.FAPi)2 and [natLu]Lu-DOTAGA.(SA.FAPi)2 

Figure 1. DOTA.(SA.FAPi)2 and DOTAGA.(SA.FAPi)2.
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were synthesized and tested in vitro for their 
inhibitory potential to FAP and their selectivity 
against the DPPs and PREP. Radiolabeling and 
stability tests were determined with gallium-68 
for DOTA.(SA.FAPi)2 and DOTAGA.(SA.FAPi)2. 
Lipophilicity comparison was determined with 
[68Ga]Ga-DOTAGA.(SA.FAPi)2 and the monomer 
[68Ga]Ga-DOTA.SA.FAPi. Furthermore, clinical 
investigations were carried out including a 
head-to-head comparison with the DOTA.SA.
FAPi monomer and the homodimer DOTAGA.
(SA.FAPi)2 addressing both absolute tumor 
accumulation and kinetics uptake.

Materials and methods

General reagents and instrumentations

All basic chemicals were bought from Acros 
Organics (Schwerte, Germany), Alfa Aesar, 
Thermo Fisher Scientific (Kandel, Germany), 
Merck and Sigma-Aldrich (Darmstadt, Ger- 
many), TCI (Eschborn, Germany) ABCR (Karls- 
ruhe, Germany) and VWR (Bruchsal, Germany) 
and used without further purification. Dry  
solvents were purchased from Merck and  
VWR and deuterated solvents from Deutero 
(Kastellaun, Germany). The chelators 2,2’- 
(4,10-bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-
tetraaza-cyclodo-decane-1,7-diyl)diacetic acid 
[DOTA-di(tBu)ester] and 5-benzyl-1-tert-butyl-
2-(4,10-bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecan-1-yl)pentanedioate [DO- 
2A(tBu)-GABz] were acquired from CheMatech 
(Dijon, France). (S)-6-(4-aminobutoxy)-N-(2-(2-
cyano-4,4-difluoro-pyrrolidin-1-yl)-2-oxoethyl)-
quinoline-4-carboxamide [NH2-FAPi] was pur-
chased from KE Biochem Co. (Shanghai, China). 
Reaction controls and determination of the 
product masses were measured on an Agilent 
Technologies (Waldbronn, Germany) 1220 
Infinity LC System connected to an Agilent 
Technologies 6130B Single Quadrupole LC/MS 
system. Thin layer chromatography plates coat-
ed with silica gel 60 F254 were acquired from 
Merck. All analysis controls were detected with 
a UV lamp (254 nm) and by staining with potas-
sium permanganate. For column chromatogra-
phy, silica gel 60 (0.063 nm-0.200 nm) from 
Macherey-Nagel (Düren, Germany) was used. 
Semi-preparative HPLC was performed on a 
Hitachi LaChrom 7000 series with a Phe- 
nomenex (Aschaffenburg, Germany) Synergi 
C18 (250×10 mm, 4 µ) column. Characteriza- 
tion of compounds were performed by 1H NMR 

on a Brucker Avance III HD 300 spectrometer 
(300 MHz, 5 mm BBFO probe head with z-gradi-
ent and ATM and BACS 60 sample changer) 
and an Avance II 400 spectrometer (400 MHz, 
5 mm BBFO sample head with z-gradient and 
ATM and SampleXPress 60-sample changer).

Organic synthesis

Synthesis of DOTA.(SA.FAPi)2

Di-tert-butyl-2,2’-(4,10-bis(2-((2-((tert-butoxyca- 
rbonyl)amino)ethyl)amino)-2-oxoethyl)-1,4,7, 
10-tetraazacyclododecane-1,7-diyl)diacetate 
[DOTA-(COOtBu)2(N-Boc-en)2] (2): Commercially 
available DOTA-di(tBu)ester (1) (75.2 mg, 0.15 
mmol), HATU (84.3 mg, 0.22 mmol), DIPEA (74 
µL, 0.44 mmol) and HOBt (29.2 mg, 0.22 mmol) 
were dissolved in dry MeCN (2 mL). After 30 
min at RT, tert-butyl-N-(2-aminoethyl)carba-
mate (60 µL, 0.38 mmol) was added and the 
mixture stirred for 24 h at RT. Afterwards, tert-
butyl-N-(2-aminoethyl)carbamate (85 µL, 0.54 
mmol), HATU (54.2 mg, 0.14 mmol), DIPEA (25 
µL, 0.14 mmol) and HOBt (19.1 mg, 0.14 mmol) 
were added in portions and the mixture was 
stirred for 24 h at RT. After the reaction was 
completed, the solvent was removed under 
reduced pressure and the residue purified by 
column chromatography (CHCl3: MeOH/20:1, Rf 
=0.3). Compound (2) (83.7 mg, 0.10 mmol, 
72%) was obtained as yellowish oil. 1H-NMR 
(300 MHz, CDCl3): δ [ppm] =3.44-3.28 (m, 
16H), 1.47-1.43 (m, 36H), 1.42-1.39 (m, 10H), 
1.33-1.21 (m, 3H), 0.92-0.83 (m, 3H). MS 
(ESI+): m/z=802 [M+H]+, calculated Mmi for 
C38H72N8O10: 800.5.

2,2’-(4,10-bis(2-((2-((2-ethoxy-3,4-dioxocyclobut-1- 
en-1-yl)amino)ethyl)amino)-2-oxoethyl)-1,4, 
7,10-tetraazacyclododecane-1,7-diyl)diacetic 
acid [DOTA.(SA)2] (4): (2) (75.2 mg, 0.09 mmol) 
was dissolved in dry DCM (500 µL) and TFA 
(500 µL) was added. Under RT, the solution was 
stirred overnight and the solvents were removed 
at reduced pressure. Deprotected intermediate 
(3) was obtained as a yellowish oil and used 
without further purification processing. MS 
(ESI+): m/z=489 [M+H]+, calculated Mmi for 
C20H40N8O6: 488.3. The intermediate (3) was 
dissolved in 0.5 M Na2HPO4/NaH2PO4 phos-
phate buffer (pH 7, 1 mL). Afterwards, 
3,4-diethoxycyclobut-3-ene-1,2-dione (SADE) 
(26 µL, 0.18 mmol) was added and the pH 
value was adjusted with 1 M NaOH to 7 again. 
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The reaction was stirred for 24 h at RT and then 
the solvent was removed by lyophilization. The 
colorless product (4) was processed without 
any further purification. MS (ESI+): m/z=737 
[M+H]+, calculated Mmi for C32H48N8O12: 736.3.

2,2’-(4,10-bis(2-((2-((2-((4-((4-((2-((S)-2-cyano-4,4- 
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)-
quinolin-6-yl)oxy)butyl)amino)-3,4-dioxocyclobut- 
1-en-1-yl)amino)ethyl)amino)-2-oxoethyl)-1,4, 
7,10-tetraazacyclododecane-1,7-diyl) diacetic 
acid [DOTA.(SA.FAPi)2] (5): (4) was suspended 
in 0.5 M phosphate buffer pH 9 (500 µL). NH2-
FAPi (25.8 mg, 0.06 mmol) was then added and 
the pH adjusted with 1 M NaOH to pH 9. After 
24 h at RT, the solvent was removed by lyophili-
zation and the product was purified via HPLC 
purification (Phenomenex® Synergi® 10 µm 
C18(2) 100 Å), flow rate 5 mL/min, H2O (+0.1% 
TFA)/MeCN (+0.1% TFA) with a linear gradient 
condition of 20-24% MeCN in 20 min. The  
final ligand (5) (11.6 mg, 0.01 mmol, 17%)  
could be obtained as a yellowish powder. MS 
(ESI+): m/z=754 [M+2H]2+, calculated Mmi for 
C70H82F4N18O16: 1506.5. Analytical HPLC, Figure 
S1.

Synthesis of DOTAGA.(SA.FAPi)2

5-benzyl-1-tert-butyl-2-(4,10-bis(2-(tert-butoxy)- 
2-oxoethyl)-7-(2-((tert-butoxycarbonyl)amino)
ethyl)-1,4,7,10-tetraazacyclododecan-1-yl)pen-
tanedioate [DOTAGA-(COOtBu)3-(NHBoc)-GABz] 
(7): First, tert-butyl-(2-chloroethyl)carbamate 
(6a) was synthesized. 2-Chloroethylamine hy- 
drochloride (500 mg, 4.31 mmol) was dissolved 
in TEA (0.6 mL, 4.31 mmol) and suspended in 
dry DCM (11 mL). Di-tert-butyldicarbonate (941 
mg, 4.31 mmol) was added in portions within 
45 min and then the mixture stirred for 24 h at 
RT. The solution was washed three times with a 
H2O-1 M NaCl-solution (1:1) and the organic 
phase dried over magnesium sulphate and the 
solvent removed under reduced pressure. (6a) 
(271 mg, 1.51 mmol, 35%) was obtained as yel-
lowish oil. 1H-NMR (400 MHz, CDCl3): δ [ppm] 
=4.97 (s, 1H), 3.63-3.60 (t, J=6.0 Hz, 3H),  
3.51-3.46 (t, J=8.0 Hz, 3H), 1.47 (s, 9H). MS 
(ESI+): m/z=202 [M+Na]+, calculated Mmi for 
C7H14ClNO2: 179.64 [M].

(6a) (271 mg, 1.51 mmol) was combined with 
potassium carbonate (147 mg, 1.06 mmol) and 
DO2A(tBu)-GABz (6) (400 mg, 0.59 mmol) in dry 
MeCN (12 mL) and the mixture stirred at 90°C. 

After 24 h, 100 mg of (6a) was added and 
stirred for another 24 h. The solvent was 
removed under reduced pressure and the resi-
due purified by column chromatography with 
ethyl acetate/n-hexane (1:1, 3% TEA, Rf =0.34). 
Product (7) (145 mg, 0.18 mmol, 30%) could be 
achieved as a yellowish oil. 1H-NMR (400 MHz, 
CDCl3): δ [ppm] =7.39-7.34 (m, 5H, H-6), 5.13 
(d, J =4.3 Hz, 2H), 3.44 (d, J =7.3 Hz, 1H), 3.23 
(dd, J =14.3 Hz, 8.9 Hz, 6H), 2.98-2.60 (m, 
16H), 2.06 (s, 2H), 2.05-1.98 (m, 2H), 1.89-
1.79 (m, 2H), 1.50-1.24 (m, 26H). MS (ESI+): m/
z=411 [M+2H]2+, 821 [M+H]+, 843 [M+Na]+, cal-
culated Mmi for C43H73N5O10: 819.5.

4-(4,10-bis(2-(tert-butoxy)-2-oxoethyl)-7-(2-
((tert-butoxycarbonyl)amino)ethyl)-1,4,7,10-tet-
raaza-cyclododecan-1-yl)-5-(tert-butoxy)-5-oxo-
pentanoic acid [DOTAGA(COOtBu)3(NHBoc)] (8): 
(7) (870 mg, 1.06 mmol) was dissolved in 
MeOH (11 mL) and Pd on activated charcoal 
(27 mg, 0.25 mmol, 10 wt%) was added to the 
solution. Stirring at RT was carried out over-
night under a hydrogen atmosphere. The sus-
pension was filtered through Celite and the sol-
vent was removed under reduced pressure. 
Compound (8) as yellowish oil (798 mg, 1.09 
mmol, 100%) was obtained which was used 
without further purification. 1H-NMR (400 MHz, 
CDCl3): δ [ppm] =6.82 (s, 1H), 3.46-2.75 (m, 
21H), 2.63-2.30 (m, 4H), 2.05-1.74 (m, 2H), 
1.44 (s, 9H), 1.44 (s, 18H), 1.44 (s, 9H), 1.34-
1.20 (m, 2H). MS (ESI+): m/z=366 [M+2H]2+, 
730 [M+H]+, 753 [M+Na]+, calculated Mmi for 
C36H67N5O10: 729.4.

Di-tert-butyl-2,2’-(4-(2-((tert-butoxycarbonyl)
amino)ethyl)-10-(2,2,15,15-tetramethyl-4,9,13- 
trioxo-3,14-dioxa-5,8-diazahexadecan-12-yl)-
1,4,7,10-tetraazacyclododecane-1,7-diyl)diace-
tate [DOTAGA(COOtBu)3(NHBoc)(N-Boc-ethylen- 
diamin)] (9): (8) (171 mg, 0.23 mmol), HATU 
(136 mg, 0.47 mmol), DIPEA (120 µL, 0.70 
mmol) and HOBt (47.6 mg, 0.35 mmol) were 
dissolved in dry MeCN (2 mL). tert-Butyl-N-(2- 
amino-ethyl)-carbamate (74 µL, 0.47 mmol) 
was added within 30 min and the mixture was 
stirred for 24 h at RT. The residue was removed 
under reduced pressure and purified by column 
chromatography with chloroform/methanol 
(10:1, Rf =0.25). (9) could be received as yel-
lowish oil (88.2 mg, 0.10 mmol, 43%). 1H-NMR 
(400 MHz, CDCl3): δ [ppm] =5.35 (s, 2H), 3.40 
(q, J=3.4 Hz, 2H), 3.33 (t, J=6.5 Hz, 7H), 3.29 (s, 
2H), 2.98-2.23 (m, 18H), 2.19-1.89 (m, 4H), 
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1.45 (q, J=1.9 Hz, 45H). MS (ESI+): m/z=437 
[M+2H]2+, 873 [M+H]+, calculated Mmi for 
C43H81N7O11: 871.6.

2,2’-(4-(1-carboxy-4-((2-((2-ethoxy-3,4-dioxocy-
clobut-1-en-1-yl)amino)ethyl)amino)-4-oxo- 
butyl)-10-(2-((2-ethoxy-3,4-dioxocyclobut-1-en-
1-yl)amino)ethyl)-1,4,7,10-tetraazacyclododec-
ane-1,7-diyl)-diacetic acid [DOTAGA.(SA)2] (11): 
(9) (88.2 mg, 0.10 mmol) was dissolved in dry 
DCM (200 µL) and TFA (800 µL). The solution 
was stirred at RT for 24 h and the solvent was 
removed under reduced pressure. Deprotected 
intermediate (10) was identified as yellowish oil 
and used without further processing. MS (ESI+): 
m/z=504 [M+H]+, calculated Mmi for C21H41N7O7: 
503.3. Deprotected (10) was dissolved in 0.5 
M phosphate buffer (pH 7, 2 mL). Afterwards 
SADE (36,6 µL, 0.25 mmol) was added and the 
reaction was stirred at pH 7 for 24 h at RT. The 
solvent was removed by lyophilization and the 
colorless precursor (11) was used without fur-
ther purification. MS (ESI+): m/z=752 [M+H]+, 
calculated Mmi for C33H49N7O13: 751.3.

2,2’-(4-(1-carboxy-4-((2-((2-((4-((4-((2-((S)-2-cy-
ano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)car- 
bamoyl)-quinolin-6-yl)oxy)butyl)amino)-3,4-di-
oxocyclobut-1-en-1-yl)amino)ethyl)amino)-4- 
oxobutyl)-10-(2-((2-((4-((4-((2-((S)-2-cyano-4,4- 
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)
quinolin-6-yl)oxy)butyl)-amino)-3,4-dioxocyclo- 
but-1-en-1-yl)amino)ethyl)-1,4,7,10-tetraazacy-
clododecane-1,7-diyl)diacetic acid [DOTAGA.
(SA.FAPi)2] (12): (11) was dissolved in 0.5 M 
phosphate buffer pH 9 (1.5 mL). NH2-FAPi (41.3 
mg, 0.10 mmol) was added and the pH was 
adjusted with 1 M NaOH to pH 9 again. The  
mixture was shaken for 24 h at RT and after  
the reaction was completed, the solvent was 
removed by lyophilization. The residue was 
purified via HPLC (Phenomenex® Synergi® 10 
µm C18(2) 100 Å), flow rate 5 mL/min, H2O 
(+0.1% TFA)/MeCN (+0.1% TFA) with a linear 
gradient of 20-25% MeCN in 20 min. The  
final ligand (12) (18.1 mg, 0.01 mmol, 12%) 
was obtained as a yellowish powder. MS  
(ESI+): m/z=762 [M+2H]2+, calculated Mmi for 
C71H83F4N17O17: 1521.6. Analytical HPLC, Figure 
S2.

natGa/natLu-complexes

DOTA.(SA.FAPi)2 (4.8 mg, 3.1 µmol) was reacted 
with natGa(NO3)2 (2 eq.) in 0.5 M sodium acetate 

buffer pH 4.5 (500 µL). After the solution was 
stirred for 6 h at 95°C, the natGa complexes 
[natGa]Ga-DOTA.(SA.FAPi)2 were obtained. Com- 
plexation was confirmed by ESI-MS and the pre-
cursor was purified via HPLC (Phenomenex 
Synergi® 10 µm C18(2) 100 Å), flow rate 5 mL/
min, H2O (+0.1% TFA)/MeCN (+0.1% TFA) with a 
linear gradient condition of 5-95% MeCN in 10 
min. The product was obtained as yellowish 
powder (4.4 mg, 2.8 µmol, 90%). MS (ESI+):  
m/z=525.4 [M+3H]3+, 787.4, 787.9, 788.3 
[M+2H]2+; calculated Mmi for C70H80F4GaN18O16: 
1573.5.

[natGa]Ga-DOTAGA.(SA.FAPi)2 (5.5 mg, 3.6 µmol) 
and [

natLu]Lu-DOTAGA.-(SA.FAPi)2 (5.1 mg, 3.3 
µmol) could be generated analogously to  
the natGa-DOTA derivative with natGa(NO3)2 resp. 
natLuCl3. [natGa]Ga-DOTAGA.(SA.FAPi)2 was ob-
tained as yellowish powder (5.1 mg, 3.2 µmol, 
89%). MS (ESI+): m/z=530.4 [M+3H]3+, 794.9, 
795.4, 795.8 [M+2H]2+; calculated Mmi for 
C71H81F4GaN17O17: 1588.5 and [natLu]Lu-DOTA- 
GA.(SA.FAPi)2 was obtained as yellowish powder 
(4.7 mg, 2.8 µmol, 85%). MS (ESI+): m/z=565.7 
[M+3H]3+, 847.8, 848.3 [M+2H]2+; calculated 
Mmi for C71H80F4LuN17O17: 1693.5.

Radiocomplexes with gallium-68

Gallium-68 elution was performed using etha-
nol-based post-processing from a 68Ge/68Ga-
generator (ITG Garching, Germany) following 
the procedure by Eppard et al. [20].

Reaction controls for radiochemical yields 
(RCY) was executed using radio-TLC (TLC Silica 
gel 60 F254 Merck) with 0.1 M citrate buffer pH 
4. TLC’s were measured in TLC imager CR-35 
Bio Test-Imager from Duerr-ndt (Bietigheim-
Bissingen, Germany) with the analysis software 
AIDA Elysia-Raytest (Straubenhardt, Germany).

Stability studies in human serum (HS), phos-
phate buffered saline (PBS) and saline (0.9% 
isotonic NaCl-solution): ~5 MBq of the radionu-
clide tracer solution after >95% radiochemical 
purity was added to 500 µL of the respective 
media and stirred at 37°C. Aliquots were taken 
at the measured time points for gallium-68 
were 15, 30, 60, 90, 120 min. HS (human male 
AB plasma, USA origin) was bought from Sigma 
Aldrich, PBS was purchased from Sigma Aldrich 
and 0.9% saline from B. Braun Melsungen AG 
(Melsungen, Germany). Radiochemical yields 
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was determined with radio-TLC and evaluated 
by a TLC imager.

Lipophilicity measurement

The shake-flask method was carried out to 
determine the lipophilicity. After completion of 
radiolabeling with a RCP >95%, the tracer solu-
tion was adjusted to pH 7.4 with 2 M NaOH. ~5 
MBq was taken from the solution and adjusted 
to a total volume of 700 μL with PBS (n=4). 700 
μL 1-octanol was added to each PBS solution 
and stirred for 2 min (1500 rpm). Subsequently, 
each tube was centrifuged for 1-2 min. 400 μL 
of the octanol- and PBS phases were pipetted 
into new tubes and aliquots of each phase (3 
µL of the PBS phase and 6 μL of the octanol 
phase) were measured via radio-TLC. The PBS 
phases were adjusted up to 700 µL and 700 μL 
octanol was added to each tube. The procedure 
was repeated twice more. LogD7.4 values were 
calculated as the logarithm of the octanol/PBS 
ratio measured by a TLC imager CR-35 Bio Test-
Imager from Duerr-ndt (Bietigheim-Bissingen, 
Germany) and the software AIDA Elysia-Raytest 
(Straubenhardt, Germany).

Inhibition assays

Recombinant human FAP, PREP, DPP8 and 
DPP9 were expressed and purified as described 
earlier [10]. Human DPP-4 was purified from 
seminal plasma as published [21]. IC50-mea- 
surements of the probes for FAP, PREP and  
the DPPs were carried out as described be- 
fore using respectively Z-Gly-Pro-AMC (50 µM), 
Suc-Gly-Pro-AMC (250 µM) and Ala-Pro-pa- 
ranitroanilide (pNA) (50 µM for DPP4 and 150 
µM for DPP8/9) as the substrates [10, 22].

Patient studies

The detailed clinical history of the six patients 
is shown in Table 1.

Clinical image acquisition and analysis

Scans were acquired on a dedicated GE 
Discovery 710×128 Slice PET/CT Scanner, with 
a 40-mm detector at a rotation speed of 0.35 
sec. The mean injected activities were 74  
MBq (range: 48.1 MBq to 88.8 MBq), 122.1 
MBq (range; 74 to 185 MBq), 296 MBq (range; 
259 to 333 MBq) and 130 MBq for [68Ga]
Ga-DOTAGA.(SA.FAPi)2, [

68Ga]Ga-DOTA.SA.FAPi, 
[18F]FDG radiotracers and [68Ga]Ga-DOTANOC 
respectively. While, in all cancers, a head-to-
head comparison was performed between the 
[18F]FDG and [68Ga]Ga-DOTA.SA.FAPi monomer 
and [68Ga]Ga-DOTAGA.(SA.FAPi)2 dimer, in 
patients with an additional [68Ga]Ga-DOTANOC 
PET/CT was also performed to visualize the 
somatostatin receptor expression. The PET/CT 
acquisition parameters and post processing 
were similar to that of [18F]FDG and [68Ga]
Ga-FAPi PET/CT.

All scans were acquired within a time interval of 
one week. For all the three radiotracers, whole-
body PET/CT studies were acquired at 1-hour 
post-injection. The acquisition protocol consti- 
tuted an initial scout image, followed by a CT 
scan, and PET, acquired at 2 minutes per bed.  
A diagnostic whole-body CT scan parameter 
included 300-350 mAs, 120 kVp, slice thick- 
ness 5 mm, pitch 1 was acquired.

[18F]FDG, [68Ga]Ga-DOTA.SA.FAPi and [68Ga]Ga- 
DOTAGA.(SA.FAPi)2 PET/CT scans were loaded 
simultaneously and co-registered using carina 
as an anatomical landmark registration tech- 
nique. Two experienced Nuclear Medicine 
physicians conducted scan interpretations and 
disagreement in the reports was reviewed by a 
third physician. For the quantitative comparison, 
ROIs were drawn according to the PET Res- 
ponse Criteria in Solid Tumors (PERCIST 1.0). 
The quantitative assessment of standardized 
uptake values (SUV) corrected for lean body 

Table 1. Clinical details of the 6 patients (RAI: Radioiodine, ER: the estrogen receptor, PR: progester-
one receptor, HER2/neu: human epidermal growth factor receptor-2, LAR: long-acting)
S.No Age/Gender Histopathology Prior treatments
1 45/F Papillary thyroid cancer (RAI refractory) Disease progression on sorafenib, radiotherapy and lenvatinib
2 63/F Papillary thyroid cancer (RAI refractory) Disease progression on sorafenib, radiotherapy and lenvatinib
3 46/F Papillary thyroid cancer (RAI refractory) Disease progression on sorafenib and lenvatinib
4 56/F ER-, PR-HER2/neu-left breast cancer Surgery, radiotherapy and chemotherapy
5 46/M Pancreatic neuroendocrine cancer Sandostatin LAR, capecitabine
6 58/M Duodenal neuroendocrine cancer Sandostatin LAR, [177Lu]Lu-DOTATATE+capecitabine
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mass was done using a 3D auto-contour ROI at 
a 40% threshold of SULpeak technique.

The clinical section of this study was approved 
by the Institute Ethics committee, All India 
Institute of Medical Sciences, (IECPG-22/ 
27.02.2020). All patients gave their written 
informed consent.

Results and discussion

Synthesis of DOTA.(SA.FAPi)2

DOTA.(SA.FAPi)2 was synthesized starting with 
the commercially available DOTA-di(tBu)ester 
(1) in a 4-step route according to Figure 2. In 
the first step, (1) was reacted with N-Boc-
ethylenediamine using the base DIPEA and the 
coupling agents HATU and HOBt. The obtained 
compound DOTA-(COOtBu)2(N-Boc-en)2 (2) was 

treated with trifluoroacetic acid to remove the 
Boc- and tert-butyl protective groups. In the 
next step, amidations were carried out with 
squaric acid diethyl ester (SADE) to get DOTA.
(SA)2 (4). In the last synthesis stage, the formed 
squaric diester was bound to NH2-FAPi at basic 
pH to obtain DOTA.(SA.FAPi)2 (5).

Synthesis of DOTAGA.(SA.FAPi)2

DOTAGA.(SA.FAPi)2 could be obtained in a 
7-step synthesis route according to Figure 3. 
First, 2-chloroethylamine hydrochloride was 
protected with a Boc group by means of trieth-
ylamine and di-tert-butyl dicarbonate. The for- 
med tert-butyl-(2-chloroethyl)-carbamate (6a) 
was introduced to the commercially available 
DO2A(tBu)-GABz (6) via nucleophilic substitu-
tion. This resulted in DOTAGA(COOtBu)3(NHBoc)-
GABz (7). Deprotection of the benzyl protective 

Figure 2. Four-step synthetic route of DOTA.(SA.FAPi)2 (5): (a) HATU, HOBt, DIPEA, MeCN, RT, 48 h, 72%; (b) DCM/
TFA (1:1), RT, 16 h; (c) 0.5 M phosphate buffer pH=7, RT, 16 h; (d) 0.5 M phosphate buffer pH=9, RT, 16 h, 17%.
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group was achieved by hydrogenolysis using 
Pd(OH)2 on active charcoal to receive the prod-
uct DOTAGA(COOtBu)3(NHBoc) (8). Subsequ- 
ently, commercially available N-Boc-ethylene- 
diamine was bound to the standalone carbox-
ylic acid with the coupling agents HATU, HOBt 
and the base DIPEA analogously to the DOTA 
derivative. In the next step, the protecting 
groups Boc and tert-butyl of DOTAGA 
(COOtBu)3(NHBoc)(N-Boc-en) (10) were cleaved 
with TFA in DCM and two identical SADE sub-
stituents were coupled to the terminal amines 
of the DOTAGA derivative at neutral pH. The 
esters of the obtained DOTAGA.(SA)2 (11) were 
amidated with two NH2-FAPi molecules at basic 
conditions. DOTAGA.(SA.FAPi)2 (12) could be 
isolated via HPLC purification.

Synthesis of non-radioactive complexes

The non-radioactive complexes [natGa]Ga-DOTA.
(SA.FAPi)2, [natGa]Ga-DOTAGA.(SA.FAPi)2 and 

[natLu]Lu-DOTAGA.(SA.FAPi)2 were synthesized 
by treating the corresponding precursors with 
gallium(III) nitrate and lutetium(III) chloride, 
respectively. The reactions were executed in 
0.2 M sodium acetate buffer pH 4.5 at 95°C. 
After lyophilization of the reaction solution, the 
residue was purified via HPLC to obtain the final 
metal-complexed derivatives.

In vitro enzyme inhibition measurements

Confirming the selectivity of the FAPi com-
pounds against the closely related serine prote-
ases of the S9 family (PREP, DPP4, DPP8 and 
DPP9) is crucial for considering their applicabil-
ity in in vivo studies. These related proteases 
are ubiquitously expressed: if DPP or PREP 
affinity would be present, this could significant-
ly discount on the tumor selectivity of the FAPi 
compounds. IC50 measurements for FAP, PREP 
and DPPs (DPP4, DPP8 and DPP9) of both 
dimeric systems with their natGa/natLu metal 

Figure 3. Seven-step synthesis route of DOTAGA.(SA.FAPi)2 (12): (e) MeCN, K2CO3, 90°C, 48 h, 30%; (f) Pd/C (10%), 
MeOH, H2, RT, 16 h, 100%; (g) HATU, HOBt, DIPEA, MeCN, RT, 24 h, 43%; (h) DCM/TFA (20:80)%, RT, 48 h; (i) SADE, 
0.5 M phosphate buffer pH=7, RT, 48 h; (j) 0.5 M phosphate buffer pH=9, RT, 24 h, 12%.
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complexes were measured. Table 2 shows the 
IC50 values for the five compounds DOTA.(SA.
FAPi)2, [natGa]Ga-DOTA.(SA.FAPi)2, DOTAGA.(SA.
FAPi)2, [natGa]Ga-DOTAGA.(SA.FAPi)2 and [natLu]
Lu-DOTAGA.(SA.FAPi)2 compared to the refer-
ence FAP inhibitor UAMC1110 and the mono-
meric probes [natGa]Ga-DOTA.SA.FAPi and [natLu]
Lu-DOTA.SA.FAPi. The IC50 values for FAP of all 
dimeric tracers were in the same order of mag-
nitude compared to the reference compound 
UAMC1110 and the monomers natGa/natLu-
DOTA.SA.FAPi and are within the subnanomolar 
to low nanomolar range (0.78-1.54 nM).

For all dimeric derivatives, the affinity for PREP 
was in the µM range (IC50 0.42-1.60 µM) result-
ing in high FAP/PREP selectivity indices in favor 
of FAP targeting. Additionally, IC50 values of the 

dimeric compounds against DPPs were within 
the low micromolar ranges. Compared to the 
reference compound UAMC1110, the selectivi-
ty towards DPP4, DPP8 and DPP9 is slightly 
decreased. In summary, selectivity against the 
DPPs and PREP are high and sufficient for all 
five dimeric compounds. Furthermore, excel-
lent affinity for the target enzyme FAP was 
achieved.

Labeling kinetics with gallium-68

DOTA.(SA.FAPi)2 was labeled with gallium-68 
under various buffer conditions. Ammonium 
acetate (AmAc), sodium acetate (NaAc) and 
N-2-hydroxyethyl piperazine-N’-2-ethanesulfon-
ic acid (HEPES) buffer were used. Figure 4 com-
pares the radiochemical yields (RCY) of the 
DOTA dimer precursor in the three different 
buffer systems with identical buffer molarity, 
pH, volume, reaction temperature, activity and 
ligand amount (1 M, pH 5.5, 300 µL, 95°C, 
100-150 MBq and 20 nmol). The RCY are ana-
lyzed by radio-TLC and evaluated with a TLC 
imager. Initially, radiolabeling was performed in 
AmAc buffer, analogous to our recently pub-
lished DOTA.SA.FAPi monomer. However, in 
contrast to the monomer which led to quantita-
tive yields, DOTA dimer showed an RCY of only 
9% after 10 min. Thereupon, labeling was per-
formed in NaAc and HEPES buffer. In both, 
NaAc and HEPES buffer, complexation with gal-
lium-68 could be obtained with RCY of 87% 
within 10 min.

Afterwards, labeling was performed in 1 M 
HEPES buffer with different precursor amounts 

Table 2. IC50 values of the FAPi probes against FAP and the related serine proteases (PREP, DPP4, 
DPP8, DPP9). Data are described as the mean with standard deviation (n=3 for FAP and n=2 for 
PREP and the DPPs)

Compound
IC50 (µM) IC50 (nM)

DPP4 DPP8 DPP9 PREP FAP
DOTA.(SA.FAPi)2 0.44±0.06 1.33±0.11 0.96±0.15 0.42±0.02 0.78±0.05
[natGa]Ga-DOTA.(SA.FAPi)2 0.51±0.09 1.44±0.16 0.78±0.07 0.92±0.07 1.05±0.07
DOTAGA.(SA.FAPi)2 0.40±0.07 0.42±0.04 0.16±0.02 0.39±0.02 0.92±0.06
[natGa]Ga-DOTAGA.(SA.FAPi)2 0.70±0.11 0.87±0.08 0.19±0.01 1.60±0.16 0.90±0.06
[natLu]Lu-DOTAGA.(SA.FAPi)2 0.63±0.07 0.41±0.03 0.18±0.02 0.56±0.04 1.54±0.15
[natGa]Ga-DOTA.SA.FAPi >1 N/A >1 8.7±0.9a 1.4±0.2a

[natLu]Lu-DOTA.SA.FAPi >1 N/A >1 2.5±0.4a 0.8±0.2a

UAMC1110 >10 10.1±0.6b 4.7±0.4b 1.8±0.01 0.43±0.02a

aIC50 for FAP and PREP from Moon et al. [10]. bThe IC50 value of UAMC-1110 for DPP9 (4.7±0.4 μM) is slightly lower compared 
to what was published before (>12 μM) [2]. This is due to introducing of a new measurement method in combination with new 
human recombinant DPP9 (instead of bovine DPP9). The IC50 of UAMC1110 for DPP8 was determined as a part of this study.

Figure 4. RCY (in %) of 20 nmol [68Ga]Ga-DOTA.(SA.
FAPi)2 in 1 M AmAc, NaAc and HEPES buffers after 
10 min at 95°C (n=2 for AmAc and NaAc, n=3 for 
HEPES; pH 5.5, A(68Ga) =100-150 MBq).



Homodimeric FAP inhibitor radiotheranostics

485	 Am J Nucl Med Mol Imaging 2021;11(6):476-491

of 10-40 nmol (Figure 5). RCY of more than 
80% was achieved for precursor quantity of ≥ 
20 nmol. At 10 nmol ligand amount only a RCY 
of 50% could be observed. Complexation with 
gallium-68 with 20-40 nmol was comparably 
good in a range of 80-90% RCY. Compared to 
DOTA.SA.FAPi, no quantitative yields could be 
attained. Due to the linear arrangement of the 
bifunctional conjugates, coordination of galli-
um-68 to the central DOTA core might be steri-
cally difficult.

For synthesis of [68Ga]Ga-DOTAGA.(SA.FAPi)2, 
identical conditions as for the [68Ga]Ga-DOTA.
(SA.FAPi)2 derivative were used. Figure 6 shows 
the kinetics of three precursor concentrations 
(5, 10 and 20 nmol) in 1 M HEPES pH 5.5 at 
95°C. In comparison to the DOTA dimer, quanti-

tative yields >99% were obtained after a reac-
tion time of 10 minutes. Even a precursor quan-
tity of 10 nmol led to excellent complexation 
and at 5 nmol, a RCY of >90% was still obtained. 
This may confirm the previous statement, since 
the DOTAGA chelator provides an additional 
coordination option that might facilitate the 
faster and better complexation with gallium- 
68.

In vitro stability of 68Ga-labeled derivatives

[68Ga]Ga-DOTAGA.(SA.FAPi)2 was tested for its 
stability in different media: HS, PBS and saline 
at different time points (15-120 min) at 37°C. 
The RCY of the intact conjugates are analyzed 
by radio-TLC and evaluated with a TLC imager. 
In vitro stabilities in HS and in NaCl were >98% 
and in PBS >91%, respectively, after 120 min 
(Figure 7).

Lipophilicity comparison [68Ga]Ga-DOTA.
SA.FAPi vs. [68Ga]Ga-DOTAGA.(SA.FAPi)2

Lipophilicity (logD7.4 value) was performed via 
“shake-flask” method for the dimer [68Ga]
Ga-DOTAGA.(SA.FAPi)2 and compared to those 

Figure 5. RCY (in %) of 10-40 nmol [68Ga]Ga-DOTA.
(SA.FAPi)2 in 1 M HEPES buffer pH 5.5 after 10 min 
at 95°C (n=3 for 20 nmol, n=1 for 10, 30 and 40 
nmol), A(68Ga) =100-150 MBq.

Figure 6. RCY (in %) of 5, 10 and 20 nmol [68Ga]Ga-
DOTAGA.(SA.FAPi)2 in 1 M HEPES buffer pH 5.5 in 10 
min at 95°C (n=3 for 10 nmol, n=1 for 5 and 20 
nmol), A(68Ga) =100-150 MBq.

Figure 7. In vitro stability of [68Ga]Ga-DOTAGA.(SA.
FAPi)2 (in % intact conjugates) in HS, PBS and saline 
during a period of 15-120 min at 37°C (n=3 for all 
media).

Table 3. LogD values (pH=7.4) of [68Ga]
Ga-DOTA.SA.FAPi and [68Ga]Ga-DOTAGA.(SA.
FAPi)2 (n=3)
[68Ga]Ga-complex LogD7.4 value

[68Ga]Ga-DOTA.SA.FAPi -2.68±0.06a

[68Ga]Ga-DOTAGA.(SA.FAPi)2 -2.02±0.06
aLogD7.4 from Moon et al. [22].
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of the monomer [68Ga]Ga-DOTA.SA.FAPi from 
[22] (Table 3).

The lipophilicity of [68Ga]Ga-DOTA.SA.FAPi was 
already published in our recent work [22] with  
a logD7.4 of -2.68. [68Ga]Ga-DOTAGA.(SA.FAPi)2 
displayed a slightly higher lipophilicity with a 
logD7.4 value of -2.02. Both derivatives have 
strong hydrophilic characteristics however the 
dimer showed a more lipophilic character  
due to the additional linker-targeting vector 
conjugate.

Clinical studies

Six patients (4 females, 2 males, mean age 
52.3±7.6 years; range 45-63 years) who had 
progressed on all the available cancer treat-
ment options were referred to the Department 
of Nuclear Medicine at AIIMS, India. None of 
the patients experienced adverse events from 
the radiotracers. The detailed clinical history of 
the six patients is mentioned in Table 1.

thyroid and the psoas muscle on [68Ga]Ga- 
DOTAGA.(SA.FAPi)2 compared to [68Ga]Ga-DOTA.
SA.FAPi PET/CT scans (Figures 8-10; Table S1). 
The main reason for higher uptake in normal 
tissues is not known yet. However, the change 
in the structure from a monomer to a dimeric 
system and thus the introduction of an addi-
tional linker-TV unit and the increase of molecu-
lar weight have shown an influence to a slightly 
higher lipophilicity, which could be a reason for 
the higher retention. The delayed blood pool 
from [68Ga]Ga-DOTAGA.(SA.FAPi)2 in some 
patients is of concern and may contribute a 
relatively high bone marrow toxicity, but detailed 
pharmacokinetic and dosimetry data is war-
ranted to validate the findings. However, while 
the dosimetry results on [68Ga]Ga-DOTA.SA.
FAPi are reported and are proven safe for diag-
nostic use [11], pharmacokinetic data on [68Ga]
Ga-DOTAGA.(SA.FAPi)2, [177Lu]Lu-DOTA.SA.FAPi, 
and [177Lu]Lu-DOTAGA.(SA.FAPi)2 are currently 
being investigated. Contrary to the avid uptake 

Figure 8. Comparison of SUL (standardized uptake value (SUV) normalized 
to lean body mass) values among various radiotracers in six patients; above: 
SULpeak of [68Ga]Ga-DOTAGA.(SA.FAPi)2 (blue), [68Ga]Ga-DOTA.SA.FAPi (orange) 
and [18F]FDG (grey); below: SULavg of [68Ga]Ga-DOTAGA.(SA.FAPi)2 (blue), [68Ga]
Ga-DOTA.SA.FAPi (orange) and [18F]FDG (grey). A: lacrimal glands; B: oral mu-
cosa; C: salivary glands; D: thyroid; E: heart contents/blood pool; F: liver; G: 
spleen; H: pancreas; I: duodenum; J: kidneys; K: psoas muscle; L: bone (L4 
vertebrae); M: femur; N: brain normal parenchyma.

Organ distribution of [68Ga]
Ga-DOTA.SA.FAPi vs. [68Ga]
Ga-DOTAGA.(SA.FAPi)2

The physiological biodistribu-
tion of [68Ga]Ga-DOTA.SA.
FAPi involved the pancreas, 
liver, heart, spleen, kidneys, 
gut, bladder, and to a lesser 
extent, lacrimals, oral muco-
sa, salivary glands, and thy-
roid glands. The biodistribu-
tion of [68Ga]Ga-DOTAGA.(SA.
FAPi)2 was similar to that of 
[68Ga]Ga-DOTA.SA.FAPi, yet 
the intensity of uptake in the 
corresponding organs varied 
(Figure 8; Table S1). Visual 
analysis revealed the pancre-
as as the organ of the high-
est uptake on both the 
radiotracers.

Normal organ uptake

On quantitative analysis, vari-
able, higher SUL (standard-
ized uptake value (SUV) nor-
malized to lean body mass) 
peak and higher average 
uptake values were noted in 
the blood pool, liver, spleen, 
pancreas, salivary glands, 
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Figure 9. 63-year-old female diagnosed with papillary thyroid cancer; (A) PET/CT MIP of [68Ga]Ga-DOTA.SA.FAPi: nor-
mal distribution in the salivary glands, pancreas and myocardium; avid skeletal lesions in the right ilium, left ischial 
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of [18F]FDG in the normal brain parenchyma, 
negligible uptake was quantified on [68Ga]
Ga-DOTAGA.(SA.FAPi)2 and [68Ga]Ga-DOTA.SA.
FAPi PET/CT scans (Figures 8 and 10, Table 
S1).

Case reports

(I) In a case of the 63-year-old female diag-
nosed with papillary thyroid cancer (PET/CT 
scans maximum intensity projection (MIP) of 
[68Ga]Ga-DOTA.SA.FAPi and [68Ga]Ga-DOTAGA.
(SA.FAPi)2 in Figure 9; Table S2), the DOTAGA 
dimer probe showed increased tumor uptake 

(SULavg: 10.4 in L2 vertebra tumor, 8.7 in right 
ischium and 8.9 in the left femur) with overall 
higher tumor-to-background ratios than the 
DOTA monomer (SULavg: 1.8 in L2 vertebra, 4.2 
in right ischium and 1.42 in the left femur) after 
1 h p.i. High retention of [68Ga]Ga-DOTAGA.(SA.
FAPi)2 were shown after 3 h p.i. with SULavg:  
9.4 in L2 vertebra, 9.0 in right ischium and 8.5 
in the left femur, respectively. Yet, higher 
uptake in the blood-pool with retention dura-
tion up to 3 h p.i. was observed.

(II) A 36-year-old male was diagnosed with gra- 
de III pancreatic neuroendocrine tumor (Figure 

tuberosity, and left femur; (B, C) PET/CT MIP of [68Ga]Ga-DOTAGA.(SA.FAPi)2: normal biodistribution in the pancreas, 
and liver; concordance of tracer avidity in all the lesions compared to [68Ga]Ga-DOTA.SA.FAPi but demonstrated 
higher tumor-to-background ratios and avidity in the tumor lesions; higher retention duration of [68Ga]Ga-DOTAGA.
(SA.FAPi)2 in the blood-pool with retention up to 3 h p.i. compared to [68Ga]Ga-DOTA.SA.FAPi; fused axial PET/CT im-
ages demonstrate higher standardized uptake values for [68Ga]Ga-DOTAGA.(SA.FAPi)2 in both normal organs (G, H) 
and lesions (H, I) compared to [68Ga]Ga-DOTA.SA.FAPi PET/CT (D-F) which remained stable even up to 3 h p.i. (J-L).

Figure 10. 36-year-old male diagnosed with grade III pancreatic neuroendocrine tumor, the extent off cancer in-
volved primary tumor in the pancreas and left supra clavicular lymph node. MIP and PET/CT fused axial images 
1 h p.i. of (A, B) [68Ga]Ga-DOTANOC; (C, D) [18F]FDG; (E, F) [68Ga]Ga-DOTAGA.(SA.FAPi)2 and (G, H) [68Ga]Ga-DO-
TA.SA.FAPi. Highest primary tumor uptake in pancreas: (H) [68Ga]Ga-DOTA.SA.FAPi PET/CT (SULpeak: 30.84); (F)  
[68Ga]Ga-DOTAGA.-(SA.FAPi)2 (SULpeak: 27.22). Left supraclavicular visible on (E) [68Ga]Ga-DOTAGA.(SA.FAPi)2 and 
(G) [68Ga]Ga-DOTA.SA.FAPi.
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10). Due to the neuroendocrine origin and 
Ki-67 index of >20%, patient underwent [68Ga]
Ga-DOTANOC (A, B), [18F]FDG (C, D) PET/CT’s, 
followed by [68Ga]Ga-DOTAGA.(SA.FAPi)2 (E, F), 
and [68Ga]Ga-DOTA.SA.FAPi (G, H), PET/CT 
scans. The MIP and PET/CT fused axial images 
of [68Ga]Ga-DOTANOC (A, B), [18F]FDG (C, D), 
[68Ga]Ga-DOTAGA.(SA.FAPi)2 (E, F) and [68Ga]
Ga-DOTA.SA.FAPi (G, H) revealed highest 
uptake on [68Ga]Ga-DOTA.SA.FAPi PET/CT 
(SULpeak: 30.84) (H) followed by [68Ga]Ga- 
DOTAGA.(SA.FAPi)2 (SULpeak: 27.22) (F) in the 
primary tumor (pancreas).

All the agents, except [18F]FDG (C, D), demon- 
strated increased radiotracer uptake in the 
primary pancreatic tumor. On the other hand, 
the left supraclavicular lymph node was only 
remarkably visible on the [68Ga]Ga-DOTAGA.
(SA.FAPi)2 (E) and [68Ga]Ga-DOTA.SA.FAPi (G) 
PET MIP images. Unlike the high blood pool 
activity noted on the [68Ga]Ga-DOTAGA.(SA.
FAPi)2 images of the patient described in Figure 
9, no or minimal blood pool uptake was 
observed in this patient (Figure 10E, 10F).

In case II, it seems that the DOTA.SA.FAPi 
monomer performed better than the DOTAGA.
(SA.FAPi)2 dimer. However, the mainstay goal 
was to design a molecule that can be multifac-
eted and exploited as a theranostic option for 
both imaging and treatment. For the DOTA.
SA.FAPi monomer labeled with 177Lu though, 
the uptake in the tumors was instant and the 
washout from the lesions was rapid. Hence, 
this was not an ideal agent for therapy. This led 
to the re-designing of the monomer to dimer 
with an aim to improve the tumor retention. The 
dimer DOTAGA.(SA.FAPi)2 was further labelled 
with 68Ga. Unfortunately, as demonstrated in 
Figure 10, despite the tumor retention, there 
was also a proportional retention in the normal 
organs and blood pool. Despite the high blood-
pool activity, the DOTAGA.(SA.FAPi)2 was 

labeled with 177Lu, and interestingly a drasti-
cally low blood-pool activity was observed wi- 
th [177Lu]Lu-DOTAGA.(SA.FAPi)2. Hence, despite 
several attempts to improve the biodistribution 
pattern of [68Ga]Ga-DOTAGA.(SA.FAPi)2, we con-
cluded that this tracer has inherent drawbacks 
in terms of high radiation burden to normal 
organs and a non-identical distribution pattern 
among patients. Therefore, we decided that the 
best approach is to adopt a monomer-guided 
dimer treatment, involving the use of [68Ga]-
DOTA.SA.FAPi for guiding and the dimer [177Lu]-
DOTAGA.(SA.FAPi)2 for treatment. This current 
approach has been now adopted routinely at 
our clinic to treat patients.

Comparison according to the site of malig-
nancy

Though a complete concordance was observed 
between the tracers in detecting the site of the 
primary tumor, the intensity of the tracer accu-
mulation in the primary/residual tumor site was 
highest for [68Ga]Ga-DOTAGA.(SA.FAPi)2. How- 
ever, there was no significant difference in the 
median SUL peak (P-0.3488) and average val-
ues (P-0.3828) between [68Ga]Ga-DOTAGA.(SA.
FAPi)2 and [68Ga]Ga-DOTA.SA.FAPi radiotracers 
(Table 4). Similarly, the SUL peak and average 
values did not differ between [68Ga]Ga-DOTAGA.
(SA.FAPi)2 and [18F]FDG radiotracers.

Conclusion

Here, we reported two novel PET radiopharma-
ceuticals based on a homodimer system with 
DOTA and DOTAGA as chelators. Both were  
conjugated via squaramide to a FAP inhibitor 
for targeting the tumor microenvironment. 
Synthesis of the DOTA dimer derivative was 
faster and easier to realize, however, complex-
ation with gallium-68 was better and more effi-
cient using the DOTAGA derivative. In vitro affin-
ity studies showed that the formation of biva-

Table 4. Comparison of lesion SUL values between the radiotracers 1 h p.i. for all six patients (Com-
parison between variable was done by paired sample t-test), For comparison of SULpeak of metasta-
ses and lesions, see Table S3
Radiotracer SULpeak (mean ± SD, range) P-value SULavg (mean ± SD, range) P-value
[68Ga]Ga-DOTAGA.(SA.FAPi)2 12±3.9 (9.5-12.5) 0.3488 7.6±2.7 (3.6-9.8) 0.3828
[68Ga]Ga-DOTA.SA.FAPi 9.5±3 (5.4-14.6) 5.7±3 (2.5-8.9)
[18F]FDG 7.8±5.4 (4.2-10.9) 0.1535* 4.2±2.9 (2.2-8) 0.0619*
*P-values derived by comparing the SUL peak and average values between [68Ga]Ga-DOTAGA.(SA.FAPi)2 and [18F]FDG.
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lent structures with an additional linker-target 
vector unit has no negative influence regarding 
the affinity and inhibition potency towards FAP 
relative to the monomeric derivatives. As a 
result, IC50 values in the low nanomolar range 
were obtained, similar to the IC50 values of the 
monomeric structures reported earlier [10].

In first clinical investigations, [68Ga]Ga-DOTAGA.
(SA.FAPi)2 demonstrated first of all that relative 
to the monomer, tumor uptake increased at 1 h 
p.i. time points and secondly, that even at 3 h 
p.i. the accumulation in tumor tissue increased 
compared to the 1 h p.i. time point. In our opin-
ion, this verifies the hypothesis that dimeric 
FAPi derivatives can function as an approach 
towards increasing tumor stroma residence 
times. However, [68Ga]Ga-DOTAGA.(SA.FAPi)2 is 
accompanied by high, delayed, and heteroge-
neous blood pool uptake across the patients, 
thereby attributing to a risk of increased radia-
tion dose to the non-target organs. Yet, showing 
promising pharmaceutical profiles both in vitro 
and in vivo, DOTAGA.(SA.FAPi)2 and related 
compounds could be a suitable PET imaging 
probe for diagnostic approaches targeting FAP 
in the tumor stroma. In future work, our focus  
is on the performance of [177Lu]Lu-labeled 
DOTAGA.(SA.FAPi)2, which will be investigated 
in vivo. 
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Supplementary Materials

Methodology for patient studies

Radiolabeling of [68Ga]Ga-DOTAGA.(SA.FAPi)2

All the procedures were performed in sterile conditions in a laminar flow to maintain sterility. For the 
[68Ga]Ga-DOTAGA.(SA.FAPi)2 radiolabeling, the required amount of the buffers such as 1 mL 0.4 M sodi-
um acetate, pH 4 or 0.6-1 mL of 1 M HEPES buffer, pH 5.5 were used. Different ligand-to-radionuclide 
ratios were investigated across nine batches of radiolabelling to evaluate the most suitable ligand: 
radionuclide ratio (L:R).

The 68GaCl3 solution (~925 MBq) was eluted from the 
68Ge/68Ga-generator (ITG Garching, Germany) 

using 0.05 M HCl and added to the vial containing the buffer-peptide mixture and incubated at 95°C for 
10 minutes. The light C18 cartridge (Sep-Pak Plus Light C18) required for purification was precondi-
tioned by 5 mL of ethanol followed by air and then rinsed with 10 mL of Ultrapure water. After heating, 
the radiolabelled product was passed through the pre-conditioned cartridge and purged with air fol-
lowed by water and air to dryness and the effluent was collected in a waste vail for free 68GaCl3.

The radiolabeled DOTA.SA.FAPi retained in the C18 cartridge was eluted with 1 mL of 50% ethanol. The 
cartridge was purged with 10 mL of 0.9% saline solution and air to dryness. The preparation was sub-
jected to Millipore filtration prior to the administration to the patient and was delivered as 10 mL solu-
tion with the saline. The product was visually checked and pH was determined using the pH paper.

Radiochemical purity

Radiochemical purity (RCP) of [68Ga]Ga-DOTAGA.(SA.FAPi)2 was determined by ITLC after the radiophar-
maceutical purification. Sodium citrate buffer (0.1 M), pH 4 was used as mobile phase and Silica gel 
impregnated aluminium strips (ITLC-SG strips) were used as stationary phase. The developed TLC strip 
was read in the TLC scanner (Bioscan) to determine the radiochemical purity using proportional 
counter.

Radiolabeling of [68Ga]Ga-DOTANOC

68Ga (1,110-1,850 MBq [30-50 mCi]) was eluted from a 68Ge/68Ga generator (ITG) using 0.1 M HCl. The 
eluent was loaded on a miniaturized column of organic cation-exchanger STRATA X C column to pre-
concentrate (using 80% acetone/0.15 M HCl). The processed 68Ga was directly eluted with 97.7% ace-
tone/0.05 M HCl into the reaction vial containing 30-50 mg of DOTANOC. Synthesis was performed at 
approximately 95°C for 10-15 min, followed by transferring of product from the reaction vessel on to the 
C-18 cartridge. The labelled product from the C-18 cartridge is eluted finally by 70% ethanol and further 
rinsed with 10 ml normal saline.
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Figure S1. Analytical HPLC profile of DOTA.(SA.FAPi)2 [Compound 5], linear gradient condition of 10-90% MeCN 
(+0.1% TFA)/90-10% Water (+0.1% TFA) in 10 min, 1 mL/min.
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Figure S2. Analytical HPLC profile of DOTAGA.(SA.FAPi)2 [Compound 12], linear gradient condition of 10-90% MeCN 
(+0.1% TFA)/90-10% Water (+0.1% TFA) in 10 min, 1 mL/min.
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Table S1. Comparison of SUL values among various radiotracers in six patients (The values are given 
as median and interquartile range (IQR))

Organs
SULpeak

[68Ga]Ga-DOTAGA. 
(SA.FAPi)2

SULavg
[68Ga]Ga-DOTAGA. 

(SA.FAPi)2

SULpeak
[68Ga]Ga-DOTA.

SA. FAPi

SULavg
[68Ga]Ga-DOTA.

SA. FAPi

SULpeak
[18F]F-FDG

SULavg
[18F]F-FDG

Lacrimal glands 1.28 0.80 2.78 1.51 5.39 2.66
0.94-2.24 0.46-1.30 1.22-4.34 0.58-2.43 1.93-8.84 1.15-4.16

Oral mucosa 1.84 1.42 2.19 1.60 2.34 1.60
1.71-2.01 1.36-1.49 1.59-2.78 1.36-1.83 1.85-2.83 1.24-1.96

Salivary glands 1.75 1.24 4.88 4.02 1.75 1.26
1.15-2.34 0.78-1.69 4.72-5.41 3.08-4.70 1.29-2.20 0.96-1.55

Thyroid 0.81 0.40 4.37 2.21 1.09 0.63
0.47-1.15 0.21-0.58 3.51-5.32 1.89-3.38 0.89-1.29 0.51-0.76

Heart contents/blood pool 7.80 6.10 1.19 0.86 1.43 1.15
6.68-9.03 5.71-7.31 0.84-1.54 0.64-1.08 1.34-1.51 1.06-1.23

Liver 4.54 3.02 0.61 0.30 2.13 1.72
4.03-4.66 2.62-3.12 0.38-0.83 0.25-0.35 2.06-2.19 1.60-1.83

Spleen 5.83 4.88 0.89 0.64 1.61 1.28
5.81-7.35 4.72-5.41 0.79-0.98 0.59-0.69 1.42-1.79 1.15-1.40

Pan-creas 8.38 5.99 2.59 1.85 1.48 1.03
6.27-9.74 3.80-6.98 2.57-2.60 1.77-1.93 1.43-1.53 0.96-1.10

Duo-denum 1.94 1.29 1.24 0.58 1.15 0.81
1.21-2.66 0.73-1.89 1.10-1.37 0.51-0.64 0.77-1.53 0.46-1.16

Kidneys 4.48 3.82 3.92 2.39 7.45 4.53
4.34-5.93 3.63-5.12 2.00-5.84 1.33-3.45 2.24-12.7 1.74-7.31

Psoas Muscle 0.93 0.91 1.74 1.12 0.66 0.44
0.62-1.24 0.88-0.93 0.96-3.24 0.75-1.93 0.56-0.76 0.30-0.57

Bone (L4 verte-brae) 0.53 0.43 2.35 2.00 1.22 0.94
0.52-0.53 0.41-0.44 1.60-2.74 1.47-2.06 1.18-1.25 0.87-1.01

Femur 0.60 0.46 1.11 0.72 0.64 0.50
0.59-0.61 0.43-0.49 1.06-1.36 0.62-0.99 0.60-0.68 0.44-0.55

Brain normal paren-chyma 0.27 0.21 0.04 0.02 6.22 4.75
0.12-0.34 0.16-0.23 0.02-0.05 0.01-0.02 4.29-8.15 3.22-6.27

Table S2. Comparison of SUL values of the regions of interest for [68Ga]Ga-DOTA.SA.FAPi and [68Ga]
Ga-DOTAGA.(SA.FAPi)2 related to the 63-year old female patient (related to Figure 9)

Regions of Interest
[68Ga]Ga-DOTA.SA.FAPi 

1 h p.i.
[68Ga]Ga-DOTAGA.(SA.FAPi)2 

1 h p.i.
[68Ga]Ga-DOTAGA.(SA.FAPi)2 

3 h p.i.
SUL SULavg SUL SULavg SUL SULavg

Heart contents (blood pool) 1.2 0.9 6.1 4.8 7.1 4.8
Pancreas 2.7 2.4 10.2 6.6 9.9 7.7
L2 vertebra tumor 2.7 1.8 12.8 10.4 12.1 9.4
Right ischium 5.9 4.2 10.0 8.7 11.7 8.9
Left femur 1.8 1.4 9.1 8.9 9.4 8.5
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Table S3. Comparison of SULpeak of metastases and lesions (related to Table 4) for the different 
radiotracers

S. No Site of  
metastases

[68Ga]Ga-DOTA.SA.FAPi
SULpeak

[68Ga]Ga-DOTAGA.(SA.FAPi)2
SULpeak

[18F]FDG
SULpeak

[68Ga]Ga-DOTANOC
SULpeak

1 Pelvic bone 6.9 8.6 4.8 NA
2 Iliac bone 5.9 11.6 4.8 NA
3 Neck node 7.6 8.9 5.4 NA
4 Lung mass 3.7 7.7 2.8 NA
5 Neck node 8.6 12.8 1.2 1.6
6 Lumbar vertebra 8.6 12 1.9 3.6
NA: not assessed.


