Design and Characterization of a Novel Prostate-Specific Membrane Antigen-Targeted Radioligand Modified with a Fatty Acid Albumin Binder for Optimized Circulation Half-Life

Shaomei Zenga, Xiang Gaoa, Jiang Menga, Xudong Yanga, Zhexin Chia, Yao Zhangb, Ping Zhoua, Min Lia, Yi Zhanga, Xiaodong Zhanga, Yuanqing Tanga, b, Zhonghai Sua, b, Jun Tanga, b*
aScinnoHub Pharmaceutical Co., Ltd., Chengdu 610000, PR China 

bChengdu Brilliant Pharmaceutical Co., Ltd, Chengdu 610000, PR China

*Email: jun.tang@scinnohub.com
Supplementary Information

Chemistry, radiochemistry and stability

Peptide synthesis and characterization

Solid-phase peptide synthesis protocol: The resin employed was 2-Chlorotrityl-resin (loading 1.15 mmol/g, CAS:934816-82-7). The Fmoc-protected amino acid derivatives used, unless specifically stated otherwise. 2-Chlorotrityl- resin (Loading 1.15 mmol/g, 5.0 mmol) was swelled with DCM (50 mL) in a peptide reaction vessel for 1 h, and then the resin was drained and washed with DMF (50 mL) for 3 times before use. 

Synthesis of resin immobilized PSMA-targeting motif A9 (Fig. S1):

Step 1: Preparation of Alloc-Lys(Fmoc)-2-Chlorotrityl-resin A2

In a separate flask, a mixture of Alloc-Lys(Fmoc)-OH (2.31 g), DIPEA (1.98 g) in DMF (50 mL) was transferred to the peptide reaction vessel with swelled resin at room temperature. The resulting mixture was shaken for overnight, then drained and washed with DMF (50 mL) for 3 times, followed by DCM (50 mL) for 3 times.

Step 2: Fmoc Deprotection

A solution of 20% piperidine in DMF (~50 mL) for Fmoc deprotection was added. The peptide reaction vessel was shaken for 2 h and then drained. Additional treatments were needed if the reaction was incomplete. Then, the mixture was drained and washed with DMF (50 mL) for 3 times, followed by DCM (50 mL) for 3 times. The similar Fmoc deprotection protocol was applied for step 6/8.

Step 3: Urea Formation

In a separate flask, a solution of triphosgene (1.5 g) in DCM (20 mL) was added to the mixture of L-Glutamic acid di-tert-butyl ester hydrochloride (4.48 g) and DIPEA (7.84 g) in DCM (50 mL) under 0oC. The resulting mixture was stirred overnight at the same temperature, and then transferred to the above peptide reaction vessel, followed by additional DIPEA to adjust the reaction system with pH 8~9. After reaction, the mixture was drained and washed with DMF (50 mL) for 3 times, followed by DCM (50 mL) for 3 times.

Step 4: Alloc-Deprotection

A solution of Pd(PPh3)4 (1.18 g) and DIPEA (10.1 g) in DCM (90 mL) was added to above resin, then the vessel was shaken for 3 h and then drained and washed with standard protocol.

Step 5: Amino coupling

In a separate flask, to a solution of (S)-N-Fmoc-1-Naphthylalanine (3.29 g) in DMF (100 mL) was added HBTU (2.86 g). The resulting solution was stirred at room temperature for 10 mins and then transferred to the above peptide reaction vessel, followed by DIPEA (1.98 g) to adjust the reaction system with pH 8~9. After reaction, the liquors were drained and washed with DMF (50 mL) for 3 times, followed by DCM (50 mL) for 3 times.

Step 7: Amino coupling

Fmoc-trans-4-Amc-OH (1.89 g) was used instead as the same procedure described in step 5.

Synthesis of Albumin-binding motif L9A (Fig. S2):
Commercially available chemical compounds and reagents were used for the synthesis of Albumin-binding motif L9A with the same procedure described above, except for the Amino coupling step HATU was used instead (Step 1~7).

Step 8: Resin cleavage condition and purification

After solid-phase peptide assembly was completed, the resin was washed with DMF (50 mL × 3) and DCM (50 mL × 3), then subject to a 0.5 h treatment of HFIP/DCM (40:60, v/v/v). The resin was filtered off, and this step was repeated once. The combined filtrate was evaporated to yield the crude product, and then dissolved in a minimal amount of DMF to achieve a clear solution. The crude resulting DMF solution was purified by a reverse phase preparative HPLC to obtain the desired product.

MS (ESI) m/z (M+H)+ = 846.2.

Synthesis of BT-117003 (Fig. S3):

As depicted in Fig. S3, commercially available chemical compounds and reagents were used for the synthesis of BT-17003 with the similar procedure described above, including Amino coupling/Fmoc-deprotection/Alloc-deprotection/ Resin cleavage.

Step 7: De-t-Butyl-protetion

The obtained peptide P6A (400 mg, 0.17 mmol) was dissolved in 1M HCl in dioxane (14 mL). The resulting solution was stirred at room temperature for 2 h. After reaction, the crude product was dissolved in a minimal amount of DMF to achieve a clear solution. The crude resulting DMF solution was purified by a reverse phase preparative HPLC (Agilent1260 Infinity II) using a C18-reverse phase column (Phenomenex Gemini C18 250*21.2 mm, 5 μm) to obtain the desired product (150 mg). (Mobile phases: A: 0.02% HCl H2O; B: acetonitrile (ACN). Flow rate: 20 mL/min; UV: 254/214 nm; gradient: 0-5 min: 36% B to 43% B; then 5-15 min: 43% B to 46%; 15-16 min: 46% B to 95% B; 16-20 min: 95% B).

MS (ESI) m/z (M+H)+=1886.2; (M+H)+ /2=943.6; Rf = 9.99 min; purity: 99.2%.

Synthesis of BT-117016:
With the commercially available chemical compounds and reagents, the compound BT-117016 can be obtained in the same way using the synthesis route depicted in Fig. S1~3.

BT-117016: 165 mg; MS (ESI) m/z (M+H)+ = 1858.2; MS (ESI) m/z (M+H)+ /2 = 929.6; Rf = 9.20 min, purity: 99.6%.
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Fig. S1 Synthesis of resin immobilized PSMA-targeting motif A9
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Fig. S2 Synthesis of Albumin-binding motif L9A
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Fig. S3 Synthesis of BT-117003 and BT-117016
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Fig. S4 HPLC(a) and LCMS(b) spectrogram of BT-117003, HPLC(c) and LCMS(d) spectrogram of BT-117016
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Fig. S5 a. Radio-TLC of [177Lu]Lu-PSMA-617, [177Lu]Lu-BT-117003 and [177Lu]Lu-BT-117016, b. Radio-HPLC of [177Lu]Lu-PSMA-617, [177Lu]Lu-BT-117003 and [177Lu]Lu-BT-117016

To identify suitable solvent for clinical use, we evaluated the stability of [177Lu]Lu-BT-117003 and [177Lu]Lu-BT-117016 in saline over a period of 6 days, given that the half-life (T1/2) of 177Lu is 6.73 days. As shown in the Table S1 and Fig. S6, the radiochemical purity of both [177Lu]Lu-BT-117003 and [177Lu]Lu-BT-117016 remained at 100% even after 144 h of incubation in saline. In contrast, the radiochemical purity of [177Lu]Lu-PSMA-617 decreased to 84.98% after the same incubation period (Table S1, Fig. S6). These results showed that [177Lu]Lu-BT-117003 and [177Lu]Lu-BT-117016 showed high stability in saline, making it a suitable candidate for clinical use as a solvent for these compounds.

Table S1 The remaining percentage (%) of [177Lu]Lu-PSMA-617, [177Lu]Lu-BT-117003 and [177Lu]Lu-BT-117016 under saline
	Time(h)
	0
	3
	24
	48
	72
	96
	120
	144

	[177Lu]Lu-PSMA-617
	100
	100
	100
	100
	89.63
	92.66
	86.22
	84.98

	[177Lu]Lu-BT-117003
	100
	100
	100
	100
	100
	100
	100
	100

	[177Lu]Lu-BT-117016
	100
	100
	100
	100
	100
	100
	100
	100
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Fig. S6 Radio-HPLC of [177Lu]Lu-PSMA-617, [177Lu]Lu-BT-117003 and [177Lu]Lu-BT-117016 in saline

To evaluate the stability of [177Lu]Lu-BT-117003, [177Lu]Lu-BT-117016, and [177Lu]Lu-PSMA-617 in plasma, we incubated them in mouse plasma and human plasma for 4 and 24 h. As shown in the Table S2, the radiochemical purity of [177Lu]Lu-BT-117003, [177Lu]Lu-BT-117016, and [177Lu]Lu-PSMA-617 remained at 100% even after 24 h incubation (Table S2 and Fig. S7). These results showed that the stability of [177Lu]Lu-BT-117003 and [177Lu]Lu-BT-117016 in mouse plasma and human plasma was consistent with [177Lu]Lu-PSMA-617.

Table S2 The residual percentage (%) of [177Lu]Lu-PSMA-617, [177Lu]Lu-BT-117003, and [177Lu]Lu-BT-117016 in mouse plasma and human plasma
	Compound
	
	Species
	Time(h)

	
	
	
	4
	24

	[177Lu]Lu-PSMA-617
	
	mouse
	100
	100

	
	
	human
	100
	100

	[177Lu]Lu-BT-117003
	
	mouse
	100
	100

	
	
	human
	100
	100

	[177Lu]Lu-BT-117016
	
	mouse
	100
	100

	
	
	human
	100
	100
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Fig. S7 Radio-HPLC of [177Lu]Lu -PSMA-617, [177Lu]Lu -BT-117003 and [177Lu]Lu -BT-117016 in mouse plasma and human plasma

PSMA binding affinity

Table S3 Binding affinity of PSMA-617 and BT-117003 with PSMA protein

	Parameters
	PSMA-617

(without the chelator segment)
	BT-117003

(without the chelator segment)

	KD (nM)
	1.179
	0.446

	Kon(1/Ms)
	1.51E+05
	1.67E+05

	Koff(1/s)
	1.78E-04
	7.46E-05


Excretion Study

In the excretion studies, 5 MBq of [177Lu]Lu-BT-117003 and [177Lu]Lu-BT-117016 was intravenously injected into male LNCaP clone FGC tumor-bearing mice (18–22 g) (n = 6/group). Faeces and urine samples were collected before administration and within 0-4, 4-8, 8-24, 24-48, 48-72, 72-96, 96-120, 120-144 and 144-168 h after administration, respectively. All samples were processed for testing immediately upon collection.
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Fig. S8 Excretion study of [177Lu] Lu-BT-117003 (a) and [177Lu]Lu-BT-117016 (b) in healthy male mice (5 MBq/mice, n = 6/group). Urine and faeces are indicated with blue and red lines, respectively.

Table S4 Urine or Faeces uptake of [177Lu]Lu-BT-117003 and [177Lu]Lu-BT-117016 

	Compound
	Type (% ID/g)
	Time (h)

	
	
	~0 h
	0~4 h
	0~8 h
	0~24 h
	0~48 h
	0~72 h
	0~96 h
	0~120 h
	0~144 h
	0~168 h

	[177Lu]Lu-BT-117003
	Urine uptake 
	0.00±0.00
	5.14±3.46
	12.95±2.11
	31.65±5. 94
	48.20±8.82
	57.54±9.59
	62.74±9.53
	66.76±8.69
	69.36±8.37
	71.74±8.53

	
	Faeces uptake 
	0.00±0.00
	0.23±0.28
	1.60±0.65
	7.33±2.13
	15.04±4.14
	19.89±5.62
	24.28±6.83
	26.62±7.29
	28.33±7.81
	29.60±7.97

	[177Lu]Lu-BT-117016
	Urine uptake 
	0.00±0.00
	21.99±18.57
	65.27±10.59
	87.60±8.03
	90.50±8.24
	91.71±8.23
	92.44±8.25
	93.08±8.28
	93.47±8.30
	93.84±8.32

	
	Faeces uptake 
	0.00±0.00
	1.64±2.72
	3.17±2.73
	6.55±2.95
	7.44±2.87
	7.97±2.94
	8.37±2.98
	8.65±2.98
	8.88±3.03
	9.04±3.07


Biodistribution Study

Table S5 Biodistribution study of [177Lu]Lu-PSMA-617 in LNCaP clone FGC tumor-bearing mice. 

	Tissue
	%ID/g

	
	0.25 h
	1 h
	4 h
	24 h

	blood
	19.26±2.44
	9.71±2.87
	2.64±0.53
	0.04±0.02

	heart
	10.54±4.07
	8.10±0.40
	4.38±1.27
	2.50±1.00

	liver
	5.22±3.06
	5.44±2.44
	4.61±1.65
	3.00±1.62

	spleen
	7.28±2.66
	5.74±0.84
	3.47±0.70
	3.64±3.95

	lung
	10.42±9.07
	3.27±0.18
	4.12±2.18
	1.97±1.02

	kidney
	4.76±0.26
	4.13±0.97
	11.42±2.31
	2.68±0.66

	stomach
	4.77±2.33
	4.98±2.51
	3.63±1.89
	3.48±1.92

	intestine
	4.56±2.70
	1.17±1.36
	3.37±0.54
	1.43±0.42

	femur
	5.17±2.83
	6.33±5.05
	14.32±1.32
	12.26±6.20

	muscle
	2.40±1.26
	3.01±3.28
	0.34±0.15
	0.22±0.17

	brain
	0.20±0.01
	0.11±0.02
	0.21±0.07
	0.03±0.01

	prostate
	4.54±1.73
	2.81±1.30
	2.12±1.92
	0.29±0.11

	lachrymal gland
	4.83±2.60
	5.57±0.33
	2.41±0.68
	0.47±0.08

	tumor
	11.87±4.18
	12.52±6.31
	5.86±1.26
	5.36±3.10


Table S6 Biodistribution study of [177Lu]Lu-BT-117003 in LNCaP clone FGC tumor-bearing mice. 

	Tissue
	%ID/g

	
	4 h
	24 h
	48 h
	96 h

	blood
	26.50±9.85
	11.58±0.94
	4.50±1.00
	1.63±0.34

	heart
	6.45±2.20
	3.87±0.36
	2.21±0.47
	0.83±0.77

	liver
	3.69±1.98
	2.89±0.98
	2.11±0.47
	1.90±0.71

	spleen
	5.95±0.44
	9.63±0.70
	6.80±5.01
	2.37±0.45

	lung
	11.24±1.95
	8.32±1.02
	2.54±2.14
	2.69±0.52

	kidney
	15.02±2.87
	9.10±3.42
	6.03±5.49
	4.62±3.46

	stomach
	2.23±1.00
	2.02±0.17
	0.96±0.29
	0.38±0.28

	intestine
	2.71±1.12
	2.01±0.37
	1.11±0.41
	0.40±0.14

	femur
	3.70±0.86
	3.74±2.11
	0.99±0.72
	1.00±0.59

	muscle
	1.07±0.49
	1.18±0.79
	0.46±0.23
	0.14±0.04

	brain
	0.18±0.08
	0.21±0.00
	0.09±0.06
	0.05±0.04

	prostate
	3.42±0.70
	2.59±1.08
	1.63±0.33
	1.30±0.38

	lachrymal gland
	9.75±3.09
	5.89±3.63
	2.45±0.18
	1.03±0.71

	tumor
	32.72±8.82
	58.87±3.56
	61.40±19.34
	52.08±24.03


Table S7 Biodistribution study of [177Lu]Lu-BT-117016 in LNCaP clone FGC tumor-bearing mice. 

	Tissue
	%ID/g

	
	4 h
	24 h
	48 h
	96 h

	blood
	20.76±0.91
	0.90±0.45
	0.19±0.15
	0.02±0.01

	heart
	6.26±2.94
	0.70±0.27
	0.27±0.07
	0.19±0.04

	liver
	1.41±0.51
	0.59±0.49
	0.55±0.33
	0.31±0.19

	spleen
	8.16±4.66
	2.58±1.58
	2.36±1.09
	2.18±0.82

	lung
	7.46±4.55
	2.78±2.34
	0.68±0.26
	0.26±0.14

	kidney
	43.14±19.56
	18.48±6.28
	11.58±4.18
	3.74±1.50

	stomach
	1.46±0.24
	0.48±0.28
	0.26±0.05
	0.09±0.03

	intestine
	1.29±0.34
	0.40±0.39
	0.13±0.04
	0.06±0.04

	femur
	3.05±1.46
	0.56±0.35
	0.26±0.09
	0.14±0.02

	muscle
	1.38±0.93
	0.15±0.04
	0.09±0.04
	0.03±0.01

	brain
	0.16±0.02
	0.03±0.03
	0.01±0.00
	0.02±0.01

	prostate
	3.49±1.11
	0.93±0.16
	0.28±0.12
	0.23±0.05

	lachrymal gland
	4.33±2.26
	0.77±0.38
	0.48±0.37
	0.53±0.10

	tumor
	35.21±17.48
	39.65±15.67
	27.06±18.34
	13.60±10.38


Micro-SPECT/CT imaging Studies
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Fig. S9 Micro-SPECT/CT imaging studies of [177Lu]Lu-PSMA-617(a) [177Lu]Lu-BT-117003 (b) and [177Lu]Lu-BT-117016(c). (60 MBq/mice, n = 3/group)
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Fig. S10 Ex vivo biodistribution of [177Lu]Lu-BT-117003 (a) and [177Lu]Lu-BT-117016 (b) in healthy ICR mice. (5 MBq/mice, n = 6/group).

Radiation dosimetry

Table S8 Radiation dosimetry of [177Lu]Lu-BT-117016 in healthy ICR mice. 

	Compound
	177Lu-BT-117003
	177Lu-BT-117016

	Target Organ
	Effective dose (mSv/MBq)

	Adrenals
	2.79E-04
	9.69E-05

	Brain
	6.71E-05
	2.05E-05

	Esophagus
	1.08E-03
	3.04E-04

	Eyes
	0.00E+00
	0.00E+00

	Gallbladder Wall
	2.67E-04
	7.52E-05

	Left colon
	1.38E-03
	4.41E-04

	Small Intestine
	3.80E-04
	1.24E-04

	Stomach Wall
	5.96E-03
	1.76E-03

	Right colon
	1.41E-03
	4.43E-04

	Rectum
	6.46E-04
	2.00E-04

	Heart Wall
	5.17E-04
	1.56E-04

	Kidneys
	1.70E-03
	1.97E-03

	Liver
	4.05E-03
	1.10E-03

	Lungs
	1.11E-02
	4.47E-03

	Pancreas
	2.54E-04
	7.22E-05

	Prostate
	4.16E-04
	1.64E-04

	Salivary Glands
	2.55E-04
	7.02E-05

	Red Marrow
	5.17E-03
	1.75E-03

	Osteogenic Cells
	4.05E-04
	1.26E-04

	Spleen
	6.29E-04
	1.95E-04

	Testes
	1.01E-03
	2.78E-04

	Thymus
	2.45E-04
	6.83E-05

	Thyroid
	1.04E-03
	2.90E-04

	Urinary Bladder Wall
	1.05E-03
	2.89E-04

	Remainder of the Body
	0.00E+00
	0.00E+00

	Total body (mSv/MBq)
	3.93E-2
	1.45E-2


Effective doses were calculated with OLINDA/EXM, Version 2.1.

Radioligand therapy study

Male LNCaP clone FGC tumor-bearing mice with an average tumor volume of 200 mm3 were selected to perform radioligand therapy studies. The tumor-bearing mice were divided into 4 groups according to tumor volume (n = 6/group) as follows: saline, 3 MBq and 10 MBq of [177Lu]Lu-BT-117016, 20 MBq of [177Lu]Lu-PSMA-617. Individual tumor size (mm3) was calculated with the formula: length × width2/2. Tumor volumes and body weights of all mice were monitored twice a week. 
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Fig. S11 Radioligand therapy study performed with [177Lu]Lu-PSMA-617, [177Lu]Lu-BT-117016, and saline in LNCaP clone FGC tumor-bearing mice. (a) The tumor growth curves after treatment with saline (Group 1), 20 MBq [177Lu]Lu-PSMA-617(Group 2), 3 MBq [177Lu]Lu-BT-117016 (Group 3), 10 MBq [177Lu]Lu-BT-117016(Group 4) (n = 6/group). (b) Body weight change of Groups 1-4. (c) Survival changes of Groups 1-4. (d) Tumor volume changes of individual mice of Groups 1-4, respectively.

Due to the high mortality rate of mice in this batch, pathological examinations of the liver, heart, and spleen were conducted on the remaining surviving mice after the experiment. The examination results are summarized in the Table S9. Necrosis of myocardial fibers in the hearts of animals in groups G2 to G4, as well as hepatocyte necrosis in the livers of some animals, is considered unrelated to [177Lu]Lu-PSMA-617 and [177Lu]Lu-BT-117016. These pathological changes may be caused by non-drug factors such as the low immunity of the model animals themselves and external factors (tumor cells, feeding environment, etc.) leading to death.

Table S9 Histological observation of [177Lu]Lu-BT-117016 in LNCaP clone FGC tumor-bearing mice
	Group
	Mice Number
	Organ
	Microscopic Findings

	Group 1

Vehicle
	#862
	Liver
	Kupffer cell hyperplasia ++

	
	#885
	Liver
	Hepatocyte necrosis, inflammatory cell infiltration ++++

	
	#934
	Liver
	Focal hepatocyte necrosis, inflammatory cell infiltration +

	
	
	Spleen
	Plasma cell-like cell increase ++

	
	#937
	Liver
	Punctate hepatocyte necrosis, multiple + inflammatory cell infiltration +

	
	
	Heart
	Myocardial calcification +

	
	
	Spleen
	B-zone cell necrosis ++

	
	#945
	Liver
	Extramedullary hematopoiesis in granulocytes +, Kupffer cell hyperplasia ++

hepatocyte necrosis, inflammatory cell infiltration +

	
	
	Heart
	Myocardial necrosis ++

	Group 2

[177Lu]Lu-PSMA-617

20 MBq
	#875
	Heart
	Epicarditis cell infiltration +

	
	#892
	Liver
	Multifocal hepatocyte necrosis, Kupffer cell hyperplasia ++

	
	
	Heart
	Myocardial necrosis ++/+++, calcification +

	
	#893
	Liver
	Multifocal inflammatory cell infiltration +/++

	
	
	Heart
	Myocardial necrosis +++, calcification +

	
	
	Spleen
	Atrophy +++, B-zone cell necrosis ++

	
	#895
	Liver
	Punctate inflammation, multiple +

	
	
	Heart
	Myocardial necrosis, fibrosis ++

	
	#935
	Heart
	Myocardial necrosis +/++, calcification +

	Group 3

[177Lu]Lu-BT-117016

3 MBq
	#852
	Liver
	Kupffer cell hyperplasia +

	
	#877
	Liver
	Focal inflammatory cell infiltration, Kupffer cell hyperplasia +

	
	
	Heart
	Myocardial necrosis, calcification ++

	
	#890
	Heart
	Myocardial necrosis +++, calcification ++

	
	
	Spleen
	B-zone cell necrosis +

	
	#939
	Liver
	Kupffer cell hyperplasia +/++

	
	
	Heart
	Myocardial necrosis, calcification +

	
	#983
	Liver
	Kupffer cell hyperplasia ++

	
	
	Heart
	Myocardial necrosis ++/+++, calcification +

	Group 4

[177Lu]Lu-BT-117016

10 MBq
	#865
	Liver
	Multifocal hepatocyte necrosis, inflammatory cell infiltration +/++

	
	
	Heart
	Myocardial necrosis ++/+++, calcification +

	
	
	Spleen
	Pigmentation, B-zone cell necrosis +

	
	#936
	/
	No abnormalities found


Note: If no abnormality is indicated in a specific animal organ, it suggests the absence of visible anomalies upon gross examination.
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