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Abstract 

Background: Several platinum radionuclides, including 191Pt, are promising candidates for 

DNA-targeted Auger electron radiotherapy; however, effective compound designs are needed 

for this application. In this study, we developed six novel 191Pt-labeled compounds and 

evaluated their DNA-targeting properties in PSMA-positive tumors.  

Results: Six trithiol-Hoechst-PSMA (THP) conjugates that consist of a trithiol ligand for 191Pt 

labeling, Hoechst33258 for DNA binding, and a PSMA-targeted moiety were synthesized and 

labeled with 191Pt, achieving radiochemical yields of 60–80%. The six [191Pt]Pt-THP 

compounds were evaluated for DNA-binding ability and PSMA targeting specificity in vitro, 

and biodistribution experiments were performed with five of the compounds in mice bearing 

subcutaneous PSMA-positive and PSMA-negative xenografts. Among them, [191Pt]Pt-THP3-

4 and [191Pt]Pt-THP3-8, in which Hoechst33258 is linked on one side of the trithiol ligand via 

a linear PEG linker and the PSMA-targeting moiety is linked on the other side via a C4 linker, 

had the best properties. These compounds maintained higher PSMA targeting specificity and 

DNA-binding ability both in vitro and in vivo than the other [191Pt]Pt-THP compounds, 

exhibiting similar DNA binding in PSMA-positive PC3 PIP tumors in vivo as in the cultured 

cells from which the xenograft was derived. 

Conclusions: This study highlighted the importance of the linkers between the three 

components (trithiol-Hoechst-PSMA) and demonstrated binding of intravenously administered 

[191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 to DNA in PSMA-positive tumors. Our compound 

designs and findings could be a useful foundation for DNA-targeted Auger electron cancer 

therapy, especially with Pt radionuclides.  
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1. Background:  

Radiopharmaceutical therapy (RPT) is a type of internal radiotherapy using a radionuclide-

labeled agent that is designed to selectively deliver radiation of circumscribed range to 

malignant tissues [1,2]. While radionuclides decaying by the emission of β−-particles and α-

particles have been widely explored, those emitting Auger electrons have received 

considerably less attention. Auger electrons are promising for RPT because they can minimize 

adverse normal tissue effects by combining high LET (4–26 keV/µm) cytotoxicity with nano-

scale range of action (2–500 nm) [3–6]. Unfortunately, the therapeutic efficacy of Auger-

electron emitters has been modest or low in clinical trials to date [7–12]. 

One likely factor is that the effective range of Auger electrons is much smaller than a 

single cell diameter. The range of β-- and α-particles covers at least several cells; therefore, just 

delivering the radionuclide into the tumor tissue can kill malignant cells via radiation crossfire 

[5]. However, for Auger electrons, it is necessary to transport the radionuclide to intracellular 

regions that are sensitive to radiation, notably, genomic DNA [5]. Because intracellular/nuclear 

targeting strategies have not been required for β-- and α-particle emitters, more drug design 

approaches must be considered to realize the therapeutic potential of Auger electrons. 

Targeting genomic DNA is one of the most efficient strategies to induce serious damage 

leading to cell death by Auger electrons [4–6]. Auger-electron emitting radionuclides decaying 

closer to DNA can cause more double-strand breaks; thus, delivery of the radionuclide as close 

as possible to DNA is essential to maximize the interaction between Auger electrons and DNA 

in nano-scale range [13–15]. Previous attempts at DNA-targeting of Auger-electron emitters 

have focused primarily on 123I, 125I, 67Ga, and 111In. These radiopharmaceuticals were based on 

molecules incorporated into DNA, such as deoxyuridine [7,8], or included either a nuclear 

localization signal [12] or a DNA-binding molecule [16]. However, such agents were evaluated 

primarily in vitro, and their DNA binding efficiency to targeted tumors was not conclusively 

validated in vivo [17]. Moreover, these Auger-electron emitters have limitations – either too 

long a half-life for clinical use (125I; 60 d), or a limited number of Auger electrons emitted per 

decay (123I, 67Ga, and 111In) [4], and in some cases, poor in vivo stability [6]. 

An intriguing alternative is to use Auger-electron emitting platinum radionuclides – 

191Pt, 193mPt, and 195mPt – which combine a high number of electrons emitted per decay with 

half-lives compatible with eventual clinical application (2.8 to 4.3 d). Moreover, the unique 

DNA-binding characteristics of many platinum (Pt) complexes has led to their use in 
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conventional chemotherapy [18]; however, the tumor specificity of these complexes is not high. 

Previously, we labeled DNA-targeting compounds with 191Pt via a thiol group. Although the 

191Pt-labeled compounds showed higher DNA binding than classical PtII complexes like 

cisplatin, and 111In-labeled analogs [19], there were problems with in vivo stability and 

multivalent coordination [19,20]. Recently, we reported that a trithiol ligand provides 191Pt-

labeled tumor-targeting compounds with high molar activity, tumor specificity, and promising 

in vivo stability [21]. In the current study, we have taken the next step in the developmental 

pathway – incorporating a DNA-binding motif to the 191Pt-trithiol compound conjugated to a 

tumor-targeting moiety with the objective of increasing DNA-binding capability. 

 Here, for developing 191Pt-labeled compounds targeting DNA in tumors in vivo, we 

employed the well-known glutamic acid–urea–lysine scaffold as the moiety for targeting 

prostate-specific membrane antigen (PSMA) and a Hoechst33258 compound as the DNA-

binding moiety. Conjugates having a PSMA-targeted moiety, Hoechst33258, and the trithiol 

ligand for 191Pt labeling were synthesized with different linker structures (Fig. 1); PEG and/or 

C4 linkers were used for this purpose in order to change the distance between the three moieties 

and the overall hydrophobicity of the molecule. Six 191Pt-labeled compounds were evaluated 

for DNA-binding ability and PSMA targeting specificity in vitro. Biodistribution experiments 

were performed with five of the compounds in mice with subcutaneous PSMA-positive and 

PSMA-negative xenografts. Finally, tumor DNA-binding capability was assessed for the two 

promising 191Pt-labeled compounds in vivo. 
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Fig. 1 Compound designs for the THP conjugates: THP1 (4), 2-4 (11), 2-8 (12), 3-4 (19), 3-8 

(20), and 4 (27). n is PEG chain length. 
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2. Methods: 

2.1  Synthesis 

The THP conjugates: THP1 (4), 2-4 (11), 2-8 (12), 3-4 (19), 3-8 (20), and 4 (27) were 

synthesized as shown in Schemes 1–4; the details are provided in the Supplementary 

Information. Some reaction processes are based on previous studies [19,21,22]. 

  

2.2  Lipophilicity evaluation (Log D7.4) 

The log D7.4 values of the THP compounds were determined as the logarithm of distribution 

coefficient in 1-octanol/PBS by the shaking flask method (pH = 7.4 at room temperature, 30 

min). The concentration of compounds for each phase was measured using a NanoDrop One 

microvolume UV−vis spectrophotometer (Thermo Fisher Scientific). 

 

2.3  Labeling 

2.3.1 Production of 191Pt 

Natural Ir metal powder (250 mg, TANAKA Precious Metals, Tokyo, Japan) was pressed into 

a 10-mm diameter coin at 10–15 MPa using a pressing machine (SMT-200AF, Sansho Industry, 

Osaka, Japan), wrapped in an Al foil (10–12 µm), and irradiated with a horizontal proton beam 

using the HM-18 cyclotron at QST. Irradiating the natIr target with a 18-20 MeV proton beam 

at 10 µA for 6 h produced about 148 MBq (4 mCi) of 191Pt. After irradiation, the Ir target was 

crushed, alkali-fused with Na2O2, and dissolved in 6 M HCl. The produced 191Pt was purified 

from the Ir solution as described previously [23], and the collected fractions of 191PtCl4
2− were 

evaporated to dryness and re-dissolved in 0.2 M phosphate buffer (pH: 7–8). The obtained 191Pt 

solution containing KCl (0.2–0.4 M) and phosphate ion (0.2 M) was used in the labeling 

reactions described below. We produced no-carrier-added (n.c.a.) 191Pt mainly as 191PtIICl4
2−; 

some of it was hydrolyzed complexes such as [191PtIICl4−n(H2O)n]
(2−n)−. Mixtures of 191PtIICl4

2− 

and [191PtIICl4−n(H2O)n]
(2−n)− were used as the 191Pt precursor. The radionuclidic purity of 191Pt 

was >99% as determined by gamma spectrometry.  

 

2.3.2 Labeling THP conjugates (THP1, 2-4, 2-8, 3-4, 3-8, and 4) with 191Pt, and 

purification of the labeled compounds 

Five mM of each THP conjugate (THP1, 2-4, 2-8, 3-4, 3-8, and 4) was prepared in a solution 
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containing 30 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (H2O/CH3CN; 1/1). 

The reaction mixture consisted of the THP solution (12.5 µL), Tween 80 (0.25 µL), ethanol (1 

µL), dimethyl sulfoxide (DMSO, 25 µL), and the 191Pt solution (87.5 µL), which was heated 

at 50°C for 1 h. The reaction mixture was purified by HPLC; the column was a COSMOSIL 

5C18-AR-II (5 µm, 4.6 mm × 250 mm; Nacalai Tesque), the eluent was A/0.1% trifluoroacetic 

acid(TFA) in H2O, B/0.1% TFA in CH3CN, gradient for THP1: A/B; 80/20 in 0 min → 20/80 

in 20 min; THP2: A/B; 90/10 in 0 min → 20/80 in 25 min; THP3 and 4: A/B = 90/10 in 0 min 

→ 20/80 in 20 min, at a flow rate of 1.0 mL/min. A solution containing each 191Pt-labeled THP 

conjugate was collected in a vial with Tween 80 and ethanol added beforehand, evaporated to 

remove CH3CN, and then diluted with 10 mL of water. The solution was loaded onto a Sep-

Pack tC18 plus column (Waters, Milford, MA, USA) that had been pre-conditioned with 10 

mL of ethanol and washed with 20 mL of water. The labeled products were eluted with pure 

CH3CN and collected in a tube to which Tween 80 and ethanol had been added beforehand. 

The solution was evaporated to dryness, and the 191Pt-labeled THP conjugate was re-dissolved 

in PBS. The amount of Ir and Pt in the product solution was quantified by inductively coupled 

plasma mass spectrometry (ICP-MS) using NexION 2000 (Perkin Elmer, Waltham, MA, USA), 

based on the standard addition method using a standard solution (170325, 170341; Merck). 

The amount of Ir was below the quantitative limit of detection. The Pt content ranged from 

0.1–0.2 µg in a 7.4 MBq (200 µCi) solution, which corresponds to an estimated molar activity 

of 7.4–14.8 GBq/µmol (200–400 mCi/µmol) at the end of synthesis.  

 

2.3.3 Labeling THP conjugates (THP1, 2-4, 2-8, 3-4, 3-8, and 4) with K2PtIICl4 and LC-

MS analysis 

Five mM of each THP conjugate (THP1, 2-4, 2-8, 3-4, 3-8, and 4) was prepared in a solution 

containing 30 mM TCEP (H2O/CH3CN; 1/1). Five mM of K2PtIICl4 was prepared in a 0.2 M 

phosphate solution. The reaction mixture consisted of the THP solution (12.5 µL), Tween 80 

(0.25 µL), ethanol (1 µL), dimethyl sulfoxide (DMSO, 25 µL), and the K2PtIICl4 solution (87.5 

µL), which was heated at 50°C for 1 h. HPLC analyses were conducted for the reaction 

mixtures; the column was a COSMOSIL 5C18-AR-II (5 µm, 4.6 mm × 250 mm; Nacalai 

Tesque), the eluent was A/B 0.1% formic acid in H2O/CH3CN (gradient: A/B; 90/10 in 0 min 

→ 20/80 in 25 min), at a flow rate of 1.0 mL/min.  
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2.4  Cell experiments 

2.4.1 Cell culture 

The human prostate cancer cell lines PC3 PIP (PSMA positive) and PC3 flu (PSMA negative) 

were gifted by Prof. Martin G. Pomper at Johns Hopkins University. The cells were cultured 

at 37°C in a humidified atmosphere containing 5% CO2 in RPMI-1640 (FUJIFILM Wako Pure 

Chemical) containing 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA) for PC3 flu 

and RPMI-1640 containing 10% FBS, 1% antibiotic antimycotic solution (Nacalai Tesque) and 

10 mg/500 mL puromycin (Invivogen, San Diego, CA, USA) for PC3 PIP cells. 

 

2.4.2 Cellular uptake 

PC3 PIP or PC3 flu cells (1.5 × 105 cells/well) were seeded onto 12-well plates and incubated 

overnight at 37°C in a humidified atmosphere containing 5% CO2. 
191Pt-labeled THP 

conjugates (40–100 kBq) were added to the cells. After the cells were incubated for 4 h, they 

were washed with PBS. The cells were dissolved in 0.1 M NaOH to evaluate total cell-

associated 191Pt radioactivity, i.e. membrane-bound and internalized fractions. Using an aliquot 

of the injection solution as a control for activity measurement, uptakes were calculated from 

the ratio of radioactivity in the samples to the controls. 

 

2.4.3 DNA binding 

PC3 PIP or PC3 flu cells (5 × 105 cells/well) were seeded onto a 6-well plate and incubated 

overnight at 37°C in a humidified atmosphere containing 5% CO2. 
191Pt-labeled THP 

conjugates (200–500 kBq each) were added to the cells. After the cells were incubated for 12 

h, genomic DNA was isolated from the cells using a NucleoSpin Tissue DNA Extraction Kit 

(MACHEREY-NAGEL, Düren, Germany). The radioactivity level in the collected solution 

containing genomic DNA was measured using a gamma counter. The DNA binding level was 

evaluated by calculating the radioactivity ratio of extracted genomic DNA to total cellular 

activity before extraction. 

 

2.4.4 Intracellular distribution 

PC3 PIP or PC3 flu cells (1.5 × 106 cells/dish) were seeded onto a 6-cm dish or 6-well plate 

and incubated overnight at 37°C in a humidified atmosphere containing 5% CO2. 
191Pt-labeled 

THP conjugates or [191Pt]Pt-trithiol-PSMA [21] (80–200 kBq each) were added to the cells. 

After incubating for 12 h, the cells were washed with ice-cold PBS and collected on ice using 
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a cell scraper. The cells were separated into four fractions—F1 (cytosolic fraction), F2 

(membrane/organelle protein fraction), F3 (nucleic protein fraction), and F4 (cytoskeletal 

fraction)—using a ProteoExtract® Subcellular Proteome Extraction kit (Merck, Darmstadt, 

Germany), followed by measurement of the radioactivity in each fraction. The protein 

concentration was determined using the Bradford reagent (Quick Start Bradford Protein Assay 

kit; Bio-Rad Laboratories, Hercules, CA, USA). 

 

2.5  Studies in mice with human prostate cancer xenografts 

The protocol for the animal experiments described herein was approved by the Animal Care 

and Use Committee of the National Institutes for Quantum and Radiological Science and 

Technology (13–1022, 26 May 2016). All animal experiments were conducted following 

institutional guidelines regarding animal care and handling. PC3 PIP or PC3 flu cells were 

suspended in a mixture of Matrigel and PBS (1:1), and 3 × 106 cells in 100 µL were 

subcutaneously injected into the flank of male BALB/c-nu/nu mice (5 weeks old; CLEA Japan, 

Tokyo, Japan) under isoflurane anesthesia. Tumor volumes reached approximately 100–500 

mm3 for PC3 PIP and PC3 flu xenografts at about 1–2 weeks after implantation at which time 

191Pt-labeled THP1–3 were evaluated as described below.  

 

2.5.1 Biodistribution 

Each 191Pt-labeled THP compound (100–200 kBq) was injected intravenously into mice (n = 5 

for each time-point). The mice were euthanized by isoflurane inhalation at 2 min, 1 h, or 24 h 

after injection. Blood was obtained from the heart, and then the tumor, lung, liver, spleen, 

stomach, intestine, kidney, prostate, bone, and muscle were dissected. The uptake was 

represented as a percentage of the injected activity per gram of tissue (%IA/g) and normalized 

to a body weight of 20 g. 

 

2.5.2 Plasma protein binding  

Each 191Pt-labeled THP compound (100–200 kBq) was injected intravenously into mice (n = 3 

for each time-point). At 2 min and 1 h after injection, blood was obtained from the heart and 

mixed with heparin (Mochida Pharmaceutical Factory, Tokyo, Japan). The whole blood was 

centrifuged and divided into RBCs and plasma. The plasma (50 µL) was put onto a spin column 

packed with Sephadex G-50 (GE Healthcare, Chicago, IL, USA) and eluted with 0.1 M sodium 
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acetate. The 191Pt solution was also filtered using the column. The protein binding rate of 191Pt 

was calculated from the radioactivity in the gel filtered fraction and on the column, defined as 

(1 – Acol/((Acol + Asol)*(Bcol/(Bcol + Bsol)))) × 100, where Acol, the radioactivity of a column for 

plasma sample; Bcol, that for 191Pt solution; Asol, the radioactivity of a filtered fraction for 

plasma sample; Bsol, that for the 191Pt solution. 

 

2.5.3 In vivo DNA binding 

Each 191Pt-labeled THP compound (100–200 kBq) was injected intravenously into mice (n = 2 

for each time-point). The mice were euthanized by isoflurane inhalation at 1 h or 24 h after 

injection, and the tumors were dissected. The tumor uptake was expressed as the percentage of 

the injected activity per gram of tissue (% IA/g) and normalized to those for a body weight of 

20 g. The dissected tumor was homogenized using a disposable kit (BioMasher I, NIP-30-1.5-

O, Nippi, Tokyo, Japan). Genomic DNA was isolated from the homogenized tumor cells using 

a NucleoSpin Tissue DNA Extraction Kit (MACHEREY-NAGEL). The radioactivity of the 

collected solution containing genomic DNA was measured using a gamma counter, and the 

amount of DNA was quantified using a NanoDrop One microvolume UV–Vis 

spectrophotometer (Thermo Fisher Scientific). The DNA-binding fraction was calculated on 

the basis of the measured values. The DNA binding fraction was expressed as a percentage of 

the injected activity per gram of genomic DNA (%IA/g). The DNA binding fraction was 

defined as the ratio of radioactivity in the extracted genomic DNA to the total cell activity and 

expressed as a percentage of cellular radioactivity. 

 

2.6  Statistical analysis 

The data were evaluated via t-test (Fig. 3) or a one-way analysis of variance (ANOVA) with 

multiple comparisons (Fig. 4 and Table S3) using the GraphPad Prism 10 software (ver. 10.4.0, 

GraphPad Software, San Diego, CA, USA). A p < 0.05 was considered statistically significant. 

A p-value greater than 0.05 was considered to be non-significant (ns).  
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3. Results: 

3.1  Synthesis and Pt labeling of THP compounds 

As shown in Fig. 1, six different conjugates that were composed of a trithiol ligand for 191Pt 

labeling, the DNA binding compound Hoechst33258, and a Glu–urea–Lys moiety for targeting 

PSMA, (Trithiol-Hoechst-PSMA: THP) were synthesized. These Hoechst33258 conjugates, in 

which the terminal hydroxyl group was modified, can be defined as Hoechst33258 analogs, 

and hereafter, abbreviated as Hoechst. Different lengths of carbon or polyethylene glycol 

(PEG) linkers were inserted into these THP conjugates. THP1 (4) contained a C4 linker 

between the trithiol ligand and the Hoechst compound. THP2 contained PEG linkers (n = 4: 

THP2-4 (11); n = 8: THP2-8 (12)) instead of the C4 linker inserted between the trithiol ligand 

and the Hoechst compound. THP3 contained the C4 linker between the PSMA ligand and the 

trithiol ligand, in addition to the PEG linkers (n = 4, THP3-4 (19); n = 8, THP3-8 (20)) inserted 

between the trithiol ligand and the Hoechst compound. THP4 (27) contained a C4 linker 

inserted between the PSMA ligand and the trithiol ligand, and a branching chain where the 

Hoechst compound was connected to one site and the PEG4 linker was introduced to the other 

site.  

The THP conjugates were synthesized as shown in Schemes 1–4 as described in the 

experimental section. Several linkers were first conjugated with the PSMA-targeted moiety or 

the Hoechst compound and thereafter were coupled to the carboxyl groups of the trithiol ligand. 

The trithiol ligand contains three thiol groups protected by the trityl (Trt) groups and two 

carboxyl groups. One carboxyl group was coupled to the amine residue of the PSMA-targeting 

moiety via a condensation reaction of acids with amines using TSTU. The other carboxyl group 

of the trithiol-PSMA conjugate then was coupled with the amine residue of the Hoechst 

compound in similar fashion. Finally, the Trt groups and tert-butyl groups were deprotected 

with TFA. All final products were obtained in >95% purity by HPLC purification after 

deprotection. 
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Scheme 1. Synthetic schemes for THP1 (4). Reagents and conditions: (a) 4-(boc-amino)butyl 

bromide, K2CO3, DMF, 70°C, 12 h, 92%; (b) TFA, CH2Cl2, rt, 30 min; (c) TSTU, DIPEA, 

DMF, rt, 4 h; (d) TFA, TIS, rt, 3 h. 

 

 

Scheme 2. Synthetic schemes for THP2-4 (11) and THP2-8 (12). Reagents and conditions: (a) 

n=4: Boc-NH-PEG4-C2-Br, K2CO3, DMF, 70°C, 12 h, 65%; n = 8: Boc-NH-PEG8-C2-Br, 

K2CO3, DMF, 70°C, 12 h, 91%; (b) TFA, CH2Cl2, rt, 30 min; (c) TSTU, DIPEA, DMF, rt, 4 h, 

65% (n = 4), 81% (n = 8); (d) TFA, TIS, rt, 3 h. 
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Scheme 3. Synthetic schemes for THP3-4 (19) and THP 3-8 (20). Reagents and conditions: (a) 

5-(carbobenzoxyamino)valeric acid, HATU, DIPEA, DMF, rt, overnight, 36%; (b) ammonium 

formate, Pd, EtOH, 55°C, 4 h, 89%; (c) 5-(3-(tritylthio)-2,2-

bis((tritylthio)methyl)propoxy)isophthalic acid, TSTU, DIPEA, DMF, rt, 4 h; (d) EDC, DMAP, 

2-(trimethylsilyl)ethanol, CH2Cl2, rt, overnight; (e) TBAF, THF, rt, overnight; (a) TSTU, 

DIPEA, DMF, rt, 4 h; (b) TFA, TIS, rt, 3 h. 
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Scheme 4. Synthetic schemes for THP4 (27). Reagents and conditions: (a) 2-(tert-

butoxycarbonylamino)ethyl bromide, K2CO3, DMF, 70°C, 12 h, 72%; (b) TFA, CH2Cl2, rt, 

30 min; (c) DIPEA, DMF, rt, overnight, 96%; (d) TFA, CH2Cl2, rt, 30 min; (e) TSTU, 

DIPEA, DMF, rt, 6 h; (f) ammonium formate, Pd, EtOH, 50°C, 6 h; (g) DIPEA, DMF, 50°C, 

24 h; (h) TFA, TIS, rt, 3 h. 

 

For lipophilicity evaluation, the log D7.4 values of the THP conjugates were 

determined as the logarithm of the distribution coefficient in 1-octanol/PBS by the shake 

flask method (pH = 7.4 at room temperature). The results are shown in Table 1 and show that 

the hydrophobicity of all six THP conjugates was similar and consistent with the expected 

hydrophilic character. 

Table 1 log D7.4 values for THP conjugates (n = 3) 

Compounds log D7.4 values 

THP1 -1.5 ± 0.1 

THP2-4 -1.9 ± 0.2 

THP2-8 -1.9 ± 0.1 

THP3-4 -2.0 ± 0.3 

THP3-8 -1.9 ± 0.2 

THP4 -1.9 ± 0.4 

 

The six THP conjugates - THP1, 2-4, 2-8, 3-4, 3-8, and 4 - were labeled with 

K2PtIICl4 in nonradioactive form; the reaction was conducted at 50°C for 1 hour in the 

presence of six equivalents of tris(2-carboxyethyl)phosphine (TCEP) (Scheme 5). The 

reaction mixtures were analyzed by HPLC, as shown in Fig. S1. A single peak of the Pt-

containing products was mainly observed when THP conjugates were labeled with an 

equimolar amount of Pt. The retention times of the Pt-modified THP products were shifted to 

about 2 min before those of the corresponding precursors. Next, the six THP conjugates were 

labeled with n.c.a. 191Pt using almost the same reaction conditions (Scheme 5). As shown in 

Fig. 2, a single 191Pt-labeled peak was observed on HPLC at a retention time of 9.5–11 min 

for THP1; 13–15 min for THP2; 12–14 min for THP3; 12–13 min for THP4, and the resultant 

[191Pt]Pt-THP compounds were purified using HPLC. The non-radioactive Pt-modified 

product and the 191Pt-labeled product exhibited the same retention time on HPLC (Fig. S2). 
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The retention times of the [191Pt]Pt-THP compounds were also shifted to about 2 min before 

those of the corresponding precursors. This enabled the complete separation of 191Pt-labeled 

products from their precursors. The radiochemical yield based on HPLC was 82–99%, and 

the practical yield was about 60–80%, based on the fraction of 191Pt radioactivity isolated in 

the desired peak by preparative HPLC relative to the initial 191Pt added to the reaction 

mixture. The recovery efficiency of 191Pt post tC18 Sep-Pak purification was 70–90%. 

 

Scheme 5. Labeling schemes for Pt and 191Pt-labeled THP compounds 
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Fig. 2. Representative HPLC chromatograms of the labeling reaction mixtures for the 191Pt-

labeled THP compounds. Gray arrows indicate 191Pt-labeled products, and black arrows 

indicate their corresponding precursors. HPLC conditions: column, COSMOSIL 5C18-AR-

II; eluent, A/B 0.1% TFA in H2O/CH3CN; gradient for THP1: B, 20–80% in 20 min; THP2: 

B, 10–80% in 25 min; THP3 and 4: B, 10–80% in 20 min; flow rate, 1.0 mL/min. 

  

3.2  Cellular uptake, intracellular distribution, and DNA binding of the 

[191Pt]Pt-THP compounds 

The cellular uptake of the six [191Pt]Pt-THP compounds was evaluated after a 4-h incubation 

with PSMA-positive PC3 PIP cells and PSMA-negative PC3 flu cells (Fig. 3). The PSMA 

targeting specificity was evaluated as the ratio of uptake in PSMA-positive cells to PSMA-

negative cells (Table S1). There was a significantly higher uptake of all 191Pt-labeled THP 

compounds in PSMA-positive cells than in PSMA-negative cells (p < 0.01). On the other 

hand, PSMA specificity was different among the compounds; [191Pt]Pt-THP1, 3-4, and 3-8 

demonstrated superior PSMA specificity compared with [191Pt]Pt-TPH2-4, 2-8, and 4. The 

uptake of [191Pt]Pt-THP1, 3-4, and 3-8 in PSMA-positive cells was 7–10% of input activity 

and 10–30 times higher than in PSMA-negative cells. The uptake of [191Pt]Pt-THP2-4 and 2-

8 was considerably lower at 1.2±0.2%, and that for [191Pt]Pt-THP4 was 2.7±0.2% of input 

activity in PSMA-positive cells, only 3–4 times higher than on PSMA-negative cells. 
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Fig. 3. Cellular uptake of 191Pt in PSMA-positive PC3 PIP (black bars) and PSMA-negative 

PC3 flu (white bars) cells after a 4-h incubation (mean ± SD, n = 3). Data are expressed as a 

percentage of total incubated activity. **: p < 0.01. 

 

Additionally, the intracellular fractions of 191Pt-labeled trithiol-PSMA, THP1, THP3-

4, and THP3-8 in PSMA-positive PC3 PIP and PSMA-negative PC3 flu cells were evaluated 

(Table S2) by dividing the cells into four subcellular fractions: f1, cytosolic; f2, membrane 

and organelle protein; f3, nuclear protein; and f4, cytoskeletal fraction, and compared with 

those of the previously developed trithiol-PSMA without Hoechst [21]. The distribution of 

191Pt-labeled THP1 was noticeably different between PSMA-positive and negative cells; 191Pt 

was uptaken and mainly in the membrane and organelle fraction in PSMA-positive cells, 

whereas a small amount of 191Pt that was uptaken into PSMA-negative cells was mostly in 

the cytoskeletal fraction. On the other hand, irrespective of the presence of Hoechst, both 

191Pt-labeled trithiol-PSMA and several THP compounds targeting PSMA exhibited similar 

intracellular distributions in PSMA-positive cells, with approximately 60% localized in the 

membrane and organelle fraction, and nuclear translocation limited to 12–13%. 

 

DNA binding capability was evaluated on PSMA-positive PC3 PIP cells by 

determining the radioactivity ratio of extracted genomic DNA to total cellular activity before 

extraction (Fig. 4). The DNA binding ratio of [191Pt]Pt-THP2 and [191Pt]Pt-THP3 containing 

a PEG linker between the trithiol ligand and the Hoechst compound, was relatively high at 

about 0.8–1.6%, whereas that of [191Pt]Pt-THP1 without a PEG linker was about 0.43%. 

191Pt-labeled THP2-8 (1.02%) and 3-8 (1.55%) with PEG8 linkers showed higher DNA 

binding ratios than 191Pt-labeled THP2-4 (0.77%) and 3-4 (1.09%) with PEG4 linkers, 

respectively. On the other hand, 191Pt-labeled THP4 with a PEG linker in the branching chain 

had a low DNA binding ratio of 0.14%, significantly less than [191Pt]Pt-THP2 and [191Pt]Pt-

THP3. 
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Fig. 4. DNA binding ratio for [191Pt]Pt-THP compounds in PSMA-positive PC3 PIP cells 

after a 12-h incubation. Data are expressed as the percentage of the extracted DNA 

radioactivity divided by the total cell radioactivity. *: p < 0.05, **: p < 0.01. 

 

3.3  Biodistribution of [191Pt]Pt-THP compounds 

The biodistribution of the [191Pt]Pt-THP compounds (except THP4) was investigated at 2 

min, 1 h, and 24 h post intravenous injection (p.i.) in athymic mice bearing subcutaneous 

PSMA-positive PC3 PIP and PSMA-negative PC3 flu tumors (Fig. 5 and Table S3). The 

PSMA targeting specificity was evaluated by determining the ratio of tumor uptake in 

PSMA-positive tumors to PSMA-negative tumors for the [191Pt]Pt-THP compounds (Table 

2). 
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Fig. 5 Biodistribution of [191Pt]Pt-THP compounds at 1 h and 24 h p.i. in mice bearing 

PSMA-positive PC3 PIP. Data are presented as the percentage of the injected activity per 

gram tissue (%IA/g) and normalized to a body weight of 20 g (mean ± SD, n = 5).  

 

Table 2. Tumor uptake ratio: PSMA-positive PC3 PIP-to-PSMA-negative PC3 flu xenografts 

for [191Pt]Pt-THP compounds at 2 min, 1 h, and 24 h p.i., calculated from the data in Table 

S3. 

Compounds 2 min 1 h 24 h 

[191Pt]Pt-THP1 1.3 ± 0.5 3.0 ± 0.9 9.4 ± 2.3 

[191Pt]Pt-THP2-4 0.9 ± 0.7 2.0 ± 0.4 2.8 ± 0.6 

[191Pt]Pt-THP2-8 1.6 ± 0.5 2.5 ± 1.0 2.9 ± 0.6 

[191Pt]Pt-THP3-4 1.0 ± 0.6 4.7 ± 0.9 13.7 ± 8.6 

[191Pt]Pt-THP3-8 1.7 ± 1.0 3.4 ± 0.7 6.3 ± 1.8 

 

[191Pt]Pt-THP1 exhibited high accumulation in the liver, spleen, kidneys, and bone in 

mice bearing PC3 PIP tumors (Fig. 5 and Table S3). The high uptake of [191Pt]Pt-THP1 in 

the liver and spleen persisted from 1 h to 24 h p.i. (4.2–4.8%IA/g for liver; 21–27%IA/g for 

spleen). In the kidneys and bone, about half of the uptake of [191Pt]Pt-THP1 at 1 h (22.7–

24.4 %IA/g for kidneys; 2.2–2.3 %IA/g for bone) remained at 24 h p.i. (10.7–12.2 %IA/g for 

kidneys; 0.9–1.1 %IA/g for bone). The tumor uptake was low even in PSMA-positive tumors 

(0.34 %IA/g at 24 h p.i. in Table S3), but it was about nine times higher than that in the 

PSMA-negative tumors at 24 h (Table 2). 

[191Pt]Pt-THP2, in which PEG linkers replaced the C4 linker between the trithiol 

ligand and Hoechst in [191Pt]Pt-THP1, showed rapid clearance and low uptake in all tissues 

except the kidneys (Fig. 5 and Table S3). The normal tissue distribution and clearance were 

quite similar for [191Pt]Pt-THP2-4 and [191Pt]Pt-THP2-8 despite having different PEG linker 

lengths. The uptake of [191Pt]Pt-THP2 decreased to less than 1 % IA/g in the liver, spleen, 

and bone by 24 h p.i. In the kidneys, more than half uptake of [191Pt]Pt-THP2-4 (14.3 %IA/g) 

and [191Pt]Pt-THP2-8 (18.9 %IA/g) at 1 h p.i. was excreted at 24 h p.i., and their uptake at 24 

h p.i. (5.6 %IA/g and 9.3 %IA/g) was lower than that of [191Pt]Pt-THP1 (12.2 %IA/g) (p < 
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0.01 for [191Pt]Pt-THP2-4; ns for [191Pt]Pt-THP2-8). Unfortunately, the tumor uptake of 

[191Pt]Pt-THP2-4 and [191Pt]Pt-THP2-8 was even lower than [191Pt]Pt-THP1 at about 

0.2 %IA/g, and the tumor uptake ratio of PSMA-positive to -negative for these compounds 

was only about 3, indicating limited PSMA specificity (Table 2). 

[191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8, constructed by adding a C4 linker between 

the trithiol ligand and the PSMA-targeted moiety, exhibited significantly increased uptake in 

PSMA-positive tumors compared to [191Pt]Pt-THP1, 2-4, and 3-8 (p < 0.01) (Fig. 5 and 

Table S3). These agents maintained fast normal tissue clearance but showed high uptake in 

the PSMA-expressing kidneys as well as PSMA-positive tumors. The uptake of both 

[191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 in the spleen and bone was less than 1 %IA/g, and 

that in the liver was about 1–2 %IA/g at 24 h. In the kidneys, approximately half of [191Pt]Pt-

THP3-4 and [191Pt]Pt-THP3-8 observed at 1 h (40.5 %IA/g, 28.8 %IA/g) remained at 24 h 

p.i. (18.9 %IA/g, 13.5 %IA/g). The uptake in PSMA-positive tumors from 1 h to 24 h p.i. was 

1.8 to 1.5 %IA/g for [191Pt]Pt-THP3-8 and 1.1 to 0.6 %IA/g for [191Pt]Pt-THP3-4. The 

clearance of [191Pt]Pt-THP3-8 was faster than [191Pt]Pt-THP3-4, resulting in relatively low 

uptake in not only the normal organs but also the target tumors. The uptake of [191Pt]Pt-

THP3-4 and [191Pt]Pt-THP3-8 in PSMA-positive tumors was approximately 14 and 6 times 

higher than that in the PSMA-negative tumors 24 h p.i., respectively (Fig. 5 and Table S3). 
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3.4  Plasma protein binding of [191Pt]Pt-THP compounds in vivo 

Plasma protein binding also was investigated at 2 min and 1 h p.i. for five [191Pt]Pt-THP 

compounds in mice bearing PSMA-positive PC3 PIP tumors (Table 3). The plasma protein 

binding was similar for the five [191Pt]Pt-THP compounds: 18–27% at 2 min p.i., increasing 

to 61–83% at 1 h p.i.  

 

Table 3. Plasma protein binding percentage (%) in vivo for selected [191Pt]Pt-THP 

compounds at 2 min and 1 h p.i. after injection (n = 3) 

Compounds 2 min 1 h 

THP1 25 ± 3 73 ± 5 

THP2-4 27 ± 3 83 ± 2 

THP2-8 25 ± 5 74 ± 2 

THP3-4 18 ± 6 71 ± 6 

THP3-8 21 ± 1 61 ± 5 

 

3.5  DNA binding of [191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 in vivo 

The DNA binding of intravenously injected [191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 was 

investigated in mice bearing subcutaneous PSMA-positive PC-3 PIP tumors (n = 2 at each 

time point for both agents). The tumors were dissected at 1 h and 24 h p.i., homogenized, and 

genomic DNA was extracted from the tumor lysate. Tumor uptake (%IA/g), DNA binding 

fraction (%IA per gram DNA), and DNA binding ratio (% of DNA radioactivity to total cell 

radioactivity) are summarized in Table 4. To detect the relatively low radioactivity level in 

tumor DNA in this experiment, we used [191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 with about 

10 times higher radioactivity: 1.85 MBq (50 µCi, 125–250 pmol) per mouse than that used in 

the biodistribution experiments: 0.185 MBq (5 µCi, 12.5–25 pmol) per mouse. Compared to 

the results in biodistribution studies (Fig. 5 and Table S3), the tumor uptake of [191Pt]Pt-

THP3-4 and [191Pt]Pt-THP3-8 at 1 h showed 1–3 times higher under these conditions (Table 

4), suggesting a mass effect. 
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The DNA binding ratio (% of DNA radioactivity to total cell radioactivity) was about 

0.4–1%, comparable to those determined in the cell culture experiments (Fig. 4). [191Pt]Pt-

THP3-8 with the PEG8 linker exhibited higher DNA binding ratios in vivo than [191Pt]Pt-

THP3-4 with the PEG4 linker. The DNA binding fraction and ratio did not decrease 

appreciably from 1 h to 24 h after injection, suggesting that [191Pt]Pt-THP3-4 and [191Pt]Pt-

THP3-8 were retained on tumor DNA. 

 

Table 4. Tumor uptake (% IA/g tumor), DNA binding fraction (% IA/g DNA), and DNA 

binding percentage (%DNA radioactivity / total cell radioactivity) at 1 h and 24 h after 

intravenous injection in mice bearing subcutaneous PSMA-positive PC3 PIP tumors (n = 2) 

[191Pt]Pt-THP3-4 
1 h 24 h 

#1 #2 #1 #2 

Tumor uptake (%IA/g tumor) 2.49 3.04 1.40 1.24 

DNA binding fraction (%IA/g DNA) 29 45 32 10 

DNA binding percentage 

(%DNA/total cell) 
0.60 0.52 0.80 0.42 

[191Pt]Pt-THP3-8 
1 h 24 h 

#1 #2 #1 #2 

Tumor uptake (%IA/g tumor) 1.92 2.80 1.57 1.32 

DNA binding fraction (%IA/g DNA) 26 37 24 20 

DNA binding percentage 

(%DNA/total cell) 
0.76 1.01 0.87 0.65 
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4. Discussion: 

The successful development of Auger-electron emitters for RPT is challenging because in 

addition to sharing the same requirements for other types of radiation – efficient tumor 

targeting, normal tissue clearance, and high in vivo stability – there is a need to deliver and trap 

the labeled molecule near nuclear DNA, where it will be most effective. Here, we have 

evaluated whether it is possible to connect different moieties within a single molecule, such 

that both in vivo tumor delivery and intracellular DNA binding could be achieved. Platinum 

radionuclides were selected for investigation because not only do they have advantages as 

Auger electron emitters (high number of electrons emitted per decay), but also exhibit DNA-

binding properties. In the current study, we have evaluated polyfunctional compounds 

consisting of a well-known PSMA-targeting moiety, Hoechst33258 for DNA binding, and a 

191Pt-trithiol complex designed to achieve excellent in vivo stability [21]. Our focus was to 

evaluate the role of the linkers between these three components and assess the feasibility of in 

vivo DNA binding with a single molecule. We speculate that the linkers could play at least two 

roles here: 1) avoiding steric interference with PSMA targeting and DNA binding within the 

molecule, and 2) modulating pharmacokinetics. While achieving both in vivo and intracellular 

delivery with a single molecule was possible, there is much room for improvement in delivery 

efficiency. 

We first evaluated whether PEGylation could compensate for the hydrophobicity of 

Hoechst33258 and thereby improve pharmacokinetics [24]. Indeed, insertion of a PEG linker 

between the trithiol ligand and the Hoechst compound in [191Pt]Pt-THP2-4 and [191Pt]Pt-THP2-

8 reduced normal tissue accumulation and resulted in rapid clearance compared to [191Pt]Pt-

THP1. Additionally, this strategy also enhanced DNA binding although the difference was 

significant only for [191Pt]Pt-THP2-8 (p < 0.01). However, the tumor uptake and PSMA 

targeting specificity of [191Pt]Pt-THP2-4 and [191Pt]Pt-THP2-8 were lower than [191Pt]Pt-

THP1. We hypothesize that this could be due to interference in PSMA binding by the PEG 

linker either directly or by allowing the Hoechst33258 to interact with the PSMA binding 

moiety. 

This speculation is supported by the fact that insertion of a C4 linker between the 

PSMA binding moiety and the trithiol ligand in [191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 

improved their PSMA targeting both in vitro and in vivo. The PSMA targeting specificity of 

[191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 was significantly higher than [191Pt]Pt-THP1 (p <0.05 
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for [191Pt]Pt-THP3-4; p < 0.01 for [191Pt]Pt-THP3-8) and [191Pt]Pt-THP2-4/2-8 (p < 0.01) in 

cell experiments. Additionally, the DNA binding of [191Pt]Pt-THP3-4/ and THP3-8 was 2–3 

times higher than [191Pt]Pt-THP1 (p < 0.05 for [191Pt]Pt-THP3-4; p < 0.01 for [191Pt]Pt-THP3-

8). In biodistribution experiments, [191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 showed rapid 

clearance in normal organs and relatively long retention in the kidneys, which express PSMA, 

and PSMA-expressing tumors. Finally, binding of intravenously injected [191Pt]Pt-THP3-4 and 

[191Pt]Pt-THP3-8 to DNA in PSMA-positive PC3 PIP tumors was demonstrated. The DNA 

binding of [191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 in vivo was about 40–70% of that observed 

on PC3 PIP cells in vitro, demonstrating that these 191Pt-labeled compounds could be delivered 

to targeted tumors and bound to their genomic DNA in vivo. 

Taken together, our results indicate that tumor targeting specificity and DNA binding 

efficiency for the THP compounds were highly dependent on the nature of the linkers between 

the three components. All THP compounds exhibited similar hydrophobicity and plasma 

protein binding; however, small modifications in linker structure produced substantial 

differences in targeting/binding ability and pharmacokinetics. For instance, [191Pt]Pt-THP4 

contains a branching chain connected to the Hoechst compound and the PEG4 linker, which 

resulted in substantially lower PSMA targeting and DNA binding even in vitro. We speculate 

that when formulated as a branching chain, the PEG component might be too flexible, resulting 

in unwanted interaction with the PSMA and DNA targeting functionalities. Additionally, the 

longer PEG linker resulted in higher DNA binding than the shorter one with both the [191Pt]Pt-

THP2 and [191Pt]Pt-THP3 scaffolds. However, the PEG linker also creates distance between 

the site of 191Pt Auger electron emission and the DNA-binding molecule, so it is necessary to 

find an appropriate balance between DNA binding efficiency and the geometrical probability 

of DNA irradiation. 

Unfortunately, the uptake of [191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 in PSMA-positive 

xenografts was considerably lower than that of other agents having the same PSMA-targeting 

moiety but with different metals, chelates [25–27], and linker structures [28,29]. There are at 

least two approaches that could be pursued for improving the delivery of these types of 

complexes: 1) achieving more efficient escape from endosomes and enhanced nuclear 

translocation, and 2) increasing retention in the blood. First, the [191Pt]Pt-THP compounds were 

uptaken into PSMA-positive cells and mainly localized in the membrane and organelle 

fractions. This suggested that the compounds were not efficiently released into the cytoplasm 

after endocytosis, making them ineffective in being transported into the nucleus and binding to 
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DNA. In recent years, a variety of peptides that facilitate escaping from endosomes have been 

developed [30], and such peptide modifications might be useful to improve the intracellular 

distribution of 191Pt-labeled compounds. Second, rapid clearance of 191Pt from the blood led to 

a low tumor uptake. Further modification of linker structure, including albumin-binder 

moieties, lipophilic linkers, and so on [28,29] should be considered to make retention in the 

blood pool longer. We hope to build upon the foundation established in the current research 

with future optimization to improve both intracellular and in vivo drug delivery, which will be 

required to improve the viability of this targeting strategy.  

In summary, with the [191Pt]Pt-THP3 compounds, we were able to provide proof-of-

principle evidence that the DNA in tumors could be targeted specifically by combining a 

PSMA binding motif and Hoechst33258 with a trithiol ligand for 191Pt binding. In the future, 

other DNA-binding approaches should also be investigated. For example, the Hoechst 

compound that binds DNA randomly could be replaced with cancer-specific targeting 

compounds like PARP inhibitors [31,32] or oncogene-targeting compounds [20]. For Auger 

electron cancer therapy, this could induce damage predominantly to key targets in cancer cells 

and minimize adverse effects, which could lead to promising strategies for RPT with Auger 

electrons. 

 

 

5. Conclusions: 

This study highlights the critical role of the linkers connecting three components: tumor-

targeting moiety, DNA-binding compound, and labeling ligand. It demonstrated in vivo DNA 

binding of intravenously administered [191Pt]Pt-THP3-4 and [191Pt]Pt-THP3-8 in PSMA-

positive tumors. We hope that our compound designs and findings will provide a useful 

foundation for DNA-targeted Auger electron cancer therapy, particularly with platinum 

radionuclides. 
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