
1 
 

Supplementary Information 

Cytoplasmic localization of prostate-specific membrane antigen 
inhibitors may confer advantages for targeted cancer therapies 

Jessica Matthias1,2, Johann Engelhardt1, Martin Schäfer3, Ulrike Bauder-Wüst3, Philipp T. Meyer4,5, Uwe 
Haberkorn6,7, Matthias Eder4,5, Klaus Kopka3,8,#, Stefan W. Hell1,9, Ann-Christin Eder2,3,4,5* 

 

Supplementary Methods 3 
Synthesis ................................................................................................................................................. 3 

Radiolabeling ........................................................................................................................................... 4 

Determination of fluorescence properties ................................................................................................ 4 

Cell binding and internalization ............................................................................................................... 5 

Cytotoxicity studies .................................................................................................................................. 5 

Biodistribution, PET imaging and cryosectioning studies ........................................................................ 6 

STED and confocal microscope .............................................................................................................. 7 

Fixed cell imaging .................................................................................................................................... 7 

Live cell imaging ...................................................................................................................................... 8 

Colocalization experiments with PSMA ................................................................................................... 9 

Colocalization experiments with clathrin ............................................................................................... 11 

Colocalization experiments with Lyso Trackers .................................................................................... 13 

Flow cytometry studies on PSMA binding affinity and pH dependence ................................................ 14 

 

 

Supplementary Figures 16 

Fig. S1. Absorption and fluorescence emission spectra of STED-compatible dual-labeled PSMA 
inhibitors and absorption spectra of Glu-urea-Lys-HBED-CC-PEG2 with and without Fe3+. ................. 16 

Fig. S2. Confocal imaging of Glu-urea-Lys-HBED-CC-STAR RED. ..................................................... 17 

Fig. S3. Specificity of PSMA binding and time-lapse imaging of Glu-urea-Lys-HBED-CC-STAR RED. ..... 18 

Fig. S4. Holographic image sequences of cell divisions in the presence of STED-compatible dual-labeled 
PSMA inhibitors. .................................................................................................................................... 19 

Fig. S5. Time series of cell count and confluency in the presence of STED-compatible dual-labeled 
PSMA inhibitors. .................................................................................................................................... 20 

Fig. S6. STED imaging of Glu-urea-Lys-HBED-CC-STAR RED before and after internalization. ........ 21 

Fig. S7. STED image postprocessing. .................................................................................................. 22 

Fig. S8. Clathrin-mediated uptake of Glu-urea-Lys-HBED-CC-STAR RED bound PSMA with 
subsequent endosomal fusion. .............................................................................................................. 23 

Fig. S9. Schematic illustration of the novel non-standard live cell labeling approach and of the 
intracellular fate of the PSMA/PSMA inhibitor complex. ....................................................................... 24 

Fig. S10. Fluorograms of PSMA/PSMA inhibitor colocalization in 22Rv1 cells. ................................... 25 



2 
 

Fig. S11. Quantitative fluorogram analysis of PSMA/PSMA inhibitor colocalization experiments. ....... 26 

Fig. S12. Temperature and pH stability of the fluorescence properties of STED-compatible dual-labeled 
PSMA inhibitors along the endosomal pathway.. .................................................................................. 28 

 

 

Supplementary Tables 29 

Table S1. Analytical data of the conjugates. ......................................................................................... 29 

Table S2. Cell binding and internalization of the 68Ga-labeled conjugates on LNCaP and 22Rv1 cellsa.
 ............................................................................................................................................................... 29 

Table S3. Frequency of LNCaP and 22Rv1 cell division, cell count and confluency of LNCaP and 22Rv1 
proliferation in presence of the conjugatesa. ......................................................................................... 30 

Table S4. Organ distribution of the 68Ga-labeled conjugates in LNCaP-tumor bearing BALB/c nu/nu mice 
1 h p.i.a. .................................................................................................................................................. 31 

Table S5. Organ distribution of 68Ga-labeled Glu-urea-Lys-HBED-CC-STAR RED in PC-3-tumor bearing 
BALB/c nu/nu mice 1 h p.i.a. .................................................................................................................. 31 

Table S6. Pearson’s correlation coefficients and p-values of colocalization between Glu-urea-Lys-
HBED-CC-STAR RED and SNAP-tagged CLC labeled with 610CP in living LNCaP cells. ................. 32 

Table S7. Diameter of endoplasmic vesicles carrying Glu-urea-Lys-HBED-CC-STAR RED bound PSMA 
in LNCaP and 22Rv1 cells. .................................................................................................................... 32 

Table S8. Quantification of the extracellular and cytoplasmic background by Glu-urea-Lys-HBED-CC-
STAR RED in raw STED images of LNCaP cells and in raw confocal images of 22Rv1 cells. ............ 32 

Table S9. Pearson’s correlation coefficients and p-values of endosomal colocalization between PSMA 
and LysoTrackerTM Green DND-26 in LNCaP and 22Rv1 cells. ........................................................... 33 

Table S10. pH dependence of binding to PSMA on LNCaP cells at different physiologically relevant pH 
values. ................................................................................................................................................... 34 

Table S11. Incubation scheme for the analysis of the pH dependence of PSMA binding by PSMA 
inhibitors and antibody complexa. .......................................................................................................... 35 

 

 

Supplementary Movies 36 

 
 

Supplementary References 37 

  



3 
 

Supplementary Methods 

Synthesis 

All commercially available chemicals, reagents and solvents were of analytical grade 

and used without further purification. For preparative HPLC, a LaPrep-System (P110, 

VWR) equipped with a NUCLEODUR® Sphinx RP column and a variable UV detector 

(P314, VWR) with a flow rate of 20 ml/min was used. The system Agilent 1100 series 

(Agilent Technologies) was equipped with Chromolith RP-18e (100×10 mm, Merck, 

Cat#152016) for semipreparative HPLC and Chromolith RP-18e (100×4.6 mm, Merck, 

Cat#102129) for analytical HPLC. UV absorbance was measured at 214 nm and 

254 nm, respectively. 

The synthesis of the precursor Glu-urea-Lys[Fe(HBED-CC)]-PEG2 starting with bis-

tetrafluorophenyl (TFP)-functionalized N,N'-bis[2-hydroxy-5-

(carboxyethyl)benzyl]ethylene-diamine-N,N'-diacetic acid (HBED-CC) was performed 

by reaction of the TFP activated sites with tri-tert-butyl protected Glu-urea-Lys (custom 

synthesis by ABX, 0.9 eq.) and subsequently with an excess of 2,2′-

(ethylenedioxy)bis(ethylamine) (Sigma-Aldrich, Cat#385506) in DMF. The tri-tert-butyl 

protecting groups were removed by incubation with TFA for 3 h at room temperature. 

The conjugation of STAR RED-NHS-ester (1 eq., 1 mg, Abberior, Cat#STRED-0002-

1MG) to Glu-urea-Lys[Fe(HBED-CC)]-PEG2 (3 eq.) was performed in DMF (300 µl) 

and DIPEA (15 µl) for 24 h at RT. STAR 635P-NHS-ester (1 eq., 1 mg, Abberior, 

Cat#ST635P-0002-1MG) was dissolved in 50 µL DMSO and conjugated to Glu-urea-

Lys[Fe(HBED-CC)]-PEG2 (3 eq.) in PBS (pH 8.5) for 24 h at RT. As previously 

described (1), complexed Fe3+ was removed on a Sep-Pack C18 cartridge (Waters, 

Cat#WAT020515) with 1 M HCl. Purification and analytics of the final conjugates Glu-

urea-Lys-HBED-CC-PEG2-STAR RED and Glu-urea-Lys-HBED-CC-PEG2-
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STAR 635P (hereinafter referred to as Glu-urea-Lys-HBED-CC-<dye> for <dye> 

conjugates) were performed by reversed-phase HPLC (RP-HPLC) and matrix-assisted 

laser desorption/ionization mass spectrometry (MALDI-MS, Bruker) (Table S1). 

 

Radiolabeling 

68Ga (half-life 68 min, β+ 89%, Eβ+ max. 1.9 MeV) was obtained from a pyrogallol resin 

support based 68Ge/68Ga generator (2). For radiolabeling with 68Ga, 40 µL [68Ga]Ga3+ 

eluate (~30-50 MBq) were added to the precursor peptides [1 nmol in HEPES buffer 

(580 mg/ml) with 5 mg ascorbic acid, 90 µL]. The pH was adjusted to 3.8 using NaOH 

and the reaction mixture was incubated at 98°C for 10 min. The radiochemical yield 

(RCY) was determined by analytic RP-HPLC, resulting in RCY>99 %. The 2-phase 

system n-octanol and PBS was used for the determination of lipophilicity of the 68Ga-

labeled conjugates. 

 

Determination of fluorescence properties 

Absorbance was recorded with a Varian Cary 500 UV-VIS NIR Spectrophotometer 

(Agilent) equipped with the software Cary 500 (EPROM Version 8.01) in the 200-

1000 nm interval. Fluorescence emission was excited at 590 nm and recorded with a 

Varian Cary Eclipse Fluorescence-Spectrophotometer (Agilent) equipped with the 

software Cary Eclipse (Version 1.1) in the 600-1000 nm interval. Conjugates were 

diluted to 10 µM in PBS (pH 7.4) or sodium acetate buffer (0.1 M NaAc, pH 4.6) and 

measured in standard 1 cm quartz cuvettes. To determine the temperature and pH 

dependence, conjugates were incubated for 6 h at RT in PBS or NaAc or at 37°C in 

PBS or NaAc. 
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Cell binding and internalization 

Competitive binding was performed by incubating various concentrations of Glu-urea-

Lys-HBED-CC-STAR RED and -STAR 635P in the presence of 68Ga-labeled 

radioligand [Glu-urea-Lys(Ahx)]2-HBED-CC (PSMA-10, ABX, Cat#9923). To 

determine the internalization properties, 30 nM radiolabeled conjugate were incubated 

for 45 min at 37°C and at 4°C, respectively. For blocking studies, 500 µM 2-

(phosphonomethyl)-pentanedioic acid (2-PMPA) were used. Cell-bound radioactivity 

and the collected fractions were measured using a gamma counter (Packard Cobra II, 

GMI). 

 

Cytotoxicity studies 

Potential cytotoxicity of Glu-urea-Lys-HBED-CC-STAR RED and -STAR 635P was 

assessed by analyzing the duration and frequency of LNCaP and 22Rv1 cell division 

via holographic time-lapse imaging. LNCaP and 22Rv1 cells were seeded in lumox® 

24-well plates (Sarstedt, Cat#94.6110.024) two days prior to the experiment and kept 

at 37°C and 5% CO2. Imaging was performed with a HoloMonitor® M4 cytometer (PHI 

AB) for a total period of 48 h at 37°C and 5% CO2 with 15 min between image captures 

and with HoloLids closing the well plate. Cell proliferation was followed in absence and 

in presence of either 100 nM Glu-urea-Lys-HBED-CC-STAR RED or 100 nM Glu-urea-

Lys-HBED-CC-STAR 635P. Data analysis was performed with the HstudioM4 software 

including cell segmentation, tracking of dividing cells, confluency measurement, and 

cell counting. 
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Biodistribution, PET imaging and cryosectioning studies 

For the experimental mouse tumor models, 7- to 8-week-old male BALB/c nu/nu mice 

(Charles River Laboratories, CAnN.Cg-Foxn1nu/Crl, RRID:IMSR_CRL:194) were 

chosen. 5×106 LNCaP or PC-3 cells (in 50% Matrigel, Corning, Cat#11573620) were 

subcutaneously inoculated into the right trunk. The tumors were allowed to grow until 

approx. 1 cm3 in size. For biodistribution studies, the 68Ga-labeled conjugates were 

injected into the tail vein (1-2 MBq, 60 pmol). 1 h p.i., the animals were sacrificed and 

the organs of interest were dissected, blotted dry, and weighed. The radioactivity was 

measured using a gamma counter (Packard Cobra II, GMI) and calculated as % ID/g. 

For small-animal PET studies, mice were anaesthetized (2% sevoflurane, Abbott) and 

placed into a PET scanner (Inveon PET, Siemens). 0.5 nmol of the 68Ga-labeled 

conjugates were injected into the tail vein after a 10 min transmission scan. A 60 min 

dynamic scan and a static scan from 120 to 140 min were recorded. The images were 

reconstructed iteratively (16 subsets, 4 iterations) applying median root prior correction 

and converted to standardized uptake value (SUV) images. All animal experiments 

complied with the current laws of the Federal Republic of Germany and were 

conducted according to German Animal Welfare guidelines. 

For cryosectioning studies, the 68Ga-labeled conjugates were injected into the tail vein 

(5 nmol). At 1 h p.i., the animals were sacrificed and tumor and muscle tissue were 

dissected, blotted dry, and directly frozen in Tissue-Tek® O.C.T.TM Compound 

(Sakura, Cat#4583). Afterwards, cryosections of 5 µm or 10 µm thickness were 

prepared using a CM 1950 cryomicrotom (Leica Microsystems) and mounted onto 

SuperFrost® plus microscope slides (Langenbrinck, Cat#03-0060). For confocal 

microscopy imaging, slices were washed with PBS three times for 5 min and mounted 

with Mowiol. 
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STED and confocal microscope 

The custom-built STED system combines a pulsed supercontinuum laser (Solea, 

PicoQuant) for excitation with a pulsed 775 nm STED laser (Katana HP08, OneFive) 

for depletion. It is equipped with an additional pulsed 470 nm diode laser (LDH-D-

C470, PicoQuant) for confocal imaging. Unless stated otherwise, confocal images 

were acquired with a pixel size of 50 nm and a dwell time of 30 µs and STED images 

with a pixel size of 20 nm and a dwell time of 30 µs. Excitation was set to 470 nm 

(LysoTrackerTM Green DND-26), 600 nm (STAR 600, 610CP) and to 650 nm 

(STAR RED, STAR 635P, SiR-lysosome) with depletion at 775 nm and detection at 

525/50 nm (LysoTrackerTM Green DND-26), 628/32 nm (STAR 600, 610CP) and 

708/75 nm (STAR RED, STAR 635P). No line or frame accumulation was performed. 

 

Fixed cell imaging 

For fixed cell imaging, 105 cells/well were seeded in poly-L-Lysine (Sigma-Aldrich, 

Cat#P4707) coated 4-well removable chamber slides (Nunc Lab-Tek II Chamber 

Slides, Thermo Fisher Scientific, Cat#154526) and kept for 48 h at 37°C and 5% CO2. 

For assessing the time dependence of internalization via fluorescence imaging, cells 

were washed once with PBS and incubated with 50 nM Glu-urea-Lys-HBED-CC-

STAR RED in RPMI for 5, 15, 30 and 45 min at RT. For assessing the concentration 

dependence of the internalization process, Glu-urea-Lys-HBED-CC-STAR RED was 

incubated for 45 min at the concentrations 50, 100, 250 and 500 nM in RPMI. To verify 

specific uptake, cells were additionally co-incubated with 2-PMPA (500 μM) at RT. 

Afterwards, cells were washed with PBS and fixed for 10 min with paraformaldehyde 

(2% PFA in PBS). Finally, the samples were washed three times with PBS and 
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mounted with ProLong Diamond Antifade Mountant containing DAPI (Thermo Fisher 

Scientific, Cat#P36966). 

All line-profiles shown were drawn on raw data and averaged over 3 pixels. The data 

were fitted with single or double Lorentzian fits using the data graphing and analysis 

software Origin 2017 (OriginLab). To assess the vesicle diameter, the raw 

fluorescence signal of individual vesicles was fitted with a two-dimensional ring 

function 

𝑅 𝑥,𝑦 𝑎 𝑎 𝑎
𝑥 𝑎 𝑦 𝑎

2𝑎
𝑒  

with fit parameters 𝑎  to 𝑎  implemented in the custom application software written in 

LabVIEW (National Instruments). The average diameter for each internalization time 

was calculated on N=50 individual vesicles. 

 

Live cell imaging 

For live cell imaging, 105 cells/well were seeded in poly-L-lysine (Sigma-Aldrich) coated 

4-well chambered coverslips (Nunc Lab-Tek II chambered coverglasses, Thermo 

Fisher Scientific, Cat#155382) and kept for 48 h at 37°C and 5% CO2. After washing 

once with PBS, the cells were incubated with 50 nM or 100 nM Glu-urea-Lys-HBED-

CC-STAR RED in RPMI for 20 min on ice. Subsequently, the cells were washed three 

times with PBS on ice and immediately imaged in Gibco FluoroBrite DMEM (Thermo 

Fisher Scientific, Cat#A1896701) supplemented with 10% FBS and 4 mM Gibco 

GlutaMAXTM (Thermo Fisher Scientific, Cat#13462629). For the block experiments, 

cells were imaged in the presence of 50 nM Glu-urea-Lys-HBED-CC-STAR RED and 

500 μM of 2-PMPA. Confocal time series were recorded for a total time of 1.5 h with 
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0.5 fpm (Movie S1) or 2 h with 1 fpm. The single images of the time series were 

corrected for photobleaching with the ImageJ Plugin CorrectBleach V2.0.2 using 

histogram matching as correction mode (3,4) and corrected for background. The 

corrected images were combined to movies playing at an accelerated frame rate (420 

times). 

 

Colocalization experiments with PSMA 

All following incubation and washing steps were conducted on ice to prevent premature 

internalization. After washing once with blocking buffer (10% goat serum in PBS), 

LNCaP and 22Rv1 cells were incubated with primary antibody (1:50, monoclonal anti-

PSMA, mouse IgG1, clone 107-1A4, Sigma-Aldrich, Cat#SAB4200257, 

RRID:AB_11129838) and 100 nM PSMA inhibitor (Glu-urea-Lys-HBED-CC-

STAR RED or -STAR 635P) in blocking buffer. After washing three times with blocking 

buffer, the secondary antibody (1:50, goat anti-mouse-IgG coupled to STAR 600, 

Abberior, Cat#2-0002-010-5) was incubated for 1 h in blocking buffer. After washing 

three times with blocking buffer, the cells were either directly fixed for 10 min with 3.7% 

PFA in PBS at RT or subjected to internalization. For the latter case, the blocking buffer 

was replaced by RPMI and the cells were incubated for 30 min, 45 min, 1 h, 3 h, 6 h 

or 24 h at 37°C and 5% CO2. After fixation with 3.7% PFA in PBS for 10 min, samples 

were washed three times with PBS and mounted with ProLong Diamond Antifade 

Mountant containing DAPI (Thermo Fisher Scientific, Cat#P36966). The absence of 

crosstalk between the two color channels was assessed via single color stainings of 

the PSMA inhibitors (Glu-urea-Lys-HBED-CC-STAR RED and -STAR 635P) and the 

immunolabeled PSMA (STAR600 and STAR RED) prepared under the same 

conditions as the dual color stainings. 
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For colocalization analysis, images with a maximum fluorescence intensity <20 counts 

and PSMA-negative 22Rv1 cells were excluded. For PCC calculation, a background 

subtraction of two counts was performed to correct for homogeneous background. The 

PCC of the corrected images was calculated with the ImageJ plugin JACoP (3,5). The 

average PCC for each time point was calculated by excluding all results differing by 

more than double the standard deviation (SD). 

Colocalization trends were illustrated in pixel fluorograms (hereinafter referred to as 

fluorograms). Each pixel in a fluorogram represents the number of pixels in its 

corresponding dual color fluorescence image that shows an intensity of dye 1 (dye 2) 

according to the x-axis (y-axis) of the fluorogram. The diagonal area in the fluorogram 

corresponds to pixels in the fluorescence image that exhibit similar intensities in both 

channels (colocalization), whereas pixels close the x-axis (y-axis) of the fluorogram 

correspond to pixels with single color staining of dye 1 (dye 2). 

Quantification of the time dependent changes of the dual color image fluorograms was 

done via the custom application software. Pixels below a phasor line with 20° slope in 

the fluorogram are considered single staining of the PSMA inhibitor and pixels in the 

fluorogram left to a phasor line with 70° slope are considered single staining of PSMA. 

Pixels between the lines with 20° and 70° slope are considered colocalized. The 

fluorescence image background is indicated by the area below the quarter circle in the 

fluorogram and defined as the average intensity of Glu-urea-Lys-HBED-CC-

STAR RED in the cytoplasm after 24 h of internalization. The integral of the intensities 

in the area between the phasor lines divided by the total intensity is considered as a 

measure of colocalization (6). 

The time dependent changes of the relative integrated fluorescence intensity for each 

channel in each of the resulting six sections (PSMA antibody signal only foreground, 
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PSMA antibody signal only background, colocalizing signal foreground, colocalizing 

signal background, PSMA inhibitor signal only foreground, PSMA inhibitor signal only 

background) as well as in the entire foreground and in the entire background was 

calculated on smoothed images. Smoothing was done with a Gaussian low pass filter 

with a width of one pixel. The average integrated relative fluorescence intensity for 

each time point, channel and section was calculated by excluding all results differing 

by more than double the SD. To exclude photobleaching, the ratio between the 

integrated fluorescence intensities for both channels in the entire image was calculated 

and compared for each time point. 

 

Colocalization experiments with clathrin 

For staining clathrin, LNCaP cells were transiently transfected with the fusion construct 

SNAP-tag/clathrin light chain (SNAP-CLC). The plasmid was kindly provided by 

Francesca Bottanelli (Bewersdorf Laboratory, Yale University School of Medicine, New 

Haven, USA) (7). One day prior to the experiment, transient transfection was 

performed with 300 ng of the SNAP-CLC plasmid using the Effectene Transfection 

Reagent Kit (QIAGEN, Cat#301425) according to the manufacturer’s instructions. On 

the day of the experiment, the cells were stained with 1 µM 610CP-BG (BG=SNAP-tag 

ligand) (8) in RPMI for 45 min at 37°C and 5% CO2. The cell-permeable fluorescent 

live dye 610CP-BG was kindly provided by Alexey Butkevich (Max Planck Institute for 

Medical Research, Department of Optical Nanoscopy, Heidelberg, Germany) and 

Vladimir Belov (Max-Planck-Institute for Biophysical Chemistry, Department of 

NanoBiophotonics, Göttingen, Germany). After washing three times with preheated 

RPMI medium, the cells were incubated with 50 nM Glu-urea-Lys-HBED-CC-

STAR RED for various time points at 37 C and 5% CO2. 
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Subsequently, live dual color confocal images were acquired to assess the 

colocalization between the PSMA inhibitor and clathrin. Minor crosstalk between the 

two color channels was quantified with single color stainings and corrected for via linear 

unmixing implemented in the data analysis section of the custom application software. 

The Pearson’s correlation coefficient (PCC, established measure for quantifying 

colocalization in fluorescence microscopy images (9)) of the corrected images was 

calculated with the ImageJ plugin JACoP (3,5). 

 

Blocking clathrin-mediated internalization with Pitstop 2 

To block clathrin-mediated PSMA inhibitor internalization, Pitstop 2 (Sigma-Aldrich, 

Cat#SML1169) was selected as a specific inhibitor of clathrin-dependent endocytosis. 

LNCaP and 22Rv1 cells were incubated with 30 µM Pitstop 2 or 1% DMSO (vehicle 

control) in serum-free RPMI medium for 12 min (LNCaP) or 15 min (22Rv1) at 37°C 

and 5% CO2 followed by co-incubation with 30 µM PitStop2 or 1% DMSO (vehicle 

control) and 50 nM Glu-urea-Lys-HBED-CC-STAR RED or -STAR 635P in serum-free 

RPMI medium for 12 min (LNCaP) or 15 min (22Rv1) at 37°C and 5% CO2. Afterwards, 

cells were either washed three times with PBS and mounted in Mowiol or subjected to 

testing for reversibility of the inhibition. For the latter purpose, cells were washed once 

directly and three times for 20 min at 37°C and 5% CO2 with fully supplemented RPMI 

followed by a 12 min (LNCaP) or 15 min (22Rv1) incubation with 50 nM Glu-urea-Lys-

HBED-CC-STAR RED or -STAR 635P at 37°C and 5% CO2. Afterwards, cells were 

washed three times with PBS and mounted in Mowiol. 
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Colocalization experiments with Lyso Trackers 

To confirm endosomal PSMA recycling, PSMA was labeled via IF. All following 

incubation and washing steps were conducted on ice to prevent premature 

internalization. After washing once with blocking buffer (10% goat serum in PBS), 

LNCaP and 22Rv1 cells were incubated for 1 h with the primary antibody (1:50, 

monoclonal anti-PSMA, mouse IgG1, clone 107-1A4, Sigma-Aldrich, 

Cat#SAB4200257, RRID:AB11129838) in blocking buffer. After washing three times 

with blocking buffer, the secondary antibody (1:50, goat anti-mouse-IgG coupled to 

STAR 600, Abberior, Cat#2-0002-010-5) was incubated for 1 h in blocking buffer. After 

washing three times with blocking buffer, the cells were incubated in 500 nM 

LysoTrackerTM Green DND-26 (Thermo Fisher Scientific, Cat#L7526) or 1 µM SiR-

lysosome (SPIROCHROME, Cat#SC012) in RPMI at 37°C and 5% CO2 to allow for 

endosomal staining and trigger internalization simultaneously. 

During the LNCaP experiments, either no additive, 500 µM 2-PMPA, 50 nM Glu-urea-

Lys-HBED-CC-STAR RED or 50 nM Glu-urea-Lys-HBED-CC-STAR 635P were 

present in the imaging medium. All 22Rv1 experiments were performed in the absence 

of these additives. Colocalization was assessed in dual color live cell confocal and 

STED experiments after 1 h and after >20 h internalization time. For LNCaP cells, 

STED time series were recorded for a total time of 10 min with 1.2 fpm (LysoTrackerTM 

Green DND-26) and 15 min with 1.1 fpm (SiR-lysosome) (Movie S5) and onfocal time 

series were recorded for a total time of 10 min with 2.6 fpm (Movie S6) and 30 min with 

2.1 fpm (Movie S7). 

The absence of crosstalk between the two color channels was assessed with single 

color stainings. Correction for color shift between the two channels was done with a 

home-written ImageJ routine which correlates the images using the plugin FD Math 
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and shifts them based on the found maxima with the plugin Find Maxima. The PCC of 

the corrected images was calculated with the ImageJ plugin JACoP (3,5). PSMA-

negative 22Rv1 cells were excluded from the colocalization analysis. The individual 

SiR-lysosome images of Movie S5 were corrected for photobleaching with the ImageJ 

Plugin CorrectBleach V2.0.2 using histogram matching as correction mode (3). The 

images of all time series were corrected for background and the STED data were 

additionally linearly deconvolved. The corrected images were combined to movies 

playing at an accelerated frame rate (255 times for Movie S5 LysoTrackerTM Green 

DND-26, Movie S6 and Movie S7; 270 times for Movie S5 SiR-lysosome). 

 

Flow cytometry studies on PSMA binding affinity and pH dependence 

The binding affinity was determined as the mean effective concentration (EC50) by flow 

cytometry. An ascending series of twelve different concentrations (Glu-urea-Lys-

HBED-CC-STAR RED, -STAR 635P: 0.0, 0.5, 1.0, 2.5, 5.0, 10, 25, 50, 100, 500 nM) 

was diluted in RPMI. LNCaP and 22Rv1 were incubated with the respective 

concentrations for 45 min and the supernatant was decanted after centrifugation 

(800 rpm, 2 min). The first washing step was done with RPMI and after centrifugation 

(800 rpm, 2 min), the supernatant was removed. The cells were resuspended in PBS 

and washed again. After removal of the supernatant, the cells were resuspended in 

PBS and propidium iodide solution (PI, 1 mg/mL) was added as a nucleic acid 

intercalator marking dead cells. 

To demonstrate the specificity of the binding, all conjugates in concentrations of 0.5, 

5.0 and 50 nM were additionally co-incubated with 500 µM 2-PMPA. Glu-urea-Lys-

HBED-CC-STAR RED and -STAR 635P samples were measured using the BD FACS 

Canto II Flow Cytometer (BD Biosciences). In the FSC-SSC plot, 2×103 living cells 
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were selected for analysis. The STAR RED- and STAR 635P mean fluorescence 

intensities (as median fluorescence intensities) were measured. The binding affinity 

was determined at least three times and the data presented as EC50 ± SD. 

The pH dependence of the binding to PSMA on LNCaP cells was analyzed for Glu-

urea-Lys-HBED-CC-STAR RED, -STAR 635P and the antibody complex consisting of 

the primary antibody (monoclonal anti-PSMA, mouse IgG1, clone 107-1A4, Sigma-

Aldrich, Cat#SAB4200257, RRID:AB_11129838) decorated either with the STAR 600- 

or STAR RED-labeled secondary antibody (goat anti-mouse-IgG coupled to 

STAR 600, Abberior, Cat#2-0002-010-5, or goat anti-mouse-IgG coupled to 

STAR RED, Abberior, Cat#2-0002-011-2, RRID:AB_2810982). Table S11 

summarizes the incubation scheme. Both incubation steps (incubation 1 and 2) were 

performed for 1 h on ice and in a volume of 50 μL; the cells were washed with blocking 

buffer (10% goat serum in PBS) in between. Finally, the cells were washed once with 

blocking buffer and twice with PBS. After resuspension in PBS, PI (1 mg/mL) was 

added. 

The samples were measured with the BD FACS Canto II Flow Cytometer (BD 

Biosciences). In the FSC-SSC plot, 2×103 living cells were selected for analysis. The 

mean fluorescence intensity (as median fluorescence intensity) of STAR RED, 

STAR 600 and STAR 635P was measured. The measurements were repeated at least 

three times and the percentage binding at pH 4.6, pH 5, pH 5.5 and pH 6 based on 

normalization for binding at pH 7.0 was calculated. 
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Supplementary Figures 

 

Fig. S1. Absorption and fluorescence emission spectra of STED-compatible dual-labeled PSMA inhibitors 
and absorption spectra of Glu-urea-Lys-HBED-CC-PEG2 with and without Fe3+. For the design of STED-
compatible dual-labeled PSMA inhibitors, the commercially available, STED-compatible Abberior dyes STAR RED 
and STAR 635P were chosen as fluorescent labels, since they provide superior performance in 775 nm STED 
imaging. For both dyes, conjugation to Glu-urea-Lys[Fe(HBED-CC)]-PEG2 caused a minor red-shift of the spectral 
properties compared to the uncoupled dyes. (A) Absorption/emission of Glu-urea-Lys-HBED-CC-STAR RED peaks 
at 641 nm/660 nm (uncoupled dye 637 nm/660 nm). (B) Absorption/emission of Glu-urea-Lys-HBED-CC-
STAR 635P peaks at 639 nm/660 nm (uncoupled dye 635 nm/655 nm). (C) The absorption peak around 280 nm of 
Glu-urea-Lys-HBED-CC-PEG2 is attributed to the UV-active HBED-CC chelator moiety. The data were measured 
in PBS pH 7.4, all absorption spectra are baseline corrected and all spectra are normalized to their 
absorbance/emission maximum (A and B) or to the 280 nm absorption band (C). 
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Fig. S2. Confocal imaging of Glu-urea-Lys-HBED-CC-STAR RED. (A) Time dependence of PSMA inhibitor 
internalization into LNCaP (top) and 22Rv1 (bottom) cells. Exemplary confocal images after 5/15/30 min of 
incubation with 50 nM PSMA inhibitor. (B) Concentration dependence of PSMA inhibitor internalization into LNCaP 
(top) and 22Rv1 (bottom) cells. Exemplary confocal images after 45 min of incubation with 100/250/500 nM PSMA 
inhibitor. No apparent differences in membrane binding and internalization can be observed within the same cell 
line in the concentration range tested. The data confirm a lower, but more heterogeneous PSMA expression in 
22Rv1 cells. All confocal images shown are raw data and were measured using the same imaging parameters. 
Scale bars, 10 µm.  
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Fig. S3. Specificity of PSMA binding and time-lapse imaging of Glu-urea-Lys-HBED-CC-STAR RED. (A) Glu-
urea-Lys-HBED-CC-STAR RED specificity confirmed by PMPA blocking. Exemplary confocal images of living 
LNCaP (top) and 22Rv1 (bottom) cells co-incubated with 50 nM PSMA inhibitor and 500 µM 2-PMPA for 20 min of 
internalization time. Cell nuclei outlines are indicated by dotted cyan lines. (B) Exemplary confocal images of LNCaP 
(top) and 22Rv1 (bottom) cells incubated with 100 nM STAR RED and STAR 635P carboxylic acid. Cell nuclei 
outlines are indicated by dotted cyan lines. No significant internalization of the free Abberior dyes is detected. (C) 
Positive control to (A and B) showing living LNCaP (top) and living 22Rv1 (bottom) cells incubated with 50 nM Glu-
urea-Lys-HBED-CC-STAR RED for 15 min of internalization time (D) Glu-urea-Lys-HBED-CC-STAR RED 
specificity confirmed by PSMA-negative PC-3 cell incubation. Exemplary confocal images of PC-3 cells incubated 
with 100 nM PSMA inhibitor (red, top) for 1 h of internalization time and STAR 600-immunolabeled for PSMA (cyan, 
bottom). Cell nuclei outlines are indicated by dotted cyan lines. No significant binding or internalization of the PSMA 
inhibitor with PC-3 cells is detected. (E and F) Time-lapse confocal imaging of Glu-urea-Lys-HBED-CC-STAR RED 
internalization. LNCaP cells were stained for 20 min with (E) 50 nM and (F) 100 nM Glu-urea-Lys-HBED-CC-
STAR RED on ice to prevent premature internalization. Confocal time series were recorded for (E) 90 min and (F) 
120 min with a frequency of (E) 0.5 fpm and (F) 1 fpm. The focal plane was set into the cell volume and steady 
internalization was observed. The corresponding time-lapse movie of non-deconvolved but background corrected 
data of (E) is available as Movie S1. All confocal images shown were measured using the same imaging parameters. 
(A-D) show raw data. Data in (E and F) are linearly deconvolved to smooth the data and reduce the noise. All scale 
bars, 10 µm. 
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Fig. S4. Holographic image sequences of cell divisions in the presence of STED-compatible dual-labeled 
PSMA inhibitors. (A) LNCaP and (B) 22Rv1 cell proliferation was followed for a total period of 48 h in the absence 
of PSMA inhibitor (control, top row) and in the constant presence of either 100 nM Glu-urea-Lys-HBED-CC-
STAR RED (middle row) or 100 nM Glu-urea-Lys-HBED-CC-STAR 635P (bottom row) via holographic time-lapse 
cytometry using a HoloMonitor® M4 microscope. The exemplary image sequences show a duration of 1.5 h (15 min 
between image captures). Dividing cells round up and can be distinguished from non-dividing cells by height (color 
coded). Corresponding LNCaP time-lapse movies (Movie S2-S4) are supplied. Scale bar, 50 µm. 
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Fig. S5. Time series of cell count and confluency in the presence of STED-compatible dual-labeled PSMA 
inhibitors. Comparison of the cell count (A) and confluency (B) of untreated (control, green) and 100 nM PSMA 
inhibitor treated (Glu-urea-Lys-HBED-CC-STAR RED, red; Glu-urea-Lys-HBED-CC-STAR 635P, blue) LNCaP and 
22Rv1 cells imaged for 48 h via holographic time-lapse cytometry using a HoloMonitor® M4 microscope. Both 
parameters were normalized onto the first frame (t=0) and averaged (LNCaP: untreated N=13, Glu-urea-Lys-HBED-
CC-STAR RED N=16, Glu-urea-Lys-HBED-CC-STAR 635P N=14; 22Rv1: untreated N=9, Glu-urea-Lys-HBED-
CC-STAR RED N=10, Glu-urea-Lys-HBED-CC-STAR 635P N=13). SDs were calculated and are visualized as 
shadows. The results and average p-values are summarized in Table S3. The data strongly suggest the absence 
of cytotoxicity. 
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Fig. S6. STED imaging of Glu-urea-Lys-HBED-CC-STAR RED before and after internalization. (A) Overview 
confocal (top) images of 22Rv1 cells after incubation with 100 nM PSMA inhibitor for 30 min (first, third row) and 
1 h (second row). STED imaging resolves a heterogeneous distribution of PSMA inhibitor bound PSMA with distinct 
areas of clustered PSMA at the cell membrane. Marked membrane regions (dotted cyan lines) in the overviews are 
shown as magnified STED close-ups at the bottom. Scale bar overviews, 5 µm; scale bar close-ups, 2 µm. (B) Line 
profiles of selected vesicles including (C) the vesicle shown in Fig. 3B depicted below the corresponding STED 
images (left: background corrected and linearly deconvolved, right: background corrected only). All line profiles 
shown in (B) and (C) were drawn on raw data (direction marked by white arrows), averaged over three pixels and 
fitted with a double Lorentzian function. The FWHMs suggest a resolution far below the diffraction limit. (D) User 
interface of the custom application software used to fit the fluorescence signal of individual vesicles with a two-
dimensional ring function. The STED data of the fitted vesicle shown in the user interface are smoothed (Gaussian 
low pass filter with a width of one pixel); its background corrected STED data (top) and its background corrected 
and linearly deconvolved STED data (bottom) are shown on the right. All scale bars, 250 nm.  
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Fig. S7. STED image postprocessing. The postprocessing steps are exemplified on the STED image of main text 
Fig. 5C showing a LNCaP cell STAR 600-immunolabeled for PSMA (cyan) and incubated with 100 nM Glu-urea-
Lys-HBED-CC-STAR RED (red) for 45 min of internalization time. In a first step, the background is corrected by 
subtracting at most 10% of the maximum fluorescence signal of each channel. In a second step, the background 
corrected image is linearly deconvolved (Wiener filter) applying a Lorentzian PSF with a FWHM of 60 nm. Scale 
bar, 5 µm. 
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Fig. S8. Clathrin-mediated uptake of Glu-urea-Lys-HBED-CC-STAR RED bound PSMA with subsequent 
endosomal fusion. (A) Exemplary dual color confocal images of living LNCaP cells showing strong colocalization 
between SNAP-tagged CLC labeled with 610CP (gray) and PSMA inhibitor (50 nM) after 10 min of internalization 
time. Confocal data are background corrected. Scale bar, 5 µm. (B) From left to right: Exemplary confocal images 
of blocking clathrin-mediated PSMA inhibitor internalization in LNCaP (top) and 22Rv1 (bottom) cells pretreated 
with 30 µM Pitstop 2 and co-incubated with 50 nM PSMA inhibitor (red) and 30 µM Pitstop 2 for 12 min (LNCaP) 
and 15 min (22Rv1). Exemplary confocal images of the reversibility of clathrin inhibition in Pitstop 2 treated cells by 
removing Pitstop 2 and incubating cells with 50 nM PSMA inhibitor for 12 min (LNCaP) and 15 min (22Rv1). 
Exemplary confocal images of the vehicle control (1% DMSO). Cell nuclei are stained with DAPI (blue). Scale bar, 
10 µm. (C) After clathrin uncoating, cytoplasmic vesicles carrying PSMA inhibitor bound PSMA fuse along the 
endosomal pathway. Depicted are STED images of early stages (upper row), intermediate stages (middle row) and 
late stages (bottom row) of endosomal fusion in LNCaP (left) and 22Rv1 (right) cells. Scale bar, 500 nm. Confocal 
data shown in (A) are background corrected. Confocal data shown in (B) are raw data. All STED data shown are 
background corrected and linearly deconvolved. 

  



24 
 

 

Fig. S9. Schematic illustration of the novel non-standard live cell labeling approach and of the intracellular 
fate of the PSMA/PSMA inhibitor complex. For colocalization studies between PSMA and PSMA inhibitor, living 
LNCaP and 22Rv1 cells were immunolabeled for PSMA and co-incubated with either Glu-urea-Lys-HBED-CC-
STAR RED or -STAR 635P. As both antibodies (too large) and PSMA inhibitors (expected to be charged at pH 7) 
are not cell membrane permeable, only the membrane fraction of the whole PSMA population is targeted. IF staining 
on ice prevents premature internalization of PSMA. Incubation at 37°C triggers internalization of the 
antibody/PSMA/PSMA inhibitor complex. Initially, 1st/2nd antibody and PSMA inhibitor are bound to PSMA, which is 
located in the membrane of the endocytic vesicle. The extracellular PSMA domain and hence 1st/2nd antibody and 
PSMA inhibitor point inwards. As both the 1st/2nd antibody complex (approx. 30 nm) and the extracellular PSMA 
domain (amino acids 44-750) are rather large in size, the actual positions of the fluorophores do not coincide with 
the vesicle membrane. Hence, vesicle diameters are rather underestimated in this labeling approach. Upon 
decreasing pH along the endosomal pathway, the PSMA inhibitor detaches from the receptor (green arrow) while 
the 1st/2nd antibody remain attached. Initially, the PSMA inhibitor homogeneously distributes inside the endosome. 
Yet, at endosomal pH, we assume the acidic moieties of the PSMA inhibitor to be protonated, which supposingly 
renders the PSMA inhibitor membrane permeable, potentially explaining its escape from the endosomal 
compartment (green arrow) and its homogeneous dispersion in the cytoplasm. PSMA is either degraded in 
lysosomes or recycled back to the cell surface. 
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Fig. S10. Fluorograms of PSMA/PSMA inhibitor colocalization in 22Rv1 cells. Exemplary fluorograms (top) 
and corresponding confocal images (bottom) of 22Rv1 cells STAR 600-immunolabeled for PSMA (cyan) and co-
incubated with 100 nM Glu-urea-Lys-HBED-CC-STAR RED (red) for different internalization times. The fluorograms 
are subdivided in three defined sections separating the PSMA antibody signal only (top section), the colocalizing 
signal (middle section) and the PSMA inhibitor signal only (bottom section). The background (quarter circle in bottom 
left corner) was set to the average intensity of Glu-urea-Lys-HBED-CC-STAR RED after 24 h of internalization. 
Scale bar, 10 µm. All confocal data shown are background corrected and linearly deconvolved to smooth the data 
and reduce the noise. 
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Fig. S11. Quantitative fluorogram analysis of PSMA/PSMA inhibitor colocalization experiments. LNCaP and 
22Rv1 cells were STAR 600-immunolabeled for PSMA, incubated with 100 nM Glu-urea-Lys-HBED-CC-
STAR RED and STED (LNCaP) and confocal (22Rv1) images were taken after different internalization times. With 
increasing internalization time, the PSMA/PSMA inhibitor complex segregates and the relative integrated 
fluorescence intensity (shown as individual data points (dots), mean (dotted orange line) and median (grey line)) of 
(A) the PSMA inhibitor (red) and of (B) the PSMA antibody (cyan) decreases in the colocalizing section (middle 
section) of the fluorogram. (C) The relative area of colocalizing signal (grey, shown as individual data points (dots), 
mean (dotted orange line) and median (grey line)) decreases likewise. (D) As the ligand disperses homogeneously 
in the cytoplasm, the relative integrated fluorescence intensity of the PSMA inhibitor increases in the background 
(quarter circle in bottom left corner, set to average Glu-urea-Lys-HBED-CC-STAR RED fluorescence intensity in 
the cytoplasm after 24 h of internalization time). (E) The antibody complex remains attached to PSMA and the 
relative integrated fluorescence intensity of PSMA increases in the PSMA antibody signal only section (top section) 
of the fluorogram. While all changes in the relative integrated fluorescence intensity are significant (p<0.005) from 
30 min to 45 min and from 1 h to 6 h (except for (D)), no significant changes occur from 45 min to 1 h suggesting 
that the PSMA/PSMA inhibitor complex segregates after 30 min and cytoplasmic distribution starts after 1 h (LNCaP 
30 min N=8, 45 min N=11, 1 h N=24, 6 h N=10, 24 h N=4; 22Rv1 N=6, 45 min N=10, 1 h N=10, 3 h N=12, 6 h N=12, 
24 h N=11). (F) Exemplary confocal images of Glu-urea-Lys-HBED-CC-STAR RED after 24 h of internalization time 
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in LNCaP (top) and 22Rv1 (bottom) cells. (G) To exclude any dye dependence of the colocalization results, LNCaP 
cells were STAR 600-immunolabeled for PSMA (cyan) and incubated with 100 nM Glu-urea-Lys-HBED-CC-
STAR 635P (red) for 30 min of internalization time. An exemplary fluorogram with the corresponding STED image 
is shown. The quantification of colocalization via fluorogram analysis after 30 min of internalization (PCC r=53±0.09, 
N=10) substantiates the results for Glu-urea-Lys-HBED-CC-STAR RED. (H) Exemplary STED image of LNCaP 
cells STAR RED-immunolabeled for PSMA and incubated for 1 h of internalization time. No qualitative difference 
between STAR-600- and STAR RED-immunolabeled PSMA can be detected. All STED data shown are background 
corrected and linearly deconvolved. All confocal data shown are raw data. All scale bars, 10 µm. 
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Fig. S12. Temperature and pH stability of the fluorescence properties of STED-compatible dual-labeled 
PSMA inhibitors along the endosomal pathway. (A) Exemplary STED images of living LNCaP (top) and 22Rv1 
cells (bottom) STAR 600-immunolabeled for PSMA (cyan) and incubated with 1 µM SiR-lysosome (magenta) after 
>20 h internalization time. Cell outlines are indicated as yellow dotted lines. Exemplary LNCaP movies are supplied 
(Movie S5-S7). Scale bar, 5 µm. (B and C) Absorption and fluorescence emission spectra of the PSMA inhibitors 
after incubation at pH 7.4 (PBS) and 25°C (room temperature), at pH 7.4 and 37°C, at pH 4.6 (NaAc) and 25°C, 
and at pH 4.6 and 37°C for 6 h in the dark. All absorption spectra are baseline corrected, individually normalized on 
the concentration of HBED-CC and collectively normalized on the absorbance maximum at pH 7.4, 25°C. All 
fluorescence emission spectra are individually normalized on the concentration of HBED-CC and collectively 
normalized on the fluorescence emission maximum at pH 7.4, 25°C. (B) The absorption (left) of Glu-urea-Lys-
HBED-CC-STAR RED shows no strong pH and/or temperature dependence during the experiment. The 
fluorescence emission (right) of Glu-urea-Lys-HBED-CC-STAR RED is temperature independent but shows a slight 
intensity increase upon acidification during the experiment. (C) The absorption (left) of Glu-urea-Lys-HBED-CC-
STAR 635P shows no strong temperature dependence but a small hypsochromic shift of 3 nm upon acidification 
during the experiment. The fluorescence emission (right) of Glu-urea-Lys-HBED-CC-STAR 635P shows no strong 
temperature dependence but a small hypsochromic shift of 4 nm upon acidification during the experiment. 
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Supplementary Tables 

Table S1. Analytical data of the conjugates. 

conjugate  
m/z 

(g/mol, Mcalc) 
m/za 

(Mfound) 
chemical yield [%]b 

lipophilicity logD 
n-octanol/PBSc 

Glu-urea-Lys-HBED-CC-
STAR RED 

1850.9 1851.1 9 -1.93 ± 0.44 

Glu-urea-Lys-HBED-CC-
STAR 635P 

1882.8 1882.7 29 -2.88 ± 0.09 

a Mass spectrometry of non-labeled ligand, b chemical yields refer to the fluorescent dye conjugation to Glu-urea-
Lys[Fe(HBED-CC)]-PEG2, c lipophilicity of 68Ga-labeled ligand, data are expressed as mean ± SD. 

 

 

Table S2. Cell binding and internalization of the 68Ga-labeled conjugates on LNCaP and 22Rv1 cellsa. 

conjugate 
specifically cell 
surface bound 
[%IA/105 cells]b 

specifically 
internalized 

[%IA/105 cells]b 
Ki [nM]c EC50 [nM]c 

 LNCaP 

Glu-urea-Lys-HBED-CC-
STAR RED 

2.98 ± 0.66 8.94 ± 3.33 36.77 ± 2.28 30.36 ± 7.48 

Glu-urea-Lys-HBED-CC-
STAR 635P 

6.94 ± 1.51 17.15 ± 1.45 45.73 ± 3.15 63.19 ± 4.02 

 22Rv1 

Glu-urea-Lys-HBED-CC-
STAR RED 

0.43 ± 0.04 0.38 ± 0.13 - 7.29 ± 0.84 

Glu-urea-Lys-HBED-CC-
STAR 635P 

0.33 ± 0.06 0.26 ± 0.02 - 15.28 ± 1.98 

a Data are expressed as mean ± SD (N=3), b 68Ga-labeled conjugates. Specific cell uptake was determined by 
blockage using 500 µM 2-PMPA. Values are expressed as % of applied radioactivity (IA) bound to 105 cells, c Free 
inhibitors. 
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Table S3. Frequency of LNCaP and 22Rv1 cell division, cell count and confluency of LNCaP and 22Rv1 
proliferation in presence of the conjugatesa. 

division frequency 
div freq 

[div/cell/d] 

p-values 

w/ob 
Glu-urea-Lys-HBED-

CC-STAR REDc 
Glu-urea-Lys-HBED-

CC-STAR 635Pd 

 LNCaP 

w/ob 0.17 ± 0.07 - 0.003 0.035 
Glu-urea-Lys-HBED-CC-
STAR REDc 

0.28 ± 0.10 - - 0.195 

Glu-urea-Lys-HBED-CC-
STAR 635Pd 

0.24 ± 0.08 - - - 

 22Rv1 

w/ob 1.66 ± 0.44 - 0.671 0.923 
Glu-urea-Lys-HBED-CC-
STAR REDc 

1.55 ± 0.30 - - 0.675 

Glu-urea-Lys-HBED-CC-
STAR 635Pd 

1.64 ± 0.27 - - - 

     

cell count 
cell count 

[fold change]e 

average p-valuesf 

w/ob 
Glu-urea-Lys-HBED-

CC-STAR REDc 
Glu-urea-Lys-HBED-

CC-STAR 635Pd 

 LNCaP 

w/ob 1.56 ± 0.19 - 0.698 ± 0.207 0.644 ± 0.240 
Glu-urea-Lys-HBED-CC-
STAR REDc 

1.67 ± 0.22 - - 0.629 ± 0.216 

Glu-urea-Lys-HBED-CC-
STAR 635Pd 

1.70 ± 0.35 - - - 

 22Rv1 

w/ob 2.83 ± 0.48 - 0.605 ± 0.272 0.546 ± 0.263 
Glu-urea-Lys-HBED-CC-
STAR REDc 

2.76 ± 0.66 - - 0.478 ± 0.271 

Glu-urea-Lys-HBED-CC-
STAR 635Pd 

2.58 ± 0.38 - - - 

     

confluency 
confluency 

[fold change]e 

average p-valuesf 

w/ob 
Glu-urea-Lys-HBED-

CC-STAR REDc 
Glu-urea-Lys-HBED-

CC-STAR 635Pd 

 LNCaP 

w/ob 1.85 ± 0.31 - 0.580 ± 0.178 0.446 ± 0.303 
Glu-urea-Lys-HBED-CC-
STAR REDc 

1.95 ± 0.21 - - 0.436 ± 0.290 

Glu-urea-Lys-HBED-CC-
STAR 635Pd 

2.02 ± 0.28 - - - 

 22Rv1 

w/ob 2.95 ± 0.51 - 0.579 ± 0.237 0.630 ± 0.215 
Glu-urea-Lys-HBED-CC-
STAR REDc 

2.74 ± 0.27 - - 0.673 ± 0.235 

Glu-urea-Lys-HBED-CC-
STAR 635Pd 

2.80 ± 0.49 - - - 

a Data are expressed as mean ± SD, b without any additive (LNCaP: experiments N=13, divisions N=347; 22Rv1: 
experiments division frequency N=6, experiments cell count/confluency N=9, divisions N=1209), c with 100 nM Glu-
urea-Lys-HBED-CC-STAR RED (LNCaP: experiments N=16, divisions N=624; 22Rv1: experiments division 
frequency N=5, experiments cell count/confluency N=10, divisions N=1209), d with 100 nM Glu-urea-Lys-HBED-
CC-STAR 635P (LNCaP: experiments N=14, divisions N=408; 22Rv1: experiments division frequency N=5, 
experiments cell count/confluency N=13, divisions N=940), e Given as fold change comparing the value at t=48 h 
to the value at t=0 h, f p-values of each time point are averaged and given as mean ± SD. 
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Table S4. Organ distribution of the 68Ga-labeled conjugates in LNCaP-tumor bearing BALB/c nu/nu mice 
1 h p.i.a. 

  [68Ga]Ga-Glu-urea-Lys-HBED-CC- 
p-values 

[68Ga]Ga-Glu-urea-Lys-HBED-CC- 
p-values 

 
STAR RED 

[%ID/g] 
STAR 635P 

[%ID/g] 
STAR RED 
T/O-ratio 

STAR 635P 
T/O-ratio 

blood 1.81 ± 0.35 3.13 ± 0.43 0.797 3.19 ± 1.19 1.43 ± 0.14 0.027 

heart 1.55 ± 0.31 1.25 ± 0.25 0.820 3.57 ± 0.78 3.61 ± 0.25 0.178 

lung 3.14 ± 0.62 3.02 ± 0.44 0.699 1.91 ± 0.89 1.49 ± 0.17 0.069 

spleen 29.83 ± 9.34 14.50 ± 2.06 0.094 0.21 ± 0.10 0.32 ± 0.08 0.781 

liver  1.37 ± 0.46 1.45 ± 0.32 0.581 4.41 ± 1.82 3.10 ± 0.07 0.003 

kidney 126.09 ± 43.10 86.96 ± 16.05 0.244 0.05 ± 0.01 0.05 ± 0.00 - 

muscle 1.32 ± 0.50 1.58 ± 1.32 0.251 4.57 ± 1.75 3.92 ± 1.58 0.927 

intestine 1.06 ± 0.40 1.11 ± 0.36 0.895 5.66 ± 1.95 4.30 ± 1.32 0.651 

brain 0.24 ± 0.05 0.33 ± 0.08 0.781 24.54 ± 10.11 13.61 ± 1.32 0.034 

tumor 5.65 ± 2.33 4.53 ± 1.07 0.356 - - - 
a Data are expressed as mean % ID/g tissue ± SD (N=3) and tumor-to-organ (T/O) ratios.  

 

 

Table S5. Organ distribution of 68Ga-labeled Glu-urea-Lys-HBED-CC-STAR RED in PC-3-tumor bearing 
BALB/c nu/nu mice 1 h p.i.a. 

 [68Ga]Ga-Glu-urea-Lys-HBED-CC-STAR RED  [%ID/g] 

blood 0.63 ± 0.35 

heart 0.52 ± 0.16 

lung 1.54 ± 0.59 

spleen 6.69 ± 2.38 

liver  0.51 ± 0.15 

kidney 84.94 ± 30.91 

muscle 0.82 ± 0.37 

intestine 0.67 ± 0.16 

brain 0.12 ± 0.05 

tumor 0.89 ± 0.17 
a Data are expressed as mean % ID/g tissue ± SD (N=3). 
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Table S6. Pearson’s correlation coefficients and p-values of colocalization between Glu-urea-Lys-HBED-
CC-STAR RED and SNAP-tagged CLC labeled with 610CP in living LNCaP cells. 

internalization time Pearson’s ra p-value 

10 minb 0.70 ± 0.08 
10-8 

15 minc 0.23 ± 0.11 
a Data are expressed as mean Pearson’s correlation coefficient r ± SD, b N=7, c N=14. 

 
Table S7. Diameter of endoplasmic vesicles carrying Glu-urea-Lys-HBED-CC-STAR RED bound PSMA in 
LNCaP and 22Rv1 cells. 

internalization time 
diameter 

[nm]a 

p-values 

30 min 45 min 60 min 

 LNCaP 

30 minb 274 ± 71 - 0.448 0.169 

45 minb 262 ± 82 - - 0.054 

60 minb 298 ± 97 - - - 

 22Rv1 

30 minb 184 ± 61 - 0.846 0.082 

45 minb 186 ± 51 - - 0.194 

60 minb 204 ± 71 - - - 
a Data are expressed as mean ± SD, b LNCaP: 30/45/60 min N=50; 22Rv1: 30 min N=81, 45 min N=38, 60 min 
N=59. 

 
Table S8. Quantification of the extracellular and cytoplasmic background by Glu-urea-Lys-HBED-CC-
STAR RED in raw STED images of LNCaP cells and in raw confocal images of 22Rv1 cells. 

internalization time 
background 

[counts]a 

background 
[fold 

change]b 

p-values 

extracellular cytoplasm 

30 min 6 h 30 min 6 h 

  LNCaP 

extracellular 
30 min 0.14 ± 0.02 

1.3 
- 5×10-5 1×10-13 1×10-28 

6 h 0.18 ± 0.05 - - 3×10-7 2×10-36 

cytoplasm 
30 min 0.24 ± 0.06 

5.2 
- - - 7×10-26 

6 h 1.27 ± 0.36 - - - - 

  22Rv1 

extracellular 
30 min 0.04 ± 0.02 

4.3 
- 2×10-5 7×10-19 3×10-35 

6 h 0.06 ± 0.03 - - 2×10-23 9×10-54 

cytoplasm 
30 min 0.17 ± 0.06 

22.4 
- - - 2×10-30 

6 h 1.31 ± 0.52 - - - - 
a Background measured on raw STED images of fixed LNCaP cells and on raw confocal images of fixed 22Rv1 
cells incubated with 100 nM PSMA inhibitor for 30 min or 6 h, data are expressed as mean counts ± SD (LNCaP 
extracellular: 30 min N=32, 6 h N =48; LNCaP cytoplasm: 30 min N =32, 6 h N=48; 22Rv1 extracellular: 30 min 
N=48, 6 h N =88; 22Rv1 cytoplasm: 30 min N =48, 6 h N=88), b Fold change comparing the average background 
after 30 min and after 6 h of internalization time. 

 



33 
 

Table S9. Pearson’s correlation coefficients and p-values of endosomal colocalization between PSMA and 
LysoTrackerTM Green DND-26 in LNCaP and 22Rv1 cells. 

Pearson’s r r(1h)a r(+20h)a p-values 

 LNCaP 

w/ob 0.38 ± 0.02 0.64 ± 0.11 2×10-3 

 2-PMPAc 0.42 ± 0.02 0.76 ± 0.09 3×10-4 

 Glu-urea-Lys-HBED-
CC-STAR REDd 

0.39 ± 0.04 0.77 ± 0.04 4×10-7 

 Glu-urea-Lys-HBED-
CC-STAR 635Pe 

0.39 ± 0.07 0.71 ± 0.10 7×10-5 

all conditionsf 0.39 ± 0.05 0.71 ± 0.11 6×10-16 

 22Rv1 

w/ob 0.23 ± 0.05 0.38 ± 0.10 4×10-16 

 

p-values 1 h w/ob +  2-PMPAc 
+  Glu-urea-Lys-HBED-

CC-STAR REDd 
+  Glu-urea-Lys-HBED-

CC-STAR 635Pe 

 LNCaP 

w/ob - 0.145 0.815 0.883 

 2-PMPAc - - 0.413 0.571 

 Glu-urea-Lys-HBED-
CC-STAR REDd 

- - - 0.990 

 Glu-urea-Lys-HBED-
CC-STAR 635Pe 

- - - - 

 

p-values +20 h w/ob +  2-PMPAc 
+  Glu-urea-Lys-HBED-

CC-STAR REDd 
+  Glu-urea-Lys-HBED-

CC-STAR 635Pe 

 LNCaP 

w/ob - 0.051 0.080 0.308 

 2-PMPAc - - 0.922 0.389 

 Glu-urea-Lys-HBED-
CC-STAR REDd 

- - - 0.375 

 Glu-urea-Lys-HBED-
CC-STAR 635Pe 

- - - - 

a Data are expressed as mean Pearson’s correlation coefficient r ± SD, b without any additive (LNCaP: 1 h N=4, 
+20 h N=8; 22Rv1: 1 h N=39, +20 h N=81), c with 500 µM 2-PMPA (LNCaP: 1 h N=3, +20 h N=8), d with 50 nM Glu-
urea-Lys-HBED-CC-STAR RED (LNCaP: 1 h N=7, +20 h N=4), e with 50 nM Glu-urea-Lys-HBED-CC-STAR 635P 
(LNCaP: 1 h N=7, +20 h N=6), f average PCC taken over the four different experimental conditions, as PCC is not 
significantly affected by co-incubation with 2-PMPA, Glu-urea-Lys-HBED-CC-STAR RED or -STAR 635P (LNCaP: 
1 h N=21, +20 h N=26). 
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Table S10. pH dependence of binding to PSMA on LNCaP cells at different physiologically relevant pH 
values. 

conjugate 
% binding at 

pH Xa 

p-values 

anti-PSMA-
STAR RED 

anti-PSMA-
STAR 600 

Glu-urea-Lys-
HBED-CC-
STAR RED 

Glu-urea-Lys-
HBED-CC-
STAR 635P 

 pH 6.0 

anti-PSMA-STAR RED 111.61 ± 18.07 - 0.294 0.016 0.021 

anti-PSMA-STAR 600 99.02 ± 0.32 - - 0.002 0.015 

Glu-urea-Lys-HBED-
CC-STAR RED 

65.78 ± 7.95 - - - 0.604 

Glu-urea-Lys-HBED-
CC-STAR 635P 

59.85 ± 16.45 - - - - 

 pH 5.5 

anti-PSMA-STAR RED 113.16 ± 34.57 - 0.319 0.017 0.025 

anti-PSMA-STAR 600 89.98 ± 7.28 - - 0.0003 0.001 

Glu-urea-Lys-HBED-
CC-STAR RED 

33.60 ± 4.03 - - - 0.075 

Glu-urea-Lys-HBED-
CC-STAR 635P 

42.44 ± 4.98 - - - - 

 pH 5.0 

anti-PSMA-STAR RED 95.43 ± 56.52 - 0.800 0.072 0.099 

anti-PSMA-STAR 600 86.21 ± 17.08 - - 0.003 0.006 

Glu-urea-Lys-HBED-
CC-STAR RED 

15.40 ± 6.60 - - - 0.294 

Glu-urea-Lys-HBED-
CC-STAR 635P 

24.22 ± 10.80 - - - - 

 pH 4.6 

anti-PSMA-STAR RED 88.62 ± 28.84 - 0.638 0.010 0.014 

anti-PSMA-STAR 600 79.40 ± 12.55 - - 0.001 0.001 

Glu-urea-Lys-HBED-
CC-STAR RED 

10.90 ± 5.07 - - - 0.061 

Glu-urea-Lys-HBED-
CC-STAR 635P 

19.47 ± 2.69 - - - - 

a Fraction of PSMA inhibitor or antibody complex bound at pH X given in percent of fraction bound at pH 7.0; data 
are expressed as mean ± SD (N=3). 
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Table S11. Incubation scheme for the analysis of the pH dependence of PSMA binding by PSMA inhibitors 
and antibody complexa. 

sample incubation 1 incubation 2 

control 1-5 
10% GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

10% GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

control 6-10 
10% GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

2ndAB-STAR RED (1:50) in 10% 
GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

control 11-15 
10% GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

2ndAB-STAR 600 (1:50) in 10% GS 
in bufferb pH 7.0/6.0/5.5/5.0/4.6 

Glu-urea-Lys-HBED-CC-STAR RED  
50 nM in 10% GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

10% GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

Glu-urea-Lys-HBED-CC-STAR 635P  
50 nM in 10% GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

10% GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

1stAB + 2ndAB-STAR RED  
1stAB (1:50) in 10% GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

2ndAB-STAR RED (1:50) in 10% 
GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

1stAB + 2ndAB-STAR 600 pH 7.4 
1stAB (1:50) in 10% GS in bufferb 
pH 7.0/6.0/5.5/5.0/4.6 

2ndAB-STAR 600 (1:50) in 10% GS 
in bufferb pH 7.0/6.0/5.5/5.0/4.6 

a GS - goat serum, 1stAB - monoclonal anti-PSMA (mouse IgG1, clone 107-1A4, Sigma-Aldrich, Cat#SAB4200257, 
RRID:AB11129838), 2ndAB-STAR 600/STAR RED - goat anti-mouse-IgG coupled to STAR 600 or STAR RED 
(Abberior, Cat#2-0002-010-5, Cat#2-0002-011-2, RRID:AB_2810982), b buffer: 0.1 M sodium acetate in PBS 
adjusted to the respective pH. 
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Supplementary Movies 

Following supplementary movies are supplied: 

 S1:  confocal time-lapse imaging of LNCaP cells incubated with 50 nM Glu-urea-

Lys-HBED-CC-STAR RED over 1.5 h, scale bar 5 µm 

 S2:  holographic time-lapse imaging of LNCaP cells over 48 h, untreated control 

 S3:  holographic time-lapse imaging of LNCaP cells over 48 h, treated with 

100 nM Glu-urea-Lys-HBED-CC-STAR RED 

 S4: holographic time-lapse imaging of LNCaP cells over 48 h, treated with 

100 nM Glu-urea-Lys-HBED-CC-STAR 635P 

 S5: combined movie of time lapse imaging of LNCaP cells immunolabeled for 

PSMA (cyan, STED) and stained with LysoTrackerTM Green DND-26 

(magenta, confocal) over 10 min, 24 h of internalization time, and STED time 

lapse imaging of LNCaP cells immunolabeled for PSMA (cyan) and stained 

with SiR-lysosome (magenta) over 15 min, 24 h of internalization time, all 

scale bars 5 µm 

 S6: confocal time lapse imaging of LNCaP cells immunolabeled for PSMA (cyan) 

and stained with SiR-lysosome (magenta) over 15 min after STED imaging, 

3 h of internalization time, scale bar 5 µm 

 S7: confocal time lapse imaging of LNCaP cells stained with SiR-lysosome 

(magenta) over 30 min; 1 h of internalization time, scale bar 5 µm, control 
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