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 ABSTRACT 

The enhanced permeability and retention (EPR) effect controls 
passive nanodrug uptake in tumors and may provide a high tu-
mor payload with prolonged retention for cancer treatment. 
However, EPR-mediated tumor uptake and distribution vary by 
cancer phenotype. Thus, we hypothesized that a companion PET 
imaging surrogate may bene!t EPR-mediated therapeutic drug 
delivery. We developed two 89Zr-radiolabeled nanocarriers based 
on 4-armed starPEG40kDa with or without talazoparib (TLZ), a 
potent PARP inhibitor, as surrogates for the PEG-TLZ4 thera-
peutic scaffold. For PET imaging, PEG-DFB4 and PEG-DFB1 
-TLZ3 were radiolabeled with 89Zr by replacing one or all four 
copis of TLZ on PEG-TLZ4 with deferoxamine B (DFB). The 
radiolabeled nanodrugs [89Zr]PEG-DFB4 and [89Zr]PEG-DFB1 
-TLZ3 were tested in vivo in prostate cancer subcutaneous (s.c.) 
xenografts (22Rv1, LTL-545, and LTL-610) and 22Rv1 metastatic 
models. Their EPR-mediated tumoral uptake and penetration was 

compared with CT26, a known EPR-high cell line. MicroPET/CT 
images, organ biodistribution, and calculated kinetic parameters 
showed high uptake in CT26 and LTL-545 and moderate to low 
uptake in LTL-610 and 22Rv1. MicroPET/CT and high- 
resolution autoradiographic images showed nanocarrier pene-
tration into highly permeable CT26, but heterogeneous periph-
eral accumulation was observed in LTL-545, LTL-610, and 22Rv1 
s.c. xenografts and metastatic tumors. CD31 staining of tumor 
sections showed homogenous vascular development in CT26 
tumors and heterogeneity in other xenografts. Both [89Zr]PEG- 
DFB4 and [89Zr]PEG-DFB1-TLZ3 showed similar accumulation 
and distribution in s.c. and metastatic tumor models. Both 
nanocarriers can measure tumor model passive uptake hetero-
geneity. Although heterogeneous, prostate cancer xenografts had 
low EPR. These starPEG nanocarriers could be used as PET 
imaging surrogates to predict drug delivery and ef!cacy. 

Introduction 
Prostate cancer remains a major global health challenge with the 

second highest cause of cancer death in men, with an unmet clinical 
need for improved therapeutic options (1, 2). Nanocarriers have 
emerged as a promising approach for delivering drugs to the tumor 

site, leveraging the enhanced permeability and retention (EPR) ef-
fect to increase tumoral accumulation (3–6). The EPR effect refers 
to the increased permeability and retention of macromolecules in 
the tumor microenvironment, which is characterized by leaky blood 
vessels and impaired lymphatic drainage (7–9). This effect has been 
demonstrated in a variety of solid tumors and is thought to be a key 
mechanism by which nanocarriers can accumulate selectively at the 
site of the tumor for a long period of time. 

However, multiple factors, including tumor vasculature and 
macrophages, have been shown to play a critical role in regulating 
the EPR-mediated selective accumulation and distribution of 
nanocarriers in tumors (7, 9–12). Tumor blood vessels are highly 
heterogeneous and can vary signi!cantly in terms of size, shape, and 
permeability (13, 14). Macrophages, which are present in high 
numbers in the tumor microenvironment, can also play a role in the 
uptake and distribution of nanocarriers (10). In particular, solid 
tumors with poor vasculature may not allow nanocarriers to pen-
etrate deep into the tumor tissue, potentially in"uencing therapeutic 
ef!cacy (15). For instance, nontargeted polymer nanostars demon-
strated ef!cient tumor penetration and accumulation in highly 
vascular CT26 tumors but were unable to penetrate deep into 
BxPC3 tumors with low vascularity (15). Prior reports demonstrated 
low peripheral tumor accumulation of nontargeted nanocarriers in 
multiple prostate cancer models like CWR22Rv1, DU145, and PC3, 
highlighting their EPR-low status (15–17). Previously, we developed 
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a StarPEG40kDa nanocarrier–based companion diagnostic for PEG- 
(SN-38)4 and tested it in MX-1 (breast) and HT-29 (colorectal) 
tumor xenografts. The companion PET imaging surrogate with 
three SN-38 moieties and one deferoxamine B (DFB) demonstrated 
high accumulation in those tumor models and simultaneously 
identi!ed the tumors suitable for PEG-(SN-38)4 treatment (6). 
Furthermore, we evaluated the therapeutic ef!cacy of a nontargeted 
StarPEG40kDa nanocarrier with four copies of talazoparib (TLZ), 
PEG-TLZ4, in breast and colon cancer xenografts (18), in which one 
single intraperitoneal (i.p.) dose of PEG-TLZ4 was as potent as 30 
daily oral doses of free TLZ in suppressing tumor growth. Thus, by 
monitoring the EPR-based passive uptake of a companion PET 
imaging surrogate, it may be possible to identify tumors that are 
most likely to bene!t from nanocarrier-based therapies, thereby 
enabling personalized treatment options (6, 18–24). In this study, 
we developed a pair of companion PET imaging surrogates radio-
labeled with 89Zr, [89Zr]PEG-DFB4, and [89Zr]PEG-DFB1-TLZ3, 
with or without the PARP inhibitor (PARPi) TLZ to predict het-
erogeneity in prostate cancer tumor models, which may help to 
predict the delivery and therapeutic ef!cacy of starPEG-TLZ4 (25). 

Materials and Methods 
Materials and instrumentations 

89Zr oxalate was procured from 3D Imaging, p-SCN-Bn-defer-
oxamine from Macrocyclics, and deferoxamine mesylate from 
Sigma-Aldrich. The 4-armed PEG40kDa-(NH2)4 was purchased from 
SINOPEG. TLZ was purchased from ApexBio or MedKoo. FBS, 
penicillin–streptomycin solutions, and RPMI 1640 media were 
purchased from Life Technologies, Thermo Fisher Scienti!c. Other 
chemicals (solvents, reagents, and building blocks) were purchased 
from Thermo Fisher Scienti!c, VWR, or Sigma-Aldrich and were 
used without further processing. Synthetic reactions were moni-
tored using a high-performance liquid chromatography (HPLC) 
mobile phase of H2O/0.1% tri"uoroacetic acid and MeCN/0.1% 
tri"uoroacetic acid. HPLC analyses were performed on either a 
Shimadzu LC-20AD HPLC system equipped with an SPD-M20A 
diode array detector and RF-10AXL "uorescence detector or an 
SPD-M20A diode array detector and an Alltech 3300 evaporative 
light scattering detector (ELSD), !tted with a Phenomenex Jupiter 
5-μm C18 column (300 Å, 150 ⇤ 4.6 mm). Preparative HPLC was 
performed on a Shimadzu LC-20AP system equipped with a Phe-
nomenex Jupiter C18 column (300 Å, 150 ⇤ 21.2 mm), FRC-10A 
fraction collector, and SPD-20A UV-vis detector. UV-vis data were 
acquired on a Hewlett Packard 8453 UV-vis spectrometer. Trans-
mission electron microscopy images were recorded in a JEOL JEM- 
1230 instrument by loading the sample on a carbon-coated copper 
grid of 200 mesh. The surface charge (zeta potential) of the nano-
carriers was obtained using a Malvern Zetasizer instrument. 

Synthesis of starPEG conjugates 
The synthetic procedures for the PET imaging surrogate of PEG- 

TLZ4 and their respective nonreleasable TLZ linker and their con-
jugation to starPEG nanocarriers were derived from prior literature 
(6, 18). 

Cell culture 
Cells were obtained from the ATCC. Cell lines used in our studies 

were veri!ed from the ATCC by short tandem repeat (STR) phe-
notyping and were tested negative for Mycoplasma contamination 
in bioluminescence-based MycoAlert Mycoplasma Detection Kit. 

The prostate cancer cell lines 22Rv1 (Cat# CRL-2505; RRID: 
CVCL_1045; passage number 06–14), DU145 (Cat# HTB-81; 
RRID: CVCL_0105; passage number 04–11), and PC3 (Cat# CRL- 
1435; RRID: CVCL_0035; passage number 08–15), pancreatic 
cancer cell line BxPC3 (RRID: CVCL_0186; passage number 
04–09), and colon carcinoma cell line CT26 (Cat# CRL-2638; 
RRID: CVCL_7254; passage number 04–09) were cultured in 
RPMI 1640 medium containing 10% FBS and 1% penicillin/ 
streptomycin at 37°C with 5% CO2. According to experimental 
protocols, the cells were trypsinized (0.25%) for 2 to 3 minutes, 
and the cell suspensions were prepared in RPMI 1640 media for 
further passage or for s.c. tumor inoculation or in PBS for kidney 
and cardiac injections. 

89Zr radiolabeling of starPEGs 
89Zr-oxalate (7 μL, ∼150 MBq) was neutralized with 7 μL of Na2 

CO3 (1 mol/L), and 500 µL of NH4OAc (1 mol/L) was added to the 
mixture. To this mixture, ∼3 mg of starPEG conjugates in 80 µL 
deionized DI water were added and incubated for 30 minutes at 
25°C. The radiolabeled mixture was puri!ed in a PD-10 size- 
exclusion desalting column (Thermo Fisher Scienti!c) and eluted 
with saline. Silica gel–impregnated glass micro!ber chromatography 
paper (Neta Scienti!c) was used for instant thin-layer chromatog-
raphy using 50 mmol/L ethylenediaminetetraacetic acid (EDTA) 
solution as mobile phase to con!rm radiolabeling purity. The iso-
lated bound activities were 131 to 146 MBq. The speci!c activity 
ranged from 43.6 to 48.6 MBq/mg. 

S.c. and metastatic tumor models 
A standard protocol approved by the University of California, 

San Francisco (UCSF) Institutional Animal Care & Use Committee 
has been followed for all the in vivo animal studies. All the mice 
used in our studies were male mice because prostate cancer is ex-
clusively a disease of men. The animals were housed in a facility 
with a 12-hour light or day cycle with free access to food and water. 
For s.c. tumor models, the respective cells were suspended in 1:1 (v/v) 
Matrigel and serum-free media, and 4 to 5 weeks old homozygous 
(nu/nu; strain#: 002019) athymic male mice (Jackson Laboratories or 
Envigo-Harlan Laboratories) were inoculated with 22Rv1 (2.5 mil-
lion), PC3 (2.5 million), DU145 (2.5 million), CT26 (1 million), and 
BxPC3 (2.5 million) cells in the left "ank. Tumor size was 100 to 
200 mm3 after 1 to 2 weeks post-inoculation. 

The patient-derived xenografts (PDX, LTL-545 and LTL-610) 
were obtained from Living Tumor Laboratory. For LTL-545 and 
LTL-610, 8 to 10 weeks old male NOD-SCID gamma (NOD.Cg- 
Prkdcscid Il2rgtm1Wjl/SzJ, strain#: 005557) mice were implanted 
subcutaneously in 50% Matrigel in the left "ank with patient- 
derived tissue, as previously described (26, 27). After 1 to 2 weeks 
post-inoculation, tumors were approximately 150 to 300 mm3 and 
used for subsequent studies. 

The metastatic models were obtained by injecting 1 million of 
22Rv1 luciferase reporter cells either in the left kidney capsule (in 
30 µL PBS) or by intracardiac injection (in 100 µL PBS) into the left 
ventricle of the heart of 6 to 8 weeks old homozygous (nu/nu; 
strain#: 002019) athymic male mice. Brie"y, luminescent cells were 
generated by transducing 22Rv1 parental cells (ATCC) with the 
pLV-luciferase-neomycin Lentivirus (derived from Addgene, plas-
mid # 21375 from Dr. Bryan Welm) and selecting with G418 for at 
least 5 days. Lentivirus was produced using calcium phosphate 
transfection of HEK293T/LentiX cells (Takara) and concentrated 
using the LentiX Concentrator (Takara) according to the 
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manufacturer’s protocol. Intracardiac injections were performed by 
the UCSF Preclinical Therapeutic Core. Tumor growth was moni-
tored by bioluminescence imaging (BLI). 

BLI 
Tumor growth for the metastatic models was monitored by BLI 1 

to 2 weeks after cell inoculation. Luciferin (100 µL of 50 mg/mL 
solution) was injected intraperitoneally in each mouse, and BLI (60- 
second exposure) was performed following 10 minutes of incuba-
tion in a Xenogen IVIS100 imaging system (Xenogen). Using an 
oval region of interest (ROI), the luciferase signal intensity was 
quanti!ed as radiance (photons/seconds/cm2/steradian) in Living 
Image 4.0 software. 

In vivo PET imaging and biodistribution studies 
When the s.c. tumor size reached 100 to 200 mm3, 1 to 3 weeks 

post-inoculation, or after having reasonable BLI signal in the 
metastatic models (1–5 ⇤ 107 photons/seconds/cm2/steradian), 
the respective 89Zr-radiolabeled starPEG nanocarriers were in-
jected via the tail vein (∼7.4 MBq in 100 μL of saline per mouse). 
The study population included seven mice per group. Four mice 
from each group were scanned at 24, 48, 72, and 96 hours after 
radiopharmaceutical injection in a microPET/CT imaging system 
(Inveon, Siemens Medical Solutions). PET data were acquired for 
20 minutes in list mode, and the manufacturer’s 2D ordered subset 
expectation maximization algorithm was used to reconstruct the 
data and normalized to the injected activity to parameterize im-
ages to percentage injected dose (%ID/cc). The open-source 
AMIDE software (http://amide.sourceforge.net/) was used to 
process the imaged data. One nonimaged mouse was euthanized at 
24, 48, and 72 hours, with the remaining four microPET/CT-im-
aged mice euthanized at 96 hours after injection of the 89Zr- 
radiolabeled starPEG nanocarriers. Blood was collected by cardiac 
puncture, and major organs were harvested, weighed, and ana-
lyzed in an automated gamma counter (Hidex). The percent in-
jected dose per gram of tissue (%ID/g) was determined by 
comparing with radioactive standards. The tumors and other 
major organs were retrieved for autoradiography and tissue 
staining. The ROI on the tumor and few major organs were drawn 
by 3D ellipsoid in AMIDE software. 

Modeling of time–activity curves and accumulation 
parameters 

Pharmacokinetic models were used to !t tumor tissue and blood 
data and simulate the mass–time pro!les of nanocarriers distribu-
tion in tissues of interest following the previously reported method 
(6, 28). The simulation included speci!c compartments of the tumor 
and the heart as well as a generalized compartment for all other 
remaining tissues. 

Autoradiography 
After gamma counting (Hidex), the tumors were "ash-frozen on 

dry ice after embedding in optimal cutting temperature compound. 
The frozen tumor tissues were sectioned at a thickness of 20 μm in a 
microtome and mounted on iQID (ionizing radiation quantum 264 
imaging detector) charged-particle digital autoradiography imaging 
systems (QScint Imaging Solutions, LLC), and acquisition was 
carried out for 15 hours at 2V. The raw autoradiography data were 
processed using ImageJ software. 

IHC 
Following organ biodistribution, the tissue sections of 10 μm 

thickness were collected on glass slides from optimal cutting 
temperature–embedded frozen organ samples. Routine histologic 
analysis was performed to study microscopic features of the tumor 
samples. Cryosections air-dried for 5 minutes were !xed with 4% 
paraformaldehyde for 10 minutes and stained with hematoxylin 
(VWR, Cat# 95057844) for 5 minutes. After 30 seconds of exposure 
to 1% acid alcohol (solution of 1 mL of 37% hydrochloric acid 
diluted with 99 mL of 70% ethanol) and treated with bluing reagent 
(VWR, Cat# 95057852) for 20 seconds, the sections were counter-
stained with eosin (VWR, Cat# 95057848) for 15 seconds. The 
stained tissue sections were mounted with Vecta Mount (Vector, 
Cat# H-5000) and scanned using Aperio AT2 (Leica; magni!cation 
1:200) for analysis. Quanti!cation was performed using Aperio 
Image Scope v.11.2.0.780. 

Immunofluorescence 
For CD31 immunostaining, cryosections of the s.c. tumors were 

air-dried at room temperature for 5 minutes and !xed in 1:1 
methanol and acetone solution for 10 minutes at �20°C. The sec-
tions were treated with UltraCruz Blocking Reagent (ChemCruz, 
Cat# sc-516214) and incubated overnight with anti-CD31 (1:100, 
Abcam, Cat# AB222783). Alexa 647–conjugated secondary antibody 
(1:200, Cell Signaling Technology, Cat# 4414S) and nuclear stain 
4’,6-diamidino-2-phenylindole (DAPI; 2 µg/mL, Sigma-Aldrich, 
Cat# MBD0015) were used for signal detection. Images were ob-
tained using a Zeiss microscope and analyzed with either FIJI 
(ImageJ) or ZEN imaging software (Zeiss). 

Statistical analysis 
All data are presented as the mean ± SD in plots. The data were 

subjected to the Student t test (unpaired, two-tailed, and equal 
variance) for statistical analysis. Differences were considered sig-
ni!cant at P < 0.05. 

Data availability 
The data presented in the current study are available within the 

article and the Supplementary Data or from the corresponding 
author on reasonable request. 

Results 
Design, synthesis, and radiolabeling of starPEG conjugates 
Design of starPEG conjugates 

The 40 kDa molecular weight and 15 nm size starPEGs provide 
an optimal size for longer blood circulation and EPR-mediated 
passive tumor accumulation depending on the tumor vasculature 
and macrophages (Fig. 1A; refs. 6, 12, 29). The primary goal of 
this study is to design a pair of companion imaging surrogates for 
a 4-armed starPEG40kDa–based therapeutic nanodrug, PEG-TLZ4, 
bearing four copies of releasable PARPi TLZ, and to evaluate if 
they can measure tumor heterogeneity and drug delivery in dif-
ferent cancer xenografts. In this study, we have designed and 
tested two starPEG nanodrugs without or with three copies of 
PARPi TLZ, which were conjugated to 89Zr radiometal chelator 
DFB for PET imaging (Fig. 1B). A FDA-approved PEG polymer 
(30–32) was used as the backbone for the nanodrug and respective 
imaging surrogate. 
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Synthesis, characterization, and radiolabeling of starPEG 
conjugates 

Both the companion PET imaging surrogates, PEG-DFB4 and 
PEG-DFB1-TLZ3, were synthesized following previously reported 
synthetic routes (6, 33). Brie"y, PEG-DFB4 was synthesized by the 
reaction of the 4-armed PEG succinimidyl carbonate with defer-
oxamine mesylate. PEG-(5HCyO)3(NH2)1 was used as the starting 
material to synthesize PEG-DFB1-TLZ3 using second-generation 
azide click reactions with cyclooctyne (6, 34). The azide counterpart 
Azido-TLZ was synthesized following a reported procedure as well 
(6, 18, 35, 36). PEG-(5HCyO)3(NH2)1 conjugate with free amine 
was treated with isothiocyanatobenzyl-DFB to form PEG-(DFB)1 
(5HCyO)3 and was subsequently treated with Azido-TLZ to produce 
PEG-(DFB)1(TLZ)3. Overall, PEG-TLZ4 is the therapeutic drug with 
releasable TLZ ligands, whereas two conjugates have been evaluated 
as companion PET imaging surrogates of PEG-TLZ4, in which 
[89Zr]PEG-(DFB)1(TLZ)3 bears three TLZ units via stable linkers. 
The nanocarriers were subjected to zetapotential measurement, 
demonstrating a near-neutral surface charge of �4.04 ± 0.21 
and �1.41 ± 0.22 mV for PEG-DFB4 and PEG-DFB1-TLZ3, re-
spectively (Supplementary Fig. S1A). The sizes of the nanocarriers 
were evaluated by transmission electron microscopy analysis, which 
con!rmed the particle size of approximately 10 to 15 nm (Supple-
mentary Fig. S1B). 

The radiolabeling of the respective starPEG conjugates with 
89Zr oxalate was performed in ammonium acetate buffer after 
neutralizing with sodium carbonate. The resulting complex was 
puri!ed in a PD-10 size-exclusion desalting column by eluting 
with saline solution (33). The radiolabeling yield was 95% to 98% 

by instant thin-layer chromatography analysis, with isolated yields 
of 93% to 97% for PEG-(DFB)4 (n â 6) and 87% to 95% (n â 8) for 
PEG-(DFB)1(TLZ)3. The speci!c activities ranged from 43.6 to 
47.3 MBq/mg for PEG-(DFB)4 and 46.3 to 48.6 MBq/mg for PEG- 
(DFB)1(TLZ)3. 

In vivo microPET/CT imaging of s.c. tumor models 
As a pilot study, one of the imaging surrogates, [89Zr]PEG-(DFB) 

1(TLZ)3, was evaluated in !ve different tumor models, including the 
highly vascular CT26 (colorectal cancer), poorly vascular BxPC3 
(pancreatic cancer), and a cross-section of prostate cancer tumor 
models (22Rv1, PC3, and DU145). As presented in Supplementary 
Figs. S2 and S3, the in vivo PET imaging, ex vivo biodistribution, 
and autoradiography studies demonstrated relatively higher and 
homogeneous tumor uptake in CT26 (15.1 ± 1.9 %IA/g), whereas 
moderate to low peripheral accumulation was observed in other 
tumor models (BxPC3: 8.4 ± 1.5 %IA/g; DU145: 6.9 ± 2.5 %IA/g; 
22Rv1: 4.7 ± 0.8 %IA/g; and PC3: 4.2 ± 1.2 %IA/g; Supplementary 
Tables S1–S3). Our !ndings are in agreement with prior results (16), 
which demonstrated relatively low uptake in the prostate cancer 
models. 

With these promising preliminary data in hand, we hypothesized 
that the designed PET imaging surrogates [89Zr]PEG-(DFB)4 and 
[89Zr]PEG-(DFB)1(TLZ)3 may measure the magnitude and vari-
ability of the EPR effect in prostate cancer models. Different s.c. cell 
line–derived (22Rv1 and CT26) and patient-derived (PDXs LTL-545 
and LTL-610) s.c. xenografts were tested for the EPR-mediated 
passive accumulation and distribution of the designed PET imaging 
surrogates, [89Zr]PEG-(DFB)4 and [89Zr]PEG-(DFB)1(TLZ)3. As 
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Figure 1. 
EPR effect and design strategy of 
nanocarriers. A, Schematic presentation 
of StarPEG nanocarriers’ accumulation 
and distribution in tumors with high vs. 
low vascularity. B, Schematic chemical 
structures of 89Zr-labeled Star-PEG nano-
carriers. Both the diagnostic nanocarriers, 
[89Zr]PEG-(DFB)4 and [89Zr]PEG-(DFB)1 

(TLZ)3, were evaluated herein as com-
panion PET imaging surrogates of the 
therapeutic nanocarrier PEG-TLZ4. 
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schematically presented in Fig. 2A, in vivo microPET/CT imaging 
of the 89Zr-labeled nanocarriers over multiple time points was 
performed in the nu/nu athymic mice models bearing different s.c. 
tumors of around 150 to 300 mm3 on the left "ank. 

The coronal microPET/CT and maximum-intensity projection 
images at 96 hours after injection of the nanocarriers are presented 
in Fig. 2B, and the respective serial images from days 1 to 4 are 
presented in Supplementary Figs. S4–S7. The microPET/CT images 
along with the respective ROI over tumors demonstrated relatively 
lower tumor uptake in 22Rv1 and LTL-610, whereas LTL-545 and 
CT26 showed higher tumor uptake. In the LTL-545 and CT26 
models, the nanocarriers showed steady increase in tumor accu-
mulation up to 72 hours and stabilized afterward. In contrast, they 
showed stable tumor accumulation starting from 24 hours in 22Rv1. 
ROI analysis demonstrated as high as 14.0 ± 1.0 %ID/cc accumu-
lation of [89Zr]PEG-(DFB)4 in CT26 on day 4, whereas 12.9 ± 2.6, 
7.5 ± 0.8, and 7.0 ± 1.0 %ID/cc accumulation were observed in LTL- 
545, 22Rv1, and LTL-610 xenografts, respectively (Supplementary 
Tables S4 and S5). However, [89Zr]PEG-(DFB)1(TLZ)3 demon-
strated the highest accumulation of 13.1 ± 1.5 %ID/cc in the LTL- 
545 xenograft compared with CT26 (9.2 ± 1.1 %ID/cc), LTL-610 
(7.4 ± 2.6 %ID/cc), and 22Rv1 (6.0 ± 2.1 %ID/cc) tumors. Overall, 
the starPEG nanocarriers demonstrated variability in the EPR- 
mediated passive accumulation of the nanocarriers in different tu-
mor models. The LTL-545 PDX model showed comparable passive 
tumor accumulation to that of known EPR-high CT26 colorectal 

tumor, whereas other prostate cancer models like 22Rv1 and LTL- 
610 had relatively low and heterogeneous tumor accumulation. 

Ex vivo organ biodistribution 
After serial PET imaging from days 1 to 4 after injection, the mice 

were sacri!ced, and major organs and s.c. tumors were collected. 
The activity in the respective organs was counted in a gamma 
counter, and %ID/g tissue was calculated (Supplementary Figs. S8– 
S11; Supplementary Tables S6–S13). The ex vivo tumors’ bio-
distribution of both the polymer nanocarriers on day 4 were com-
pared, as shown in Fig. 3. [89Zr]PEG-DFB4 showed tumor 
accumulation of 6.56, 6.46, 13.19, and 17.98 %ID/g in 22Rv1, LTL- 
610, LTL-545, and CT26, respectively. [89Zr]PEG-DFB1-TLZ3 
showed tumor accumulation of 4.83, 9.07, 10.25, and 13.11 %ID/g in 
22Rv1, LTL-610, LTL-545, and CT26, respectively. Except in CT26 
tumor, both the nanocarriers demonstrated no signi!cant variability 
among different s.c. tumor models (P values of 0.099, 0.078, 0.41 
and 0.006 for 22Rv1, LTL-610, LTL-545, and CT26, respectively). 
The accumulation of [89Zr]PEG-DFB4 in both LTL-545 and CT26 
are almost similar with no statistical signi!cance in vivo (P â 0.46) 
and ex vivo (P â 0.16), but the accumulation of [89Zr]PEG-DFB1 
-TLZ3 is statistically signi!cant both in vivo (P â 0.006) and ex vivo 
(P â 0.035). Overall, comparatively higher uptake was seen in the 
CT26 and LTL-545 compared with 22Rv1 and LTL-610 xenografts. 
Besides, compared with [89Zr]PEG-DFB4, [89Zr]PEG-DFB1-TLZ3 
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In vivo microPET/CT imaging. A, Representation of the experimental design for in vivo evaluation of the 89Zr-labeled starPEGs nanocarriers in mice bearing 
different s.c. xenografts over the left flank. B, Coronal microPET/CT and maximum-intensity projection microPET/CT obtained at 96 hours following the 
administration of 89Zr-labeled starPEGs nanocarriers. Respective coronal microPET/CT and MIP images from days 1 to 4 are presented in Supplementary 
Materials (Supplementary Figs. S4–S7). C and D, Quantitative analysis of tumoral radiopharmaceutical accumulation based on ROI analysis on tumors from days 
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showed relatively lower tumor accumulation and blood clearance 
(lower tumor/blood ratio; Fig. 3C and E). 

Autoradiography and histology analyses 
To explore the nanocarriers’ tissue distribution, the s.c. tumors 

collected on days 1 to 4 after injection were dissected after gamma 
counting, and consecutive tissue sections were collected for au-
toradiography and histology analyses (Fig. 4; Supplementary Figs. 
S12–S15). Both nanocarriers with or without TLZ showed high and 
homogeneous deep-tumor penetration in the CT26 tumors. In 
contrast, the rest of the s.c. prostate cancer tumors like 22Rv1, LTL- 
545, and LTL-610 demonstrated only peripheral accumulation of 
the nanocarriers [89Zr]PEG-DFB4 and [89Zr]PEG-DFB1-TLZ3. Such 
variation in the tumor distribution between CT26 and other pros-
tate cancer tumor models could be due to the speci!c tumor 
vascularity and/or the presence of necrotic tissue in the tumor. 
Both the PDX models showed very high peripheral tumor accu-
mulation, which could be in the soft tissue present on the tumor 
surface, as seen in LTL-610 tumors (Supplementary Fig. S16). For 
better understanding of the nature of passive accumulation and 
the in"uence of tumor vascularity, histology analysis was per-
formed. As presented in Supplementary Figs. S12 and S13, he-
matoxylin and eosin staining of a few 22Rv1 and CT26 tumor 
sections from day 1 to 3 time points demonstrated large necrotic 
centers. Correlation of autoradiography and hematoxylin and 
eosin staining images demonstrated apparently paradoxical higher 

drug accumulation in the necrotic area in both 22Rv1 and CT26 
tumors. However, despite healthy cancer cells, all the prostate 
cancer tumor models (LTL-545, LTL-610, and 22Rv1) demon-
strated peripheral drug accumulation, whereas the colon cancer 
tumor model (CT26) showed homogeneous tissue penetrations. 
To further investigate the distinct tissue penetration between 
CT26 and other prostate cancer models, tumor vascularity was 
analyzed by immuno"uorescent staining of CD31 present in the 
endothelial cell of both lymphatic and blood vessels with anti- 
CD31 antibody (Supplementary Fig. S17; refs. 37, 38). The CD31 
staining results indicated homogenous vascular development in 
CT26, whereas the prostate cancer tumor models demonstrated 
heterogenous vasculature. 

Pharmacokinetic analysis 
Quantitative pharmacokinetics of in"ux (uptake) and release 

(ef"ux) of the StarPEG nanocarriers in tumors were determined 
from the sequential microPET/CT imaging up to 96 hours and 
shown in Supplementary Table S14. Data were !t according to 
previously reported procedures (6). The fraction of vascularized 
volume, which is basically the amount of blood in the organ, was 
estimated by extrapolation of the data to t â 0 and used to subtract 
signal from the tumor ROI due to blood. kin and kout are the !rst- 
order rate constants for uptake and release from the tissue after the 
blood components were subtracted, respectively. Although both the 
nanocarriers showed substantial tumor accumulation, the ef"ux 
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Figure 3. 
Ex vivo organ biodistribution. Ex vivo organ biodistribution of (A) [89Zr]PEG-DFB4 and (B) [89Zr]PEG-DFB1-TLZ3 nanocarriers in nude mice bearing different 
tumor xenografts at 96 hours after injection. Comparison of (C) ex vivo tumor biodistribution: (D) ex vivo tumor to muscle and (E) ex vivo tumor to blood ratios 
of the 89Zr-labeled starPEG nanocarriers at 96 hours after injection (n â 4, mean ± SD). Ex vivo biodistribution of 89Zr-labeled starPEG nanocarriers on selected 
major organs; the respective data tables are presented in Supplementary Materials (Supplementary Figs. S8–S11; Supplementary Tables S6–S13). Int, intestine. 
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rates (kout) may not be well-determined due to very long blood half- 
lives (typically >400 hours) of the nanocarriers as compared with 
the length of the current experiment (96 hours). In the case of [89Zr] 
PEG-DFB4 accumulation in CT26, the tumor accumulation was 
apparently still rising at the last data point (96 hours); in this case, 
the !t was constrained such that the tumor accumulation was 
considered maximal at the !nal data point. The resulting !ts showed 
a good correlation between in"ux and ef"ux rates versus the mean 
%ID/g (Fig. 5). Although these correlations may be in"uenced by 
the relatively short duration of the accumulation experiments, it 
suggests that the studied xenografts all have similarly poor lym-
phatic development and associated low ef"ux rates and that tumor 
accumulation by both agents is primarily driven by the rate of 
in"ux. 

Analysis of 22Rv1 spontaneous metastatic lesions 
The EPR-mediated tumor accumulation of the nanocarrier was 

also tested in the 22Rv1 metastatic model by inoculating 22Rv1 cells 
stably expressing luciferase (22Rv1-Luc) directly into the kidney 
capsule. As shown in Fig. 6A, the mice were subjected to MRI that 
showed bright signal of axillary lymph node metastatic tumors. 
However, most of the mice grew multiple visible metastatic tumors 
at distinct locations like the thigh and neck regions, likely re"ecting 
metastatic lymph nodes. For further con!rmation of the 22Rv1 
metastatic tumor, the mice were intraperitoneally injected with 
100 µL of 50 mg/mL luciferin and were subjected to in vivo BLI 
before PET imaging (Fig. 6B; Supplementary Fig. S18). BLI of the 
mice demonstrated an intense bioluminescence signal at the meta-
static axillary lymph node (white arrow). Serial PET imaging was 
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Figure 4. 
Autoradiographic images and hematoxylin 
and eosin staining. Autoradiographic images 
and hematoxylin and eosin staining images of 
tumor sections collected after 96 hours after 
the injection of 89Zr-labeled nanocarriers, 
demonstrating the variability of tumor accu-
mulation and vasculature. Respective autora-
diographic images and hematoxylin and eosin 
staining images from days 1 to 4 are presented 
in Supplementary Materials (Supplementary 
Figs. S12–S15). H&E, hematoxylin and eosin. 
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performed on the mice from days 1 to 4 after injection of [89Zr] 
PEG-DFB1-TLZ3 (Fig. 6C; Supplementary Fig. S19). Noticable 
accumulation of the nanocarrier was observed in the metastatic 
axillary lymph node (white arrow) but was heterogenous in 
nature, similar to s.c. 22Rv1 xenografts. Organ biodistribution 
after 96 hours of drug injection demonstrated almost similar 
accumulation of the nanocarrier in both kidneys (left kidney: 2.46 % 
ID/g; right kidney: 2.58 %ID/g), whereas around 3.55 ± 1.06 %ID/g 
accumulation of the nanocarrier was observed in the metastatic 
solid tumors collected from the neck, axilla, or thigh region (Sup-
plementary Fig. S20; Supplementary Tables S15 and S16). The 
kidneys and tumor tissues were dissected, and the tissue sections 
were subjected to autoradiography and histology analyses (Supple-
mentary Figs. S6D and S21). Similar to the s.c. model, the metastatic 
solid tumors of 22Rv1 demonstrated heterogeneous peripheral ac-
cumulation of the nanocarrier. 

In addition, the tumor accumulation and distribution of both the 
nanocarriers were also tested in disseminated 22Rv1-Luc metastatic 
models, prepared by intracardiac injection of the tumor cells. BLI 
signal indicated the presence of metastatic tumors on the back of the 
neck (red arrow) and in the liver (white arrow; Fig. 6E; 

Supplementary Fig. S22). Seventy-two hours after injection of the 
radiolabeled nanocarriers, in vivo microPET/CT imaging was per-
formed, followed by ex vivo organ biodistribution and autoradiog-
raphy. As presented in Fig. 6E and Supplementary Fig. S23, 
microPET/CT imaging and organ biodistribution demonstrated 
noticeable accumulation of both the nanocarriers in the metastatic 
tumors at the neck region, but they were heterogenous in nature, 
similar to s.c. 22Rv1 xenografts (Supplementary Tables S17 and 
S18). The metastatic tumors were dissected, and the tissue sections 
were subjected to autoradiography analysis (Fig. 6F). Similar to the 
s.c. model, the metastatic solid tumors of 22Rv1 demonstrated 
heterogeneous peripheral accumulation of the nanocarriers. 

Discussion 
The goal of this study was to design a pair of companion PET 

imaging surrogates for a 4-armed starPEG40kDa nanocarrier, PEG- 
TLZ4, which possesses four copies of releasable PARPi TLZ, and to 
evaluate if the imaging surrogate can measure tumor heterogeneity 
in different cancer xenografts (Fig. 1A). In this study, we have 
designed two PET imaging surrogates of PEG-TLZ4, i.e., PEG-DFB4 

Metastatic
tumor

Tumor

0.1 cm 0.1 cm 0.1 cm 0.1 cm 0.1 cm

Left kidney Right kidney

5.0

4.0

3.0

2.0

1.0

p/seconds/cm2/sr

x107
5.0

4.0

3.0

2.0

1.0

p/seconds/cm2/sr

x107

10 %ID/cc

3 %ID/cc

10 %ID/cc

3 %ID/cc

Ventral Dorsal μPET/CT MIP

Ventral Dorsal μPET/CT MIP

[8
9 Z

r]
P

E
G

-D
F

B
1-

T
LZ

3
[8

9 Z
r]

P
E

G
-D

F
B

4

A

B C

E

FD G

Figure 6. 
Metastatic prostate cancer models demonstrate an EPR-low phenotype by PET imaging. A, In vivo MRI images before drug injection showing s.c. axillary lymph 
node metastatic tumors near the left arm. B, In vivo BLI nude mice inoculated with 22Rv1-Luc cells in the left kidney capsule obtained before injection of the 
89Zr-labeled starPEG. White arrows indicate axillary node metastasis. C, Coronal microPET/CT and maximum-intensity projection microPET/CT obtained at 96 
hours following the administration [89Zr]PEG-DFB1-TLZ3 in nude mice inoculated with 22Rv1-Luc cells in the left kidney capsule. White arrows indicate axillary 
node metastasis. Respective coronal microPET/CT and MIP images from days 1 to 4 are presented in Supplementary Materials (Supplementary Fig. S19). D, 
Autoradiographic images of the metastatic tumor and kidney sections collected after 96 hours after the injection of [89Zr]PEG-DFB1-TLZ3. Respective auto-
radiographic images and hematoxylin and eosin staining images from days 1 to 4 are presented in Supplementary Materials (Supplementary Fig. S21). E, In vivo 
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nanocarrier.MIP, maximum-intensity projection. 
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and PEG-DFB1-TLZ3, by replacing either one or four TLZ units of 
the 4-armed starPEG40kDa (hydrodynamic diameter of 15 nm) with 
89Zr chelator DFB for PET imaging (Fig. 1B; ref. 39). Our prior 
study of nontargeted [89Zr]PEG-DFB4 nanocarrier in MX-1 (breast 
cancer) and HT-29 (colorectal cancer) tumor models demonstrated 
very high homogeneous passive accumulation and retention (>10 % 
ID 9 days after injection), which is an indicator of tumor models 
with high EPR status (6). In this study, the designed imaging sur-
rogates were evaluated in various prostate cancer s.c. xenografts 
(22Rv1, LTL-545, and LTL-610) and metastatic models (22Rv1), and 
their tumor accumulation and distribution were compared with 
known EPR-high colorectal (CT26) and EPR-low pancreatic 
(BxPC3) tumor models (15). 

The 4-armed StarPEG40kDa nanocarriers of around 15 nm size 
were strategically chosen to provide an optimal size for extended 
half-life and promote EPR-based tumor accumulation (6, 29). The 
multi-armed StarPEG could accommodate multiple copies of ther-
apeutic as well as imaging scaffolds for better theranostic ef!cacy. 
Prior reports on 15 nm sized StarPEG40kDa nanocarriers conjugated 
with four copies of TLZ via stable linkers demonstrated very high 
treatment ef!cacy in tumor xenografts of breast and colon cancers 
(18). It was observed that one single i.p. dose of PEG-TLZ4 was as 
potent as 30 daily oral doses of free TLZ in suppressing the tumor 
growth due to the long half-life and EPR-mediated optimum tumor 
accumulation of the nontargeted StarPEG nanocarrier. However, 
reports demonstrate that along with the nanocarrier size, EPR- 
directed pharmacokinetics of passive uptake is strongly in"uenced 
by tumor macrophages and vasculature (8, 12, 15, 16). For example, 
nontargeted polymer nanostars demonstrated very ef!cient tumor 
penetration and accumulation in CT26 tumors but were unable to 
penetrate deep into BxPC3 tumors, showing low peripheral tumor 
accumulation (15). Notably, most of the prostate cancer tumor 
models like CWR22Rv1, DU145, and PC3 have been shown to be of 
the EPR-low phenotype, with low overall tumor accumulation 
which is concentrated about the periphery (15–17). Thus, devel-
oping an imaging surrogate for the previously evaluated EPR-based 
potent StarPEG therapeutic scaffold, PEG-TLZ4, emerges as a top 
priority (18). This surrogate has the potential to aid in the identi-
!cation of patients with cancer with speci!c tumor types who are 
likely to bene!t from the treatment (Fig. 1). 

In this regard, two StarPEG nanocarriers, PEG-DFB4 and PEG- 
DFB1-TLZ3, were synthesized as PET imaging surrogates and were 
radiolabeled with 89Zr radiometal with good yields following the 
reported method (Fig. 1B; refs. 3, 6, 18). As a pilot study and to 
recapitulate the prior !ndings by Lewis and colleagues (15, 16), 
i.e., strong in"uence of the tumor vasculature in the EPR-mediated 
passive uptake and distribution, one of the imaging surrogate, [89Zr] 
PEG-(DFB)1(TLZ)3, was evaluated in !ve different tumor models 
(CT26, BxPC3, 22Rv1, PC3, and DU145). Similar to the prior re-
ports, at 72 hours after injection, relatively higher and homogeneous 
tumor accumulation was observed in CT26 with leaky vasculature, 
whereas moderate to low heterogeneous peripheral accumulation 
was observed in other tumor models with poor vasculature (Sup-
plementary Figs. S2 and S3). Moreover, it was also observed that 
most of the prostate cancer models bear poor vasculature and un-
dergo heterogeneous peripheral tumor accumulation (16). To gain 
more insight into the EPR-mediated passive accumulation, we fur-
ther investigated the starPEG nanocarriers in other prostate cancer 
s.c., metastatic, and PDX models. 

Both the nanocarriers were tested in four different s.c. tumor 
models, including three prostate cancers, in which serial microPET/ 

CT imaging was performed from days 1 to 4 after injection, followed 
by organ biodistribution, autoradiography, and histology analysis on 
day 4 after imaging (Fig. 2A). Both nanocarriers showed very com-
parable in vivo and ex vivo accumulation in different xenografts, in 
which relatively higher accumulation of the nanocarriers was ob-
served in both CT26 and LTL-545 and moderate to low accumulation 
was observed in LTL-610 and 22Rv1 (Fig. 3). In most of the tumor 
models, [89Zr]PEG-DFB1-TLZ3 showed relatively lower blood clear-
ance (lower tumor/blood ratio), which indicates relatively higher 
plasma interaction of TLZ to that of DFB. Tumor tissue was collected 
after gamma counting on days 1 to 4, which showed very ef!cient 
tumor penetration and homogenous distribution of the nanocarriers 
in CT26 tumors, whereas only peripheral tumor accumulation was 
observed in rest of the prostate cancer tumors (Fig. 4). It is interesting 
to note that despite improved in vivo and ex vivo accumulation in 
LTL-545 compared with LTL-610 and 22Rv1, both the nanocarriers 
demonstrated only peripheral accumulation and poor tissue pene-
tration in LTL-545 tumor, which was observed in both coronal PET 
images and autoradiography images (Figs. 2B and 4). The PDXs bear 
a relatively distinct peripheral soft tissue, resulting in higher periph-
eral accumulation to that of 22rv1, best seen on autoradiographic 
imaging (Supplementary Fig. S16). However, the overall tissue pen-
etration of the nanocarriers was poor in these prostate cancer xeno-
grafts (22rv1 and PDXs) due to the relatively lower vascularity 
compared with that of CT26, as observed in CD31 staining (Sup-
plementary Fig. S17). These observed results were in line with prior 
literature, in which prostate cancer tumor models demonstrated poor 
vascularity and underwent heterogeneous peripheral accumulation of 
the nontargeted nanocarriers (9, 15, 16). The histologic analysis of the 
tumor sections demonstrated large necrotic centers in some of the 
22Rv1 and CT26 tumor sections (Supplementary Figs. S12 and S13). 
However, all the prostate cancer tumor models irrespective of necrotic 
centers undergo heterogeneous peripheral accumulation, whereas the 
colon cancer tumor model showed EPR-mediated homogenous dis-
tribution of both the nanocarriers (Fig. 4). Accordingly, CD31 
staining of the tumor sections further con!rmed homogenous vas-
cular development in CT26, whereas heterogeneous vasculature was 
observed in all of the prostate cancer tumor models, which is in line 
with prior reports as well (15, 16, 37, 38). 

Next, we evaluated the ef!cacy of the EPR-mediated imaging of 
the nanocarriers in metastatic tumor models. Metastatic tumor 
models of 22Rv1 cells were developed either by inoculating the cells 
directly into the kidney capsule or into the left ventricle of the heart 
by intracardiac injection. Luminescent 22Rv1 cell lines stably 
expressing luciferase were used for those studies, in which growth of 
metastatic tumors near the neck, axilla, or thigh region was observed 
by BLI after 7 to 8 weeks of cell inoculation (Fig. 6B and E). It was 
observed in the PET imaging that both the nontargeted StarPEG 
nanocarriers were ef!ciently accumulated in the metastatic tumors 
grown via cell inoculation in the kidney or in the heart (Fig. 6C and 
E). However similar to prostate cancer s.c. tumors, the PET and 
autoradiography images demonstrated heterogenous peripheral ac-
cumulation of the nanocarriers in 22Rv1 metastatic bulk tumors 
(Fig. 6D and F). 

Overall, this result suggested that the nontargeted nanocarriers can 
ef!ciently measure the EPR effect in s.c. and metastatic bulk tumors. 
Both the nanocarriers demonstrated similar in vivo pharmacokinetics, 
which suggested that the designed PET imaging surrogate may pre-
dict patients with cancer with speci!c tumor types who are likely to 
bene!t from the treatment of the therapeutic nanocarrier PEG-TLZ4. 
The comparative analysis of these PET imaging surrogates could be 
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promising in correlating the diagnostic and therapeutic delivery, 
which could be a potential future direction of this study along with 
clinical translation. The only major distinction between the imaging 
surrogates with different numbers of DFB or TLZ units is that the 
incorporation of TLZ units increases the plasma interaction in [89Zr] 
PEG-DFB1-TLZ3 with relatively lower blood clearance to that of 
[89Zr]PEG-DFB4. Because the size and other physicochemical prop-
erties of the nanocarriers primarily control their in vivo pharmaco-
kinetics and considering marginal in"uence of the conjugated 
imaging (DFB) and therapeutic (TLZ) ligands, those imaging surro-
gates could also be useful in screening patients with cancer with 
different tumor type likely to bene!t from the treatment of other 
StarPEG therapeutic nanocarriers like PEG-(SN38)4 (6). Our potential 
future direction is to quantitatively correlate the delivery of the PET 
imaging surrogates with their respective therapeutic nanocarriers 
along with their clinical translation. 

Conclusion 
In conclusion, our results indicate that the tumor uptake of the 

developed companion PET imaging surrogates, [89Zr]PEG-DFB4 and 
[89Zr]PEG-DFB1-TLZ3, can measure the EPR effect in different can-
cer phenotypes. Our !ndings suggest that this approach has the po-
tential to enable personalized treatment options and could screen the 
cancer type most likely to bene!t from the PARPi-based PEG-TLZ4 
chemotherapeutic drug and other StarPEG nanocarriers as well. The 
potential for clinical translation of our approach could ultimately lead 
to improved treatment options and outcomes for patients with cancer. 
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