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ABSTRACT
◥

The goal was to develop and characterize a companion diagnostic for the releasable PEG40kDa!SN-38 oncology drug,
PLX038, that would identify tumors susceptible to high accumulation of PLX038. PEG conjugates of the zirconium ligand
desferroxamine B (DFB) of similar size and charge to PLX038
were prepared that contained one or four DFB, as well as one that
contained three SN-38 moieties and one DFB. Uptake and
associated kinetic parameters of the 89Zr-labeled nanocarriers
were determined in tumor and normal tissues in mice using
mPET/CT imaging. The data were ﬁt to physiologically based
pharmacokinetic models to simulate the mass-time proﬁles of
distribution of conjugates in the tissues of interest. The time–
activity curves for normal tissues showed high levels at the

Introduction
Solid tumors display a poorly organized vascular architecture with
endothelial pores, approximately 12–700 nm in diameter (d), much
larger than normal vasculature pores ("12 nm d), and poor or absent
lymphatic drainage. As a consequence, large nanomolecules and
nanoparticles passively enter the tumor microenvironment, but exit
slowly and accumulate, a phenomenon known as enhanced permeability and retention (EPR; ref. 1). Diagnostic nanomolecules or
nanoparticles, herein both termed nanocarriers (NC), containing an
imaging tag (e.g., for MRI, optical, or PET imaging) may be used to
measure the extent and kinetics of the EPR effect in solid tumors.
Therapeutic NCs (TNC) are drug-containing molecules designed to
alter drug biodistribution and pharmacokinetics, and deliver their
drug payloads to tumors through EPR. It is anticipated that matched
diagnostic NCs will be applicable as a tool to identify high uptake
tumors for subsequent treatment with a related TNC.
Passive delivery of nanomedicines to solid tumors strongly depends
on the properties of the NC formulations. Jain and colleagues have
described features of the EPR effect relevant to nanomedicine
design (2–4), and posited that because of the heterogeneous pore
sizes in tumors, smaller particles penetrate tumors more rapidly and
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earliest time of measurement due to vascularization, followed
by a monophasic loss. In tumors, levels were initially lower than
in normal tissues but increased to 9% to 14% of injected dose over
several days. The efﬂux half-life in tumors was very long,
approximately 400 hours, and tumor levels remained at about
10% injected dose 9 days after injection. Compared with diagnostic liposomes, the PEG nanocarriers have a longer serum halflife, are retained in tumors at higher levels, remain there longer,
and afford higher tumor exposure. The small PEG40kDa nanocarriers studied here show properties for passive targeting of
tumors that are superior than most nanoparticles and might be
effective probes to identify tumors susceptible to similar size
therapeutic nanocarriers such as PLX038.

uniformly than larger particles, large NCs pass through large pores, but
small NCs pass through both small and large pores. A recent review
summarized various nanoparticle platforms in cancer therapeutics and
provided design considerations for nanomedicines to optimize tumor
accumulation (5); brieﬂy, the ideal NC is 12–50 nm in d, possesses a
neutral or near-neutral charge, and has an elongated and/or ﬂexible
shape, the NC should also have a long circulating half-life to maximize
time-dependent tumor penetration.
Nevertheless, most studies of EPR with NCs have used liposomes of
approximately 100 nm d because they offer a versatile and simple
platform for incorporation of isotopes and drugs. Liposomes possessing an imaging isotope, usually for PET, have been successfully used as
surrogates to identify EPR in xenografts that predict antitumor activity
of similar liposomal drugs (6, 7), and to a lesser extent, in human
patients (8). Several liposomal TNCs have been approved for cancer
treatment, doxil, myocet, DaunoXome, Marqibo, and Onivyde, and
others are in clinical development. However, the success of liposomal
NCs in diagnosis and treatment of high-uptake human cancers has
been less than desired, possibly because of the heterogeneity of the EPR
effect of liposomes within and between different tumors (9, 10).
We recently described long-acting PEGylated prodrugs of SN-38,
the active metabolite of irinotecan (11, 12). The NC–drug conjugate,
designated PLX038 (Fig. 1), composed of a 4-branched 40 kDa PEG
carrier containing SN-38 moieties attached with cleavable linkers to
the ends of each arm. The prodrug releases SN-38 with an in vivo
cleavage half-life of 360 hours, and has long species-speciﬁc elimination t1/2,b values of approximately 20 hours in mice and approximately
5 days in humans. The 4-branched PEG40kDa provides a neutral, highly
ﬂexible, long half-life NC with a hydrodynamic d of approximately
15 nm (13, 14) in accord with ideal properties proposed for NC tumor
accumulation by EPR (5). Indeed, in preclinical studies, the SN-38
prodrug PLX038 as well as the related EZN-2208, a releasable
PEG40kDa!SN-38 similar to PLX038 except for a faster cleavage rate,
showed high tumor accumulation of both prodrugs and released
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Figure 1.
Schematic representation of PLX038A and NCs
1–3.

SN-38 that remained high for several weeks, and demonstrated
remarkable antitumor effects (12, 15, 16). These results motivated
this study which seeks to investigate the EPR effect of PEG40kDa NC
surrogates of the prodrug PLX038.
In this work, the synthesis of 40 kDa PEG–desferroxamine B (DFB)
conjugates that contain zirconium-89 (89Zr) (decay t1/2 of 78 hours) for
PET imaging studies is described. These are NCs that contain one or
four ligands with one 89Zr [Fig. 1 (1 and 2, respectively)], as well as a
conjugate closely related to PLX038 that contains three SN-38 moieties
and one 89Zr (3). Uptake and associated kinetic parameters of the
radiolabeled NCs were evaluated in tumor and normal tissues in mice.
The objectives realized in the study were (i) to determine the tumor and
tissue uptake of small branched PEG NCs related to PLX038, and (ii) to
develop a NC surrogate of PLX038 that might serve as a companion
diagnostic to identify high-uptake tumors.

Materials and Methods
The Supplementary Data contains details of chemical syntheses,
pharmacokinetic parameters of tissue and tumor uptake, mPET/CT
methods, ex vivo biodistribution results, and statistical analyses.
PEG40kDa-[CO2Su]4 (catalog no. A7069-1/4ARM-SS-40K) was purchased from JenKem and PEG40kda-[NH2]4 (catalog no. PTE-400PA)
and branched PEG40kDa-NH2 (catalog no. GL4-400PA) were purchased from NOF America. 89Zr oxalate was purchased from 3D

A

Imaging and ITCBz-DFB (catalog no. B-705) was purchased from
Macrocyclics. All other commercially available chemicals (building
blocks, reagents, and solvents) were purchased as reagent grade from
Sigma Aldrich, VWR, or Thermo Fisher Scientiﬁc and used as received.
SN-38 content in solutions of PEG!SN-38 was quantiﬁed by UV
absorbance using e363nm ¼ 22,500 M$1 cm$1 at pH 7 (17).
DFB content was determined by treatment with iron(III)
perchlorate followed by quantiﬁcation by UV absorbance
e425nm ¼ 2,300 M$1 cm$1 (18).
Synthesis of PEG!DFB–89Zr conjugates
Synthetic procedures for PEG!DFB precursors to NCs 1, 2, and 3
are described in detail in the Supplementary Data.
General procedure for radiolabeling PEG!DFB conjugates
An aliquot of 89Zr-oxalate (10 mL, 4 mCi, 89 ng, and 1 nmol) was
mixed with 20 mL of deionized (DI) water, 10 mL of 1 mol/L Na2CO3,
and 200 mL of 2 mol/L NH4OAc. A solution of PEGylated DFB (0.1
mmol DFB, !100 equiv) in DI water (100 mL) was added and the
mixture was allowed to stand at room temperature for 1 hour. The
radiolabeled product was puriﬁed by size-exclusion chromatography
using a PD-10 desalting column and saline solution as a mobile phase.
Radiochemical purity was measured by iTLC and high-performance
liquid chromatography (HPLC). For TLC, 2 mL of the puriﬁed product
was spotted onto a glass microﬁber chromatography paper

B

C

Figure 2.
Synthesis of NCs 1 (A), 2 (B), and 3 (C). Conditions: ITCBz-DFB, DMSO (a); 89Zr oxalate (b); DFB mesylate, iPr2NEt, HATU, DMF (c); Fmoc-OSu, iPr2NEt, MeCN (d);
5HCO-NHS, iPr2NEt, MeCN (e); 4-methylpiperidine, DMF (f); and azido-linker-SN38, MeCN (g).
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impregnated with silica gel and developed using 0.05 mol/L EDTA
solution. For HPLC, 20 mL of the puriﬁed compound was injected
onto a BioSep-SEC-S 3000 column (300 % 7.8 mm, Phenomenex).
PBS was used as the mobile phase and the ﬂow was maintained at 1
mL/minute. UV and radioactivity was monitored. Radiolabeling
yield (nondecay corrected) was calculated by dividing the radioactivity of the puriﬁed compound by the initial amount of 89Zr
radioactivity. Radiochemical yields were found to be: PEG-DFB
(1): 80.9 & 5.2 % (n ¼ 3); PEG-(DFB)4 (2): 94.7 & 0.8 % (n ¼ 3); and
DFB-PEG-(SN38)3 (3): 86.7 & 3.4 % (n ¼ 4).
In vivo experiments
Animal models
All animal studies were reviewed and approved by the University
of California, San Francisco Institutional Animal Care and Use
Committee (UCSF). Xenografts models were generated at UCSF
preclinical therapeutic core in female NCr nude mice (NCRNU-F,
nu/nu, NCrTac:NCr-Foxn1nu; !6–8 weeks old) from Taconic
Bioscience.
MX-1 cells were obtained from the NCI and cultured in RPMI1640,
10% FBS, and 1% 2 mmol/L L-glutamine at 37' C in 95% air/5% CO2
atmosphere (19). MX-1 cells and tumor fragments passaged both,
before and after the experiments reported here were authenticated
using IDEX Impact I PCR Proﬁle, CellCheck 16 (16 Marker STR
Proﬁle and interspecies contamination test). MX-1 xenografts were
prepared by injection with MX-1 tumor cells (2 % 106 cells in 100 mL of
serum-free medium mixed 1:1 with Matrigel) into the right ﬂank.
When tumor xenografts reached 1,000–1,500 mm3, they were resected,
divided into even-size fragments approximately 2.5 % 2.5 mm, embedded in Matrigel, and reimplanted via subcutaneous trocar implantation in receiver mice (20).
HT-29 cells were obtained from the Tissue Culture Unit/CGEC at
UCSF and were cultured in McCoys5A supplemented with 10% FBS
and penicillin–streptomycin without further authentication. HT-29
xenografts were prepared by subcutaneous injection of cells (5 % 106)
into right ﬂanks.
Mice were monitored weekly until tumor was palpable and daily
thereafter. The studies were initiated when tumor reached approximately 200 mm3.
Small-animal mPET/CT
Mice (N ¼ 4/group) bearing either MX-1 or HT29 xenografts were
injected with NCs 1, 2, or 3 (7 nmol, 169-190 mCi, 100 mL/animal) via
the tail vein. Injections of NCs were performed when tumors were 77 &
46 mm3 for MX-1 (n ¼ 12) and 610 & 230 mm3 for HT-29 (n ¼ 12).
mPET/CT scans were acquired at 1, 24, 48, 72, 96, and 216 hours
postinjection using a mPET/CT scanner (Inveon, Siemens Medical
Solutions). For mPET/CT scans mice were anesthetized using 2%
isoﬂurane.
Image analysis
PET data were acquired in list-mode, histogrammed, and reconstructed using the 2D ordered subset expectation–maximization algorithm that includes CT-based attenuation correction. A calibration
was performed to convert the raw reconstructed pixel values to Bq/mL.
Volumes of interest (VOI) were drawn coregistered with CT images for
brain, heart, liver, kidneys, and tumor. All VOIs were either elliptical
cylinder or ellipsoids (4 mm long axis, 3 mm short axis, and 5 mm
height for brain) or cylinders (3 mm d and 3 mm height for lungs,
heart, and liver, and 2 mm d and 2 mm height for kidneys and urinary
bladder), and they were placed well within the anatomic boundaries to
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minimize spill-over of radioactivity. The mean value (in Bq/mL) in
these VOIs were multiplied by standard mouse organ volumes in mL to
derive total activity within these organs. The total activity within the
animal subtracted by all organ activities was used as activity in the
remainder of the body.
Biodistribution
Mice were euthanized at 216 hours postinjection after the last mPET/
CT scan and blood, liver, heart, kidneys, spleen, lungs, femur, brain,
and tumor were harvested. Tissues were weighed and measured for
radioactivity using a Hidex AMG gamma counter. The % injected dose
(ID) per gram of tissue and % ID per organ were calculated against a
standard of known activity.
Modeling of time–activity curves and accumulation parameters
Tissue and blood data were ﬁt using the physiologically based
pharmacokinetic models developed by Li and colleagues (4) to simulate the mass-time proﬁles of distribution of NCs in tissues of interest.
We incorporated speciﬁc compartments for tumor, heart, liver, kidney,
and brain, and a generalized compartment for all other remaining
tissues. For simplicity, elimination was assumed to occur from the
blood compartment. A simulation was constructed using values for the
compartment volume, fractional vascularization, blood elimination,
and compartmental inﬂux and efﬂux rate constants (see Supporting
Data). The time course of the experiment was divided into
Dt ¼ 0.1-hour time steps and the mass transfer, expressed as %ID,
between various tissues and the blood compartment was calculated
from the differential equations at each time increment, using the initial
condition of 100 %ID present in blood. Tissue concentrations were
then calculated by dividing the %ID by the tissue volume. Because the
tissues contain blood due to vascularization, predicted total concentrations in tissues at each timepoint were calculated by adding the
corresponding blood concentration for the fractional vascular portion
of the tissue to the concentration calculated to reside within the actual
tissue. As a ﬁrst approximation, the fractional vascularization was
assumed to be the initial experimental reading; that is, the NC initially
present in a compartment was assumed to be localized to the vascular
portion. Model parameters were reﬁned by minimizing the sum of
residuals squared between the observed and simulated points. AUCs
were calculated for the nonvascular portion of the compartment by
summing the simulated mass times Dt from the best-ﬁt simulation.

Results
Synthesis of PEG40kDa–DFB–89Zr conjugates
Figure 2 shows the synthetic route to various PEG40kDa–DFB
conjugates used in this study. PEG40kDa-DFB (1) was prepared by
the reaction of 4-branched PEG40kDa-NH2 with p-isothiocyanatobenzyl-DFB (ITCBz-DFB) (21–23). PEG40kDa-(DFB)4 (2) was prepared by reaction of four arm PEG40kDa-(HSE)4 with DFB mesylate.
For the more challenging multi-functional PEG-(SN-38)3DFB (3),
PEG40kDa(NH2)4 was treated with a sub-stoichiometric amount of
Fmoc-OSu to afford the mono-protected PEG40kDa(NH2)3Fmoc
after preparative HPLC. The remaining unreacted amines were
treated with 5-hydroxycyclooctyne (5HCO) NHS carbonate to give
PEG40kDa(5HCO)3Fmoc. After removal of the Fmoc group, the
resulting free amine was reacted with ITCBz-DFB, and then the
cyclooctyne groups were coupled by SPAAC with azido-linker-SN38 (11) to give the stable conjugate 3. Detailed synthetic procedures
and fully elaborated chemical structures are provided in the Supplementary Data.
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The PEG40kDa–DFB–89Zr conjugates were prepared by treatment of
an excess of the appropriate PEG40kDa-DFB with 89Zr oxalate and the
resulting complex was puriﬁed by size exclusion chromatography (21, 22). The radiochemical purity of PEG–DFB–89Zr conjugates
was ( 98% by HPLC and iTLC analyses and the molar activities were
approximately 500 MBq/mmoL.
PET imaging and biodistribution of PEG40kDa–89Zr conjugates
Small-animal PET/CT (mPET/CT) imaging was performed at
intervals over a 216 hours period after intravenous injection of
PEG-DFB-89Zr NCs in mice bearing the triple-negative breast cancer
MX-1 or colorectal carcinoma HT-29 xenografts. A typical image
sequence of a single NC in a single mouse is shown in Fig. 3, and
representative images from all of the NCs at 72 and 216 hours in the
two tumor models are presented in Supplementary Fig. S1 and
representative coronal and transaxial slices for NC 3 are shown in
Supplementary Fig. S2. The temporal maximal intensity projection
images show the rapid delivery of the 89Zr-NC to tissues such as heart,
liver, and kidney, followed by a decrease over several days to low levels.
Concomitantly, there is an increase in tumor uptake over 48–72 hours,
which remains high over the 216-hour study.
Nine days after administration, mice were euthanized and harvested
for blood, tumor, liver, heart, kidneys, spleen, lungs, femur, and brain,
and radioactivity measured in a gamma counter (Supplementary
Fig. S3). A plot of all PEG40kDa–89Zr conjugates in all tissues at 9 days
determined by mPET/CT versus ex vivo biodistribution studies were
linear and well correlated (slope ¼ 0.77 & 0.038, y-int ¼ 0.48; Pearson
r ¼ 0.961; Supplementary Figs. S4 and S5). Thus, sequential mPET/CT
imaging can be used to determine quantitative pharmacokinetics of
uptake and efﬂux of these NCs in tumors and tissues.
Typical time–activity curves (TAC) ﬁt to mPET/CT imaging of
PEG-DFB-89Zr (1) in tissues and tumor of mouse xenografts are
shown in Fig. 4A. Using the above model, we derived rates of inﬂux

(k1) and efﬂux (k2) for tumor and tissues, and assessed the maximum
uptake (%IDmax) and AUC exposure in tumors. The initial observed
levels of conjugate follow the order heart > kidney > liver > tumor >
brain, but at longer times highest accumulation is seen in tumor
tissue. Table 1 presents parameters of accumulation of conjugates
studied in MX-1 and HT29 tumors, tissues, and complete datasets for
all tissues are provided in Supplementary Table S1 and Supplementary
Fig. S6.
A simulated TAC, resolved for the component radioactivity in tissue
and blood for a nontumor tissue (heart), is shown in Fig. 4B. After
intravenous administration of PEG-DFB-89Zr (1), the high initial
levels emanate from NCs in the blood of the vascular components
of the tissues. The high concentration in blood drives a net inﬂux of
conjugate from the vasculature into the tissues, and the conjugate
distributes into the various tissues over time. As the vascular concentration falls due to systemic clearance, efﬂux from the tissue gradually
becomes competitive with inﬂux, with the two becoming balanced at
the time %IDmax is reached. Continued systemic clearance then results
in next efﬂux and eventual disappearance of conjugates from the
tissues.
In tumors, the same mechanisms apply as for other tissues, but
different parameters effect the appearance of the TAC. Initially, the NC
in the tumor is lower than normal tissues because of poor vascularization of the tumor. The NC initially increases to a high %IDmax by
approximately 3 days, and then efﬂuxes from the tumor at a rate much
slower than from other tissues. Figure 4C shows tumor uptake
resolved into blood and tissue components.
PEG-89Zr probe pharmacokinetics in HT29 and MX-1 tumors and
in tissues
In the HT29 tumors, the three PEG–89Zr conjugates showed almost
identical uptake parameters (Table 1). Indeed, by Student t test no
differences in parameters between any two conjugates were signiﬁcant,

Figure 3.
Temporal mPET/CT maximum intensity projection images of the same mouse bearing an MX-1 xenograft tumor following administration of PEG-(DFB-89Zr)
(SN-38)3, 3.
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Figure 4.
TACs for PEG-DFB-89Zr (1) uptake in the HT29 tumor and normal tissues (N ¼ 4). A, TAC for total tissue (tissue þ blood) uptake in tumor ( ), heart ( ), liver ( ), kidney
( ), and brain ( ). B, TAC for blood (red), heart tissue (blue), and total heart (black) uptake in the heart. C, TAC of for blood (red), tumor tissue (blue), and total tumor
(black) uptake in the HT29 tumor. Symbols show the mean & SD, and lines show simulated curves.

except that the efﬂux of PEG–DFB–89Zr 1 was signiﬁcantly faster than
PEG-(SN-38)3-DFB-89Zr 3 (P < 0.05). The %IDmax uptake of the three
conjugates in the HT29 tumors was approximately 10, average inﬂux
and efﬂux had t1/2 values of 74 and 410 hours, respectively, and the
average AUC250hr was approximately 2,100 %ID) h) mL$1.
In early experiments, we observed that larger MX-1 tumors of
approximately 1 g showed regions of necrosis that confounded analysis
of mPET/CT imaging studies. Hence, studies were performed using
MX-1 tumors that were approximately 3- to 5-fold smaller than the
HT29 tumors. With MX-1 tumors, uptake parameters of the three
PEG–89Zr conjugates were more variable than in the larger HT29
tumors. The %ID uptake ranged from approximately 10% to 14%,
inﬂux t1/2 was 46–74 hours, efﬂux t1/2 ranged from 170 to 500 hours,
and the AUC250 ranged from 2,100 to 2,910 %ID) h) mL$1. By Student t
test (P < 0.05) PEG-DFB4-89Zr 1 had a signiﬁcantly slower inﬂux into
tumor than the other two conjugates, and slower uptake and efﬂux
rates than PEG-DFB-89Zr 3. However, the MX-1 tumors used with
PEG-DFB4-89Zr 1 were the smallest (!0.2 g) of any in this study, which
could have contributed to the discordant results. The PEG-(SN-38)3DFB-89Zr 3 uptake and efﬂux rates fell between those for the other

conjugates and were not signiﬁcantly different from either. Other
differences in any of the parameters studied with any two conjugates
were not signiﬁcant.
Table 1 also shows the mean t1/2 values of inﬂux (t1/2,1) and efﬂux
(t1/2,2) for all conjugates in heart, liver, kidney, and brain derived from
data for individual probes in these tissues (Supplementary Table S1). It
can be seen that average inﬂux rates are not so different than in tumors
except for the approximate 2-fold slower inﬂux in kidney and brain. In
contrast, the efﬂux in tissues are 2- to 8-fold faster than in tumors. Also,
the %IDmax in heart and kidney are approximately 10% of that in
tumors, but liver shows a transient %IDmax similar to tumors. All of the
tissues show signiﬁcantly lower exposure to the NCs than the tumors.
There is very poor uptake of the NCs in brain, where %IDmax is only
approximately 0.5%.

Discussion
In preclinical studies, PLX038 was administered at doses of approximately 5–20 mmol/L SN-38/kg to nude rats bearing HT-29
tumors (15). After 2 weeks, PLX038 and SN-38 were undetectable in

Table 1. Comparison of inﬂux and efﬂux rates of different conjugates in MX-1 and HT29 tumors.
Compound

Tumor weight (g)

Inﬂux t1/2,1a (h)

Efﬂux t1/2,2a (h)

%IDmax

tmax (h)

AUC250hr (%ID) h) mL$1)

0.36 & 0.16
0.19 & 0.10
0.45 & 0.10

46 & 2
74 & 21
47 & 10

170 & 4
500 & 210
260 & 95

13 & 0.5
9.9 & 2
14& 2

72 & 4
!70b
92 & 40

2,400 & 622
2,100 & 472
2,900 & 409

1.0 & 0.4
0.98 & 0.40
1.1 & 0.3

69 & 12
75 & 9
77 & 8

330 & 63
410 & 48
500 & 11

9.9 & 1.6
9.5 & 1.3
9.5 & 1.3

100 & 13
130 & 15
160 & 31

2,100 & 330
2,100 & 28
2,100 & 270

NA

73 & 16

62 & 13

0.89 & 0.16

53 & 5

957 & 165

NA

84 & 17

110 & 32

10 & 1.6

70 & 9

1,170 & 181

NA

180 & 38

92 & 27

1.4 & 0.25

66 & 11

510 & 101

NA

640 & 116

400 & 371

0.45 & 0.09

ND

240 & 42

MX-1
1
2
3
HT-29
1
2
3
Heartc
1, 2, and 3
Liverc
1, 2, and 3
Kidneyc
1, 2, and 3
Brainc
1, 2, and 3

Abbreviations: NA, not applicable; ND, no data.
a
Calculated as ln(2)/k from Supplementary Table S1.
b
Estimated from initial time at IDmax.
c
Values are mean & SD of data for individual probes taken from Supplementary Table S1.
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plasma, but in isolated tumors the PLX038 ranged from 2 to
8 mmol/L, and SN-38 concentrations were at high 25–70 nmol/L
levels. A related releasable PEG40kDa!SN-38, EZN-2208, also
showed high tumor accumulation of the prodrug and free SN-38
that remained high for several weeks (16). These results indicated
that such NCs accumulated in tumors, and prompted this study on
the EPR effect of PEG40kDa NC surrogates. The objectives of the
current work were (i) to determine the tumor and tissue uptake of
small-branched PEG NCs related to PLX038, and (ii) to develop a
NC surrogate of PLX038 that might serve as a companion
diagnostic to identify high-uptake tumors.
Three NCs composed of 89Zr conjugated to 40 kDa PEG were
prepared to evaluate the pharmacokinetics in MX-1 and HT-29
tumors and various mouse tissues. The NCs are the optimal 40 kDa
size for both extended half-life and tumor accumulation of
PEGs (13); PEGs smaller than 40 kDa eliminate more rapidly and
do not accumulate as well, and larger PEGs eliminate with a similar
rate. Two NCs contained one or four DFB chelates for binding 89Zr
atoms, and one was a hybrid containing three permanently linked
SN-38 moieties and one 89Zr. The latter was intended to serve as a
bridge to conﬁrm that the 89Zr conjugates behaved similarly to PLX038
and PLX038A (12). We ﬁrst compared the absolute %ID/g uptake in
tumors 9 days after NC injection determined by ex vivo gamma
counting to those determined by mPET/CT (Supplementary
Fig. S4). The values were highly correlated, thus allowing use of
sequential mPET/CT-derived concentrations to monitor kinetics of
inﬂux and efﬂux of NC in tumors and tissues (Supplementary Fig. S5).
The observed TACs obtained for tissue and tumor NC were ﬁt using
a physiologically based pharmacokinetic model (4), and resolved into
tissue and blood components by simulations. The observed TAC for
normal tissues show a high NC content at the earliest time of
measurement, followed by an apparent monophasic loss. However,
resolution of the TACs into tissue and blood components clearly
showed that at the outset the tissue components contained minimal
NC, and that the observed activity was due to the NC in the tissue
vasculature. After efﬂux of conjugate from the vascular compartment into tissues, the tissue activity increases to a maximum after
which continued systemic clearance results in disappearance of NC
from the tissues.
The NC is initially lower in tumors than in normal tissues because of
poor vascularization of the tumor. The NCs in tumors initially
increases to a very high %IDmax of 10%–14% by approximately 4 days,
with a t1/2 of uptake of 2–3 days; the protracted inﬂux is likely associated
with the long circulation time of the PEG conjugate and resultant high
duration of tumor exposure to the conjugate. Then, the NCs efﬂux from
the tumor much more slowly than from other tissues, t1/2,2 values of
300–400 hours or up to 5-fold slower than from other tissues. Importantly, at periods longer than approximately 3 days the PEG conjugates
are at signiﬁcantly higher concentration in tumor than in other tissues.
Notably, tumor levels are still ( 10 %ID 9 days after injection.
In HT29 tumors, the three PEG–89Zr conjugates examined showed
almost identical kinetic and uptake parameters. With the smaller
MX-1 tumors, the three PEG-89Zr conjugates showed some variability
of kinetic parameters, but they were nevertheless quite similar.
It is of interest to compare properties of the 15 nm d PEG–89Zr
conjugates used here to a typical liposome (7). Tumor uptake parameters for a 64Cu-labeled diagnostic liposome of approximately
100 nm was reported for the HT-29 xenograft studied here, although
the tumors were considerably smaller (0.25 vs. 1 mL). First, the
elimination half-life of the liposome NC in the mouse is about 2-fold
shorter than the PEG NC (!10 vs. !20 hours); thus, the PEG NCs have
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more time to penetrate tumor tissues than the liposome. Second,
although the inﬂux t1/2 for the PEG conjugates and liposomes are
similar, the PEG conjugates remain in the tumor approximately 20fold longer than the liposomes (efﬂux t1/2 of 380 vs. 18 hours,
respectively). Finally, the tumor exposure of the PEG conjugates as
measured by AUC250hr is more than 2-fold higher than that of the
liposome. Hence, as a drug carrier passively targeted to tumors, the
smaller 15 nm d PEG conjugates appear to be more efﬁcient EPR
delivery systems than larger ( 100 nm d liposomes.
The use of radiolabeled NCs for PET imaging of EPR-based uptake
in tumors is an attractive approach for preselecting patients that would
beneﬁt from NC-based therapeutics (7, 8). Although promising results
have been obtained in mouse xenografts (6, 7), studies of EPR in
human and large-animal tumors with NCs has met variable success in
predicting tumor uptake or antitumor activity of similar TNCs (7, 24).
It is generally believed that human tumors show high heterogeneity of
the EPR effect within and between different tumors. To our knowledge,
human and large-animal experiments with NCs have used radioactive
liposomes of ( 100 nm d as tumor uptake probes and drug-loaded
liposomes as TDCs.
Using mathematical models and supporting experiments, Chauhan and colleagues (4) showed that smaller NCs (( 12 nm) have
more rapid and uniform tumor penetration than larger NC therapeutics (( 125 nm). They showed that each size of NC has an ideal
mean pore size for maximal tumor uptake, and increasing pore size
heterogeneity broadens these maxima toward smaller mean pore
sizes. Assuming the vasculature of a tumor type has similar pore
density and size heterogeneity, if the fraction of pore sizes above a
cut-off size represents most of the pores, NP penetration through
that fraction should be similar between tumors of the same type.
However, if the fraction of pore sizes above the cutoff is a small
proportion of the total, pores in that fraction should be more
variable between tumors of the same type. Thus, heterogeneity of
tumor pore size may be more evident with a large NC, such as a
100 nm d liposome, than a smaller NC, such as a 15 nm d PEG. If so,
a liposome diagnostic might indicate heterogeneity among tumors,
whereas a smaller PEG NP might not. We posit that, regardless of
previous results with liposomes, the PEG-89Zr NCs described here
might be effective probes to identify tumors susceptible to a similar
size TNC such as PLX038. From the data available, we would likely
choose either the 89Zr-NC 1 or 2 as a clinical diagnostic because
they are simple and economical to prepare.
Tumor accumulation of small-therapeutic PEGylated NCs could
have a favorable impact on antitumor efﬁcacy and toxicity. First,
slow release of the drug in the tumor environment should result in
substantial increase of tumor exposure to the released drug. Second,
the persistent exposure of a tumor to high drug concentrations
could overcome resistance due to efﬂux transporter overexpression,
as shown for the SN-38 prodrug EZN-2208 with BRCA-1–mutated
tumors expressing ABCG2 (25). Finally, small PEG NCs might be
used to reduce toxicity of synergistic drug combinations. Because
efﬂux rates of the 40 kDa PEG conjugates from tumors are slow
compared with other tissues, after sufﬁcient time postinjection the
NCs are largely conﬁned to the tumor rather than tissues. This
presents a strategy for delivery of drug combinations that are
synergistic for both, tumor efﬁcacy and tissue toxicity. Here, after
injection of the PEG-drug TNC, a period of time would be allowed
until the NC has cleared from the system, but still present in the
tumor. Then, the second agent would be administered; only the
tumor would be exposed to both drugs, while normal tissues would
be only exposed to the second drug.
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Imaging of the EPR Effect in Tumors Using 89Zr-Labeled PEG

In summary, we have developed and characterized small, approximately 15 nm d PEG40kDa-89Zr—radiolabeled surrogates of
PEGylated prodrugs of SN-38, such as PLX038. The pharmacokinetic parameters of these NCs in tissues of mouse xenografts
revealed a long elimination half-life, remarkably high tumor uptake,
and extraordinary low efﬂux rates from tumors. We posit that these
small NC radionuclides may serve as superior diagnostic probes to
identify tumors susceptible to similar size therapeutic NCs such as
PLX038.
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General
Unless otherwise specified, HPLC analyses were performed on either a Shimadzu LC-20AD
HPLC system equipped with an SPD-M20A diode array detector, Alltech 3300 ELSD, and a
Phenomenex Jupiter 5 μm C18 column (300 Å, 150 x 4.6 mm). Synthetic reactions were
monitored using an HPLC mobile phase of H2O/0.1% TFA and MeCN/0.1% TFA. UV-vis data
were acquired on a Hewlett Packard 8453 UV-vis spectrometer. Radiolabelling experiments were
monitored by SEC HPLC on a Hitachi Elite Lachrome L-2130 system equipped with L-2450 Diode
Array Detector, SRI Instruments 302 radio-detector and a Phenomonex BioSep-SEC_s3000 (300
x 7.8 mm) using a mobile phase of 10 mM PBS (pH 6.8, 1 mL/min)
Tumor xenografts were prepared at the UCSF Preclinical Therapeutics Core Facility (San
Francisco, CA). All radiological experiments (labelling, imaging, and ex vivo measurements)
were performed at the UCSF Center for Molecular and Functional Imaging.
II. Synthesis
A. Synthesis of PEG~DFB conjugates
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PEG40kDa-DFB (S1). A solution of 4-branched 40-kDa PEG-amine (150 mg, 3.75 μmol) and pisothiocyanatobenzyl-desferrioxamine B (ITCBz-DFB) (4 mg, 5.3 μmol) (1-3) in 2 mL of DMSO
was allowed to stand at ambient temperature for 16 hr, then dialyzed against water (SpectraPor
2 membrane, 12-14 kDa cutoff) to remove unconjugated materials. The solution was evaporated
to dryness, and the residue was dissolved in 2 mL of THF and added slowly with stirring to 50 mL
of MTBE. The precipitated conjugate was collected and dried to provide the 140 mg of the desired
product (S1). A 2.4-mg sample was dissolved in 58 μL of water to give a 1 mM solution. A 20-μL
aliquot was added to 100 μL of 1 mM Fe(Ill) perchlorate, giving a solution showing OD425nm =
1

0.459. Based on an extinction coefficient of 2,300 M-1cm-1, this indicated a DFB concentration on
1.1 mM, in good agreement with expected (4).
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PEG40kDa-(DFB)4 (S2). A solution of 40-kDa 4-armed PEG-tetra(succinimidyl ester) (100 mg, 10
μmol succinimidyl ester), deferoxamine mesylate (Sigma; 10 mg, 15 μmol), N,Ndiisopropylethylamine (35 μL, 200 μmol), and HATU (1-[Bis( dimethylamino )methylene]-lH-1,2,3triazolo [ 4,5-b ]pyridinium 3-oxide hexafluorophosphate) (7 mg, 18 μmol) in 2 mL of DMF was
kept 16 hr at ambient temperature, then dialyzed against water and methanol (SpectraPor 2
membrane, 12-14 kDa cutoff) to remove unconjugated materials. The solution was evaporated to
dryness, and the residue was dissolved in 2 mL of THF and added slowly with stirring to 50 mL
of MTBE to give the conjugate (84 mg). A 5.0 mg aliquot was dissolved in 500 μL of water to give
a solution 0.21 mM solution of conjugate. Assay for DFB content by addition to 1 mM Fe(III)
perchlorate as described above gave 0.84 μM DFB, indicating 4 DFB per conjugate.
B. Synthesis of PEG~(SN-38)3-(DFB)1 Conjugate
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PEG40kDa-(NH2)3(Fmoc) (S3). A 25 mM solution of Fmoc-OSu (0.48 mL, 12 μmol) in MeCN was
added dropwise to a vigorously stirred solution of PEG40kDa-(NH2)4 (406 mg, 10.0 μmol, 5 mM final
concentration) in 3.5 mL of MeCN. The reaction mixture was stirred at ambient temperature, and
after 5 min, the mixture consisted of 44% title compound as judged by C18 HPLC (ELSD). The
reaction solution was concentrated to ~1 mL by rotary evaporation. The concentrate was diluted
to 6 mL with H2O (0.1% TFA) then purified by preparative C18 HPLC, two injections eluting with
a linear gradient (35%-60%) of MeCN in H2O (0.1% TFA). Fractions from the first eluting Fmoccontaining peak were analyzed by C18 HPLC, and clean, product-containing fractions were
combined and concentrated to dryness. After removing volatiles under high vacuum for 30 min,
the residue was dissolved in minimal THF (~1 mL) and added dropwise to 40 mL of 0 oC MTBE
in a tared 50 mL Falcon tube. The suspension was vortexed, kept on ice for 15 min, centrifuged
(3500x g, 1 min), and decanted. The precipitate was washed with MTBE (2x 40 mL), isolated as
above, and dried under high vacuum to provide desired product (S3) (96 mg, 2.2 μmol given 3
TFAs, 22% yield) as a white powder. C18 HPLC, purity was determined by ELSD: 99.6% (RV =
9.39 mL).
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PEG40kDa-(5HCO)3(Fmoc) (S4). A 0.15 M solution of O-(cyclooct-4-yn-1-yl)-O’-succinimidyl
carbonate (5,6) (63 μL, 9.5 μmol) in MeCN was added dropwise to a stirred solution of PEG40kDa(NH2)3(Fmoc) (S3) (96 mg, 2.2 μmol, 50 mg/mL final concentration; 6.7 μmol NH2) and DIPEA
(2.8 μL, 16 μmol) in 1.9 mL of MeCN. The reaction mixture was stirred at ambient temperature
and monitored by C18 HPLC. The starting material was converted to a single product peak via
two slower eluting intermediate peaks. After 2 hr, the reaction mixture was concentrated to ~0.3
mL by rotary evaporation. The concentrate was diluted with 1 mL of THF, and the solution was
added dropwise to 40 mL of ice-cold MTBE in a tared 50 mL Falcon tube. The mixture was kept
on ice for 15 min then centrifuged (3500x g, 1 min) and decanted. The wet solid was washed with
ice-cold MTBE (2x 40 mL), centrifuged (3500x g, 1 min) and decanted. Residual volatiles were
removed under high vacuum for 20 min to provide desired product (S4) (40 mg, 0.93 μmol, 66%
yield) as a white powder. To prevent decomposition, the solid was immediately diluted with 0.78
mL of amine-free DMF. C18 HPLC, purity was determined by ELSD: 93.5% (RV = 9.96 mL) and
a 6.5% impurity (RV = 9.78 mL).
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PEG40kDa-(5HCO)3(NH2) (4) 4-Methylpiperidine (39 μL, 5% v/v final concentration) was added to
a 100 mg/mL solution of PEG40kDa-(5HCO)3(NHFmoc) (S4) (0.78 mL, 78 mg, 1.8 μmol) in DMF.
The reaction tube was kept at ambient temperature and monitored by C18 HPLC. After 30 min,
PEG was precipitated by dropwise addition of the reaction solution to 40 mL of ice-cold MTBE in
a tared 50 mL Falcon tube. The mixture was kept on ice for 15 min then centrifuged (3500x g, 1
min) and decanted. The wet solid was washed with MTBE (2x 40 mL), centrifuged (3500x g, 1
min) and decanted. Residual volatiles were removed under high vacuum for 15 min to provide the
desired product (4) (68 mg, 1.6 μmol, 89% yield) as a white powder. To prevent decomposition,
the solid was immediately diluted with 0.68 mL of amine-free DMF. C18 HPLC, purity was
determined by ELSD: 87.0% (RV = 9.59 mL) and a 13.0% impurity (RV = 9.43 mL).
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PEG40kDa-(5HCO)3(DFB) (S5). P-isothiocyanatobenzyl-desferrioxamine B (1.8 mg, 2.4 μmol;
Macrocyclics) was added to a 50 mg/mL solution of PEG40kDa-(5HCO)3(NH2) (4) (1.36 mL, 1.6
μmol) in DMF. The reaction mixture was placed in a 37 oC water bath and monitored by C18
HPLC. After 4 hr, PEG was precipitated by dropwise addition of the reaction solution to 40 mL of
ice-cold MTBE in a tared 50 mL Falcon tube. The mixture was kept on ice for 15 min then
centrifuged (3500x g, 2 min) and decanted. The wet solid was washed with MTBE (2x 40 mL),
centrifuged (3500x g, 2 min) and decanted. Residual volatiles were removed under high vacuum
for 15 min to provide the desired product (S5) (67 mg, 1.5 μmol, 94% yield) as a white solid. To
prevent decomposition, the solid was immediately diluted to 2.68 mL total volume with MeCN
(2.61 mL MeCN, 25 mg/mL). Insoluble DFB-NCS was pelleted (3500x g, 2 min), and the productcontaining MeCN supernatant was removed. C18 HPLC, purity was determined by ELSD: 80.3%
(RV = 9.59 mL) and a 19.7% shoulder (RV = 9.43 mL).
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PEG40kDa(SN-38)3(DFB) (S6). Stable azido-SN38 (4.0 mg 5.2 μmol, 4 mM final concentration) (7)
was added to a 25 mg/mL solution of PEG40kDa-(5HCO)3(DFB) (S5) (1.3 mL, 0.75 μmol PEG, 2.3
μmol cyclooctyne, 1.8 mM cyclooctyne final concentration) in MeCN. The reaction was placed in
a 37 oC water bath and monitored by C18 HPLC. After 44 hr, the reaction solution was dialyzed
against MeOH (SpectraPor 2 membrane, 12-14 kDa cutoff). The dialysate was concentrated to
dryness, and residual volatiles were removed under high vacuum to provide the desired product
(S6) (24 mg, 0.52 μmol, 69% yield by mass) as white film that contained 1.4 μmol of SN38 as
determined by A383 and 0.50 μmol of DFB as determined by A490 of Fe3+-DFB. The SN38:DFB
ratio was found to be 2.8:1 using extinction coefficients reported in Materials and Methods. C18
HPLC, purity was determined by ELSD: 83.0% (RV = 9.67 mL) and a 14.6% shoulder (RV = 9.52
mL).
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III. In vivo experiments
A. Pharmacokinetic parameters, ex-vivo biodistribution, and μPET/CT correlation
Table S1 shows pharmacokinetics of all PEG-89Zr NCs in tumors and normal tissues of tumorbearing mice. Data were obtained by simulations of sequential µPET/CT as described in text.
Table S1. Pharmacokinetic parameters of PEG-89Zr conjugates in tumor and normal tissues of
MX-1 and HT-29 xenografts. A
k(on)
h-1

k(off)
h-1

Tmax
h

%ID(max)
%

AUC
%ID•h/mL

0.357 ± 0.156 0.0151 ± 0.0005 0.0040 ± 0.0001 72.5 ± 3.6 13.3 ± 0.5
0.191 ± 0.096 0.0094 ± 0.0027 0.0014 ± 0.0006 198.8 ± 79.3 9.9 ± 2.1
0.449 ± 0.103 0.0146 ± 0.0032 0.0027 ± 0.0010 92.3 ± 40.0 14.1 ± 2.2

2368 ± 622
2139 ± 473
2910 ± 410

Tissue

Compound

MX-1

tumor

1
2
3

heart

1
2
3

0.15
0.15
0.15

0.0077 ± 0.0014 0.0097 ± 0.0012 56.4 ± 3.0
0.0095 ± 0.0021 0.0103 ± 0.0003 54.6 ± 0.8
0.0116 ± 0.0015 0.0162 ± 0.0002 44.2 ± 0.2

0.76 ± 0.14 864 ± 158
0.93 ± 0.21 1025 ± 240
0.96 ± 0.13 883 ± 120

kidney

1
2
3

0.5
0.5
0.5

0.0032 ± 0.0011 0.0061 ± 0.0030 74.1 ± 17.9
0.0033 ± 0.0009 0.0086 ± 0.0007 59.5 ± 2.1
0.0043 ± 0.0004 0.0087 ± 0.0011 60.0 ± 3.6

1.2 ± 0.31
1.3 ± 0.3
1.5 ± 0.12

464 ± 103
459 ± 128
524 ± 41

liver

1
2
3

1.65
1.65
1.65

0.0079 ± 0.0015 0.0071 ± 0.0034 68.8 ± 15.4
0.0080 ± 0.0023 0.0071 ± 0.0018 68.4 ± 7.7
0.0081 ± 0.0014 0.0066 ± 0.0012 67.6 ± 5.8

9.7 ± 1.3
10.3 ± 2.1
10.0 ± 1.5

1104 ± 211
1151 ± 176
1150 ± 157

brain

1
2
3

0.4
0.4
0.4

0.001 ± 0.0001 0.0010 ± 0.0008
0.0010 ± 0.0002 0.0007 ± 0.0009
0.0012 ± 0.0004 0.0022 ± 0.0012

0.4 ± 0.1
0.5 ± 0.1
0.4 ± 0.1

228 ± 35
258 ± 58
242 ± 61

tumor

1
2
3

heart

1
2
3

0.15
0.15
0.15

0.0081 ± 0.0007 0.0098 ± 0.0005 56.0 ± 1.2
0.0087 ± 0.0009 0.0104 ± 0.0002 54.4 ± 0.4
0.0118 ± 0.0021 0.0112 ± 0.0019 52.8 ± 4.4

0.8 ± 0.1
0.8 ± 0.1
1.1 ± 0.1

907 ± 77
931 ± 103
1187 ± 89

kidney

1
2
3

0.5
0.5
0.5

0.005 ± 0.0006 0.0061 ± 0.0029 73.8 ± 12.2
0.0041 ± 0.0009 0.0061 ± 0.0029.8 58.6 ± 5.4
0.0040 ± 0.0004 0.0056 ± 0.0023 69.1 ± 6.4

1.3 ± 0.1
1.4 ± 0.3
1.6 ± 0.1

512 ± 74
492 ± 146
625 ± 51

liver

1
2
3

1.65
1.65
1.65

0.0072 ± 0.0010 0.0051 ± 0.0001 75.5 ± 0.9
0.0073 ± 0.0011 0.0051 ± 0.0016 77.1 ± 9.9
0.0101 ± 0.0001 0.0068 ± 0.0003 66.1 ± 1.3

9.5 ± 1.3
9.6 ± 1.2
12.3 ± 0.1

1159 ± 162
1031 ± 133
1412 ± 32

brain

1
2
3

0.4
0.4
0.4

0.0010 ± 0.0001 0.0014 ± 0.0011
0.0011 ± 0.0001 0.0011 ± 0.0005
0.0013 ± 0.0002 0.0047 ± 0.0021

0.4 ± 0.1
0.5 ± 0.1
0.4 ± 0.1

236 ± 37
253 ± 16
222 ± 52

HT-29

A

volume
mL

Tumor

nd
nd
nd

1.039 ± 0.390 0.0100 ± 0.0017 0.0021 ± 0.0004 104.2 ± 13.2 10.0 ± 1.8
0.978 ± 0.397 0.0093 ± 0.0011 0.0017 ± 0.0002 125.2 ± 15.5 9.5 ± 1.3
1.140 ± 0.312 0.0090 ± 0.0009 0.0014 ± 0.0003 158.5 ± 31.2 9.5 ± 1.3

nd
nd
nd

2127 ± 329
2060 ± 279
2060 ± 266

The levels of the three PEG40kDa- 89Zr conjugates in different tissues of mice bearing MX-1 and
HT-29 tumors were determined by µPET/CT at various times. Data were fit according to a
previously reported model, and were optimized to minimize the sum of the squares of the error(8).
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PEG-DFB-89Zr
(1)
72h

216h

PEG-(DFB)4-89Zr
(2)
72h

216h

PEG-(SN38)3-DFB-89Zr
(3)
72h

216h

MX-1

HT-29

Figure S1. PET/CT images for compounds 1, 2, 3 at 72 and 216 hr in MX-1 and HT-29 tumors.
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Figure S2. Representative µPET/CT coronal and transaxial slices of PEG-(SN-38)3-DFB-89Zr in
MX-1 tumors

B
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89Zr-PEG-DFO-(SN38)3 (MX-1)

89Zr-PEG-DFO-(SN38)3 (HT-29)

89Zr-PEG-DFO-(SN38)3 (MX-1)

89Zr-PEG-DFO-(SN38)3 (HT-29)
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Figure S3. A) Comparison of blood, tissue and tumor concentration (% injected dose/g (%ID/g))
of 1, 2 and 3 in MX-1 and HT-29 bearing mice at 216h post injection. B) Comparison of whole
tissue and tumor uptake (%ID/organ) of 1, 2 and 3 in MX-1 and HT-29 bearing mice at 216h post
injection.]
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Figure S4. μPET/CT and ex-vivo biodistribution levels nine days after injection of radiotracers.

20

µPET/CT
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BioD
Figure S5 Correlation of μPET/CT and Biodistribution measurements. slope=0.77 ± 0.038, y-int
=0.48; Pearson r = 0.961.
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Figure S6. Time activity curves for all compounds in both tumor models.
B. Statistical Analysis
Statistical analyses were performed using GraphPad Prism 8.0. Comparison of radiotracer uptake
in different tissues and tumor models were performed using Kruskal-Walls one-way analysis of
variance (ANOVA). Two-side Student’s t test were used to compare the results for the same
compound in different tumor models. Finally, the comparison between the results obtained from
the image study and the ex-vivo biodistribution study were performed using multiple two-side
Student’s t test. In all cases P values less than 0.05 were consider statistically significant.
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