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The pharmacokinetics of Zr-89 labeled liposomes over extended
periods in a murine tumor model
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Claude F. MearesP, and Katherine W. Ferrara™2

a Department of Biomedical Engineering, University of California, Davis, CA 95616, USA

b Department of Chemistry, University of California, Davis, CA 95616, USA

Abstract

897r (t1/» = 78.4 h), a positron-emitting metal, has been exploited for PET studies of antibodies
because of its relatively long decay time and facile labeling procedures. Here, we used 89Zr to
evaluate the pharmacokinetics of long-circulating liposomes over 168 hours (1 week). We first
developed a liposomal-labeling method using p-isothiocyanatobenzyldesferrioxamine (df-Bz-
NCS) and df-PEG1k-DSPE. Df-Bz-NCS was conjugated to 1 mol% amino- and amino-PEG2k-
DSPE, where the 1 mol% df-PEG1k-DSPE was incorporated when the liposomes were
formulated. Incubation of 89Zr with df, df-PEG1k, and df-PEG2k liposomes for one hour resulted
in greater than 68% decay-corrected yield. The loss of the 89Zr label from liposomes after
incubation in 50% human serum for 48 hours ranged from ~1 to 3% across the three formulations.
Tail vein administration of the three liposomal formulations in NDL tumor-bearing mice showed
that the 89Zr label at the end of the PEG2k brush was retained in the tumor, liver, spleen and
whole body for a longer time interval than 89Zr labels located under the PEG2k brush. The blood
clearance rate of all three liposomal formulations was similar. Overall, the results indicate that the
location of the 89Zr label altered the clearance rate of intracellularly-trapped radioactivity and that
df-PEG1k-DSPE provides a stable chelation site for liposomal or lipid-based particle studies over
extended periods of time.
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Introduction

Liposomes, 100 nm size drug-delivery vehicles, have been used for more than four decades
because of their biological compatibility and their stable blood circulation. Accumulation in
leaky vasculature due to the enhanced permeability and retention (EPR) effect has been
widely documented -5, Radiometric quantitation has provided accurate pharmacokinetic
profiling of liposomes in vivo ©. Image-based quantitation of liposomes generated by single
photon emission computed tomography (SPECT) or positron emission tomography (PET)
also enables non-invasive data analysis over time 79. Although radioisotopes for SPECT
such as 87Ga 10. 11 111]n 12 gng 99mT¢ 7. 13, 14 \yere exploited for early liposomal studies,
due to the lower sensitivity of SPECT, PET using 18F 8.9, 68Ga 15 and 64Cu, 16-21 has now
become a more attractive tool for liposomal pharmacokinetic studies.

For liposomal labeling, the radioactivity is sequestered in the hydrophilic interior cavity, in
the lipid bilayer or on the surface of the liposome. Entrapment of radio metals with a
chelator in the hydrophilic interior cavity 1. 14 or insertion of the radiolabeled lipid in the
bilayer 8 9 can require an elevated temperature, which may change liposomal properties.
Surface radiolabeling of liposomes can be easily achieved at ambient temperature but the
stability of the incorporated radioisotope must be evaluated. Since the half-life of 84Cu (12.7
h) is suitable for evaluating liposomal kinetics for 48 hours and the blood half-life of
liposomes is typically less than 48 hours, our laboratory has developed liposomal-labeling
methods to chelate 84Cu on the surface of stealth liposomes 8. In previous studies, the
stability of the 84Cu-chelator and the 4Cu-labeled lipid in liposomes was successfully
evaluated over 48 hours in vitro and in vivo and several applications were reported 16-18,

Over the past decade, 89Zr has emerged as a promising radioisotope for the labeling of
molecules such as monoclonal antibodies (mAbs) or albumin, which have circulating half-
lives from several days to a week 22-25, 897y has a lower fraction of gamma radiation

than 1241 and 86Y and therefore is preferable for PET imaging 25: 27, In addition, 1241 (ty, =
100 h), with a half-life comparable to 89Zr, has been used to label mAb; however, the rapid
clearance of 124] from target cells due to enzymatic degradation of the labeled 24| limits the
target signal-to-noise ratio 28. In contrast, metabolized 89Zr remains within the tumor, liver,
kidney and spleen and results in higher uptake in those tissues 28, Deferoxamine
(desferrioxamine (Df) B or desferal) has been used as a 89Zr chelator with high binding
affinity 29. A series of deferoxamine bifunctional reagents such as N-(S-acetyl)thioacetyl-
deferoxamine (SATA-df) 30, tetrafluorophenyl-N-succinyldesferal (TFA-N-SucDf) 31, and
p-isothiocyanatobenzyl-desferoxaimine (df-Bz-NCS) 22 23 has been developed for mAb
conjugation (Figure 1). The stability of these reagents conjugated to mAbs has been
evaluated previously and shown to be reliable for pharmacokinetic studies 22 24, 30, 31,

Ideally, chemotherapeutic-laden liposomes should be internalized by tumor cells and result
in tumor cell death, with the resulting cell debris cleared by macrophages through lymphatic
channels. Alternatively, liposomes lacking cytotoxic activity can be trapped in tumor cell
lysosomes 26:28. 31 |n this context, we set out to track the fate of liposomes over extended
periods of time using a radiolabeling strategy that should be superior to 1241, We prepared
three formulations of 89Zr-labeled liposomes, with labels located on the surface, between the
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surface and PEG2k tip and at the end of PEG2k brush. The stability of 89Zr-labeled
liposomes and the pharmacokinetic profile of these liposomes in vivo were evaluated in
NDL (neu deletion) tumor-bearing mice 32 33, 89Zr-images and biodistribution were
acquired at 48 hours (2 days) and 168 hours (7 days) after systemic injection.

Materials and Methods

Lipids, DSPE-PEG2k-amine (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000]), DSPE-amine (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine), HSPC (L-a-phosphatidylcholine, hydrogenated (Soy)), cholesterol,
DSPE-PEG2k-OMe (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000]), and DSPE-maleimide (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-maleimide) were purchased from Avanti Polar Lipids (Alabaster,
AL). Deferoxamine mesylate salt was purchased from Aldrich (St. Louis, MO). SPDP-
dPEG®16.NHS ester (SPDP-PEG1k-NHS) was purchased from Quanta BioDesign (Powell,
OH). p-Isothiocyanatobenzyl-desferrioxamine was purchased from Macrocyclics (Dallas,
TX). Solvents for the purification and isolation of product were purchased from EMD
(Philadelphia, PA). Gels (Sephacryl-300 HR and Sephadex-G75 superfine) for the size-
exclusion columns were purchased from GE Healthcare (Piscataway, NJ). Mouse serum was
purchased from Innovative research (Novi, MI). 89Zr was obtained from IBA (IBA Pharma,
Belgium). All animal studies were conducted under a protocol approved by the University of
California, Davis, Animal Care and Use Committee. MALDI mass spectrometry was
performed using an ABI-4700 TOFTOF (Applied Biosystems, CA) with sinapinic acid
matrix. Liposomal size distribution was measured by a Nicomp 380ZLS Particle Sizer
(Particle Sizing Systems, CA).

Synthesis of df-PEG1k-SPDP (1)

As shown in Scheme 1, df-PEG1k-DSPE was synthesized in two steps from commercially-
available deferoxamine (also known as desferrioxamine or desferal) and DSPE-amine (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine). Deferoxamine (df) mesylate (20 mg, 30
pumol) was dissolved in anhydrous DMSO in a 4 mL conical vial. SPDP-PEG1k-NHS (33
mg, 30 umol) in anhydrous DMSO (1 mL) was added to the deferoxamine solution at room
temperature; diisopropylethylamine (3.9 mg, 30 umol) was then added. The solution was
stirred for 4 hours at room temperature and the reaction was monitored by HPLC. The
reaction mixture was poured into deionized water. Df-PEG1k-SPDP (36 mg, 65%) was
isolated by HPLC (C12 column of 250 x 10 mm in size). Solvent A was 0.05% TFA in
deionized water and solvent B was 0.05% TFA in acetonitrile. The flow rate was 3.0 mL/
min; the gradient from 10-60% B occurred in 30 min, and the retention time was 22.7 min.
MALDI analysis (reflector positive mode) showed a molecular mass peak at 1555.8 (M +
Na*, calculated 1555.8, see supporting information Fig. (SI-1) for mass spectrum).

Synthesis of df-PEG1k-DSPE (2)

DSPE-maleimide (16 umol, 15 mg) in chloroform was placed in a thoroughly washed and
dried test tube and the solvent was evaporated with nitrogen under a warm bath (50 °C). The
resultant thin-lipid film was lyophilized for 4 hours in a test tube. Dried DSPE-maleimide
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was suspended in degassed double-distilled water (0.5 mL) and sonicated repeatedly at 50
°C until the solution became transparent. The solution was then cooled to room temperature.
Df-PEG1k-SPDP (30 pmol, 46 mg) was dissolved in double-distilled water and the pH was
adjusted to 7.0 — 7.3 with 1 M NaOH. Tris(2-carboxyethyl)phosphine (0.1 M TCEP, pH 7, 1
mL) was added to the df-PEG1k-SPDP solution and incubated at room temperature for 10
min. Both solutions, df-PEG1k-SPDP and DSPE-maleimide, were combined and the pH was
readjusted to 7.0 — 7.3. After 4 hours of incubation at room temperature, the reaction mixture
was acidified to pH 2-3. Df-PEG1k-DSPE was isolated by HPLC (C4 column of 250 x 10
mm in size with solvents as above). The flow rate was 3.0 mL/min; the gradient from
50-90% B occurred in 40 min, and the retention time was 35 min. MALDI analysis
(reflector positive mode) showed a molecular mass peak at 2346.6 (M + Na*, calculated
2345.4, see Fig. SI-1 for mass spectrum).

Preparation of df-PEG1k liposomes

The liposomal-labeling method using df-PEG1k-DSPE is described in Figure SI-7 (middle
column). For the df-PEG1k liposomes, the dried thin-lipid films with df-PEG1k-DSPE (total
10 mg lipids, see Table 1 for the formulation of liposomes) were suspended in 0.9% saline
(0.5 mL, pH 7) and the solution was incubated for 5 — 10 min at 60 °C. The lipid mixture
was extruded 21 times through a 100 nm membrane filter (Whatman® filter, NJ) unit on a
heating block (60 — 62 °C). The df-PEG1k liposomal solution (20 mg/mL) was then stored
at 4 °C for 89Zr labeling.

Preparation of NH»- and NH,-PEG2k liposomes

NH»-liposomes—The liposomal-labeling method using df-Bz-NCS is described in the left
and right columns of Figure SI-7. In brief, lipids (total 10 mg) with DSPE-NH> (0.140 pmol)
in chloroform (see Table 1 for the formulation of liposomes) were added to glass test tubes,
which were thoroughly washed with chloroform. The solvent was evaporated with vortexing
under gentle nitrogen flow after one minute of incubation in a warm water bath. The lipids
were further dried in a lyophilizer for at least 4 hours. For the conjugation of df-Bz-NCS to
NH,-liposomes, the dried thin-lipid films were suspended in a saline (0.4 mL, pH 7.0)
solution and incubated for 5 — 10 min at 60 °C. The lipid mixture was extruded 21 times
through a 100 nm membrane filter (Whatman, NJ) unit on a heating block (60 — 62 °C).
After cooling the lipid solution, excess df-Bz-NCS (0.6 mg, 0.77 pmol) dissolved in DMSO
(15 pL) was added to the NH,-liposomes (DSPE-NH, = 0.35 mM and df-Bz-NCS = 1.9
mM). The pH of the solution was adjusted to 8.5 by adding 0.15 M NaHCO3 (pH 9.3) and
both solutions were then incubated in a shaker (600 rpm) at 37 °C for 40 min. Df-NCS-
conjugated liposomes were isolated by a size-exclusion column activated with 0.9% saline
(300 mOsm). The size-exclusion column was packed as 1 cm in inner diameter and 7 cm in
height. The liposomal fraction was collected in 2 mL and concentrated to a 20 mg/mL
solution by an Amicon Ultra centrifugal filter (MWCO 100k, EMD Millipore, Billerica,
MA\) under 3000 RCF. Df liposomes in saline were stored at 4 °C for 89Zr labeling. Df-Bz-
NCS conjugation efficacy was measured by a fluorescamine assay>4. The size of the
liposomes was measured before and after df-Bz-NCS conjugation and after size-exclusion
chromatography (Table 1). The lipid concentration was determined with a Phospholipids C
assay (SI-2) to be 64% of the initial mass of lipid on average.
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NH>-PEG2k liposomes—The preparation followed the procedure above with DSPE-
PEG2k-amine substituted for DSPE-NH.

General procedure for preparation of 89Zr-labeled liposomes

897r(1V) oxalate (63.9 MBq, 50 L) in 1 M oxalic acid was mixed with a 2 M Na,COj3 (23
uL) solution and incubated at room temperature for 5 min. 0.5 M HEPES buffer (0.25 ml,
pH 7.0) was added and was further diluted with double distilled water (0.2 mL). Df-
conjugated liposomes in 0.9% saline (2 mg, 0.11 mL) were added to the 89Zr solution and
the final volume of the solution was 0.633 ml. The mixture was incubated at room
temperature for 1 hour. To remove free 89Zr, 0.1 M EDTA (20 pL) was added to the
liposomal mixture and 89Zr-labeled liposomes were immediately isolated with a size-
exclusion column (Sephadex G-75, GE Healthcare) preequilibrated with 0.9% saline (pH 7).
Under the same reaction conditions, NH, and NH,-PEG2k liposomes were also evaluated to
provide a basis for comparison of the resulting liposomal labeling. Isolated liposomal
fractions were combined and concentrated by Amicon Ultra filter (MWCO, 100k) with
centrifugation (30 min, 4000 rpm) to less than 300 pL. Freshly prepared 89Zr-labeled
liposomes were immediately used in in vitro and in vivo studies.

In vitro stability in human serum

89Zr-labeled liposomes (0.67 + 0.064 MBq (n = 3), 1 mg, 50 pL) in saline were added to
human serum (0.5 mL) and diluted with saline (pH 7, 0.45 mL) to produce 50% serum. The
stability of 89Zr-labled liposomes was evaluated in 50% serum as in previously-reported
liposomal studies 13 1416, Dijlution of serum for such studies is typically performed to
approximate the components of various proteins in blood. The 89Zr-liposome serum mixture
was incubated at 37 °C for 48 hours at a pH of 7. The serum mixture (100 pL) was drawn at
48 hours and isolated via a size-exclusion column (Sephacryl-300 HR, height: 300 mm, ID:
10 mm) with PBS (pH 7) as a mobile phase. Radioactivity and absorbance (280 nm) were
measured by a radio- (Bioscan INC, NW) and UV- detector connected to the HPLC
(Thermoscientific, Dionex UltimMate 3000). Liposomal stability was also evaluated with
instant thin layer chromatography (ITLC, Biodex, NY). Liposomal serum mixtures (1 pL)
were spotted on the ITLC and eluted with 0.1 M ammonium citrate (pH 5.5). Radioactivity
was detected by a radioTLC scanner (Bioscan, NW).

NDL tumor transplantation

Each 5 to 6-week-old FVB mouse was anesthetized by an IP injection of a Ketamine/
Xylazine mixture (50 — 100 mg/kg Ketamine: 5 mg/kg Xylazine). Once anesthetized, the
animal was placed under a warming lamp, shaved with clippers and the surgical site was
disinfected. Tumors from NDL mice (an ErbB-2/neu-overexpressing mouse mammary
tumor) were processed into one cubic-millimeter-sized pieces for transplantation 32 33,35,
Once the recipient animal was prepared for surgery and deeply anesthetized, a 0.5 cm
incision was made adjacent to the #4 mammary nipples on the right and left sides and a one
cubic-millimeter piece of donor tumor was transplanted into the 4th inguinal mammary fat
pads of the recipient mouse. The surgical site was closed with one wound clip per side, and a
one-time injection of Buprenex or equivalent was given at 0.05 — 0.1 mg/kg before the

Nucl Med Biol. Author manuscript; available in PMC 2016 February 01.
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animal was ambulatory. The wounds were monitored for seven days at which point the
wound clips were removed. Approximately 3 weeks post surgery, mice with palpated
bilateral tumors of < 1 cc were included in this study.

PET Scans, Time-Activity Curves (TAC) and biodistribution

Mice were anesthetized with 3.0% isoflurane in oxygen and maintained under 1.5 — 2.0%
isoflurane. 89Zr-labeled liposomes for PET and 168-hour biodistribution (0.53 + 0.05 mg/
animal, 12.1 + 1.0 MBg/animal, n = 14) were administered via tail vein injection, and PET
images were acquired at 0, 24, 48, 72, 120 and 168 hours followed by biodistribution
analysis at 168 hours. For the 48-hour biodistribution analysis, a similar amount of 89zr-
labeled liposomes (0.25 + 0.01 mg/animal, 1.8 + 0.2 MBg/animal, n = 9) in PBS (pH 7.0,
150 pL/animal) was injected. PET imaging of 89Zr-labeled liposomes was conducted with
the microPET-Focus 120 (Concorde Microsystems, Inc., TN) for 30 min at 0, 24, 48, 72,
120 and 168 hours post injection. Maximum a posteriori (MAP) reconstruction was
performed with ASIPro software (CTI Molecular Imaging). TACs of blood, liver and spleen
were obtained by region-of interest (ROI) analysis using ASIPro software and represented as
the percentage of injected dose per cubic centimeter (%1D/cc). Whole body activity was
measured with a gamma-counter (Capintec, Inc. NJ) and normalized by the initial value. The
mice were euthanized with an IV injection of Euthasol (Western Medical Supply, CA), and
the blood was perfused from the body with Dulbecco's Modified Eagle Medium (DMEM,
Invitrogen, CA). Organs and bodily fluids, including blood, urine, heart, lungs, liver, spleen,
kidneys, muscle, bone, colon, small intestines and tumors, were harvested. Organ weights
were measured with a microbalance after washing with PBS and removing residual water.
Radioactivity was measured using a 1470 automatic gamma counter (PerkinElmer, CT).
Radioactive accumulation was presented as the %ID per gram of tissue (%ID/g). All TAC
and biodistribution data were decay-corrected.

Pharmacokinetic model

A previously-developed pharmacokinetic model for radio-labeled liposomes was used to
calculate liposomal pharmacokinetic parameters 17: 36, Clearance curves of the three
liposomal formulations were generated based on a modified version of a previously-
developed model 1736, Considering the negligible effects of the tissue compartment on the
permeability prediction for the long-circulating liposomes, the tissue compartment has been
eliminated in the calculation applied here. The liposomal half-life in the blood pool was
estimated using a one-phase exponential decay model Cg = Coe ™t by Prism (GraphPad
Software, CA). The average weight was 21.73 g for mice injected with 89Zr-df liposomes,
22.06 g for 89Zr-df-PEG1k liposomes, and 21.94 g for 89Zr-df-PEG2k liposomes. The blood
volume density was set to be 0.9 g/mL. The volume of distribution (VD) of liposomes was
assumed to be equal to the total blood volume. Based on the measured radioactivity data in
blood and mouse whole body, the elimination rate was calculated by:

L 100 —wCy (T)
TV, JTo,at
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where w is the mouse average weight (g), Vg is the volume of distribution of liposomes in
the blood (mL), Cg is the average radioactivity per unit volume in blood (ID%/cc), Cy, is the
average whole-body radioactivity per unit gram (ID%/g) and T is the measured time period
(hr). The clearance of the radioactivity (CL) was obtained by ke Vg (mL/hr).

Statistical analysis

Results

Each time-activity curve (TAC) was fit by a single-phase decay curve. Curve fits were
compared with an extra sum-of-squares F test. Comparison of the liposomal formulations
was performed with two-way ANOVA followed by Tukey's test for multiple comparisons
(SI-6).

Synthesis of Df-PEG1k-DSPE

In order to label 83Zr within a 5 mol% PEG2k-OMe brush (Figure SI-7), df-PEG1k-DSPE
was synthesized from deferoxamine in two steps (Scheme 1). One equivalent of SPDP-
PEG1k-NHS afforded a 65% yield of the df-PEG1k-SPDP (1). The resulting df-PEG1k-
SPDP was further conjugated to DSPE-maleimide. Due to the low solubility of lipophilic
DSPE-maleimide, DSPE-maleimide micelles were self-assembled before conjugation with
df-PEG1k-SPDP. After the activation of two equivalents of df-PEG1k-SPDP with a 5-fold
molar excess of TCEP, which affords a free thiol, the reaction of activated df-PEG1k-SPDP
with DSPE-maleimide micelles was completed within 4 hours at room temperature. HPLC
purification gave more than 95% purity of df-PEG1k-DSPE.

897r labeling on liposomes

Df liposomes and df-PEG2k liposomes were prepared by thiourea formation from NH, and
NH,.PEG2k liposomes as shown in Figure SI-7, and their lipid components are shown in
Table 1. First, df-Bz-NCS (5.5 equiv per liposomal amine) was coupled to the amine group
on liposomes at pH 8.5. Size-exclusion column chromatography (Sepadex-G75, GE
Healthcare) in 0.9% saline solution removed excess unreacted df-Bz-NCS and other small
molecules. A fluorescamine assay34 showed the presence of 15.3 + 2.7% (n = 6) of
unreacted amine, which may result from NH,-DSPE or NH,-PEG2k-DSPE on the inner
leaflet. In the case of df-PEG1k liposomes, liposomes were formulated with 1 mol% df-
PEG1k-DSPE in 0.9% saline solution, and the crude liposomal solution was used directly
for 89Zr labeling (Figure SI-7).

897r in 1 M oxalic acid solution was diluted and buffered to create an isotonic solution (pH
7) as described in the Methods section. With this 89Zr oxalate cocktail solution, the labeling
of 89zr with df, df-PEG1k, and df-PEG2k liposomes was performed in 0.9% saline (pH 7).
Liposomes, isolated with a size-exclusion column (0.9% NaCl, pH 7), retained a pH of 7
after separation. The overall decay-corrected labeling yield was greater than 68% (df
liposomes: 68 + 24% (n = 9), df-PEG1k liposomes: 77 £ 6.7% (n = 6), df-PEG2Kk liposomes:
75 + 17% (n = 9)) and the radiochemical purity of 89Zr-labeled liposomes on reverse-phase
TLC was greater than 95%. Under the same reaction conditions, radioactivity was not
detected in the liposomal fraction for NH, and NH»-PEG2k liposomes incubated with

Nucl Med Biol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Seo et al. Page 8

the 89Zr oxalate cocktail solution. The specific activity of the liposomes calculated by a
phospholipid assay was greater than 36.5 + 3.0 MBg/mg (37.2 + 3.0 MBg/umol lipid)

In vitro stability of 89Zr-labeled liposomes

We evaluated the serum stability of 89Zr-labeled liposome for an interval of up to 48 hours,
as more than 90% of the radioactivity associated with liposomes is cleared from the blood
pool within this period in vivo. 89Zr-labeled df, df-PEG1k and df-PEG2k liposomes were
incubated at 37 °C in a 50% human serum solution prepared with 0.9% saline at pH 7. At 24
and 48 hours after incubation, the serum solution with 89Zr-labeled liposomes was loaded
into a size-exclusion column (Sephacryl-300HR) to determine the radioactivity associated
with the liposomes or serum proteins (Figure 2). The pH of the solution was maintained at 7
for 48 hours in all cases. The retention time of liposomes detected at 280 nm was 9 minutes
(Figure 2a, dotted line), whereas that of the serum proteins was 14 minutes (Figure 2a, solid
line). Radiochromatograms from serum solutions incubated with 89Zr-df (Figure 2b), 89Zr-
df-PEG1Kk (Figure 2c), and 89Zr-df-PEG2k liposomes (Figure 2d) showed that the
integration of liposomal peaks (7 — 11 min) was greater than 96% and that of serum proteins
(12 — 16 min) was less than 4%. ITLC was also performed to evaluate the dissociated 89Zr
from liposomes. The retention factor (Rf) of 89Zr incubated with serum (SI-3, b) and

free 89Zr (SI-3, a) was > 0.9 whereas that of 89Zr associated with liposomes (SI-3, c-f) was <
0.1. For the three formulations of liposomes, 97 — 99% of the radioactive label detected at 0
hours remained present at the 48-hour time point (Table 2). Size-exclusion chromatography
and ITLC both validated the stability of 89Zr labels on liposomes.

Image-based pharmacokinetic study of liposomes

Analysis of manually-drawn 3-dimensional ROIs from images of the tumors, liver and
spleen obtained at 0.5, 24, 48, 72, 128, and 168 hours demonstrates the differences in
accumulation and clearance of these liposomal formulations (Figure 3 and Figure 4). Blood
activity was measured by drawing an ROI on the left ventricle of the heart. Figure 4a shows
the clearance of 89Zr-labeled liposomes from blood. The half-life of 89Zr-df, 89Zr-df-
PEG1k, 89Zr-df-PEG2k liposomes, calculated from a one-phase exponential decay model,
was 13.3, 15.9, and 12.8 hours, respectively. After 48 hours, the blood radioactivity was less
than 5% ID/cc.

Over 168 hours, the accumulation of 89Zr-df-PEG2k liposomes in NDL tumors was
significantly greater than 89Zr-df liposomes (n=7~10, p <0.0001), although the major
difference in accumulation resulted from the increased concentration at the later time points.
The peak accumulation of 89Zr-df-PEG2k liposomes (occurring at 48 hours) was 7.7 + 1.9
%ID/cc (n=5) and that of 89Zr-df and 89Zr-df-PEG1k liposomes (occurring at 24 hours) was
6.3+ 1.2 %ID/cc (n=4) and 7.8 = 1.0 %ID/cc (n=5), respectively. Accumulated radioactivity
from 89Zr-df-PEG2k liposomes also remained in tumors for a longer period of time as
compared with 89Zr-df and 89Zr-PEG1k liposomes (Figure 4b).

We also investigated radioactive accumulation in the liver and spleen over 168 hours. At 24
hours after injection, the accumulation of 89Zr-df-PEG2k liposomes in the spleen (12.8 + 1.2
%ID/cc) and liver (15 + 2.6 %ID/cc) was not significantly higher than 89Zr-df (spleen: 10.5
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+ 1.5 %ID/cc, liver: 14.2 + 0.6 %ID/cc) and 89Zr-df-PEG1Kk liposomes (spleen: 9.1 + 0.7
%ID/cc, liver: 13.3 + 1.3 %ID/cc) (Figure 4c,d, SI-6). At 48 hours after injection,
radioactivity in the liver (p<0.0001) and spleen (p<0.001) resulting from the injection

of 89Zr-df-PEG2k liposomes was significantly higher than that resulting from other
liposomes. Whole-body PET images showed that the clearance of radioactivity from
liposomes was primarily through the liver and spleen (Figure 3).

Pharmacokinetic parameters were calculated based on previously developed methods (Table
3) 17. The whole body clearance (CL) of 89Zr-df-PEG2k liposomes (0.053 mL/h) was slower
than 89Zr-df- (0.085 mL/h, p<0.0001) and 89Zr-df-PEG1k liposomes (0.077 mL/h,
p<0.0001). Alternatively, the blood half-life of the three liposomes was 13.3 h (89Zr-df
liposomes), 15.9 h (89Zr-df-PEG1k liposomes), and 12.8 h (89Zr-df-PEG2k liposomes),
which were not significantly different. The whole-body clearance was not correlated with
the clearance of the liposomes from the blood pool (Figure 4a, €).

Biodistribution

The average %ID/g of blood, urine, heart, lungs, liver, spleen, kidney, muscle, bone, colon,
small intestines and tumors is presented in Table 4. Between 48 hours and 168 hours after
injection, radioactivity in most organs decreased or remained constant. However, the
radioactive concentration in the spleen increased at the later time point (168 hours) as
compared with the earlier time point. This enhanced concentration of radioactivity appeared
to result from a decrease in the weight of the spleen over the course of the study (210 + 32
mg, n=6, at 48 hours, 81 + 15 mg, n=6, at 168 hours, t-test: p<0.0001).

At 48 hours after administration, the radioactivity in all lymph nodes was < 8% ID/g (Figure
5a); however, at 168 hours, the nodal radioactivity varied, with several lymph nodes (# 8,
11, 13 and 14) in mice injected with 89Zr-df-PEG2k liposomes demonstrating accumulation
that was greater than 15 %ID/g (Figure 5b). This enhanced uptake within these nodes was
further evaluated with immunohistochemistry to determine whether metastatic tumors could
be detected. However, Cytokeratin 8 and 18 (CK8/18) staining was similar for nodes with
high and low levels of accumulated radioactivity (Fig. SI-5).

Discussion

In previous studies, the labeling of antibodies with 89Zr has been efficiently accomplished
with high specific activity using deferoxamine.3"-39 Since monoclonal antibodies (mAbs)
can circulate for several weeks, the 78.4-hour half-life of 89Zr positron decay is useful in
such studies. Likewise, labeling of long-circulating liposomes or other nanoparticles

with 89Zr can facilitate pharmacokinetic studies that extend over 1-2 weeks.

Meijs et al. initially introduced 89Zr labeling with desferal linked on a resin 2°. In this work,
reacti-gel with imidazoyl carbamate groups was employed to couple desferal in order to
evaluate the stability of the 89Zr-df complex conjugates. For 89Zr conjugation to mAbs, S-
acetylthioacetate-desferal (SATA-df) has been previously used as a bifunctional

chelator 2% 30, Later, Verel et al. synthesized an activated tetrafluorophenyl-N-succinyldf
(TFP-N-sucDf) ester, which was reacted with amines on the mAb via amide formation 31, p-
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Isothicyanatobenzyl desferrioxamine (df-Bz-NCS), which forms a thiourea, was also
introduced for facile radiolabeling of mAbs 22 23, Most recently, Tinianow et al. developed
a specific conjugation of bifunctional chelators such as maleimidocyclohexyl-
desferrioxamine (df-Chx-Mal), bromoacetyldesferrioxamine (df-Bac) and iodoacetyl-
desferrioxamine (df-lac) to the thiol on mAbs (Figure 1) 24. However, 89Zr has rarely been
applied for nanoparticle studies until now40: 41,

In an analogous approach, here we conjugated df-Bz-NCS to an amine on the liposomal
surface. Commercially available DSPE-NH, and DSPE-PEG2k-NH were introduced into
the liposome bilayer (Table 1), and those amine groups (1 mol% relative to total lipids) were
conjugated with df-Bz-NCS (Figure SI-7, left and right column). Conjugation of df-Bz-NCS
to the free amine followed a conventional conjugation protocol that maintains the solution at
> pH 8.5 22, The 85% conjugation yield of df-Bz-NCS (12 nmol deferoxamine/mg lipid,
0.24 mM deferoxamine), measured by a fluorescamine assay, was sufficient to

incorporate 89Zr (> 18 MBg/nmol) with high specific activity. Meijs et al. and Perk et al.
measured the rate of 89Zr complexation with different buffers and pH values 22 2%, Those
reports demonstrated that maintaining the pH between 6.8 and 7.2 is the optimal condition
for complexation within one hour. In our liposomal labeling system, 89Zr complexation in
isotonic conditions was required to preserve liposomal stability. To satisfy all conditions, we
optimized the conditions to use a 1:0.46:5:4 (1 M oxalate 89Zr solution: 2 M Na,CO3: 0.5 M
HEPES : double-distilled water, v:v:v:v) ratio cocktail, which results in an isotonic
condition (osmolality: ~ 300 mOsm) and an optimal pH at 7. This cocktail resulted in a
decay-corrected yield greater than 70%.

The in vitro stability of the 89Zr label on deferoxamine-monoclonal antibodies (df-mAbs)
measured in serum 31 previously showed less than 4% dissociation of radioactivity over 48
hours22: 2428 Similarly, we evaluated the stability of three liposomal formulations: 89Zr-
df, 89Zr-df-PEG1k, and 89Zr-df-PEG2k liposomes, which have 89Zr-df labels at three
different locations (Figure SI-7) and different linkers such as thioether and thiourea.

The 89Zr-liposomal stability evaluated in 50% human serum with 0.9% saline at pH 7 over
48 hours showed a minimal loss of the 89Zr label (< 3%) from liposomes (Table 2, Figure 2,
Fig. SI-3). The location of the 89Zr label and different linkers did not alter the stability of the
label in human serum. The stability of 89Zr-labeled liposomes was therefore sufficient to
measure the pharmacokinetics of liposomes in an in vivo study.

The half-life of 89Zr-df-labeled liposomes in the blood pool was 13 - 16 hours (Table 3),
without a significant difference between the formulations. This result demonstrated that

all 89Zr-labeling methods tested here were sufficiently stable to enable 89Zr-labeling for
liposomal studies (Figure 4). However, we observed a significantly different accumulation at
later time points (72, 120, and 168 hours (Table SI-6-2)) between 89Zr-df-PEG2k liposomes
as compared with 89Zr-df and 83Zr-df-PEG1Kk liposomes in tissues such as the liver, spleen
and tumor (Figure 4). Interestingly, the splenic accumulation of 89Zr-df-PEG2k liposomes
obtained from ROI analysis (17.07 £ 2.67 %ID/cc at 168 hours) was different from that of
the biodistribution (65.7 + 24.4 %1D/g at 168 hours). The difference was found to be due to
the decreased weight (2.6 fold) of the spleen at the time of biodistribution analysis (although
the volume of the spleen from ROI analysis was similar over 168 hours). We hypothesize
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that the relatively large amount of residual 89Zr in the spleen may have altered the splenic
biology. We are not aware of previous reports regarding splenic toxicity of 89Zr; however, at
this time, there are few studies with 89Zr-labeled nanoparticles.

The retention time of radioactivity in tissues varied with the location of the 89Zr label. The
higher residual radioactivity in the spleen and liver with 89Zr-df-PEG2k liposomes (Figure
4c, d) may indicate that 89Zr labels at the end of the PEG brush are more easily dissociated
from liposomes than 89Zr labels under a 5 mol% PEG2k-brush. Intercellular protein
interaction and dissociation of radiometals tend to increase the residual radiometal in

cells 28, Although several 89Zr-df-mAbs with different short linkers have been tested for the
residualization of radiometals?4 31, the effect of a long PEG spacer between the 89Zr-df
label and carrier has not been reported.

The whole-body images (Figure 3) and biodistribution study (Table 4) demonstrated that the
radioactivity was primarily cleared through the liver and spleen. The higher uptake in the
colon, small intestine and urine at the later time points (48 and 168 hours (Table 4))
demonstrate that 89Zr liposomes were processed through the hepatobiliary system. Verel et
al. compared a chimeric monoclonal antibody, labeled with 89Zr, 88y 124] ‘and 131] and
demonstrated that the radioactivity of 89Zr and 88Y was trapped in tumors, liver and spleen
to a greater extent than 124] and 131] 28,

The NDL tumor model is a syngeneic, orthotopic tumor, which can be implanted in mice
with a fully-intact immune system. Additionally, it is a Her2+ tumor with similar biology to
a subset of human breast cancer. Because of our interest in looking at lymphatics as well as
the trafficking of macrophages, a syngeneic, orthotopic model was appropriate. As we have
previously observed for 84Cu-lipsosomal uptake in mouse mammary intraepithelial
neoplasia outgrowth (MIN-Os) tumors 42 and MET-1 mammary carcinoma 43, the
accumulation of 89Zr liposomes was primarily concentrated in the peripheral region of the
tumor, reflecting the angiogenic status of the tumor periphery.

Radiometals are likely to accumulate in tumors 26: 28. 31 and particularly in tumor
macrophages?. We found that the radioactivity increased over time in a subset of lymph
nodes to a maximum of 26 %ID/g at 168 hours after liposome injection (Figure 5). These
results indicate that the high radioactivity in lymph nodes may be due to drainage of
radioactive liposomes or metabolites or the transport of radioactivity to the lymph nodes by
macrophages. In this small preliminary study, greater lymphatic accumulation was observed
following the injection of 89Zr-df-PEG2k liposomes and may result from the higher tumor
accumulation at later time points or from greater uptake of the 89Zr-df-PEG2k liposomes
(with the exposed chelator) by tumor macrophages. The differences in lymphatic or
macrophage uptake must be tested in future studies.

In conclusion, 89Zr-df labeling of a liposomal system facilitated studies of liposome
pharmacokinetics over a one-week time period. The time-activity curve within the blood
pool was similar for liposomes with an exposed or buried radioisotope; however, whole-
body clearance was reduced for the exposed radioisotope. In the future, long-circulating
nanoparticles applied as drug-delivery systems will require 89Zr as a probe for image-based
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armacokinetics, and such studies will require optimization of the chelator and attachment

strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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i) DIPEA, DMSO, 4 h, ii) DSPE-maleimide, TCEP, H,0, 4 h.
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Figure 1.
Bifunctional chelators for 89Zr labeling

Nucl Med Biol. Author manuscript; available in PMC 2016 February 01.

Br\)J\Df

Df-Bac

Page 16



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Seoetal. Page 17

200 250 303

20.0 25.0 30.3

00 50 100 150 200 250 303

Figure 2.
Size-exclusion chromatograms of 89Zr labeled liposomes. (a) UV absorbance (280 nm) of

human serum (solid line), 89Zr-df liposomes only (dotted middle line) and radioactivity
chromatogram of 89Zr-df liposomes only (irregular dotted line). Radioactivity
chromatograms of (b) 89Zr-df liposomes, (c) 89Zr-df-PEG1k liposomes and (d) 89Zr-df-
PEG2k liposomes acquired at 24 (bold front line) and 48 hours (dotted back line) post-
incubation with human serum at 37 °C.
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Figure 3.
Time series of small-animal coronal PET images at indicated time points after injection

of 89Zr-df liposomes (left), 89Zr-df-PEG1k liposomes (middle), and 89Zr-df-PEG2k
liposomes (right). Cross at flank indicates left tumor. Images are decay-corrected and
represented at %ID/cc from injected dose. White arrows indicate spleen (S), liver (L) and
tumor (T).
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Figure 4.
Timeactivity curves (TAC) obtained from regions-of-interest (ROISs) for (a) blood, (b)
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tumor, (c) liver, (d) spleen and (e) whole body radioactivity as %ID/cc (solid line: 89Zr-df
liposomes, dashed line: 89Zr-df-PEG1k liposomes, dotted line: 89Zr-df-PEG2k liposomes).
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Figure 5.
Radioactivity counts (%I1D/g) of lumbar lymph nodes at (a) 48 hours and (b)168 hours. Each

given number represents the animal tag number. Lymph nodes from the circled numbers (b)
were used for immunohistochemistry (CK8/18, Fig. SI-5 staining).
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Table 1

Liposomal formulation and DLS particle sizing

ini 0,
Lipid components (mol?) DLSe particle sizing (mean + SD, nm)

Liposomes (LP) . . . .
a b c d before conjugation after SECf after centrifugation
df-LP 55 5 39 1 109 + 36 (NH,-LP) 116 +15 116 £ 15
df-PEG1k-LP 56 4 39 1 - 118+ 19 114 +£15
df-PEG2k-LP 56 4 39 1 119 + 18 (NH,-PEG2k-LP) 120+ 18 120 + 20

a. HSPC, b. DSPE-PEG2k-OMe, c. cholesterol, d. NH2-DSPE, df-PEG1k-DSPE, and NH2-PEG2k-DSPE

edynamic light scattering

f. .
size exclusion chromatography
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Table 2

In vitro stability of 89Zr-labeled liposomes in 50% serum solution

Time (h) % radioactivity of total in liposomal peak

89Zr-df liposomes  89Zr-df-PEG1k liposomes  89Zr-df-PEG2k liposomes

0 93.5 94.6 93.7
48 92.4 92.2 90.9
Ratio? 98.8 97.5 97.0

aRatio of activity at 48 hours normalized by activity at 0 hours * 100
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Table 3

Pharmacokinetic parameters from compartmental model

Liposomes half-lifeXin blood (ty ) VD (mL)  CLE (mL/h)

897r-df liposomes 13.1+£3.27 2.47+0.33 0.085+0.012
897r-df-PEG1k liposomes ~ 15.9 +1.07 2.62+0.27 0.077 £0.008
8971-Df-PEG2K liposomes ~ 12.8+0.84 2534041 0.053 +0.008

&I'he half-life was obtained from one-phase exponential decay curve fit (Y=A e_kxt).

bVD: Volume of distribution.

CL.: clearance from whole body. c. The clearance standard deviation was derived by multiplying the average elimination rate with the mouse
weight standard deviation
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Table 4

Biodistribution of 89Zr-labeled liposomes in selected tissue at 48 and 168 hours

48 hours  89Zr-df liposomes (n=3)  89Zr-df-PEG1K liposomes (n =3)  89Zr-df-PEG2k liposomes (n = 3)

average st dev average st dev average st dev
blood 3.71 0.61 2.70 0.45 3.13 0.33
urine 1.16 0.433 3.61 1.15 1.83 0.84
heart 2.14 0.32 1.82 0.28 2.49 0.58
lungs 2.47 0.38 2.25 0.60 2.95 0.84
liver 1421 1.88 16.11 1.32 20.93 2.39
spleen 13.31 1.14 20.09 3.02 24.53 1.94
kidneys 6.45 0.30 7.71 0.13 8.54 1.14
muscle 1.08 0.58 1.77 0.95 151 0.24
bone 1.51 0.28 2.86 0.37 4.84 0.41
colon 5.10 1.95 2.23 0.38 2.87 0.29
Sm Inta 4.49 1.07 6.58 1.37 6.86 0.11
tumor 8.41 0.97 10.46 1.36 13.34 0.83
168 hours (n=4) (n=5) (n=5)

average stdev average stdev average stdev

blood 0.04 0.02 0.03 0.01 0.05 0.02
urine 0.08 0.01 0.34 0.17 0.49 0.21
heart 1.19 0.30 1.44 0.34 241 0.48
lungs 1.19 0.26 1.12 0.17 2.05 0.44
liver 13.91 2.03 13.42 2.42 22.05 2.26
spleen 22.84 3.07 38.41 9.26 65.69 24.35
kidneys 3.67 0.61 3.58 0.65 7.17 1.87
muscle 0.40 0.12 0.41 0.08 0.83 0.45
bone 191 0.61 2.77 0.26 391 1.16
colon 1.05 0.18 0.88 0.21 1.61 0.40
sm Int® 2.60 0.75 2.40 0.49 4.22 0.60
tumor 3.56 0.99 4.33 1.45 8.05 1.17

Unit is %ID/g.

Statistical analysis by multiple comparisons is attached in SI-6 (Table SI-6-1)

a . .
Sm Int: small intestine.
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