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Abstract

Changes in lipid acyl chain length can result in desorption of lipid from the liposomal anchorage
and interaction with blood components. PET studies of the stability of such lipids have not been
performed previously although such studies can map the pharmacokinetics of unstable lipids non-
invasively in vivo. The purpose of this study was to characterize the in vivo clearance of 54Cu-
labeled distearoyl- and dipalmitoyl lipid included within long circulating liposomes. Distearoyl
and dipalmitoyl maleimide lipids (1 mol%) in liposomes were labeled with a $4Cu-incorporated
bifunctional chelator (TETA-PDP) after the activation of pyridine disulfide to thiol by TCEP.
Long circulating liposomes containing HSPC:DSPE-PEG2k-OMe:cholesterol: x (55:5:39:1),
where x was 84Cu-DSPE or %4Cu-DPPE, or HSPC:DSPE-PEG2k-OMe:cholesterol:84Cu-
DSPE:DPPC (54:5:39:1:1) were evaluated in serum (in vitro) and via intravenous injection to
FVB mice. The time activity curves for the blood, liver, and kidney were measured from PET
images and the biodistribution was performed at 48 hours. In vitro assays showed that 54Cu-DPPE
transferred from liposomes to serum with a 7.9 hour half-life but 4Cu-DSPE remained associated
with the liposomes. The half clearance of radioactivity from the blood pool was 18 and 5 hours
for 64Cu-DSPE- and 54Cu-DPPE liposome-injected mice, respectively. The clearance of
radioactivity from the liver and kidney was significantly greater following the injection of 84Cu-
DPPE-labelled liposomes than 84Cu-DSPE-labelled liposomes at 6, 18 and 28 hours. Forty eight
hours after injection, the whole body radioactivity was 57 and 17% ID/cc for $4Cu-DSPE

and %4Cu-DPPE, respectively. These findings suggest that the acyl chain length of the radiolabel
should be considered for liposomal PET studies and that PET is an effective tool for evaluating the
stability of nanoformulations in vivo.
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1. Introduction

Liposomes, spherical drug carriers composed of a lipid bilayer with a hydrophilic interior,
have been investigated to improve the efficacy of drug delivery [1-5]. Long circulating
liposomes in blood are achieved by incorporating polyethylene glycol (PEG) grafted lipids
[6, 7] thus increasing the tumor accumulation of liposomes via the enhanced permeability
and retention effect (EPR) [8]. In early studies, liposomal circulation was evaluated by
inserting tritium (3H, ty/; = 12.33 years) or carbon-14 (}4C, t1/, = 5730 years)-labeled lipids
(e.g. cholesteryl hexadecyl ether (CHE)) into the lipid bilayer [9-11]. The liposomal
pharmacokinetic profile in blood was measured invasively by collecting tissues from
sacrificed animals [12, 13].

Advanced scintigraphic imaging techniques using gamma-radiation emitters, such as
gallium-67 [14] and technetium-99m [15-18] for SPECT and fluorine-18 [19-22] and
copper-64 [23, 24] for PET, facilitate tracking and quantification of liposome
pharmacokinetics non-invasively. Those isotopes are encapsulated or chelated on the surface
of liposomes [25]. For surface chelation, octadecylamine-diethylenetriamine pentaacetic
acid (stearylamine-DTPA) [14] and dipalmitoylphosphatidylethanolamine-
diethylenetriaminetetraacetic acid (DPPE-DTTA) [15, 16] have been employed as liposomal
markers with Ga-67 and Tc-99m. Hydrazine nicotinamide-
distearoylphhosphatidylethanolamine (HYNIC-DSPE) with Tc-99m [26] and 6-[p-
(bromoacetamido)benzyl]-1,4,8,11-tetraazacyclotetradecane-N,N’,N”,N " -tetraacetic acid-
lipid (6-BAT lipid) with Cu-64 [23] have been developed and, in both cases, liposomal
circulation and tumor accumulation were successfully measured from tomographic images.
In vivo kinetics of new formulations must be evaluated individually and newly synthesized
lipid libraries are yet to be evaluated [27]. Changes in the lipid structure, length, and head
group can lead to desorption of the lipid from the liposomal anchorage and interaction with
blood components [9]. The radiolabeled lipids employed in PET studies must be considered
carefully as the stability of radiolabeled lipid can obfuscate image-based assessment of
particle pharmacokinetics.

Recently, we developed a Cu-64 liposome labeling method using a bifunctional chelator, (6-
(6-(3-(2-pyridyldithio)propionamido)hexanamido)benzyl)-1,4,8,11-
tetraazacyclotetradecane-1,4,8,11-tetraacetic acid (TETA-PDP) and maleimide lipid and
successfully evaluated liposomal stability using PET images (Figure 1) [28]. The %4Cu-
labeled bifunctional chelator was conjugated to maleimide lipids in long-circulating
liposomes. In this report, this model was chosen to exemplify the differences in the rate of
lipid desorption and metabolism. As defined in Table 1 and Figure 1, we examine the
stability of radiolabeled lipids, 1 mol% DSPE- (two C18 acyl chains) vs 1 mol% DPPE (two
C16 acyl chains)-maleimide, in long circulating liposomes which are primarily composed of
HSPC (hydrogenated soy L-a-phosphatidylcholine), cholesterol, and DSPE-PEG2k-OMe
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethyleneglycol)-2000]). In this report, substantial differences in the stability of lipids in
long-circulating liposomes will be demonstrated by PET imaging.

2. Materials and methods

2.1. Materials

HSPC, DPPE-maleimide, cholesterol, DPPC and DSPE-PEG2k-OMe were purchased from
Avanti Polar Lipids (Alabaster, AL) and DSPE-maleimide was purchased from NOF
America Corporation (White Plains, NY). Tris(2-carboxylethyl)phosphine hydrochloride
(TCEP-HCI) was purchased from Pierce (Rockford, IL). 2-Mercaptoethanol was purchased
from Sigma-Aldrich (St. Louis, MO). Solvents were all of analytical purity and purchased
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from Sigma-Aldrich (St. Louis, MO) and VWR (Brisbane, CA). 84CuCl, was purchased
from Isotrace (St. Louis, MO) under a protocol controlled by the University of California,
Davis. PBS was purchased from Invitrogen (Carlsbad, CA). Mouse serum was purchased
from Innovative research (Novi, Ml).

2.2. Preparation of maleimide liposomes

Three lipid mixtures (10 mg, Table 1) in chloroform were mixed in a test tube. Chloroform
was evaporated by a gentle stream of nitrogen while vortexing. After overnight drying of the
lipid film in a lyophilizer, lipids were suspended in 5 mM Alexa755 (Invitrogen, Carlsbad)
solution prepared with PBS (1X, pH 7) for in vitro studies. For in vivo studies, lipids were
suspended in PBS (1X, pH 7). The lipid solution was incubated at 60 °C for 5 min, drawn
into the 1 mL syringe, and extruded 21 times at 60°C with 100 nm filters. Immediately after
extrusion, the size was measured using a NICOMP 380 ZLS (Particle Sizing Systems, Santa
Barbara, CA).

2.3. Labeling of maleimide liposomes with TETA-PDP

All labeling procedures were controlled under a protocol of the University of California,
Davis. 4CuCl, (1 - 4.8 mCi [37 - 118 MBq]) was buffered with 0.1 M ammonium citrate
(100 pL). TETA-PDP (1 mM, 2-6 pL) in an ammonium citrate buffer (0.1 M, pH 5.5),
added into a $4CuCl, solution and chelation was performed for 40 min at 30 °C. The
reaction progress was monitored by radio TLC (silica backed plate, eluent- 10% (w/w)
ammonium acetate and methanol (1:1, v/v)). After the addition of excess 0.1 M tris(2-
carboxylethyl)phosphine hydrochloride (TCEP-HCI) (6 pM, 60 nmol) dissolved in PBS, the
solution was incubated for 5 min at room temperature. Freshly prepared maleimide
liposomes (10 mg) were added to the reduced bifunctional chelator mixture. The pH was
adjusted to 7 — 8 with 5.6% (v) ammonium hydroxide solution and the liposomal mixture
was incubated with the activated BFC for 40 min at 30 °C. Unreacted maleimide on the
surface of the liposomes was quenched by an excess (maleimide : ethanethiol = 1:10, mol/
mol) of freshly prepared 0.1 M ethanethiol solution by incubating for 10 min. Non-specific
binding of Cu-64 was removed by 0.1 M EDTA (20 uL), with a 5 - 10 minute incubation
time. Liposomes were purified by pre-gelled size exclusion chromatography (sephadex-
G75) with PBS.

2.4. In vitro stability test

64Cu-labeled maleimide liposomes (1 mg, Table 1) prepared using the above procedure with
NIR dye (Alexa 755) were added to 0.5 mL of mouse serum and volume was increased to 1
mL with PBS (1X) to create a 50% serum mixture. The mixture was incubated for 48 hours
at 37°C. A portion of the liposomal serum mixture (100 pL) was hand-loaded onto a pre-
conditioned sephachryl-300HR (GE Healthcare, NJ) packed column (15 mm I.D, 250 mm
height) and washed with PBS. Separation was performed under 2 PSI. Eluted solution was
collected into test tubes (1.5 mL/fraction), where the total eluted volume was 75 mL. The
radioactivity of each fraction was measured with the 1470 Automatic Gamma Counter
(Perkin-Elmer Life Sciences, MA). After the radioactive decay, the absorbance of all
fractions was measured at 280 nm and fluorescence was recorded at 779 nm (ex: 755 nm).
The radio TLC assay was run on aluminum-backed silica gel sheets (silica gel 60 F254,
EMD, NJ), developed with chloroform/methanol/H,0 (50:40:6, v/v/v) and recorded by a
radio-TLC Imaging Scanner (Bioscan, NW).

For the time-dependent liposomal stability test, the incubated liposomal serum mixture (100
uL) was collected at 0, 5, 19, 41, and 48 hours and loaded onto a pre-conditioned
sephachryl-300HR (GE Healthcare, NJ) packed column (15 mm 1.D, 250 mm height).
Gamma counts, UV absorbance (280 nm), and fluorescence (Ex 755 nm, Em 779 nm)
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measurements were gathered from each fraction. Radioactivity and fluorescence
measurements were normalized by peak values.

2.5. Biodistribution study and PET scans for time-activity curves (TAC)

All animal studies were conducted under a protocol approved by the University of
California, Davis Animal Care and Use Committee. A total of 16 animals (female FVB
mice, 6-17 weeks, 21-39 g, Charles River, MA) were imaged over the course of this study.
For each image, four or eight mice per group were anesthetized with 3.0% isofluorane and
maintained at 1.5 - 2 %. $4Cu-DSPE liposomes (38 + 0.7 mg/kg, 313 + 19 uCi [11.6 + 0.7
MBq]/animal), 4Cu-DPPE liposomes, (40 + 6.1 mg/kg, 213 + 112 nCi [7.88 + 4.1 MBq]/
animal), and $4Cu-DSPE-1mol% DPPC liposomes (52 + 1.2 mg/kg, 319 + 9.1 uCi [11.8 +
0.34 MBq]/animal) in PBS (pH 7.4) were administered to the mice by catheterized tail vein
injection while on the PET scanner bed. PET imaging of 84Cu-labeled liposomes was
conducted with the microPET Focus (Concorde Microsystems, Inc., TN) for 30 minutes at O,
6, 18, 28, and 48 hours after intravenous injection. Filtered backprojection (FBP)
reconstruction was obtained with ASIPro software (CTI Molecular Imaging). TACs of
blood, liver and kidney were obtained with region-of-interest (ROI) analysis using ASIPro
software and expressed as the percentage of injected dose per cubic centimeter (%ID/cc).
Whole body activity was measured in a gamma-counter (Capintec, Inc. NJ) and normalized
by the initial value. TAC data obtained from the blood pool were fit with a one phase
exponential decay (Y=A*e k) generated via curve fit with Prism (GraphPad software Inc.,
San Diego, CA) to calculate the half clearance time.

After scanning for 48 hours, the mice were euthanized by cervical dislocation. Organs and
bodily fluids of interest, such as urine, blood, spleen, lungs, diaphragm, heart, liver, kidneys,
duodenum, jejunum, and quadriceps were harvested, washed with de-ionized water to
remove excess blood, and weighed. Radioactivity was measured using a 1470 Automatic
Gamma Counter (PerkinElmer, Inc.). Radioactivity uptake was presented as the %ID per
gram of tissue. All TAC and bio-distribution data were decay corrected.

2.6 Pharmacokinetic model

Pharmacokinetic parameters were derived from our previously published pharmacokinetic
model for liposomal drugs [29]. A two compartmental model for liposomes is used to
calculate pharmacokinetic parameters, i.e. volume of distribution (VD), liposome
elimination rate from the blood (K|), liposome clearance from the blood (CL), and AUC at
24 hours for radioactivity in blood and liver. Because the lipid metabolites are eliminated
quickly from the blood, without losing accuracy, we set the elimination rate of lipid
metabolites from the blood to be our previously published value 0.77 h=1[29]. The volume
of distribution of liposomes in blood is calculated based on the mouse body weight (90 ml/
kg). Vascular volume percentage in the liver is calculated based on the initial PET images
and therefore the volume of distribution of liposomes in the liver is obtained. (See
supplementary material)

2.7. Statistical analysis

Prism (GraphPad Software Inc., San Diego, CA) was used for statistical analysis. One-phase
exponential blood clearance curves were generated via a fitted curve. The data analysis was
performed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test.
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3. Results

3.1. BFC conjugation with maleimide liposome

Liposomes (average diameter: 111 - 122 nm) were prepared using formulations defined in
Table 1, as described in the experimental procedure. Copper-64 was successfully
incorporated into TETA-PDP with more than 95% yield, which was confirmed by radio
TLC (%4CuCly: R; 0, 4Cu-TETA-PDP: Ry 4.5). Treatment of 64Cu-TETA-PDP by TCEP
(10 equiv. TCEP over TETA-PDP) converted the disulfide to a thiol without
decomplexation of Cu-64 from the chelator, which was confirmed by HPLC analysis (data
not shown). The activated thiol was conjugated to maleimide lipids on the liposomal surface
(pH 7.0 - 8.0); the molar ratio of the maleimide lipid was 10 times greater than 84Cu-TETA-
PDP. Nonspecific binding of Cu-64 was removed by EDTA and unreacted maleimide was
quenched by the addition of excess mercaptoethanol. After size exclusion purification, we
obtained more than 90% liposomal labeling yield. The radiochemical purity was greater than
99% on radio TLC. This method requires one hour longer than our previously reported
Cu-64 liposomal surface chelation method [23]; however, the 12.7 hours half life of Cu-64
permits the use of this method and there is greater flexibility in the conjugation of the
isotope to various nanoparticles with this technique.

3.2. In vitro stability of dual-labeled liposomes

The in vitro stability of three liposomal formulations was evaluated by filling the core with 5
mM of near-IR dye (Alexa Fluor750, Invitrogen Inc.) and including 84Cu-DSPE, %4Cu-
DPPE or %4Cu-DSPE-1 mol% DPPC within the liposome bilayer. After 48 hour incubation
of the liposomes (each 1 mg) in PBS/mouse serum (1/1, v/v) at 37 °C and size exclusion
chromatography, the fluorescence (at 789 nm), absorbance (at 280 nm) and radioactivity
(gamma counter) of each fraction were measured to monitor liposomes, serum proteins,

and %4Cu-lipids, respectively. We collected 87 + 1% (n = 3) of the radioactivity in 50
fractions (75 mL)(Figure 2).

For liposomes containing 54Cu-DSPE or 84Cu-DSPE-1 mol% DPPC, the greatest percentage
of the radioactivity (91%) was collected in the liposomal fraction (fraction number 7 - 13)
and in the serum fraction (fraction number 14 - 30) (Figure 2a and ¢) with 9%. The
fluorescence in the liposomal fraction (89 - 92% intensity of total fluorescence) was similar
to the radioactivity in the liposomal fraction.

Alternatively, 91% of the radioactivity in the 4Cu-DPPE liposome/serum mixture was
associated with the serum fraction and 7% was associated with the liposomal fraction
(Figure 2b). Yet, 90% of the total fluorescence (in 50 fractions) remained associated with
liposomal fraction. Thin layer chromatography (TLC) of serum fractions (fraction 17)
demonstrated that the radioactivity was coincident with the liposomal fraction (fraction 11)
(Figure 2, b-TLC). Radiochemical purity, measured with radio TLC, was greater than 98%
for all three mixtures (84Cu-DSPE and 4Cu-DSPE-1 mol% DPPC liposomes in the
liposomal fraction and 84Cu-DPPE liposomes in the serum fraction) (Figure 2a-c TLC).

An analysis of the time-dependent liposomal stability was performed with 4Cu-DPPE
liposomes (1 mg) and demonstrated that the radioactivity was transferred from the liposomal
fraction to the serum fraction gradually (7.9 hour half life) (Table 2). The major
fluorescence peak remained in the liposomal fraction for 48 hours (Figure 3).

3.3. In vivo stability of $4Cu-labeled liposomes

In vivo images at 0 and 18 hours after the intravenous injection of $4Cu-labeled liposomes
confirmed the differences in organ radioactivity between the three formulations (Figure 4).
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In vivo time activity curves were then estimated (Figure 5) and fit to a single phase
exponential decay curve for blood pool (Figure 5a). For 84Cu-DSPE- and 84Cu-DSPE-1 mol
% DPPC liposomes, the percent of the injected dose per cubic centimeter within the blood
pool (%ID/cc) at 0.5 hours after injection was 41 and 44 %ID/cc and at 48 hours was 8.4
and 8.2 %ID/cc, respectively. 4Cu-DPPE liposomal activity decreased from 39 %ID/cc at
0.5 hours to 2.6 %ID/cc at 28 hours, significantly less than activity resulting from the
injection of 84Cu-DSPE-1mol% DPPC liposomes (p<0.05). The estimated time required for
half clearance of the radioactivity was 18.5, 19.4 and 5.1 hours for 4Cu-DSPE-, %4Cu-
DSPE-1 mol% DPPC- and 84Cu-DPPE liposomes (Table 2).

Liver radioactivity was similar for the three liposomal formulations at 0.5 hour after
injection (~10 %ID/cc). At later time points (6, 18, 28, and 48 hours), the accumulation of
the 64Cu-DSPE and %4Cu-DSPE-1mol% DPPC liposomal formulations in the liver was
significantly higher than 84Cu-DPPE liposomes (Figure 5b). Forty eight hours after
injection, the whole body radioactivity with the three liposomal formulations was 57, 55 and
17% 1D/cc for 84Cu-DSPE, 84Cu-DSPE-1 mol% DPPC and 54Cu-DPPE liposomes,
respectively (Figure 5c). Radioactivity in the kidney (left kidney of prone mice) was below
10% ID/cc for all liposomes at the initial and 6 hour time points (Figure 6). Kidney activity
at other time points was not measured due to the nearby activity in the liver and cecum. At
18 hours, remaining radioactivity resulting from the 54Cu-DPPE liposomes was primarily
observed in the intestinal track (Figure 4c, middle).

3.4. Biodistribution

At 48 hours after injection, the biodistribution of radioactivity resulting from the injection
of $4Cu-DSPE and %4Cu-DSPE-1 mol% DPPC liposomes was similar in all organs. In each
case, the highest uptake was observed in the urine, spleen and blood. Radioactivity resulting
from the injection of $4Cu-DPPE liposomes was below 3 %ID/g in all organs (Table 3).

4. Discussion and conclusion

Historically, lipid stability was typically determined by carbon-14, tritium or fluorescent-
labeled lipids [30, 31]. Such studies demonstrated that lipid transfer or release from
liposomes is associated with the degree of unsaturated acyl chains [30], liposomal size [32],
temperature [33] and acyl-chain length of lipid [30]. Long circulating liposomes composed
of HSPC, cholesterol, and DSPE-PEG2k-OMe, known as “Stealth liposomes”, have been
optimized and extensively studied [34]. PET studies of stability have not been performed
previously although such studies can map the pharmacokinetics of unstable lipids non-
invasively in vivo. Here, we compared the PET images obtained from long circulating
liposomes formulated with 1 mol% %4Cu-labeled dipalmitoyl and distearoyl lipids and report
the use of PET to detect the disassociation and clearance of desorbed dipalmitoyl lipid from
long circulating liposomes in vivo.

In imaging studies using Ga-67 and Tc-99m, Hnatowich et al. previously demonstrated that
radioactivity disassociated from liposomes composed of DPPC (lecithin):cholesterol:
octadecylamine-DTPA (23:3:2) and that this dissociation did not result from amide-bond
instability or the release of the label from the chelate [14, 35]. Ahkong et al. used
dipalmitoylphosphatidylethanolamine-DTTA (DPPE-DTTA) as a Tc-99m surface chelator
in DPPC liposomes (DPPC:DPPE-DTTA = 8:2 mol/mol); with their strategy, dissociation of
Tc-99m from the surface of the vesicle was primarily due to non-specific binding of
pertechnetate, rather than lipid exchange with plasma components or cleavage of 9MTc-
DTTA from the vesicle surface [15]. However, in the Ahkong in vitro experiment,
incubation with human plasma was evaluated for one hour. In both papers, the chelator-lipid
was formulated with ~80 mol% DPPC.
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Long-circulating liposomes labeled with Tc-99m have used HYNIC-DSPE in HSPC-based
liposomes, and have been successfully imaged for over 24 hours in vivo [26]. Long
circulating liposomes are often composed of 56% HSPC with a palmitoyl (C16) at the
primary alcohol and a stearoyl (C18) at the secondary alcohol of glycerol. Inclusion of 39%
cholesterol has been shown to stabilize liposomal structures and 5% DPSE-PEG2k-OMe
increases the longevity in the blood pool (Table 1). Here, we included 54Cu-TETA-PDP
attached to 18 and 16 carbon chain lipids within liposomes (Figure 1). Although the head
group of DSPE and DPPE maleimide lipids is quite different, as shown in Figure 1b, the
circulation time in blood has been similar in previous studies using a PEG-chelator [23] and
Tc-99m chelator [26] indicating that the effect of the additional cyclohexane in the head
group of the maleimide lipid may be small.

Incorporation of Cu-64 in the bifunctional chelator (1, Figure 1) and conjugation with
maleimide lipids (Figure 1b) on the surface of liposomes forms a stable covalent bond
(Figure 1). Previously, the Cu-64 and TETA (benzyl-TETA) complex has been used to
image the pharmacokinetics of peptides [36], antibodies [37], and nanoparticles [23]. With
our labeling strategy (Figure 1), association of the radioactivity with the particle requires
stable incorporation of the lipid within the liposomes. The half life of dissociation of $4Cu-
labeled DPPE from long circulating liposomes in serum (in vitro) was 7.9 hours (Table 2,
Figure 3). In the blood pool (in vivo, Figure 5a and d), the half-clearance of 4Cu-DPPE
and %4Cu-DSPE tracers inserted within otherwise identical liposomal formulations was 5.1
and 18.4 hours (Table 2), respectively. The greater clearance of 84Cu-DPPE in vivo at 2.7
hours after injection, as compared with the in vitro disassociation of $4Cu-DPPE, is likely
due to disposition of liposomes to the reticuloendothelial system and resultant degradation
of liposomes. This result also demonstrated that dissociated $4Cu-DPPE was not circulating
in blood with serum but washed out from blood pool rapidly.

Following the injection of $4Cu-DPPE-labelled liposomes, TAC for liver (Figure 5b),
kidney (Figure 6), and whole body radioactivity (Figure 5¢) demonstrate that

dissociated 4Cu-DPPE radioactivity is cleared significantly faster than 4Cu-DSPE.
Following the injection of 84Cu-DPPE liposomes, radioactivity begins to clear from the
body as early as six hours after injection and activity can be visualized within the intestines
(Figure 4). A biodistribution study, performed at 48 hours after injection, also showed that
radioactivity in the RES following the injection of 54Cu-DPPE was less than with the longer
acyl chain. The results indicate that the desorbed 54Cu-DPPE rapidly cleared from the blood
pool and could be secreted with biliary PC through the intestine [38]. In this study, the
deletion of two carbon molecules on the labeled lipid dramatically changed the PET images.
In vivo imaging is an ideal method to detect and quantify such changes.

In order to show that the reduced circulation time for 4Cu-DPPE liposomes does not result
from liposome disruption caused by 1 mol% dipalmitoy! lipids, we inserted 1 mol% DPPC
in liposomes that are labeled with $4Cu-DSPE. The TAC data (Figure 5a) and images
(Figure 4a-b, right) of 84Cu-DSPE-1mol% DPPC liposomes supported the concept that the
fast clearance of radioactivity was not due to the disruption of long circulating liposomes.
Previously, we measured the pharmacokinetics of free Cu-64 and 54Cu-labeled lipid in the
blood pool, which cleared within 30 minutes [23] . Accordingly, the dissociated radiolabeled
lipids are likely to clear rapidly and should not significantly hamper PET imaging of
radioactivity remaining on intact particles. Blood TAC curves of 54Cu-DPPE liposomes can
thus reveal the dissociation rate of 84Cu-DPPE when compared with stable 4Cu-DSPE
liposomes. Previous studies using tritium labeled DMPE-, DPPE-, DSPE-PEG2k lipids in
liposomes (DSPE:cholesterol:PEG2k lipids = 50:45:5) demonstrated that DMPE- and
DPPE-PEG2k are transferred from liposomes to the plasma components in vitro while
DSPE-PEG2k remains in liposomes [9]. Although our long circulating liposomes are
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primarily formulated with HSPC rather than DSPE, a similar result was obtained. Our
results emphasize that the acyl chain length of the radiolabel should be considered for
liposomal PET studies and that desorption can rapidly alter the apparent pharmacokinetics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) liposomal labeling scheme using bifunctional chelator and (b) maleimide lipids exploited

for 64Cu-BFC conjugation
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Fraction11
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In vitro stability of radio labeled lipid in three liposomes (4Cu-DSPE liposomes, %4Cu-
DPPE liposomes, $4Cu-DSPE-1mol%DPPC liposomes). Liposomes were incubated for 48
hours with 50% serum (PBS). Radio TLCs were obtained from the highest radioactive
liposomal fraction (a- and c-TLC) and serum fraction (b-TLC). Blue line, CPM (counts per
minute) indicates radioactivity of 84Cu-lipid detected by the gamma counter. Red line
represents liposomal fluorescence (779 nm). Green line, absorbance, represents serum
proteins measured at 280 nm.
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hours. Blue line, CPM (counts per minute), indicates radioactivity of 64Cu-lipid detected by

the gamma counter. Red line represents liposomal fluorescence (779 nm). Green line,

absorbance, represents serum proteins measured at 280 nm.
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Figure 4.

a) Small-animal PET images (projected image) acquired after 30 min scanning at (a) 0, (b)
6, and (c) 18 hours. Left: %4Cu-DSPE liposomes, middle: 84Cu-DPPE liposomes,

right: 54Cu-DSPE-1mol%DPPC liposomes.
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Figure 5.
Quantitative analysis (%1D/cc) of PET images with the time activity curve (TAC) of (a)

blood pool and (b) liver and (c) whole body radioactivity. Three liposomes (84Cu-DSPE
liposomes, $4Cu-DPPE liposomes, 84Cu-DSPE-1mol%DPPC liposomes) were applied. (d)
Comparison of stability of 4Cu-DPPE liposomes from blood pool (in vivo) and serum
incubation (in vitro) (curve fitted with one-phase exponential decay). Statistical analysis was
performed by ANOVA, followed by Tukey’s multiple comparison test (error bars, mean +
STD; *** P <0.001)
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Figure 6.

Quantitative analysis (%1D/cc) of PET images of kidney. Statistical analysis was performed
by ANOVA, followed by Tukey’s multiple comparison test (error bars, mean £ STD; *, P <
0.05; **, P < 0.01; ***, P <0.001)
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Table 2

Pharmacokinetic parametersa and the half clearance time of radioactivityID from the blood pool in mice

Liposomes .S ) vod(mL) AUCSL.  CLf(musm)
(%ID/cc hr)

In vivo

64Cu-DSPE liposomes (n = 4) 18.46 341 646.9 0.102

64Cu-DPPE liposomes (n = 8) 5.093 3.60 277.3 0.445

64Cu-DSPE-1mol% DPPC liposomes (n=4)  19.40 4.64 707.4 0.153

In vitro

64Cu-DPPE liposomes 7.8579 n/a n/a n/a

a L . . . .
pharmacokinetic parameters are derived from Figure 5a and b as described further in the supplement
b . . . ] _
the half clearance times were obtained from one phase exponential decay curve fit (Y = A e k><t).
c .
half clearance time
d T
volume of distribution
e
area under curve at 24 hours
f .
clearance from animal

ghalf clearance was calculated based on Figure 5d (in vitro) by one-phase exponential decay curve fit (Y = A e_kxt).
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Page 19

Biodistribution of $4Cu-DSPE (n = 4), %4Cu-DPPE (n = 8) and %4Cu-DSPE-1mol% DPPC liposomes (n = 4) in

mice at 48 h after injection.

Organ 84Cu-DSPE (n = 4)*
%ID/g + SD

Urine 11.93 + 3.66

Blood 8.71+0.38

Spleen 12.3+0.70

Lungs 3.14+0.25

Diaphragm 1.28+0.16

Heart 2.89+£0.50

Liver 6.88 £ 0.97

Left kidney 6.14 +0.43
Right kidney ~ 6.03 + 0.52
Duodenum 4.83+0.57
Jejunum 3.66 +0.63
Quadriceps 0.31+0.06

84Cu-DPPE (n = 8)
%ID/g + SD

3.67 £1.96
1.51+£0.33
1.51+0.22
1.03+0.20
0.49 +£0.23
1.04+0.12
2.36+0.38
1.92+0.25
1.90+0.23
1.36 +£0.32
1.34+0.66
0.11+0.04

64CuU-DSPE-1mol% DPPC (n = 4)
%ID/g + SD

13.10 +5.52
8.60 £ 1.74
9.25+1.28
4.09+0.38
2.02+0.46
3.41+0.49
6.51+0.58
7.56 £0.52
7.76 £ 0.65
5.09+0.49
4.56 £ 0.58
0.47 £0.04

*
Data were obtained from previous report [28]
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