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Abstract: Conjugation of the %*Cu PET radioisotope (t,,, = 12.7 hours) to long circulating liposomes enables long
term liposome tracking. To evaluate the potential clinical utility of this radiotracer in diagnosis and therapeutic guid-
ance, we compare image contrast, tumor volume, and biodistribution of ®*Cu-liposomes to metrics obtained with the
dominant clinical tracer, ‘8F-FDG. Twenty four female FVB mice with MET1 mammary carcinoma tumor grafts were
examined. First, serial PET images were obtained with the *8F-FDG radiotracer at 0.5 hours after injection and with
the 4Cu-liposome radiotracer at 6, 18, 24, and 48 hours after injection (n = 8). Next, paired imaging and histology
were obtained at four time points: 0.5 hours after *¥F-FDG injection and 6, 24, and 48 hours after %*Cu-liposome
injection (n = 16). Tissue biodistribution was assessed with gamma counting following necropsy and tumors were
paraffin embedded, sectioned, and stained with hematoxylin and eosin. The contrast ratio of images obtained using
18F-FDG was 0.88 + 0.01 (0.5 hours after injection), whereas with the ®Cu-liposome radiotracer the contrast ratio
was 0.78 + 0.01, 0.89 + 0.01, 0.88 + 0.01, and 0.94 + 0.01 at 6, 18, 24, and 48 hours, respectively. Estimates
of tumor diameter were comparable between %Cu-liposomes and *8F-FDG, %*Cu-liposomes and necropsy, and 4Cu-
liposomes and ultrasound with Pearson’s r-squared values of 0.79, 0.79, and 0.80, respectively. Heterogeneity of
tumor tracer uptake was observed with both tracers, correlating with regions of necrosis on histology. The average
tumor volume of 0.41 + 0.05 cc measured with ®*Cu-liposomes was larger than that estimated with *F-FDG (0.28
+ 0.04 cc), with this difference apparently resulting primarily from accumulation of the radiolabeled particles in the
pro-angiogenic tumor rim. The imaging of radiolabeled nanoparticles can facilitate tumor detection, identification of
tumor margins, therapeutic evaluation and interventional guidance.
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Introduction allows liposomes to be tracked over several
days [6]. Use of a radioisotope with a half-life
comparable to liposome kinetics enhances the
contrast generated from tumor accumulation
and blood clearance of liposomes, while avoid-
ing additional radioactive hazards associated

with longer lived isotopes [6, 7]. Enhanced con-

Liposomes passively accumulate in tumors due
to the enhanced permeability and retention
effect of leaky vasculature and dysfunctional
lymphatics [1]. This effect has been used to
enhance drug delivery [2], but can also gener-

ate contrast for imaging and detection of
tumors. While classic contrast agents are
expected to readily clear from the body, pegylat-
ed liposomes have a long blood circulation half-
life [3]. Early liposomal radiolabeling efforts
made use of 8F (t,, = 109.8 minutes), which
allowed liposomes to be tracked for a few hours
[4, 5]. Conjugation with %*Cu (t, ., = 12.7 hours)

1/2

trast may improve high-sensitivity detection
and tracking of tumors that display enhanced
permeability and retention of nanoparticles, as
well as the ability to use imaging to predict ther-
apeutic response to liposomal drug formula-
tions. In addition, the long lived radioisotope
expands the practical window for diagnostic
imaging as well as facilitating PET-guided inter-
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ventions such as radiation therapy, where *&F-
FDG images are used in treatment planning [8],
orsurgery, where *8F-FDG and handheld gamma
probes are used to localize tumors [9, 10].

Labeling of liposomes with ¢4Cu is enabled by
advances in radioisotope metal chelation
chemistry. Requirements include stable chela-
tion in vitro and in vivo, fast, gentle labeling,
and minimal purification of labeled nanoparti-
cles. 6-[p-(bromoacetamido)benzyl]-1,4,8,11-
tetraazacyclotetradecane-N,N’,N”’,N""’-tet-
raaceticacid (BAT)-PEG1.2k-lipid (BAT-PEG-lipid)
containing liposomes fulfill each of these
requirements. BAT is a highly stable copper
chelator, demonstrating excellent stability
when conjugated to ¢’Cu in serum over five
days [11]. We have previously demonstrated
the stability of BAT in ®4Cu-liposomes, where
incubation of ®4Cu-liposomes with mouse
serum at 37°C revealed that 6 % of radioactivi-
ty transferred to serum after 20 hours, and 8 %
transferred to serum after 48 hours, as mea-
sured by thin layer chromatography [6].
Attachment of BAT to a pegylated lipid enables
production of liposomes that can be quickly
and gently labeled and require minimal purifica-
tion [6]. Gentle chelation conditions are impor-
tant to liposome labeling, as high chelation
temperatures can disrupt many liposome for-
mulations. Although 4,11-bis(carboxymethyl)-
1,4,8,11-tetraazabicyclo[6.6.2]hexadecane
(CB-TE2A) has been shown to chelate 5*Cu with
great stability, in a liposomal labeling system,
the high temperature required for chelation can
affect liposomal stability. In addition, direct
comparisons of the blood radioactivity using
BAT and CB-TE2A to track liposomes have dem-
onstrated that the blood circulation of the
radiolabeled particle is very similar [12], con-
sistent with previous studies of radiolabeled
antibodies [13].

8F-FDG acts as a glucose analogue approxi-
mating cellular metabolism. It is ideal for imag-
ing because it is not metabolized but rather
phosphorylated and trapped within cells, and
also rapidly clears from the bloodstream [14],
leading to a stable imaging window and high
image contrast. Furthermore, as high glucose
utilization is typical of cancerous cells, it is
broadly applicable in cancer imaging. However,
inflammation and infection may also lead to
high *8F-FDG uptake [15], potentially confound-
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ing cancer imaging. Further, not all tumors are
metabolically active [16], and many normal tis-
sues display high uptake of *F-FDG [17], modu-
lated by disease states such as diabetes [18]
or physical exertion before and during scan-
ning. These factors complicate interpretation of
BF-FDG PET imaging and help to motivate the
development of novel imaging tracers.

There are many ways to measure tracer uptake
and tumor volume in an *®F-FDG scan. Options
to measure metabolic activity include nonlinear
kinetic analysis [19], simplified kinetic models
[20], and corrected standardized uptake value
(SUV) [241]. Nonlinear kinetic analysis is the gold
standard of metabolic activity measurement
with PET. This method makes use of a three
compartment pharmacokinetic model, driven
by 8F-FDG region of interest (ROIl) analysis of
tumors and the aortic input function.
Unfortunately, measurement of the aortic input
function requires long dynamic scans or repeat-
ed arterial blood sampling, rendering the gold
standard clinically impractical. The simplified
kinetic model requires a single venous blood
sample, using population average parameters
and the venous blood sample to calculate the
input function. SUV is the ratio of the tracer in
the region of interest to the injected dose of
tracer. This method is the simplest and most
commonly clinically used. Various correction
factors for patient physiology are used to allow
for better approximation of metabolic uptake,
including bodyweight, body surface area, and
blood sugar. It will be important to choose the
appropriate image quantitation metrics to com-
pare the utility of 8F-FDG and ®4Cu-liposomes.

The MET1 mammary carcinoma model is a syn-
geneic mouse model of breast cancer. These
tumor cells express polyoma virus middle T, a
molecular mimic of human Her2/neu, common-
ly overexpressed in human breast cancer [22].
Both genes induce oncogenesis through the
Shc and PI-3 kinase pathways [23]. MET1 mam-
mary carcinomas are histopathologically simi-
lar to high grade human breast cancer; they
form solid tumors with central necrosis, are
locally invasive, highly mitotic, with adenocarci-
nomatous gland formation [24]. MET1 mam-
mary carcinoma serves as a good model of
human primary breast cancer.

To further assess the utility of radiolabeled
nanoparticles, we perform a comparison of
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images generated with 18F-FDG and
64Cu-liposomes. We hypothesize that ¢*Cu-lipo-
somes can serve as effective tumor contrast
agents in the murine MET1 mammary carcino-
ma model. We examine image quality, biodistri-
bution, tumor delivery, tumor heterogeneity,
and tumor size estimation.

Methods and materials

Solvents and other reagents were purchased
from Sigma-Aldrich unless otherwise noted.
Lipids and a liposome mini-extruder were pur-
chased from Avanti Polar Lipids. BAT-PEG-lipid
conjugate was synthesized by Fmoc solid phase
synthesis as previously described [6]. **CuCl,
was purchased from Washington University in
St. Louis (MO) while *®F-FDG was purchased
from PETNET Solutions (San Diego, CA) under a
protocol controlled by the University of
California, Davis. Dulbecco’s Phosphate
Buffered Saline (DPBS) was purchased from
Invitrogen Corporation (Carlsbad, CA).

Preparation of %4Cu-liposomes

The %*Cu-liposome labeling procedure followed
a previously reported method [6]. In brief, lipids
in chloroform (0.555/0.39/0.05/0.005 mol/
mol/mol/mol, hydrogenated soy phosphatidyl-
choline (HSPC), cholesterol, 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[metho
xy(polyethylene glycol)-2000] (DSPE-PEG2k-
OMe), BAT-PEG-lipid) were transferred to a test
tube and solvent evaporated under nitrogen.
After overnight lyophilization, lipids were sus-
pended in 0.1 M ammonium citrate solution
(400 pL, 300 mOsm, pH 5.5), and incubated in
a warm bath (60°C) alternating with gentle vor-
texing for 10 minutes. The lipid mixture was
extruded through a 100 nm membrane filter
(Whatman, NJ) at 60°C. After cooling to room
temperature, buffered *“CuCl, (18.5 MBg/mg
lipid) in 0.1 M ammonium citrate (pH 5.5, 0.1
ml) was added to the extruded lipid solution.
The mixture was incubated at 30°C for 40 min-
utes, then 0.1 M ethylenediaminetetraacetic
acid in deionized water (20 pL) was added and
incubated for an additional 10 minutes.
64Cu-liposomes and unbound copper were sep-
arated by size exclusion chromatography with
Sephadex G75 resin (GE Healthcare) in DPBS. A
portion of ®4Cu-liposomes were retained until
the radioactivity decayed, nanoparticle size
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was then measured by Dynamic Light Scattering
performed with a Nicomp 380 ZLS (Particle
Sizing Systems, CA).

In vivo study design

All animal studies were approved by the
University of California, Davis Animal Care and
Use Committee (Figure 1). A total of 24 female
FVB mice were examined (6-10 weeks old,
15-25 g, Charles River, MA). During procedures,
mice were anesthetized, induced with 3.5 %
isoflurane and maintained with 2.0 - 2.5 % iso-
flurane. Syngeneic MET1 mammary carcino-
mas [24] were transplanted into the mammary
fat pad of the first cohort of eight mice 13 days
prior to injection, and the second cohort of six-
teen mice were transplanted 21 days prior.
Mice in the first cohort underwent PET scan-
ning 0.5 hours after injection with 18F-FDG,
waited 4 hours, and then were injected with
64Cu-liposomes. Mice were then imaged at 6,
18, 24 and 48 hours, and sacrificed for nec-
ropsy and biodistribution. Mice in the second
cohort underwent ultrasound imaging 12 hours
prior to *®F-FDG injection, were imaged 0.5
hours after injection, and then after a wait peri-
od of 4 hours were injected with *Cu-liposomes
and imaged at 6, 24, and 48 hours following
liposome injection. Subgroups of four mice
were sacrificed for necropsy, biodistribution,
and histological sections after each imaging
time point.

Ultrasound imaging

Mice were depilated with hair clippers and
Veet® cream. Tumors were imaged with a
Siemens Sequoia ultrasound system (Siemens
Preclinical Solutions). Tumors were sized by
hand segmentation of elliptical regions of inter-
est on transverse and sagittal images, and
tumor volume was then estimated from the
diameters of an ellipsoid assuming rotational
symmetry about the major diameter.

PET imaging

Mice were injected with 500 MBq/kg *¥F-FDG
via tail vein and imaged after 0.5 hours of rest.
All PET imaging was performed with two mice
side by side for 0.5 hours, using a microPET
Focus 120 scanner (Siemens Preclinical
Solutions). Four hours after completion of 8F-
FDG imaging, mice were injected with 1 mg of
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Figure 1. Study design diagram.

A B III A: The first cohort (n = 8 mice)
13 days 21 days was imaged 13 days after tu-
0.5 hr A 4 mor implantation. Images were
18I5-FDG Ultrasound first acquired with ®F-FDG 0.5
hours after injection. Mice
1 were then injected with ®Cu-
84Cy- 18%_?:3(; liposomes and imaged at 6, 18,
liposomes 24, and 48 hours after injec-
h 4 v v tion. B: The second cohort (n =
Subgroup 1 Subgroup 2 Subgroup 3 Subgroup 4 16 mice) was imaged 21 days
n=4 n=4 n=4 n=4 after tumor implantation with
¢ ‘L wL ultrasound and then with 28F-
FDG at 0.5 hours after injection.
| #4Cu-liposomes ‘ Subgroups of 4 mice were then
v v v sacrificed at each imaging time
’ 6 hr | | 24 hr | | 48 hr | point: 0.5 hours after ¥F-FDG
injection (without PET imaging),
Jr wL 6, 24, and 48 hours after ®*Cu-
Biodistribution liposome injection (with ¥F-FDG
> Necropsy € and ®*Cu-liposome PET imaging).
Histology Tl = Tumor Implantation.

64Cu-liposomes (300 and 600 MBq/kg), and
imaged for 0.5 hours at each time point follow-
ing injection. PET Images were reconstructed
with maximum a posteriori algorithm and
tumors manually segmented by a single blind-
ed observer with ImagelJ (National Institutes of
Health) and ASIPro software (Siemens
Preclinical Solutions). ¢*Cu-liposome PET tumor
volumes were modeled by subtraction of a 0.8
mm spherical shell from ROI. Activity measured
within 3D volumes was time-decay corrected
and expressed as percent injected dose per cc
of tissue (%ID/cc). Contrast ratios were calcu-
lated as in Equation 1 [25], with values
expressed as %ID/cc and averaged across sub-
jects. Heterogeneity was calculated as the sum
of the absolute value of the difference between
individual pixels and the ROl average value over
the ROI average value in %ID/cc (Equation 2),
and averaged across subjects. This metric cap-
tures the variability in tracer uptake within a
tumor.

Equation 1:
tumotr,,,, - muscle,q.,
tumotr,,..+ muscle,c.,

Contrast Ratio =

Equation 2
pixel - mean
mean

Heterogeneity = Z

ROI

Necropsy and biodistribution

Following imaging, mice were euthanized by
cervical dislocation, their organs removed,
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weighed, and radioactivity measured by Wizard
1470 Automatic Gamma Counter (Perkin
Elmer). Tumors were formalin fixed overnight
and then paraffin embedded, sectioned, and
stained with hematoxylin and eosin. Tumor size
was estimated by measuring the long axis and
the longest perpendicular distance of a paraffin
section and then modeling the tumor as a
sphere with diameter given by the average of
the two measured distances.

Results
Characterization of ¢*Cu-liposomes

Liposomes measured 120 + 13.6 nm in diam-
eter. Decay corrected labeling yield was greater
than 95% by radioactive thin layer chromato-

graphy.
PET image analysis

PET images of a mouse obtained after injection
with *8F-FDG or ®*Cu-liposomes are displayed in
Figure 2. %*Cu-liposomes label the blood pool,
strongly enhancing the heart, jugular veins, and
liver at 6 hours after injection. The outline of
tumors is also visible. After 18 hours, radioac-
tivity appears in the intestines and bladder, and
tumors are more strongly labeled. At 24 hours
after injection, the strength of the signal from
the heart, jugular veins, and liver has fallen,
although tumor activity is equivalent to that
observed at 18 hours. At 48 hours after injec-
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25 %ID/cc

0 %ID/cc

Figure 2. In a mouse from the cohort imaged 13 days after tumor implantation, PET images obtained 0.5 hours after
injection with 8F-FDG are compared with images obtained 6, 18, 24, and 48 hours after injection with the ®*Cu-
liposome tracer. ®*Cu-liposome accumulation in tumors (arrows) increased from 6 to 18 hours and then remained
consistent through 48 hours while background activity decreased.

Table 1. In Vivo Tumor Accumulation and Contrast Ratio, 8F-FDG and *Cu-liposomes, cohort imaged
13 days after tumor implantation. All values are reported as mean * standard error of the mean (SEM)

(n =16 tumors)

PET Tumor Average Tumor Total Tumor
Tracer Time point Volume (cc) Contrast Ratio Accumulation Accumulation
(%ID/cc) (%ID)

BF-FDG 0.5 hr 0.12 £+ 0.01 0.88 + 0.01 57+0.3 0.7+0.1
84Cu-liposomes 6 hr 0.04 +0.01 0.78 + 0.01 3.7+041 04+0.1
64Cu-liposomes 18 hr 0.09 +0.01 0.89 +0.01 76 +0.3 1.5+0.1
64Cu-liposomes 24 hr 0.08 + 0.01 0.88 + 0.01 6.0+0.2 1.1+0.41
84Cu-liposomes 48 hr 0.09 + 0.01 0.94 + 0.01 59+0.2 1.1+0.41

tion, the tumor accumulation remains high
while other areas continue to lose signal, the
blood activity is reduced, and intestines are no
longer distinguishable from surrounding tis-
sues. In the cohort of mice injected 13 days
after tumor implantation, tumor accumulation
peaks at 18 hours (Table 1). In the second
cohort, injected with the radiotracer 21 days
after implantation, extravasation increases
over 48 hours while total tumor activity falls
over 48 hours (Table 2) due to the decrease in
blood activity. In both cohorts, ¢Cu-liposome
accumulation was greater than that of *F-FDG,
at later time points, where 4Cu-liposome accu-
mulation exceeded *8F-FDG accumulation from
18 to 48 hours (Figure 3). Distribution of con-
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trast within the tumor was heterogeneous, with
regions of contrast hypointensity correlating
with necrosis as demonstrated by hematoxylin
and eosin (Figure 4). Evaluation of heterogene-
ity reveals that in the first cohort (with smaller
tumors), heterogeneity is comparable amongst
all categories except that it is less in
54Cu-liposome images at 6 hours. In the second
cohort (with larger tumors), all %4Cu-liposome
images demonstrate greater heterogeneity
than those obtained with *8F-FDG (Figure 5).

Biodistribution

Ex vivo gamma counting of organs demon-
strates that liposomes remain in circulation
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Table 2. Ex Vivo and In Vivo Tumor Accumulation, 8F-FDG and ®*Cu-liposomes, cohort imaged 21 days
after tumor implantation. Subgroup 1 did not undergo PET imaging as mice were sacrificed 0.5 hour
after 8F-FDG injection. All values are reported as mean + SEM (n = 8 tumors). Values are average
%ID/cc, with total tumor %ID in parenthesis

Subgroup 1 Subgroup 2 Subgroup 3 Subgroup 4
5.5+0.1 5.0+0.3 4.9+0.2
) 18F. + + +
Accumulation based on *¥F-FDG ROI (2.0£0.4) (1.5+0.4) (0.90.2)
Time of measurement 0.5 hr 0.5 hr 0.5 hr
53+0.3 8.8+0.3 9.9+0.6
) 64 [ + + +
Accumulation based on %*Cu-liposome ROI (2.1 +0.4) 43+ 1.0) (3540.7)
Time of measurement 6 hr 24 hr 48 hr
Necropsy Derived 7.8 +0.4 7.6+0.9 121 +1.1 189+ 1.2
psy (3.0 + 0.6) (2.10.3) 29+0.7)  (3.0+0.6)
Time of measurement 0.5 hr 6 hr 24 hr 48 hr
1
0.9 -
Contrast Ratio 0.8
N I I
0.6 - T
Time after injection (hours) 0.5 0.5 6 18 24 48

13 and 21 combined
84Cu-liposomes

Time after implantation (days) 13 21
Tracer 8F-FDG

Figure 3. Contrast Ratio comparison with *F-FDG and ®4Cu-liposome tracers. Contrast ratio was defined as (Tumor-
wax ~ Muscle, )/ (Tumor, + Muscle, ) in %ID/cc. Error bars represent SEM. For mice imaged with **F-FDG 13
days after implantation and mice imaged 18 hours after injection with 8*Cu-liposomes, n = 16 tumors, for all other
groups, n = 24 tumors. Cohort imaged 13 days after implantation was maintained under anesthesia for the period
between injection of 8F-FDG and imaging, while mice imaged 21 days after implantation were awakened between
injection of 8F-FDG and imaging, resulting in a reduction in the contrast ratio. For the mice that remained under
anesthesia during *®F-FDG image acquisition (13 days after implantation), at the earliest time point, the contrast
ratio is higher for images obtained with 8F-FDG than ¢*Cu-liposomes, but is comparable at the 18 and 24 hour
time points. At 48 hours after injection of *Cu-liposomes, tumor contrast ratio was in all cases superior to *8F-FDG
images.

over 48 hours, with 6.1 + 0.3 %ID/g still present
within the blood pool after 48 hours (Table 4).
Tumor radioactivity assessed ex vivo confirmed
image derived trends, although absolute values
assessed by ex vivo methods are larger likely
due to attenuation and differing ROI selection
as compared with surgical margins. Selection
of surrounding, lower intensity tissue depress-
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es tumor average intensity relative to dissec-
tion values. At all time points liposomes dem-
onstrated lower accumulation in heart, muscle,
and brain compared to *8F-FDG. The brain
received 6.9 + 0.6 %ID/g of *®F-FDG versus 0.8
+ 0.0 %ID/g of %*Cu-liposomes. Murine ex vivo
FDG distribution after 1 hour demonstrated
high uptake in the urine and heart, with 98.5 +
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Modality 18F-FDG 0.5 hours Histology Ultrasound
{ ) o

I 25% ID/cc

Subgroup .
2

Subgroup
3

>

" Bladder

Subgroup
4

|

ue

6 hours

24 hours

48 hours

Figure 4. Typical images resulting from *8F-FDG and ®*Cu-liposome PET tracers, histopathology and ultrasound.
Images are representative of subgroups 2-4 (as described in Figure 1) acquired 21 days after tumor implantation.
Tumor volume is comparable with *8F-FDG and *Cu-liposome tracers. In addition, hypointense regions observed
with both PET tracers correlate to regions of necrosis as determined by hematoxylin and eosin staining.

2.2 and 51.2 + 6 %ID/g respectively. High
uptake of both tracers was evident in tumor as
well with 7.8 + 0.4 %ID/g of 8F-FDG compared
to 121 + 1.1 and 189 + 1.2 %ID/g of
84Cu-liposomes detected in the tumor after 24
and 48 hours, respectively.

Tumor size estimation

Tumor size was evaluated with ultrasound, nec-
ropsy weight, and histological sections as well
as ®F-FDG and ®4Cu-liposome PET ROl analysis
(Table 3). Images from three tumors from differ-
ent time points imaged by multiple methods
are presented in Figure 4. Images from each
agent and modality display gross morphologi-
cal similarities. Tumor volume correlated
strongly with each modality, and the slopes of
linear regression analysis were near 1 (Figure
6).
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Discussion

There are many methods to measure tracer
uptake and tumor volume in an *¥F-FDG scan.
Functional measures of permeability cannot be
directly compared against functional measures
of metabolic activity. Here, we chose to use an
uncorrected SUV, expressed as percentage of
initial dose per mass of tissue (%ID/g), as a
simple measure of uptake which is directly
applicable to both tracers. For comparison of
image quality, however, a simple comparison of
SUV ignores the normal background distribu-
tion of 8F-FDG [17] and liposomes. Calculation
of the contrast ratio includes correction for
background, facilitating comparison of local
uptake. We found that the contrast ratio for the
84Cu-liposome radiotracer was equivalent to or
greater than that obtained with *F-FDG at most
time points.
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600
500
400 -
Tumor
Heterogeneity 300 -
200
0 T - T T T T T T T
_ Time afier 05 6 18 24 48 05 6 24 48
injection(hours)
Tracer "°F- 84Cu-liposomes o 64Cu-liposomes
FDG P FDG P
Time after 13 days 21 days

implantation (days)

Figure 5. Tumor Heterogeneity, as observed with *F-FDG and ®*Cu-liposome PET tracers, for cohorts imaged 13 and
21 days after tumor implantation. Heterogeneity was defined as sum of absolute value in %ID/cc of (pixel - ROI
/ ROl . (Equation 2) with error bars representing SEM. N = 16 tumors for the cohort of mice imaged 13 days af-
ter implantation, n = 8 tumors for the cohort of mice imaged 21 days after implantation. Heterogeneity of images
obtained with ®*Cu-liposomes is less than that obtained with *¥F-FDG at 6 hours in the cohort imaged 13 days after
implantation, but is greater in all other groups.

Table 3. Tumor Volume, cohort imaged 21 days after tumor implantation. Tumor volume is reported as
mean + SEM, with tumor volume measured in cc (n = 8 tumors). ®*Cu-liposome volume includes cor-
rection by subtraction of spherical shell

Method Subgroup 2 Subgroup 3 Subgroup 4
64Cu-liposomes 0.25 + 0.06 0.29 + 0.07 0.18 + 0.04
Necropsy 0.32 £ 0.06 0.26 £ 0.06 0.16 £ 0.03
Ultrasound 0.22 £0.05 0.15 + 0.04 0.08 £ 0.02
1BE-FDG 0.37 £ 0.08 0.29 £ 0.07 0.18 + 0.03
Histology 0.16 £ 0.05 0.17 £ 0.06 0.06 £ 0.02

Upon administration, ¢*Cu-liposomes distribute
within the blood pool, and are slowly trapped by
tumors and the reticuloendothelial system. The
liver and spleen process and excrete the
nanoparticles, clearing the blood pool over 48
hours. When mice are imaged at 6 hours, a
high blood concentration of ®Cu-liposomes,
41.9 + 1.3 %ID/cc, reduces the tumor contrast
ratio. However, at later time points, hepatic
excretion of liposomes reduces blood concen-
tration, improving background. In addition,
tumors continue to accumulate the tracer over
48 hours, with serial images demonstrating
increases from 0.7 + 0.1 to 1.1 + 0.1 %ID/cc.
This effect could not be observed with previous
radiolabeling methods using &F, however, the
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longer half-life of *Cu enables tumor visualiza-
tion with a high tumor/background contrast
ratio over 48 hours. This extended tumor image
contrast could be used for tumor detection, but
also for direct measurement of nanoparticle
accumulation, individual prediction of thera-
peutic efficacy, or in guidance of therapeutic
intervention.

There are many clinical methods of quantitat-
ing tumor size with PET, including tumor volume
directly measured from region of interest seg-
mentation, the product of the greatest perpen-
dicular dimensions of tumors (WHO) or the lon-
gest tumor dimension on transaxial images
(RECIST) [26]. Comparing imaging studies
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Table 4. Ex Vivo Biodistribution, 8F-FDG and %*Cu-liposomes, cohort imaged 21 days after tumor
implantation. All values are reported as mean + SEM (n = 8 for tumors and kidneys, n = 4 all other
organs)

%ID/g %ID
G Subgroup  Subgroup  Subgroup Subgroup Subgroup Subgroup Subgroup  Subgroup
roup 2 3 3 4 1 2 3 4
Tracer 18F-FDG 84Cu-liposomes 18F-FDG 84Cu-liposomes
Time point 0.5 hr 6 hr 24 hr 48 hr 0.5 hr 6 hr 24 hr 48 hr
Blood 1.8+0.3 419+ 13 191417 6.1+0.3 - - -
Urine 985+22 14+0.3 53+0.8 1.9+04 - - -
Spleen 3.1+04 182+23 192+ 1.1 12.5+0.7 0.4+0.1 1.8+0.2 1.6+0.2 1.0+0.0
Lungs 45+0.3 8.5+0.6 51404 3.4+01 0.7+0.0 12401 0.9+0.2 0.5+0.0
Diaphragm 5.7+16 48+0.7 34+06 1.6+0.1 0.4+0.0 03+0.1 0.2+0.0 0.1+0.0
Heart 51.2 + 6.1 48+0.5 41+0.3 25+0.3 5.9+0.6 0.5+0.1 0.5+0.0 0.3+0.0
Liver 2.0+0.3 94+3.1 13.8+0.5 72+0.4 24+03 10.6 + 3.6 14.4+0.3 76+0.2
Kidneys 47+03 8.6+0.6 7.4+0.2 6.1+0.2 0.7+0.0 12+01 11+0.1 0.9+0.0
Duodenum 27+03 39+0.3 6.7+0.3 5.3+0.2 - - - -
Jejunum 3.0+0.4 3.3+0.2 54+0.1 49+05
Quadriceps 22+0.3 0.8+0.1 12402 0.6 +0.1
Fat pad 15+0.2 20+0.3 15403 1.0£0.1 . = = -
Brain 6.9+0.6 0.8+0.0 0.4+0.0 0.2+0.0 28+0.3 0.3+0.0 0.2+0.0 0.1+0.0
Bone 20+0.2 2.4+03 26+0.3 1.7+01 - - - -
Tumors 7.8+ 0.4 7.6+ 0.9 121+1.1 189+ 1.2 3.0+0.6 2.1+0.3 29+0.7 3.0+0.6
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Figure 6. Correlation between tumor volumes determined with #4Cu-liposome PET images, necropsy, ®F-FDG PET
images, and ultrasound in cohort of mice imaged 21 days after tumor implantation (n = 24 tumors). Each technique
demonstrates strong correlation and comparable slope.

obtained with *8F-FDG and ®*Cu-liposomes in a allows for the measurement of tumor volume by
preclinical model of mammary carcinoma necropsy and weight in addition to PET, ultra-
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sound, and histologic approaches. Then, com-
parison to the gold standard of weight on nec-
ropsy is most easily accomplished with tumor
volume as opposed to one or two dimensional
metrics. The quantitative image metrics of SUV,
contrast ratio, and tumor volume facilitate com-
parison between 8F-FDG and ®4Cu-liposomes.

As nanoparticle accumulation has a different
physiological basis than 8F-FDG accumulation,
it is important to examine the comparative esti-
mates of tumor volume. Five methods were
used to estimate tumor size, with strong corre-
lation between all five methods. As the raw
average tumor diameter measured with
64Cu-liposomes was ~1.3 mm larger than that
estimated by *8F-FDG, %*Cu-liposome based
size estimates were modified to include the
subtraction of a 0.8 mm spherical shell from
the tumor, bringing 9‘Cu-liposome image
derived size estimates in line with 8F-FDG
image derived size estimates. Comparison of
PET images suggests that %*Cu-liposomes are
accumulating in a rim about the tumor (as com-
pared with *8F-FDG which did not concentrate
in this region), most likely due to angiogenesis
and tumor expansion. With this accumulation
near the tumor margin in combination with the
positron range effect, the tumor diameter is
expected to be larger with the *Cu-liposome
tracer. The correction resulted in close equiva-
lence of linear regression for necropsy weight,
BF-FDG, and ®*Cu-liposomes. Growth of tumor
over the 48 hour study period, as well as the
hypothesis that enhanced permeability extends
beyond the metabolically active part of the
tumor may also contribute to this difference in
diameter. Tumor growth is not sufficient to
explain this effect, as the average tumor size of
the subgroup sacrificed at 48 hours was less
than that of the previous subgroups. The ability
to easily identify the angiogenic rim with
84Cu-liposomes is intriguing for surgical resec-
tion and external beam radiation, where it may
serve as a rational, imaging driven margin for
excision.

We also utilized these radiotracers to image
tumor heterogeneity. MET1 tumors demon-
strate central necrosis and cystic regions which
appear on *¥F-FDG PET as hypointense regions
which may be caused by necrosis or inhibition
of tumor metabolism. ®*Cu-liposome imaging
produces similar patterns of hypointensity
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(Figure 4), which may be due to loss of vascular
supply to cystic and necrotic regions, visible in
histological sections. While *¥F-FDG, a small
molecule, may easily diffuse through the extra-
cellular space, ®*Cu-liposomes, with an average
diameter of 120 nm, extravasate at a slower
rate than small molecules. This correlation may
be useful for assessment of therapeutic
response, in which %*Cu-liposomes would be
administered as a physiologic imaging tracer of
necrosis. In addition, ®*Cu-liposome images
demonstrate a higher degree of heterogeneity
as compared to *¥F-FDG (Figure 5). This hetero-
geneity results from the long circulating half-life
of ®4Cu-liposomes (Table 4) and preferential
accumulation of nanoparticles in regions of
high vascular flow and permeability. In the
tumors imaged 13 days after tumor implanta-
tion, at 6 hours after injection of the tracer, the
difference between hypointense and hyperin-
tense regions of the tumor is less than that of
18F-FDG, but as nanoparticles continue to gath-
er in the tumor, the contrast between regions of
high and low uptake is greater than that of
metabolic differences shown with *8F-FDG. In
the more nanoparticle-avid tumors from the
cohort of mice imaged 21 days after implanta-
tion, %*Cu-liposomes demonstrate greater het-
erogeneity at all time points. Thus,
64Cu-liposomes are potential contrast agents
for the assessment of nanoparticle delivery
and vascular heterogeneity, with contrast
advantages relative to *®F-FDG.

Conclusion

This study compared tumor images generated
by ®4Cu-liposomes with images generated by
the dominant clinical tracer, 8F-FDG. Inclusion
of this standard provides a method to compare
our proposed contrast agent against the clini-
cal standard in our animal model of mammary
carcinoma. A multiplicity of methods for calcu-
lating tumor dose and size were used and cor-
roborated, including image derived tumor accu-
mulation and size, ultrasound and histological
size estimates, as well as tumor radioactivity
and tumor weight following necropsy. A limita-
tion of the study was that the tumors had to be
imaged sequentially with two tracers as
opposed to simultaneously and therefore varia-
tions in growth patterns can influence results.
Another limitation is that the MET1 tumor
model involves implantation of a tumor into a

Am J Nucl Med Mol Imaging 2013;3(1):32-43



84Cu-liposome image contrast

known location and therefore observers were
aware of the tumor location. This study demon-
strates that in the mouse tumor model,
64Cu-liposomes generate images with contrast
and volume estimates comparable to 8F-FDG.
64Cu labeling facilitates liposomal tracking, has
a mechanism of tumor uptake unique from that
of ¥F-FDG, and we find that ®*Cu-liposomes
may serve as a useful clinical contrast agent for
detection of tumors, delineation of margins,
prediction of therapeutic response, determina-
tion of therapeutic efficacy, and interventional
guidance.
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