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EMT6 tumors in BALB/c mice have been successfully imaged with small
(<0.1M), unilamellar lipid vesicles (SUVs) loaded with ln-111 nitrilotriacetic acid
(ln-111 NTA). Neutral SUVs prepared from distearoyl phosphatidylcholine (DSPC)

and cholesterol (CH) (ratio 2:1) delivered sufficient radioactivity to allow tumor vi
sualization 24 hr after i.v. injection; so did positively and negatively charged SUVs
with the ratio 4:1:1 for DSPC:CH:X, where X was stearylamine or dicetyl phos
phate. Other SUVs containing a 6-aminomannose or 6-ammomannitol derivative
of cholesterol did not cause significant tumor accumulation of ln-111 NTA, and
tumor images were not readily discernible. The maximum tumor-associated radio

activity, 18.5% of injected dose per gram of tissue, was achieved with neutral
SUVs. This level of tumor-associated ln-111 was over 4 times that observed when
unencapsulated ln-111 NTA was injected. Neutral SUVs also gave the lowest spe

cific activities In the liver and spleen (14.6% and 18.8% of dose respectively).
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Numerous investigators have described the use of li
posomes as carriers to protect and deliver therapeutic or
diagnostic agents (for reviews see Refs. 1-3). Previous

work in our laboratories has demonstrated that small,
unilamellar, lipid vesicles (SUVs) can be prepared from
pure phospholipids, cholesterol, and a 6-aminomannose

derivative of cholesterol. These SUVs have unusual
properties in vivo (4-6), and were shown to have a high

affinity for murine EMT6 tumor cells in vitro (7). Since
methods have been developed for efficiently incorpo
rating chelated In-111 into these SUVs (8), we under
took this study to investigate the potential of In-111-

loaded SUVs for tumor imaging in vivo.
Several earlier in vivo animal studies used liposomes

as tumor-imaging agents, and were able to demonstrate
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some degree of enhanced localization of radiotracer in
tumor (9-12). Of these studies, the best tumor uptake

of radiotracer was observed with negatively charged li
posomes prepared with egg lecithin (9). In the present
study, we describe the use of SU Vs prepared from pure
distearoyl phosphatidylcholine and cholesterol, which
are relatively stable to lysis in vivo (5,13). Furthermore,
we have used the weak chelator, nitrilotriacetic acid
(NTA), which can be displaced by proteins and allows
the In-111 to remain at the site of liposome lysis. Thus
In-111 accumulates in tissues over a relatively long time

after liposome injection.

MATERIALS AND METHODS

Liposome preparation. SUVs containing the ionophore
A23187 were prepared from distearoyl phosphatidyl
choline (DSPC), cholesterol (CH), dicetyl phosphate
(DP), stearylamine (SA), and the 6-aminomannose
(AM) and 6-aminomannitol (AML) derivatives of
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cholesterol (15,16) according to the method of Mauk et
al. (8,13). Briefly, chloroform solutions of lipid mixtures
(with the following mole ratios: DSPC:CH = 2:1,
DSPC:CH:X = 4:1:1 (where X = SA, DP, AM, or
AML); and DSPC:CH:AM = 8:3:1) were evaporated
to dryness under N2 and further dried under vacuum
overnight. To each tube was added 0.6 ml 10 mM po
tassium phosphate in 0.9% NaCl, pH 7.4 (PBS), con
taining 1 mM NTA, and the contents were vortexed
briefly. The suspension was sonicated at 100 W for 5 min
under a nitrogen atmosphere, using a probe sonicator
equipped with a titanium microtip. SUVs were annealed
at 60Â°Cfor 10 min and then centrifuged at 400 g. Un-

encapsulated NTA was removed from SUVs by filtering
the mixture through a 30- by 1.5-cm Sephadex G-50
column. Liposome size was determined by electron mi
croscopy of preparations negatively stained with uranyl
acetate.

In-Ill loading procedure. Loading of In-Ill into
preformed SUVs was facilitated by the presence of the
divalent cation ionophore A23187 (17,18) in the lipid
bilayer. The loading was performed by incubation at
60-80Â°for 30 to 60 min (8). Incubations were termi

nated by the addition of 10 mM EDTA in PBS, and free
In-111 was separated from the loaded liposomes by gel
filtration on a Sephadex G-50 column. Up to 90% of the
added In-111 could be incorporated into preformed li
posomes by this method, and specific activities of up to
300 Â¿iCi/mglipid have been reported (13).

EMT6 tumor growth. EMT6 tumor cells were ob
tained from Dr. Robert Klevecz at City of Hope Re
search Institute. Male BALB/c mice weighing 20-25
g were injected s.c. on the right hind leg with 500,000
EMT6 cells (79) in 0.1 ml sterile PBS. Tumors were
allowed to grow for 10-20 days before these animals
were used for imaging studies. At this stage, tumors
weighed between 0.1 and 0.6 g. One to 2 mg SUVs,
loaded with a total activity of up to 30 Â¿iCiIn-111, were
injected into the tail vein of each animal. Control animals
were injected with unencapsulated In-111 NTA or 1-131
albumin.

Gamma imaging. Within one hr or 24 hr after injec
tion, each animal was anesthetized with 40 mg/Kg so
dium pentobarbital and positioned on a platform 12 cm
from the gamma scintillation camera equipped with a
6-mm pinhole. Whole-body dorsal images were recorded
on x-ray film, and the corresponding digitized data were
stored on magnetic disc for subsequent computer anal
ysis.

Biodistributionof radioactivity.Immediatelyafter the
1-hr or 24-hr images were acquired, animals were killed

and dissected to determine the organ distribution of ra
dioactivity. Organs or tissues were excised, washed in
PBS, blotted dry, and weighed. Radioactivity was
measured in a well gamma spectrometer and quantitated
based on activity of In-111 injected in vivo.

RESULTS

Electron micrographs of each liposome composition
confirmed that SUVs were actually being formed by the
described procedure. All preparations examined had a
heterogeneous size distribution with a mean diameter
of less than 65 nm. The smallest mean diameter observed
was 53 nm in neutral DSPC:CH SUV preparations.

Figure 1 shows whole-body scintigraphs of tumor-
bearing mice that had been injected with free or SUV-
entrapped In-111 NTA 24 hr previously. EMT6 tumor
images are clearly discernible in animals injected with
neutral (DSPC:CH), negative (DSPC:CH:DP), and
positive (DSPC:CH:SA) SUVs. Free In-111 NTA also
produced faint tumor images, but was more uniformly

FIG. 1. Whole-body gamma camera images of mice bearing EMT6

tumors on right hind legs. Dorsal images of anesthesized mice were
acquired 24 hr after i.v. injection of free or SUV-entrapped In-111
NTA. Arrow indicates tumor location in each image. Free In-111
NTA, 50,000 counts acquired (upper left). In-111 NTA entrapped
in neutral SUVs (DSPC:CM = 2:1), 100,000 counts acquired (upper
right). In-111 NTA entrapped In positive SUVs (DSPC:CH:SA = 4:
1:1), 100,000 counts acquired (lower left). In-111 NTA entrapped
in negative SUVs (DSPC:CH:DP = 4:1:1), 100,000 counts acquired

(lower right).
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TABLE 1. BIODISTRIBUTION OF RADIOACTIVITY IN MICE BEARING EMT6 TUMOR
INJECTION OF FREE OR SUV-ENCAPSULATED In- 111 NTAAT

24 HRAFTER%

Injecteddose per gram oftissue'Freeln-111

NTAOrgan
(n =5)*Tumor

4.6(2.3-7.3)Blood
0.69(0.28-1.1)Liver
5.5(2.8-10.1)Spleen
5.1(2.3-10.7)Kidney
9.1(7.0-11.5)Lung
5.0(2.3-10.7)Bone

2.7(2.4-3.4)Muscle
0.75(0.46-1.3)*

Meanvalue for mice Â¡ngroup;rangeT
n = number of mice in group.ln-111

NTAinneutral
SUVs*(n

=6)t18.4(14.0-23.4)5.2

(4.3-8.0)17.4(12.9-16.6)20.6(14.0-21.0)6.4(5.1-7.7)4.9

(4.2-7.9)3.3(2.9-6.2)1.2(0.48-1.7)in

parentheses.*

Liposome compositionsexpressedas molar ratios were: for neutralSUVs,ln-111

NTAinpositive
SUVs1(n

=5)t8.8(6.0-13.8)0.89(0.67-1.2)31.0(26.4-35.5)41.2(30.0-47.8)7.2

(6.9-7.4)3.0
(2.8-4.5)2.9
(2.2-5.2)0.74(0.45-1.2)ln-111

NTAinnegative
SUVs*(n

=4)t10.6

(6.6-14.2)1.3(0.90-1.6)16.6(14.7-18.0)39.3

(36.0-44.0)17.7(13.1-21.4)3.0

(2.3-3.4)4.8(4.1-5.3)1.1

(0.9-1.3)DSPC:CH

= 2:1; for positive SUVs,DSPC:CH:SA=
4:1:1; and for negative SUVs,DSPC:CH:DP= 4:1:1.

distributed throughout the animals' bodies. A compar

ison of the biodistributions of In-111 NTA in each of
these vesicle types, and of free In-111 NTA, is presented
in Table 1. Neutral SUVs provided the best delivery of
In-111 to tumor tissue. The tumor's specific activity in

this instance was at least 4 times that of the specific ac
tivity observed when free In-111 NTA was injected. In
addition, the tumor's specific activity achieved with

neutral SUVs was equal to, or greater than, the corre
sponding specific activities of liver and spleen, the usual
organs that accumulate liposomes. It can also be seen in
Table 1 that, as liver and spleen uptake of In-111 de
creases, the activity remaining in blood increases. The
increase in tumor-associated radioactivity generally
correlates with the blood level of In-111.

Figure 2 shows images obtained within 1 hr of injec
tion of free In-111 NTA and of In-111 NTA in neutral
SUVs. In Figure 2 (left), free In-111 NTA can be seen
accumulating in the bladder, but tumors located on the
animals' right rear legs are not visualized. At this time,

the percent injected dose of In-111 per gram of blood is
10.9 (n = 4) for free In-111 NTA and 45.1 (n = 5) for
ln-111 NTA in neutral SUVs. However, the tumor-
to-blood ratios at the 1-hr time point were only 0.40 and
0.12, respectively. Clearly the levelof radioactivity in the
blood could make only a small contribution to the total
radioactivity observed in the tumor.

As an additional control, 1-131 albumin was admin
istered i.v. to a group of tumor-bearing mice in order to
determine the total contribution of a labeled blood-borne
protein to the total tumor-associated radioactivity.
Biodistribution data obtained 24 hr after injection of
1-131 albumin showed that ratio of tumor-associated
radioactivity to the level in blood was 0.70.

Since we had previously demonstrated a strong asso

ciation of 6-aminomannose-derivatized SUVs (AM
SUVs) with EMT6 tumor cells in vitro (7), we attempted
tumor imaging with [In-111 NTA]AM SUVs. Our ob
servations confirmed that a significant fraction of the
AM SUVs (DSPC:CH:AM = 4:1:1) were arrested in
the lungs within 1 hr after injection, and that most of the
ln-111 was ultimately deposited in the liver, as was de
scribed previously by Mauk et al. (5). Definitive tumor
images would not be obtained with this agent, as is in
dicated by the low specific activity of the tumor (Table
2).

AM/2 SUVs (DSPC:CH:AM = 8:3:1) do not localize
in the lung after injection, so it seemed reasonable to
assume that [In-111 NTA]AM/2 SUVs might be better

FIG. 2. Whole body dorsal images of mice bearing EMT6 tumor,
scintigraphed 1 hr after i.v. injection of In-111 NTA, free or entrapped

in DSPC:CH SUVs. Arrow indicates tumor location Â¡neach image.
Free In-111 NTA, 60,000 counts acquired (left); B = bladder. In-111

NTA in neutral DSPC:CH SUVs, 100,000 counts acquired (right).
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TABLE 2. BIODISTRIBUTION OF RADIOACTIVITY IN MICE BEARING EMT6 TUMOR, AT 24 HR AFTER
i.V. ADMINISTRATION OF ln-111 NTA ENCAPSULATED IN SYNTHETIC GLYCOLIPID-MODIFIED SUVs

Organ

ln-111 NTA in
(n = 2)t

% Injected dose per gram of tissue'

ln-111 NTA in
AM/2t (n = 3)1

ln-111 NTA in
(n = 3)*

Tumor

Blood

Liver

Spleen

Kidney

Lung

Bone

Muscle

0.91 (0.84-0.97)

0.23 (0.22-0.24)

29.6(27.9-31.4)

49.0 (42.3-55.8)

4.6 (4.5-4.7)

3.2 (2.5-4.0)

1.7(1.6-1.9)

0.32 (0.28-0.37)

1.0(0.7-1.6)
0.24(0.16-0.28)

40.5 (35.2-48.3)

74.4(50.8-106.2)

2.5 (2.2-3.0)

1.5(1.0-2.5)

1.2(0.8-1.9)

0.13(0.09-0.20)

1.7(1.4-1.8)

0.30 (0.28-0.33)

17.4(15.8-18.4)

56.0 (43.6-64.0)

6.5 (5.6-7.6)

4.7 (3.3-7.0)

3.0 (2.6-3.6)

0.36 (0.34-0.39)

â€¢Mean value for animals in group, range in parentheses.

t Liposome molar ratio compositions were: for AM, DSPC:CH:AM = 4:1:1; AM/2, DSPC:CH:AM = 8:3:1; and for AML, DSPC:

CH:AML = 4:1:1.

T n = number of mice per group.

tumor-imaging agents. Table 2 shows that this was not
the case; in fact, AM/2 vesicles had a very high affinity
for liver and spleen, and the blood level of radioactivity
was very low. At 24 hr, the combined radioactivity in
liver and spleen averaged greater than 75% of the total
dose. This was the highest liver and spleen uptake of
liposome-entrapped tracer that we observed with any of
the liposome compositions studied.

Since positivelycharged liposomes bind to EMT6 cells
in vitro to a much greater extent than either neutral or
negatively charged liposomes (7), we investigated ami-
nomannose lipid (AML), another synthetic glycolipid
derivative with a positive charge. Compared with AM/2
SUVs, these AML SUVs did not show a lower affinity
for liver and spleen (Table 2) and an increased uptake
by tumor, but their level of tumor-associated radioac
tivity was still '/3 to '/io of that observed in the experi

ments with the neutral or charged liposomes that did not
contain synthetic glycolipid derivatives (Table 1).

DISCUSSION

We have shown that neutral, positive, and negative
SUVs can deliver sufficient In-111 to EMT6 tumors to
allow definitive delineation of tumors by gamma camera.
Our biodistribution results with neutral DSPC:CH
SUVs are similar to the biodistribution results obtained
by Larson and coworkers (20) in mice bearing EMT6
tumor, injected with either Ga-67 citrate or Ga-67-
labeled serum. Thus, 24 hr after injection, the best
tumor-to-blood activity ratio reported by Larson et al.
(20) was 4.3, while our average of tumor-to-blood ratio
was 3.5. However, our observed specific activity in tumor
was 18.4% injected dose per gram tumor with In-111-
labeled neutral SUVsâ€”nearly twice the tumor con

centration reported for either Ga-67 citrate or Ga-67
labeled serum.

In previous attempts to enhance tumor accumulation
of radionuclides by administering radiolabeled liposomes
(9-12), the range of tumor-associated radioactivity was
1-7% injected dose per gram tumor. We have incorpo
rated several improvements in liposome technique into
this study, and we believe that one or more of these may
account for the higher specific activities we have ob
served in tumors with some liposome preparations.

First, we have chosen liposome compositions that are
known to resist leakage of liposome contents in vitro (14)
and in vivo (5). These formulations include highly pu
rified synthetic DSPC. It is generally recognized that
naturally occurring phospholipid mixtures such as egg
lecithin have broad, low gel-liquid crystalline-phase
transition temperatures (Tc), whereas pure synthetic
phospholipids with long fatty acyl chains have sharp,
high Tcs (21). In addition, cholesterol has been included
in all our liposome preparation studies, and this molecule
is known to reduce liposome permeability both in vivo
and in vitro (22,23).

Second, only small, sonicated liposomes were used in
this study. Juliano and Stamp (24), and Abra and Hunt
(25), have previously shown that small liposomes of any
given lipid composition are cleared more slowly from
circulation than an equivalent dose of large liposomes.
Several studies have documented alterations in vascular
permeability in tumors. For example, Underwood and
Carr (26) found that Evans-blue-albumin complex
leaked from vessels in a rat sarcoma at a faster rate than
from normal tissues. However, leakage of colloidal
carbon (30 nm diameter) at the tumor was observed only
after administration of vasodilators. Likewise,Ackerman
and Heckmer (27) observed that capillary permeability
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was significantly greater in newly formed tumor vessels
compared with the liver vasculature. We propose that
the smallest liposomes in our preparations are capable
of leaving the vascular bed at sites of increased capillary
permeability, and thus account for the accumulation of
In-111 in the tumor tissue. It is noteworthy that Rich

ardson et al. (Â¡2)showed that small sonicated liposomes
had seven-fold higher tumor uptake compared with
larger liposomes produced in hand-shaken lipid sus

pensions.
Third, the effect of charge on the in vivo fate of lipo

somes should be considered. As Table 1 shows, neutral
SUVs had the highest uptake in EMT6 tumors, followed
by negative, and then positive SUVs. Although neutral
SUVs had a slightly smaller average diameter, the dif
ference in tumor uptake of these preparations could be
ascribed primarily to the difference in surface charge on
the various SUVs. However, two other results may also
help to account for this observation. The first is that
neutral SUVs of the same composition used in this study
have been shown to have a greater stability in vivo than
either the corresponding positive or negative SUVs (5).
The second supporting observation is that the blood level
of neutral SUVs was significantly higher than that of
either positive or negative SUVs at 24 hr after injection
(Table 2). This information further supports our hy
pothesis that intact liposomes that remain in circulation
for long periods have a higher probability of accumu
lating at sites where vascular permeability is in
creased.

Although we have noted that increased tumor-asso

ciated radioactivity correlates with the increasing levels
of blood-borne radioactivity, this increase is not directly
due to the In-111 contained in the blood of the tumor.
Comparisons of the tumor-to-blood ratios of In-Ill

specific activity support this statement. Thus, one hour
after i.v. administration of In-111-labeled neutral SUVs,
the tumor-to-blood radioactivity ratios is 0.12 and no

tumor images are apparent (Fig. 2, right). The corre
sponding 24-hr ratio increased to 3.5 whereas the level
of blood-borne tracer decreased from 45.1% to 5.2%, and

distinct tumor images are obvious (Fig. 1, top right).
Likewise, we have compared free In-111 NTA dis

tribution ratios at 1 hr and 24 hr. At 1 hr the ratio was
low (0.40) and no tumor uptake could be seen (Fig. 2,
left) although considerable In-111 is excreted as shown,
by the prominent bladder image. Twenty-four hours
after injection of free In-111 NTA, the tumor-to-blood

ratio reached 6.7. However, this increase in tumor ac
tivity is probably due to binding of In-111 to transferrin

(28,29), with subsequent localization of transferrin in
the tumor by a mechanism analogous to that of Ga-67

localization in tumors (30,31).
In an additional attempt to define the contribution of

blood-borne proteins to the total tumor radioactivity, we
injected 1-131 albumin into a series of mice bearing

EMT6-tumor. After 24 hr, the blood level of I-131 was

still 7.8% injected dose per gram blood, somewhat higher
than the corresponding blood level of In-111 observed

24 hr after administration of neutral SUVs. However,
the 24 hr tumor-to-blood ratio for 1-131 was only 0.70,
or~l/5 of that observed with neutral SUV-encapsulated
In-111. Clearly, blood levels of radioactivity make only

minor contributions to the total activity found in tumor
tissue.

By comparing the biodistribution of positive SA SUVs
with those biodistributions determined for positive SUVs
containing synthetic glycolipid derivatives (Table 2), one
can see that factors other than liposomal surface charge
must be considered to account for the observed differ
ences. We hypothesize that interactions of plasma pro
teins with liposomes (32)â€”and possibly the rapid
clearance of glycolipid-modified liposomes by cells with
specific receptors for terminal sugars (33,34)â€”are
factors that could contribute to the differences in bio-

distribution we have described.
A fourth factor that may contribute to the high levels

of tumor radioactivity is the encapsulation of In-111 into

liposomes as the NTA complex. NTA is a relatively
weak chelator and, in the presence of serum, NTA can
be displaced by transferrin and other proteins (28,29).
Thus, when In-111 NTA is released from liposomes in
vivo, the In-Ill becomes tightly associated with sur

rounding proteins. If this release occurs on or within a
cell, the In-111 remains fixed at that site. This occur

rence provides two distinct advantages for the purposes
of imaging. The first is that little radioactivity is lost due
to renal excretion. After correcting for decay, we typi
cally observed that more than 90% of the liposome-

encapsulated radioactivity remained in the animal 24 hr
after injection, based on the times required to accumu
late a fixed number of counts with the gamma camera.
A second advantage, as was pointed out by EspinÃ³la et
al. (35), is that when a label remains fixed at the site of
liposome destruction, one can obtain information on rate
of liposome uptake by the tissue, as well as the total up
take. Thus, the high specific activities in tumor observed
in this study are the result of a continuous accumulation
of In-111 within the tumor over the entire 24-hr period.
For comparison, [In-Ill EDTA]SA SUVs were ad

ministered. EDTA is a strong chelate that cannot be
displaced by proteins (29). In this case, specific activity
in tumor was only 25% of the value found when lipo
somes were loaded with In-Ill NTA (data not

shown).
Finally, In-111 was loaded into preformed liposomes

by the method of Mauk and Gamble (8). While this
method is probably not essential for tumor imaging with
liposomes, it does provide a highly efficient procedure
for obtaining high In-111 specific activities in a relatively

small liposome dose.
Based on the results presented in this communication,
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we conclude that small liposomes are promising agents
for the imaging of at least some tumors. Additional
studies are now in progress to determine whether tumor
localization of liposome-encapsulated radionuclides can
be further enhanced, and to see if other tumor types can
be successfully imaged with liposomes loaded with In-
111 NTA.
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1983 Conjoint Winter Congress
A Symposium on Emission Computed Tomography

and Medical Data Processing
February 6-7, 1983 Cathedral Hill Hotel San Francisco, California

The Computer and Instrumentation Councils of the Society of Nuclear Medicine will meet February 6 and 7, 1983 at the
Cathedral Hill Hotel in San Francisco, California.

In this meeting, the mechanics, the limitations, and the requirementsof ECTwill be discussed in depth. Along with technical
papers, a few application papers will cover display and computer-based diagnosis. The meeting aims to be a forum for
exchange and interaction, with ample time for questions, discussion, and debate. Technologists are cordially invited; you
may register on-site.

Sunday, February 6
8:30 am Opening Remarks

Jon J. Erickson, PhD,
Bryan Westerman, PhD,
Michael L. Goris, MD, PhD

9:00 The Mathematical and Physical Basis of ECT

9:45 Comparison of SPECT Techniques on High-
Speed Digital Array Processor

10:15 Coffee break

10:45 SPECT System Misalignment: Comparison
of Phantom and Patient Images

11:15 Methods for Characterizing and Monitoring
Rotational Gamma Camera's System

Performance

11:45 Spatial/Temporal Dependency of
Scintillation Camera Nonlinearization

12:15 pm Lunch

1:45 An "Intelligent Assistant" for Hepatobiliary

Imaging

2:10 Synthetic Color Compositesof Related Images

2:30 The VESTâ€”Validationof a Device for the
Ambulatory Measurement of Ejection Fraction

3:00 Coffee break

3:30 Oblique Angle Display of ECT Images

4:00 Preliminary Characterization of Properties of
a New Rotating SPECT Imaging System

4:30 Initial Experience with an Intelligent Gantry
SPECT System

Monday, February 7
8:30 am Attenuation Correction and Other Related

Problems

9:45 The Orbiting Rod Source: Improving Per
formance in PET Transmission Correction
Scans

10:15 Coffee break

10:45 Photon Attenuation in the Chest and an
Empirical Correction Method in Myocardial
SPECT Based on a Chest Phantom

11:15 Improving SPECT Image Quality by Body
Contour Following

11:45 Appropriate Collimator for 1-123Imaging
with SPECT

12:15 pm Lunch

1:45 Decontamination of Time-Activity Curves
from First-Pass Radionuclide Angio-
cardiographic Data

2:30 Measurement of Left Ventricular Volume
Using Emission Computed Tomography

2:55 Experience with SPECT of the Liver

3:20 Coffee break

3:45 Limited Angle Tomography Using Rapid Digital
Processing of Fresnel Zone Plate Data

4:15 Emission Computed Tomography: Versatile
Limited Angle Software

4:45 Business meetings of the Computer and the
Instrumentation Councils
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