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Absorbed dose profiles within tumor spheroids simulating avascular micrometastases have been calculated for a variety of
liposome- and antibody-radionuclide combinations to assess
the anticipated therapeutic efficacy based on the intratumoral
distribution of the carrier systems within the spheroid model.
Methods: Experiments studying the targeting and diffusion capability of the most clinically relevant liposome systems and the
anti-PSMA (prostate-specific membrane antigen) antibody J591
within spheroids of the prostate cancer cell line LNCaP (diameter, 150 –200 m) have been performed. The intratumoral biodistribution data were then used as the input to obtain absorbed
dose profiles within the tumor spheroid mass. The dosimetric
analysis was performed for a variety of medium- and highenergy ␤-emitting radionuclides (32P, 90Y, 188Re, 67Cu, 131I) and 2
low-energy Auger or conversion electron emitters (123I, 125I) following the point-kernel convolution method in the continuous
slowing-down approximation. Results: Relative absorbed dose
distribution calculations as a function of the distance from the
rim of the spheroids are presented. For all liposome systems
studied, the SUV-DMPC-chol (small unilamellar vesicle– dimyristoyl-phosphatidylcholine– cholesterol) was most efficient in
penetrating deeper within the spheroids. For the ␤-emitters it
delivered its maximum absorbed dose (Dmax) at 40- to 50-m
depth, exhibiting an almost flat absorbed dose profile beyond
that point, as is evident by the high absorbed dose value at the
center of the spheroid (Dcore), Dcore/Dmax ⬎ 0.9; the respective
values for the J591 antibody were 20 m and 0.85. The Auger or
conversion emitters resulted in the most heterogeneous absorbed dose distribution; the ratio Dcore/Dmax fell to 0.4 for the
SUV-DMPC-chol and to 0.4 – 0.5 for the antibody. In general, a
2- to 10-fold “cross-fire”–related increase of the core absorbed
dose was observed. For liposomes exhibiting high binding capacity (3␤-[N-(N⬘,N⬘]-dimethylaminoethane)carbamoyl]cholesterol
[DC-chol]), however, the low-energy emitters deliver up to a 40%
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higher Dmax relative to the ␤-emitters. The surface characteristics
of liposomes appear to have a noticeable influence on the
absorbed dose profiles. The use of neutral (DMPC-chol) versus
cationic (DC-chol) lipids resulted in up to a 10-fold increase of
Dcore/Dmax depending on the radionuclide. Changing the cationic
lipid used to N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulfate also had a notable influence (up to a 6-fold
increase), whereas the effect of fusogenic lipids (dioleoylphosphatidylcholine) was found to be much smaller. Conclusion: It
is possible to engineer liposome systems that are particularly
effective in delivering an almost uniform absorbed dose profile
at the central region of micrometastatic tumors, provided that
conjugates with the appropriate radionuclides are constructed. In
view of the passive means of diffusion of liposomes within solid
tumors, it is suggested that they may effectively complement an
antibody-based therapeutic regime against micrometastatic tumors, leading to cytotoxic absorbed dose levels throughout the
entire tumor volume—thus, hindering tumor recurrence.
Key Words: radiotherapeutics; dosimetry; liposome systems;
radiotherapy; radionuclides; spheroids
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T

he construction and use of liposome systems as targeted
delivery vehicles of therapeutic agents has mainly focused
on enhancing the tumor-to-blood concentration ratio of the
delivered therapeutic (1,2). In a previous study we undertook a first-order dosimetric evaluation for the use of liposomes in radiotherapeutic applications based on wholeorgan and blood biodistribution data (3). It was shown that
particular liposome systems provide adequate targeting efficiency to solid tumors when combined with radionuclides
of specific emission characteristics. Importantly, unlike radioimmunotherapy, in which the red marrow is dose limiting, the dose-limiting organ in such applications appeared to
be the liver, which can tolerate considerably larger absorbed
doses than the marrow.
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The clinical application of radiolabeled liposomes, or
any other tumor-targeting moiety, is faced with the problem of insufficient penetration and, thus, inhomogeneous
distribution within the tumor volume (4). This is one of
the main obstacles to the effective application of radiolabeled antibodies in the treatment of bulky disease (5).
Toward internal radiotherapy of micrometastasis, on the
other hand, many of the obstacles associated with the
treatment of bulky disease— extravasation from tumor
microvasculature, interstitial diffusion, and tumor penetration—are less of a concern (6). This realization presents a compelling rationale for targeting disseminated
tumor cell clusters using radiolabeled monoclonal antibodies (7). In this case, the emission characteristics of the
radionuclides will be more critical due to the small dimensions of the tumor (⬍1 mm) involved, which may
reach the single-cell limit (8 –10). However, the ability of
any radiolabeled carrier to deliver a uniform absorbed
dose profile throughout the entire target volume with
minimal irradiation of the surrounding healthy tissues
still remains an important factor (11,12).
Previously, we studied the absorbed dose–response profiles of monoclonal antibody–targeted radionuclides toward
development of radioimmunotherapeutics against prostate
carcinomas (13). The avascular multicellular spheroid
model for a prostate carcinoma cell line (LNCaP) was used
in those studies (14). Other investigators have also studied
absorbed dose–response curves for external (15) and internal (16 –18) radiotherapeutic regimes using tumor spheroid
models of various carcinomas. Moreover, satisfactory correlation was found between the absorbed dose–response
profiles and tumor growth curves obtained in vitro using the
LNCaP spheroid model. Improved overall survival and significant reduction of prostate-specific antigen (PSA) blood
levels in an intramuscular xenograft model of LNCaP cells,
when treated with an ␣-particle– emitting radioimmunoconjugate, have also been reported (19). Contrary to the extensive studies previously evaluating monoclonal antibodyradioconjugates for cancer radioimmunotherapy, liposomes
have only recently been proposed and evaluated as delivery
systems of radiotherapeutic agents (3,20,21).
The present work presents a comparison of absorbed dose
profiles within avascular prostate carcinoma spheroids of
the LNCaP cell line for various ␤-emitters and Auger or
conversion electron emitters delivered by liposomes and a
monoclonal antibody. Experimental studies for the binding
and diffusion of the most clinically relevant liposome systems within the spheroids have been performed and used as
the input to the dosimetric model. Similar data for the
anti-PSMA (prostate-specific membrane antigen) antibody
J591 have been produced for comparison. The cell line
characteristics and spheroid dimensions used in this study
are mostly relevant to avascular prostate micrometastasis in
vivo.
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MATERIALS AND METHODS
Spheroids
Multicellular spheroids consisting of the LNCap-LN3 prostate
tumor cell line were prepared according to the liquid overlay
technique of Yuhas et al. (22) as described in detail previously
(14). Approximately 106 LNCaP-LN3 cells, obtained by trypsinization from growing monolayer cultures, were seeded into
100-mm dishes coated with a thin layer of 1% agar (Bacto Agar;
Difco) with 15 mL of RPMI 1640 medium, supplemented with
10% fetal bovine serum, 100 units/mL penicillin, and 100 g/mL
streptomycin. After 3–5 d in the agar culture, spheroids of 200 ⫾
400 m in diameter were selected under an inverted phase-contrast
microscope with an ocular scale using an Eppendorf pipette. The
selected spheroids were transferred to 35-mm bacteriologic Petri
dishes in 2 mL of medium.
Liposomes
The most relevant liposome systems for clinical applications
were constructed and used in the present study. Liposomes were
prepared as multilamellar vesicles (MLVs) and small unilamellar
vesicles (SUVs), differing in the mean particle size of the respective liposome populations. Light and electron microscopy indicated that the mean vesicle diameter for all MLV systems ranged
between 800 and 1,000 nm and for all SUV systems this diameter
ranged between 50 and 150 nm, whereas the total lipid composition for both systems was kept constant at 1 mg/mL. Liposomes
were prepared following the solvent evaporation– hydration protocol, by solubilization of all lipids into laboratory-grade chloroform (United States Pharmacopeia) and subsequent evaporation
under high pressure to form a lipid film. Hydration of the lipid
films, by addition of either phosphate-buffered saline (PBS) (in
experiments not involving cells) or RPMI medium (for cellular
experiments), produced MLVs. Extrusion cycles through polycarbonate filters (Millipore) using a manual extruder (Avanti Polar
Lipids) was used to form SUVs according to a previously described protocol (23). A constant concentration (3.75 g/0.5 mg
lipid) of the lipophilic carbocyanine dye 1,1⬘-dioctadecyl3,3,3⬘,3⬘-tetramethylindocarbocyanine perchlorate (DiI), which
has been shown to be an efficient liposome bilayer marker for in
vivo localization studies (24), was used for labeling.
The surface characteristics, in terms of surface charge and
bilayer properties, of both MLV and SUV liposomes were
varied using dimyristoyl-phosphatidylcholine (DMPC), 3␤-[N(N⬘,N⬘-dimethylaminoethane)carbamoyl]cholesterol (DC-chol),
and cholesterol (chol), purchased from Sigma, and N-[1-(2,3dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulfate
(DOTAP), purchased from Avanti Polar Lipids. The surface
properties of the liposomes were evaluated using a DELSA 440
Zetasizer instrument (Beckman-Coulter). The liposome systems
studied along with their surface characteristics are presented in
Table 1.
Antibodies
The anti-PSMA antibody (J591) targets the external domain of
PSMA expressed on the surface of the LNCaP cells at a density of
about 180,000 sites per cell (25,26). Using a modified Scatchard
analysis, an antigen site density for the LN3 subline of 130,000
sites per cell was measured (27). PSMA expression has also been
found in tumor but not in normal vascular endothelium (25,28).
Fluorescein isothiocyanate (F7250; Sigma Chemical Co.) (FITC)-
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lives of the radionuclides studied span several hours (123I, 188Re) to
days (90Y, 32P, 131I, 67Cu, 125I). The emission properties of the
examined radionuclides are presented in Table 2.

TABLE 1
Liposome Systems

Liposome system (molar ratio)

Surface
charge
(mV)

DMPC:chol (2:1)
DMPC:DC-chol (2:1)
DMPC:DOPE:DC-chol (2:1:0.5)
DMPC:DOPE:DOTAP (2:1:0.5)

⫺9.3 ⫾ 2.2
51.7 ⫾ 3.9
55 ⫾ 6.7
49 ⫾ 5.0

Bilayer
characteristics
(at 37°C)
LQ
LQ
LQ/fusogenic
LQ/fusogenic

LQ ⫽ liquid crystalline.

conjugated J591 was used to fluorescently label the antibody as
described previously (13).
Experimental Protocol
Multicellular spheroids were coincubated with the various liposome systems for 2, 5, and 24 h at 37°C before confocal laser
scanning microscopy. All incubations were undertaken in an orbital shaker incubator. For the antibody experiments the spheroids
were incubated with FITC-conjugated J591 for 2, 3, 18, and 24 h.
Because no appreciable changes were observed between the 2 last
time points for both the liposome systems and the antibody, further
measurements beyond 24 h were not performed. Five spheroids
were studied in each condition. Before imaging, spheroids were
washed 3 times with PBS and placed in their incubation medium.
Confocal laser scanning fluorescence microscopy (Zeiss LSM 510;
Carl Zeiss, Inc.) was performed by acquiring 3-m-thick optical
sections of the spheroids under study from the top toward the
center of the spheroids, until scanning ⬃120 m deep into the
spheroid. The fluorescence profile of each spheroid as a function of
depth was determined from the average intensity along 50 equally
spaced spheroid diameters using the image analysis software Intelligent View (version 1.2 by Bokwon Yoon). For each spheroid
image, the obtained radial profiles were corrected for background
fluorescence as well as for the exponential light attenuation due to
scattering and absorption within the spheroid. The linear attenuation coefficient was determined in separate experiments from spheroids of cells transfected with a fluorescent protein (13).
Radionuclides
The selection of a radionuclide should account for both the
particular size of the tumor mass targeted and the delivery system
kinetics within the tumor. In general, high-energy electrons (hundreds of kiloelectron volts) are required for bulky tumors (diameter ⬎ 1 cm), whereas, medium- and low-energy electrons should
be more appropriate for small tumors and a cluster of cells,
respectively, to spare the surrounding normal tissues. Of course,
the extent of low-dose or unirradiated regions, due to the nonuniform diffusion of the carrier, will be decisive in the determination
of the optimum electron range (and energy) (12). Similarly, shortlived radionuclides (half-life ⬍ 1 d) may be optimum for hematologic tumors, which may be rapidly targeted, whereas a half-life
of a few days may be necessary for solid tumors, not easily
accessed. Several radionuclides with diverse emission properties
were included in the present study. With respect to particle characteristics, both high- and medium-energy ␤-emitters (90Y, 188Re,
32P and 131I, 67Cu, respectively), as well as Auger and internal
conversion electron emitters (123I, 125I), have been used. The half-

Dosimetry
The absorbed dose profiles have been calculated based on
electron point-kernels calculated in the continuous slowing-down
approximation (CSDA) using the geometric model of Howell et al.
(29). Note that any photon contribution is negligible for the spheroid dimensions used here. The spheroid was assumed to be a unit
density sphere containing a nonuniform, but spherically symmetric, radionuclide concentration. The functional dependence of the
radionuclide concentration with respect to the spheroid radius was
taken to be identical to the fluorescent profile obtained by the
image analysis. Various combinations of Weibull, rational, and
inverse polynomial functions were used to fit the fluorescent
profiles using the fitting routines of the SigmaPlot software package (SPSS Inc.). The energy spectra of the ␤-emitters were taken
from Cross et al. (30) and analytically represented by polynomials
of various orders. Electron point-kernels were calculated in the
CSDA by means of Cole’s energy range relationship (31), which
is sufficiently accurate above a few tens of kiloelectron volts.
Although energy-loss straggling is neglected in this approach,
Cole’s formula has been established experimentally and, thus,
accounts for multiple scattering providing, essentially, the penetration depth, which is really the quantity of interest here (32).
Absorbed fractions were then calculated by convolution of the
radionuclide distribution functions and the point-kernel functions
(31). In the numeric evaluation of the double integral over, essentially, the slowing-down electron energy and spheroid radius, the
continuous ␤-spectra were divided into energy bins of 10-keV
width, whereas the spheroid was divided in concentric shells of 2to 20-m width. The 10-keV limit in the initial electron energy
was based on the fact that the range of such electrons is about 1
m and, therefore, a better energy resolution would have been
necessary only if subcellular data were available. The lower limit
put on the spheroid shell width was chosen to roughly match the
10-keV energy resolution; the 2-m value was used at depths of
high absorbed dose gradient (0- to 30-m depth), whereas the
increase to 20 m was used at larger depths to speed up the
computations. The absorbed dose rate per unit activity was then
calculated by summing, in the case of a ␤-spectrum, over all
energy bins with the appropriate weighting factor. In the absence
of a calibration of the fluorescent intensity in terms of radionuclide
activity, the absorbed dose results are expressed in arbitrary units.
Thus, comparisons are made in terms of relative absorbed dose
distributions. Finally, since the kinetics of the carrier within the

TABLE 2
Properties of Radionuclides
Radionuclide
125I
123I
67Cu
131I
32P
188Re
90Y

Half-life
(d)

Mean energy
(keV)

Tissue range
(mm)

60.14
0.55
2.58
8.04
14.3
0.71
2.67

18
28
141
182
695
765
934

0.007
0.016
0.7
0.9
3.0
3.8
4.0
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spheroids was studied by images taken at discrete time points (e.g.,
at 2, 5 h, and so forth), each activity profile was assumed “frozen”
in-between the midpoints of each time interval. This is a good
approximation given that the half-life of the examined radionuclides is much larger than the time required for the liposomes to
reach a steady-state concentration profile (⬃2–5 h), while the
kinetics of the antibody appear also not to change drastically
beyond 3–5 h. Finally, the total absorbed dose to each shell was
obtained by summing the absorbed doses corresponding to each
time interval, which, in turn, was calculated by multiplying the
frozen activity distribution with the total number of disintegrations
taken place at that particular time interval. All numeric calculations were performed using the Mathematica software package
(Wolfram Research Inc.).
RESULTS

Fluorescence intensity profiles as a function of distance
from the rim of the spheroids for 2 representative liposome
systems—namely, a multilamellar (MLV) and a small
unilamellar (SUV) liposome (Table 1) as well as for the
FITC-labeled antibody (J591) are shown in Figure 1. Intensity has been corrected for background and attenuation, as
discussed earlier. For all liposome systems, negligible
change in the distribution profile was observed beyond 5 h
after incubation and until the 24-h endpoint. Similarly, for
the antibody, no appreciable differences between the last 2
time points (18 and 24 h) may be observed. Thus, further
measurements beyond 24 h were not performed. The analytic functions obtained by fitting the kinetic data have been
used as the input to the dosimetric model.
The degree of uniform distribution of the delivery systems within the spheroids is shown in Figure 2. All profiles
have been normalized to their individual peak values. A
comparison between various liposome systems is presented
in Figure 2A, whereas the normalized profiles for the J591
antibody at each time point are shown in Figure 2B. To
facilitate the comparison, the liposome profiles refer to the
average values between the 2- and 5-h data points.
Radial absorbed dose profiles within the spheroids are
shown in Figure 3. Again, the profiles have been normalized
to their individual peak values; the ratio D/Dmax represents
the radial distribution of absorbed dose relative to the maximum absorbed dose value of the distribution. We depict the
2 liposome systems, from the MLV and SUV groups, exhibiting the highest penetration efficiency (DMPC:DOPE:
DOTAP and DMPC-chol, respectively, where DOPE ⫽
dioleoylphosphatidylcholine), along with the J591 antibody.
The results have been obtained by the point-kernel convolution method, as described in the Dosimetry section. The
normalized fluorescent data for each carrier system (designated as C/Cmax), taken from Figures 2A and 2B, is also
shown to get an estimate of “cross-fire”–related effects.
The normalized absorbed dose profiles for a low-energy
(123I) and a high-energy (90Y) electron emitter are shown in
Figure 4. These profiles will not appreciably change if any
other low- or high-energy electron emitter is chosen. A
comparative assessment of the absorbed dose-uniformity
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FIGURE 1. Fluorescent intensity profiles in arbitrary units
(a.u.) as function of distance from rim of spheroid at various
times after incubation for liposome system MLV (DMPC:DOPE:
DOTAP, where DOPE ⫽ dioleoylphosphatidylcholine) (A), liposome system SUV (DMPC:chol) (B), and antibody J591 (from
bottom to top curve: 1, 2, 3, 18, and 24 h) (C).
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FIGURE 2. Fluorescent intensity profiles normalized to their
peak values. (A) Liposome systems (average for 2 time points):
S1 ⫽ SUV DMPC:DC-chol; S2 ⫽ SUV DMPC:DOPE:DOTAP
(DOPE ⫽ dioleoylphosphatidylcholine); S3 ⫽ SUV DMPC-chol;
M ⫽ MLV DMPC:DOPE:DOTAP. (B) J591 antibody.

profiles for all radionuclide-carrier combinations examined
may be greatly facilitated by the summary of Table 3, which
presents the depth (R) of maximum absorbed dose (Dmax)
and the normalized absorbed dose at the core (c) of the
spheroid (Dc/Dmax). Sterilization of tumor cells, however,
will depend not only on the distribution of absorbed dose
within the tumor volume but also on the ability of the
radionuclide-carrier conjugate to deliver high enough absorbed doses to the tumor cells. In Figures 5 and 6 the
relative absorbed dose profiles per radionuclide decay and
the cumulative absorbed dose profiles, respectively, for the
2 liposome systems are shown for the various electron
emitters. The profiles in Figure 5 represent the effect of
electron energy (or cross-fire effect), whereas in Figure 6
the half-life of the radionuclide (along with the kinetics of
the carrier) becomes most critical. In the present calculation,
cumulative absorbed dose profiles have been obtained by

FIGURE 3. Cumulative absorbed dose distribution profiles
normalized to the maximum (D/Dmax) absorbed dose value of
the distribution for all electron-emitting radionuclides studied.
Boxes are normalized fluorescent profiles of carrier (an average
value for all time points was used). (A) MLV (DMPC:DOPE:
DOTAP, where DOPE ⫽ dioleoylphosphatidylcholine). (B) SUV
(DMPC-chol). (C) J591 antibody.
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FIGURE 4. Normalized (cumulative) absorbed dose distribution profiles for various carrier systems studied (symbols as in
Fig. 2; Ab ⫽ antibody) for 2 electron emitters with very different
emission characteristics. (A) Low-energy emitter with short halflife: 123I. (B) High-energy ␤-emitter with long half-life: 90Y.

FIGURE 5. Absorbed dose profiles in arbitrary units (a.u.) per
radionuclide decay calculated for all radionuclides studied for 2
liposome systems. (A) MLV (DMPC:DOPE:DOTAP). (B) SUV
(DMPC-chol).

TABLE 3
Cumulative Absorbed Dose Calculations
90Y

188Re

32P

131I

67Cu

123I

125I

Carrier system

R
(m)

Dc/
Dmax

R
(m)

Dc/
Dmax

R
(m)

Dc/
Dmax

R
(m)

Dc/
Dmax

R
(m)

Dc/
Dmax

R
(m)

Dc/
Dmax

R
(m)

Dc/
Dmax

MLV (DMPC:DC-chol)
MLV (DMPC:DOPE:DC-chol)
MLV (DMPC:DOPE:DOTAP)
SUV (DMPC-chol)
SUV (DMPC:DC-chol)
SUV (DMPC:DOPE:DC-chol)
SUV (DMPC:DOPE:DOTAP)
Antibody J591

16
22
32
46
18
20
44
20

0.62
0.69
0.71
0.93
0.58
0.61
0.87
0.84

16
22
32
44
18
20
44
20

0.62
0.68
0.70
0.92
0.56
0.60
0.86
0.85

16
22
32
48
18
20
44
20

0.65
0.72
0.75
0.95
0.61
0.63
0.90
0.84

14
20
32
42
18
20
42
20

0.55
0.62
0.66
0.92
0.52
0.53
0.84
0.84

14
20
30
42
18
20
40
16

0.52
0.59
0.64
0.91
0.49
0.50
0.82
0.85

14
18
24
28
16
20
28
4

0.05
0.07
0.09
0.40
0.04
0.07
0.28
0.42

12
16
22
26
16
18
26
0

0.04
0.06
0.09
0.38
0.04
0.05
0.25
0.52

R refers to distance from rim of spheroid where absorbed dose is maximum (Dmax); Dc was calculated at core of spheroid, which was
at 100-m depth for liposome experiments and 80-m depth for antibody.
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FIGURE 6. Cumulative absorbed dose profiles in arbitrary
units (a.u.) calculated for all radionuclides studied for 2 liposome
systems. (A) MLV (DMPC:DOPE:DOTAP). (B) SUV (DMPC-chol).

using an approximate upper limit of 3 d, since the spheroids
have been shown to undergo structural or geometric
changes after a few days following incubation with radiolabeled antibodies (13). In general, increasing the upper
limit further would result in larger absorbed dose values,
especially for the long-lived radionuclides. Given the experimental evidence (13), however, the geometric model
parameters used in the present dosimetry would have been
unrealistic for use at longer times.
DISCUSSION

Therapeutically effective targeting of radiolabeled carrier
systems within a tumor mass is determined by the delivery
of cytotoxic levels of absorbed dose throughout all viable
cells capable of further divisions, without intolerably irradiating the surrounding tissues. However, numerous factors,
largely stemming from tumor biology, result in a nonuniform distribution of radioactivity—particularly within solid

tumors—which leads to subcytotoxic absorbed doses of
radiation to cells residing close to the central region of the
tumor (33). The latter presents a major obstacle to successful radiotherapy, resulting in hypoxic cells of increased
radioresistance (34).
In the present study it has been shown that, despite the
generally limited diffusion of the carriers within the spheroids, which, in most cases, reached a relative concentration
in the core region well below 50% (i.e., the Ccore/Cmax ⬍ 0.5;
Fig. 2A), a careful selection of a radionuclide may result in
a 2–10 times increase of the respective absorbed dose ratio
due to cross-fire–related effects (Table 3). In particular, the
SUV-DMPC-chol system exhibited an almost flat absorbed
dose profile (D/Dmax ⬎ 0.9) beyond the peak depth (at about
40 –50 m) for all ␤-emitting radionuclides studied, resulting in an almost 2-fold cross-fire increase (Fig. 3B). Similarly, the J591 antibody, which reached about 60% core
concentration only after 24 h after incubation (Fig. 2B),
exhibited a normalized core absorbed dose exceeding 80%
when combined with any of the ␤-emitters (Table 3)—that
is, a 1.4-fold cross-fire increase. As expected, no such effect
was observed for the low-energy emitters (123I and 125I) due
to their extremely short electron ranges (of cellular dimensions). The pronounced fall of absorbed dose close to the
periphery for the liposome systems presented is due to the
fact that, as noted in the experimental protocol, the spheroids to be imaged were washed with media to remove any
fluorescent signal interference from unbound carriers
around the spheroid. As a result, those liposomes that were
loosely bound onto the spheroid surface were also removed.
This artifact of the washing protocol vanishes for the antibody, where uptake is much more readily occurring, due to
the much stronger cell surface interaction and to the weaker
hydrostatic forces.
The effect of electron range is most clearly seen by
comparison of the results in Figures 4A and 4B, where, for
all carrier systems, 90Y delivers a substantially more uniform absorbed dose distribution than 123I. From Figure 4
(and Table 3), it is also evident that the surface characteristics of liposomes have a noticeable influence on the absorbed dose profiles. For example, the use of neutral
(DMPC-chol) versus cationic (DC-chol) lipids resulted in
up to a 2-fold increase of Dc/Dmax for the ␤-emitters and up
to a 10-fold increase for the low-energy emitters. Changing
the cationic lipid used to DOTAP also had a notable influence (up to a 6-fold increase), whereas the effect of fusogenic lipids (DOPE) was found to be much smaller.
On the other hand, the ratio of tumor-to-normal-tissue
absorbed dose would be increasingly lower for the highenergy electron emitters, since a significantly greater proportion of their energy would be deposited outside the
tumor volume. In addition, ⬎90% of the tumor volume (i.e.,
tumor cells) is contained in the outer half of the spheroid. A
theoretic analysis by Howell et al. (29) has examined these
aspects and revealed the importance of low- to mediumenergy electron emitters. Even more so, low- to medium-
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energy electrons may be more effective in sterilizing the
tumor cells by delivering higher absorbed doses due to the
inverse proportionality of the linear energy transfer to the
electron energy (at the keV range). It is apparent in Figure
5 that the medium-energy ␤-emitters (67Cu and 131I) deliver
about 1.5 times higher absorbed doses per decay than the
high-energy ␤-emitters (32P, 188Re, 90Y). On the other hand,
the higher electron energy of 123I over 125I, together with the
fact that there is almost complete absorption of their electrons within the spheroid, results in a higher absorbed dose
per decay for 123I. The therapeutic effect, however, will
depend on the cumulative tumor absorbed dose from all of
those radioactive decays resulting in tumor irradiation. It
may be seen from Figure 6 that those ␤-emitters having a
combination of longer half-life and lower electron energies
are the ones delivering the higher cumulative absorbed
doses. Therefore, whereas in Figure 5 the 67Cu was more
effective per decay than 131I, due to its softer ␤-spectrum,
the cumulative absorbed dose delivered by 131I is greater
than 67Cu, due to its longer half-life. For the same reason,
the equivalence in terms of absorbed dose per decay (Fig. 5)
observed for the high-energy ␤-emitters (32P, 188Re, 90Y) has
been substituted by the relationship 32P ⬎ 90Y ⬎ 188Re for
the cumulative absorbed dose (Fig. 6). The results for the
other carrier systems are similar since the half-lives of the
radionuclides are much larger than the kinetics of the carrier
systems examined (on the order of hours).
In general, the ideal absorbed dose distribution would be
one that accounts for variations in tumor cell radiosensitivity and density of clonogens. In this regard, the ideal absorbed dose distribution across a spheric tumor mass must
balance the effects of clonogen density, favoring a greater
absorbed dose on the periphery of the tumor, and radiosensitivity, favoring a greater absorbed dose at the core of a
tumor, wherein hypoxia-induced radioresistance is likely.
For micrometastases of up to 100- to 150-m radius that
lack a hypoxic region, these considerations translate into an
absorbed dose profile that, ideally, matches the cell density
profile. In such a circumstance, absorbed dose profiles exhibiting a substantially higher surface layer absorbed dose
relative to the core might be more appropriate. As noted
earlier, when a high absorbed dose to the periphery and to
the core is deemed optimal, MLV (DMPC:DOPE:DOTAP)
and SUV (DMPC-chol) were found to provide the most
uniform absorbed dose distributions, overall. If, however,
the response is primarily influenced by clonogen density,
then SUV (DMPC:DOPE:DOTAP) provides an absorbed
dose profile that follows the cell density profile better than
SUV (DMPC-chol); the MLV system remains optimal for a
cell-density– based distribution.
The earlier discussion and the modeling analysis presented in this work are limited to micrometastases that do
not present with a central vessel but, rather, peripheral
vessels. In the case of a central vessel model, both high cell
density and hypoxia would be observed at the periphery.
The appropriate radionuclide and liposomal penetration
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characterictics in this situation would be different. It is
important to note that the results presented here represent an
idealized scenario, chosen to investigate the inherent tumor
penetration characteristics and resulting radionuclide and
absorbed dose distributions of different liposomal constructs. Actual absorbed dose distributions will be influenced by the half-life of the radionuclide and by the uptake
and clearance kinetics of liposomal constructs in the circulation. Liposomal delivery of radionuclides offers several
potential advantages relative to molecular (antibody or peptide based) delivery. The structure of liposomes could allow
for the delivery of larger amounts of radioactivity, increasing the specific activity per delivered particle. Alternatively,
the incorporation of different radionuclides with different
half-lives, emission types, and ranges could be envisioned
(21). Correspondingly, liposomes could be coated with different targeting moieties, thereby targeting several different
antigens and reducing possible escape of tumor cells not
expressing a particular antigen. Coating of liposomes with
binding moieties raises the potential for inhibiting penetration by a binding-site mechanism (35–37). Given the potential complexity of such an approach, studies performed,
in vitro, of the type described in this article will be essential
in establishing a foundation for the eventual clinical
implementation of liposome-mediated targeted radionuclide therapy.
CONCLUSION

A dosimetric analysis of the absorbed dose distribution
within a tumor spheroid model for clinically relevant liposome systems and for the antibody J591 has been performed
for a variety of electron-emitting radionuclides. The results
suggest that it is possible to engineer liposome systems that
are particularly effective in irradiating the central core region of the tumor, provided that conjugates with the appropriate radionuclides are constructed. Also, liposomes may
effectively complement an antibody-based therapeutic regime against micrometastatic tumors, leading to an absorbed dose profile that can match the desired optimal
profile throughout the tumor mass.
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