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A dosimetric analysis has been performed to evaluate the po-
tential of liposome systems as carriers of radionuclides in inter-
nal radiotherapy. Methods: Pharmacokinetic data for a variety
of liposome constructs (multilamellar vesicles [MLV]; small
unilamellar vesicles [SUV]; and sterically stabilized liposomes,
monosialoganglioside [Gy]-coated) were used to obtain tumor
and normal-organ absorbed dose estimates for 67Cu, 188Re, °0Y,
and "3'l. Dosimetry was performed for two tumor models: sub-
cutaneous Ehrlich ascites tumor, growing intramuscularly, and
C26 colon carcinoma, growing intrahepatically. Dose estimates
were obtained using the MIRD schema. Tumor doses were
obtained assuming local deposition of electron energy; photon
contributions were incorporated assuming spheric tumor geom-
etry. With the conservative assumption that intravenously ad-
ministered liposomes achieve rapid equilibration with the red
marrow extracellular fluid volume, red marrow absorbed dose
estimates were obtained from blood kinetics. Results: For in-
tramuscular tumors, absorbed dose ratios for tumor to red
marrow ranged from 0.93 ('3'-MLV) to 13.9 (Y-SUV). Tumor-
to-liver ratios ranged from 0.08 ('88Re-MLV) to 0.92 ('8Re-SUV);
corresponding values for tumor to spleen were 0.13 (°Y-MLV)
and 0.54 ('88Re-Gy). The optimal combination of radionuclide
and liposome system was obtained with 20Y-SUV. Tumor-to-
liver ratios for the Gyy-coated construct were greatest when the
tumor was intrahepatic (1.13 for %0Y). For a given liposome
system, absorbed dose ratios for tumor to normal tissue exhib-
ited up to a twofold variation depending on the radionuclide
selected. Conclusion: This study provides a dosimetric evalu-
ation for the use of some liposome systems as carriers in
targeted radionuclide therapy. Although much further work
must be undertaken before any clinical application is consid-
ered, these results suggest that radionuclide targeting using
liposomes is feasible and may have the advantage of reduced
red marrow absorbed dose.
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Eradication of tumors depends not solely on the cyto-
toxic effect of an agent but also on effective means of
delivering it to the malignant site—the primary concern of
targeted tumor delivery. Therapeutics can be actively tar-
geted to particular tissues by conjugation to monoclonal
antibodies, fragments of monoclonal antibodies, and other
ligands with specific affinities for cellular receptors of the
target tissue (e.g., folatell ). Agents can be passively
targeted by conjugation to colloidal particulates (e.g., for
blood-pool contrast agents in nuclear medicir®) (

Liposomes are now established delivery tools, used in
many cases that require delivery of a drug, vitamin, gene, or
other agent. Their unique ability to enclose and carry either
hydrophilic or hydrophobic molecules in their inner aque-
ous phase or inside their lipid bilayer renders them useful
delivery devices. Moreover, ease of manipulation of their
structural and surface characteristics constitutes an ex-
tremely powerful tool of diverse physicochemical proper-
ties, which result in different pharmacokinetics. Their bio-
compatible, nonimmunogenic nature is considered a clinical
advantage compared with other targeting and delivery mo-
dalities. Like most particulate-based pharmaceuticals, lipo-
somes are taken up by the liver parenchymal and Kupffer’s
cells and drained into the splee#—<{6). Small unilamellar
vesicles (SUV) (diametex 100 nm) composed of saturated
phospholipids and cholesterol are reported to have reduced
uptake by the reticuloendothelial system (RES), yielding
longer blood circulation half-lives compared with multi-
lamellar vesicles (MLV) and SUV of low- or no-cholesterol
molar content 7). Circulation half-lives have been further
considerably improved by coating the surface of SUV with
large hydrophilic groups, primarily monosialoganglioside
(Gw1) and polyethylene glycol (PEGBE10. The latter
sterically stabilized liposome systems have also been re-
ported to preferentially accumulate in solid tumors because
of extravasation from the leaky endothelial barriers of tumor
vasculature 11-13.

Liposomes exhibit several properties that may make li-
posomal delivery of radiotherapy an attractive possibility in
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specific circumstances. Unlike antibody targeting, lipos@stablished on the basis of animal biodistribution data of

mal targeting occurs at the level of the vasculature. Wherdgmsome systems, in combination with the emission prop-

antibodies must penetrate throughout the interstitium &sties of severaB-particle emitting radionuclides®’Cu,

reach and bind to tumor cell antigen, liposome accumul&®Re, Y, and 13Y. Given the fundamental differences in

tion depends primarily on enhanced vascular permeabilitargeting and biodistribution of liposomes relative to radio-

The widespread interstitial dissemination of radioactivitmmunoconjugates, such dosimetric analysis is an essential

(necessary for antibody binding), followed by clearanci#st step toward consideration of liposomal delivery of

from antigen-negative sites (necessary for antibody targe&dionuclides to tumors.

ing), is not a prerequisite for liposomal targeting. Corre-

spondm_gly, a resulting possml_e_ad_vantage is reduced reﬁl'ATERIALS AND METHODS

dence time and, therefore, toxicity in normal organs and In

particular the red marrow. Liposomal targeting is also ndiposomes

dependent on antigen site density and is considerably |e3§xperimental_ biodistribution de_lta for t_he MLV and the SUV_

susceptible to the impact that loading with radioactivit§°mposed of distearoylphosphatidylcholine, cholesterol, and di-

might have on tumor delivery. The high level of RES orgafic/Phosphate (10:5:1) were extracted from Tables 1, 2, 4, and 5
o ; . .~ and Figures 3A and B of Ogihara et a20f. The biodistribution

uptake seen with liposomes is perhaps the most signific

Hta for sterically stabilized liposomes prepared from distea-

known limitation of liposomal delivery systems. PreinjeCFoyIphosphatidylcholine, cholesterol, ang,&(2:1:0.2) were ex

tion strategies using liposomes that are rapidly_ taken up PYcted from Figures 1A—E of Huang et a21j. These biodistri-
the RES and that do not, therefore, compete with the tum@ition data are summarized in Table 1. The uncertainty of these
targeting systems have been used in other treatment modata was generally less than 20%. All of the above described
ities to saturate the RES and reduce liver uptdle15. liposome systems were labeled witlGa following similar prote

Conjugation of radionuclides with liposomes has beetwls, which were traced to obtain the biodistribution data. All
studied primarily toward development of imaging and dimurine xenografts were smat-0.1 g) at the time of intravenous
agnostic agents16,17. Previous studies on the use ofidministration of the liposome systems by tail vein injection; for
liposomes for delivery of radionuclides for therapy havi'e dosimetry calculations, tumors were scaled up using whole-
solely focused on the chemistry $fRe, L*Re (18), and®0Y bod_y mass r_atlos_ to a size qf 280 g weight and apprOX|mater_4 cm

. . . radius. Dosimetric calculations were performed for tumor, liver,

(19) conjugation to liposomes.

In thi d dosi . luation has b f saleen, kidneys, lungs, total body, and red marrow, with the latter
n this study, a dosimetric evaluation has been per OrM@Hrived from blood kinetics. The two tumor models were an

to investigate the four most widely used (experimentallypjich solid tumor subcutaneously injected in the hind 126) (
and clinically) liposome types, as potential radionuclidgnd a C-26 colon carcinoma either inoculated in the left liver lobe
carriers for internal radiotherapy. A first-order approximaer subcutaneously injected in the left flank1). The types of
tion of doses to critical tissues and model tumors wadigosomes selected represent the most widely used liposomal for-

TABLE 1
Liposome Pharmacokinetics
Tissue 3h 4 h 6 h 8 h 16 h 24 h 48 h 72 h 96 h
2.3 (M) 1.4 (M)
Tumor 1.8 (M) 8 (G) 2.0 (M) 12 (G) 18 (G) 12.6 (S) 10.6 (S) 1.2 (M) 2 (G)
9.6 (S) 17 (G 14.2(S) 24(GY)  20(GY 21 (G) 8 (G) 9 (S) 4(G¥
18 (G*) 13 (G*)
Liver 1.2 (G) 411 (M) 17 (G) 19 (G) 27.5 (M) 25.1 (M) 23.9 (M) 2 (G)
10.2 (S) 14.9 (S) 15.5 (S) 15.1 (S)
20 (G) 16 (G)
Spleen 21 (G) 19.6 (M) 24 (G) 27 (G) 16 (M) 10.5 (M) 10.7 (M) 8 (G)
15.9 (S) 34.5 (S) 34.2 (S) 35.5 (S)
26 (G) 24 (G)
Kidneys 2.2 (M) 3.74 (M) 3.1 (M) 2.9 (M)
4.7 (S) 5.9 (S) 4.9 (S) 5 (S)
Lungs 1.8 (M) 2 (M) 1.4 (M) 1.5 (M)
4.5 (S) 2.5 (S) 1.6 (S) 1.2 (S)
Red marrow  0.5(M)  22.3(G) 04M)  17.3(G) 9.3 (G) 0.03 (M) 0.01 (M) 9x10-4 (M) 0.13(G)
8.2 () 5.1 (S) 0.6 (S) 0.04 (S) 2 %1073 (S)
9 (G) 1.8(G)

*In liver tumor.
M = MLV; S = SUV; G = Gus.
Data are percentage injected dose per gram of tissue.
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TABLE 2 associated with the data. We also assumed that the tumor mass

Properties of Radionuclides remained constant throughout the decay time and that radionuclide
was not released from the radionuclide—liposome complex before
Mean  Tissue radionuclide decay. Red marrow kinetics were derived from blood
) ) Half-life Eparticie Rapprox data using the conservative assumption that the concentration ratio
Radionuclide @ (MeV) (mm)  Epnotons (MeV) between liposomes in blood and liposomes in the marrow is equal
181) 8.0 0.182 (B) 0.9 0.364 (81%) to 0.36, a value previously derived for antibodi&f)( This as-
o0y 2.67 0.935 (B) 4.7 — sumption provides a worst-case assessment of red marrow ab-
67Cu 2.58 0.141 (B) 0.7 0.185 (49%) sorbed dose because the size of liposomes makes them less likely
'88Re 0.71 0.764 () 3.5 0.155 (15%) to rapidly equilibrate within the marrow extracellular fluid volume.

All mouse activity data were scaled up to humans by a simple
relative-mass-organ correction factor; that is, the percentage in-
jected activity at any time in a human organ was taken to be equal
to the respective percentage in the animal organ multiplied by the
ratio of the fraction of the total body mass of the organ in the
mulations, which also form the basis of the three commerciallyyman to the fraction in the anima1). Inherent in this formalism
available liposome formulations of anthracyclin@®)( is the assumption of homogeneous distribution of the radionu-
clide-liposome complex in the residing regions. The importance of

Radionuclides . . . :
microheterogeneity has been illustrated for other targeting agents

Radionuclide selection involves the optimization of both th 2). The lack of quantitative information relevant to the micro-
physical half-life and the emission properties of the radionuclia% ) quantitative | : v :

toward maximizing therapeutic effects. In this study, radionuclid(?ﬁlsmtzju“c;in ? Il]t:)?ﬁiomes mnildt? t:m:r Y;Iulmﬁjusnrﬂ?‘ at p:iisent,
with physical half-lives ranging from several hours to a few day, € adoption ol this assumption. A simple mass-rafio scaliing-up

. . . . . fsrom mouse to man may be inaccurate; the work is intended,
were selected (Table 2). To investigate the optimal radionuclide— L . .
owever, to be an initial assessment of the potential of liposomal

liposome combination, we studied both low- and high-energy,. . . . )
P g g(Yellvery of radionuclides for tumor targeting as well as an inter-

B-emitters. The radionuclides2i and °0Y, are in widespread . ) . . .
clinical use for radioimmunotherap®. SCu and88Re were comparison of different radionuclides and liposomal constructs.
) The scaling-up will minimally affect the comparison of radionu-

included because these are analogous3tb and °0Y in their ) )
clides and liposomal constructs. Tumor and normal-organ ab-

B-particle emission properties but have shorter half-lives. sorbed doses derived from animal studies are likely to be different
Dosimetry from those that would be seen in humans, however. Experience

Average tissue doses were calculated on the basis of the stafth antibodies suggests that a definitive assessment of tumor and
dard MIRD schema24,25. The dose to the tumor from radioac-normal-organ doses cannot be determined from animal studies and
tivity in other organs was estimated from normal organ S-factorgust await human studies.
by setting the tumor dose equal to the dose delivered to the organ
within which the tumor was contained in a standard organ georﬂ_ESULTS
etry (e.g., liver or muscle in our model). Tumor self-dose was
calculated by assuming complete absorption of electrons becaus&igure 1 depicts tumor absorbed doses per administered
the scaled-up dimensions of the tumor volume in humans¢m activity for the four radionuclides and four liposome sys-
radius) significantly exceed the range in tissue of the emittggms examined. Tumor absorbed dose is lowest for the
electrons (Table 2). Edge effects may be also safely neglected fa[ v/ system regardless of radionuclide. This finding was
t_he particular tumor size arghparticle rangeZG)_. The contribu- expected because of the almost complete and rapid clear-
tion of photons to the tumor self-dose was estimated by tabulatgd o o\ v/ liposomes to the liver and spleen after intra-
absorbed fractions assuming spheric tumor geome&iry2g. Be- - .

yenous administration.

cause the radioactivity from various source organs is explicitly The i f1h . . f h di
accounted for in the formulation, and to avoid overestimation by e importance of the emission properties of the radio-

double-counting of their dose contribution, the S-factor of the totQuclide with respect to liposome biodistribution is clearly
body as a source was appropriately adjusted to represent €N in the data of Figure 1. Even thodgt and*88Re emit
remaining parts of the body29). Cumulative radioactivity values particles of similar mean energy and penetrative component
in the various organs were estimated by a piecewise nume(itable 2),°°Y delivers significantly higher doses to tumors
integration using the Mathematica software package (Wolfrattwofold to threefold) when conjugated to either SUV or
Research, Inc., Champaign, IL). This method is well suited in 0@, , . This effect is caused by their different half-lives (Table
case, in which a limited number of data points are available, angy indicating that th&°Y half-life (2.67 d) resonates better
additionally, avoids the uncertainties of adopting a particular ajiiy the time frame in which liposomes reach maximum

alytic distribution funct_lon. For extrapolating the tlme—actlylty oncentration within tumors (Table 1). On the other hand,
data beyond the experimental range, we assumed that durlngfhe

. . i
initial uptake phase, up to the first data point (3—4 h), accumulatiatlér a!alogpgsome Sg S.te”?gf“ (:]ell?/lr-_zrs no;ably Iowefr (;I]osle S
was rapid (i.e., straight line fitting), whereas the clearance r an espite their similar half-lives, because of the low

after the last data point (72-96 h) was of first-order kinetics @&-€nergy emission dfCu. Interestingly, the biodistribution
single exponential was used) and was thus adjusted to smootBfyGw liposomes results in similar tumor absorbed doses by
join the preceding time interval. The uncertainty introduced by this1 and #Re, which have very different half-lives and
extrapolation is considered to be less than the experimental errersission properties. Finally, for all radionuclidesy

E = energy; R = range.
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FIGURE 1. Tumor absorbed doses per
unit administered activity for MLV, SUV, .
and Gy;-coated liposomes conjugated

with (from left to right) 67Cu, 1#8Re, %Y, and Cu-67 Re-188

131] (* refers to the liver tumor model).

Tumor Radiation Absorbed Dose (mGy/mCi)
N
=

(—

coated liposome delivery results in absorbed doses highetan7. In particular, the T/NT ratio for the total body (ex-
liver tumors than in muscle tumors (black vs. gray bars icluding the tumor) was between 2 and 4. Liver and spleen
Fig. 1). These predictions are consistent with the geneme common normal-organ sites of liposome localization
observation that (-coated liposomes have been particuand may, therefore, be dose limiting, whereas the red mar-
larly effective in delivering chemotherapeutic agents to livaow is well established as the dose-limiting organ in radio-
tumors @2). The absorbed doses per administered activisnmunotherapy. Because splenectomy is not life threaten-
for the examined organs are presented in Table 3. The livag, the liver and red marrow are likely to be the dose-
and spleen are the organs bearing the largest radiatloniting organs. The tumor—to—red-marrow ratios (T/RM)
burden, which is several times higher than that for the othef both ®°Y-MLV and °°Y-SUV conjugates were high, but
organs. the tumor dose delivered by the MLV was too low. As seen
Table 4 presents the tumor—to—normal-tissue (T/NT) aby the tumor-to-liver ratio (T/LV), the cause was massive,
sorbed dose ratios for liver, spleen, and red marrow. Exceppid liver localization. In contrast, the tumor dose for
for the MLV system, the T/NT values for the kidneys and® -Gy, is only 15% lower than that foi°Y-SUV, yet the
lungs were found to be much higher than 1, ranging from®RM ratio is much less favorable because of the prolonged

TABLE 3
Tissue Radiation Absorbed Doses
MLV SuUvV Gwmi

Tissue 67Cu 188Re 131 | 90Y 67Cu 188Re 131 | 90Y 67Cu 188Re 131 | 90Y
Liver 0.44 0.88 0.92 2.3 0.35 0.44 0.94 1.8 0.29 0.57 0.61 1.4
0.29* 0.58* 0.62* 1.4*

Spleen 0.31 0.52 0.71 1.6 0.75 0.91 1.8 41 0.46 0.84 0.94 2.4
0.48* 0.84* 0.94* 2.4*

Kidneys 0.10 0.10 0.31 0.39 0.14 0.17 0.41 0.65 NA NA NA NA
Lungs 0.057 0.064 0.20 0.22 0.055 0.093 0.17 0.20 NA NA NA NA

Red marrow 0.051 0.058 0.20 0.017 0.068 0.12 0.21 0.11 0.16 0.35 0.34 0.51
0.16* 0.35* 0.34* 0.51*

Total body 0.11 0.15 0.32 0.53 0.11 0.15 0.30 0.50 0.11 0.15 0.30 0.51
0.11* 0.15* 0.30* 0.50*

*Values for intrahepatic tumor.
NA = data not available.
Data are mGy/MBq.
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TABLE 4
Tumor-to—-Normal-Tissue Radiation Absorbed Dose Ratio

. 67Cuy 188Re 131] 90y
Liposome
system T/LV T/S T/RM T/LV T/S T/RM T/LV T/S T/RM T/LV T/S T/RM
MLV 0.13 0.19 117 0.08 0.14 1.27 0.20 0.26 0.93 0.09 0.13 12.2
SuUvV 0.71 0.33 3.69 0.92 0.44 3.21 0.67 0.35 2.98 0.80 0.35 13.9
G 0.75 0.48 1.38 0.80 0.54 1.31 0.75 0.48 1.35 0.84 0.50 2.39
Gm1* 1.09 0.70 2.05 1.11 0.76 1.82 1.12 0.74 2.08 1.13 0.67 3.20

*Intrahepatic tumor.
T/S = tumor-to-spleen ratio.

circulation half-time of Gy, in blood (12.4 h compared with been constructedlg). Using this combination, a liver tol-

5.82 h for SUV). erance dose of 25 Gy (5% complication5 y (36)) would
require an administered activity of 13.4 GBq (363 mCi) and
DISCUSSION would yield a mean tumor absorbed dose of 20 Gy and 1.4

Liposomes have been extensively used in tumor cherfg to the red marrow. The red marrow absorbed dose
therapy. However, their conjugation with radionuclides h4i€!ivered from such an administration is below the levels
been limited to applications concerning tumor detectigdnerally associated with dose-limiting toxiciy7j. T/LV
(33,34 and, more recently, infectious site imagir&§). For ratlps may be consllderak.)Iy improved by preadm|n|s'Frat|on
such applications, their blood circulation longevity has b liPosomes that will rapidly saturate the RES and will not

come the single most important factor in determining thefPMPete for tumor localization with targeted liposomes

effectiveness. Thus, small and sterically stabilized lipd3®)- Moreover, tumor retention may be enhanced by the

somes (e.g., G- and PEG-coated), exhibiting the |onge3pcorporation of tumor-targeting moieties on the surface of
circulation residence times so far, have been the liposofil§ liPoSOme constructs§).
systems most commonly used clinically.

This study offers an analytic dosimetry evaluation o€ONCLUSION
various liposome-radionuclide complexes. Consistent with A first-order dosimetric assessment of tumor therapy us-
the previously noted importance of liposome si#610, ing radiolabeled liposomes suggests that adequate tumor
estimated tumor absorbed doses improved with decreasiggheting and dose delivered to tumors may be achieved
mean liposome diameter. The shift from ML\>-L pm  pefore normal tissue toxicity. Unlike the case with radio-
mean diameter) to SUV<(100 nm mean diameter) Struc-jmmunotherapy, the dose-limiting organ is likely to be the
tures significantly improved both tumor doses and T/Njfyer, and strategies intended to reduce RES accumulation
values. Contrary to chemotherapeutic and imaging applicge needed to further improve such a tumor-targeting ap-
tions, though, the dosimetry analysis showed that SUV Mayoach. The current analysis suggests that the optimal lipo-

well exhibit more favorable kinetics than doygcoated gomal system for radiotherapy differs from that considered

Ilposome_s_for radlonuc!lde therapy. Red marrow t(_)xmlty i§ptimal for chemotherapeutic delivery.

not as critical a factor in chemotherapy because it may be

modulated to a greater extent than radiotherapy through theKNOWLEDGMENTs
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