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high uptake of liposomes by EMT6 tumor in mouse, wxs obtained with a size range of 70 to 200 nm in diameter.

ing the of li to greater than 200 nm resulted in an enhancement of the spleen uptake and
decrease of the blood level. For liposomes with a diameter of less than 70 nm, 70% of the ilueﬁed dose were taken

up by the liver, bly by the cells. In the biodi: of
was y insensitive to ch in mmﬁm-wﬁdmmmh
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of the large GM ,-containing liposomes.
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Li or vesicles, have been
studied for their potential use as drug carriers for
many years (for a recent review, see Ref. 1). Systemi-
cally administered liposomes are rapidly taken up by
the cells of the reticuloendothelial system (RES), pri-
marily the resident macrophages in the liver and the
spleen (for a review, see Ref. 2) Although such a

P is an ad for g drugs to the
macrophages, it is 2 probiem for those delwery efforts
with target other man lhe RES Slrong affinity for the
RES is icul: for 1
to bind to the target cells via anached targeting ligands
such as antibody [3-5]. Several i have shown
that immunoliposomes are just as rapidly taken up by
the RES as the nontargeted liposomes such that only a




9%

small fraction of the linosomes can reach the target
cells (for a review, sec Ref. 4).
In the last few years, efforts have been made to
the | sition for a red
affinity to the RES. ki has been found that li

a trace amount of '"'In-DTPA-SA as liposome marker
were evaporated utider N, gas and vacuum desiccated
for at least 30 min. The dvied lipid film was hydrated in
PBS (pH 7.4) overnight at room tempcralure The lipid

ning ganglioside GM, [4,7,8], hydrogenated
hatidylinositol [7,9] or N-(polyethyleneglycol)
phosphaudylethanolamme [10-12] are not readily taken
up by the macrophages in the RES and hencr stuy in
the cnrculatmn for a refatively long penod of time. The
ion of the li in
as drug carrier has been directly demonstrated by the
observations that their uptake by the solid tumor is
considerably higher than that of the ordinary liposome:
[7). This may be due to the fact that long-circulating
liposomes have a better chance to penetrate the leaky
vasculature of the solid tumor [7]. Unfor ly, the

was then thiough p
filzers (Nuclepore) of defined pore size. Sometimes,
two layers of filter were used in order to obtain the
desired size of vesicles, The diameter of the liposomes
was monitored by dynamic light scattering using a
submicron particle analyzer (Colter N4SL). Liposomes
with diameter less than 70 nm were prepareu uy soni-
cation followed by ch ion us-
ing a gel filtration column (Sepharose 4B-CL). The
fractions with desired average size were used for
biodistribution assays The average diameter of lipo-
somes was firmed by ive stain el mi-

long-ci fly have a low encap-
sulation capacity particularly for the macromolecuiar
drugs due to their small size. Formulations or methods
designed for maxlmlzmg the diug carrying capacity of
the long-ci would be ially use-
ful.

In this report, we describe the size dependency of
the biodistribution of GM,-containing liposomes, em-
phaslzmg the size range which gives rise to the maxi-
mal fation half-life of lj We have also
demonstrated the correlation between the uptake by
solid tumor and blood level of liposomes in the context
of liposome size. Furthermore, we have studied whether
prolonged circulation half-life of GM -containing lipo-
somes with diameters over 600 nm can be achieved by
ine meihiod of RES blockade. The results of the study
bear relevance to the efficient delivery of macromolec-
ular drugs to the target cells.

Materials and Methods

Materials

Egg phosphatidylcholine (PC), egg phospl acid
(PA), b(yvmc hram phosphandylsenne (PS) and bovine
liver ph itol (P1) were } from

Avanti Polar Lipids; ganglioside GM, was from Su-
pelco; cholesterol (Chol) and dextran sulfale (M.

py [14].

Biodistribution of liposomes

Liposomes (1 umol lipid in 100 uI PBS, 10°-10°
cpm in '"In radioactivity) were injected via the tail
vein into mice (Balb/c, 6-8 week old, male). Four
hour post-injection, mice were bled at the retro orbital
sinus and killed by cervical dislocation. Blood and all
organs (including spleen, liver, lung, heart and kldney)
and carcass were g and their radi i in
each crgan were counted in a gamma-counter. Data
werc expressed as % injected dose in each organ.
Correction factors for the blood content in various
organs were determined by examining the distribution
of *'Cr-labeled erythrocytes 30 min after iv. injection.
Briefly, freshly isolated mouse red blood cells were
incubated for 1 h at 37°C with Na,’'CrO, (2 107 cells
in 1 ml, 50 1Ci 3'Cr). Free 5'Cr wzs removed from the
cells by centrifugation. The 5'Cr-labeled cells were
then injected (iv.) into mice for determination of the
blood content of various organs. The amount of lipo-
some radmactxvlty in each organ was corrected for
blood and exp d as percent in-
jected dose. The weight of blood was assumed to be
7.4% of the total body weight of the mouse [15].

Size-de g

tumor ien of lj von-
taining GM,

k old female Balb/c mice were inoculated

500000) were from Sigma; N-( ....l. P
1 succinyl)-diol hatidyl 1 A
(PEG-PE) (M, of PEG was 5000) was ired

according to Ref. 10. "' In-DTPA-SA was prepared as
described previously [13].

Liposome preparation

Liposomes composed of PC/Cnol/x (x represents
the third lipid component) with a mole ratio of 10:5:1
were prepared by extrusion of hydrated lipid disper-
sioris through polycarbonate filters. Briefly, lipids with

ly at the left hind leg with EMT6 tumor
ceils [16]. Mice were tested 2-3 weeks after tumor

ion when the implanted tumor weighed be-
tween 0.5 and 2.0 g. Mice were injected via the tail vein
with ''"In-labeled GM ,-conta:ning liposomes with vari-
ous diameters at a dose of 1 umol lipid per mouse.
Different organs iacluding tumor were collected and
counted for "' In-radioactivity as described above, The
tumor uptake was expressed as % injected dose per
gram of tumor weight.




RES blockade with liposomes or dextran sulfate
Unlabeled liposomes extruded through filter with
pore size of 1 pm were injected at various lipid doses
m a volume of 400 ul per mouse. Thmy minutes after
ion, test li d of PC/Chol/GM,
(10:5:1) containing '"'In-DTPA-SA were adminis-
tered through the same route. In the case of dextran
sulfate, test liposomes were injected 2 h after the
injection of dextran sulfate (1.5 mg/mouse). The
biodistribution of test liposomes. were analyzed 4 h
later,

Results

Effect of Ij size on the di itior: of i

an 1 shows the effeci of hposome size on the
stion of li ing GM,. Clearly, li-

posome biodistribution was liposome-size dependent.

Liposomes with a diameter less than 70 nm mainly
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Fig. 2. Si ibution of PS lipasomes

(PC/Chol /PS = 10:5:1). The conditions of the experiment and the
symbols used are same as in Fig. 1.

accumulat\,d in the liver. Spleen uptake became pre-
when the i
nm or greater. The bell-shaped curve of blood concen-
tration of GM,-cortaining liposomes shows that the
optimal size range of liposome for high blood concen-
tration is from 70 to 200 nm (Fig. 1A), with 55% of
injecte¢ dose still in the blood 4 h after injection.
Accumulation of liposomes in other tissues including
lung, heart, kidne and carcass was relatively size inde-
pendent; about 20% of injected dose was found in
these ussues (Fig. 1A). In contrast, the size-dependent
of lip ining PS was differ-
ent from that of GM,-containing liposomes (Fig. 2).
The majority of liposomes (80%) w::s found in the liver
for liposomes with size range from 30 to 450 nm in
diameter. There was a slightly elevated spleen uptake
of liposomes for liposomes with the average diameter
greater than 70 nm. In contrast to GM,-containing
liposomes, slxghtly hlgher blood concemranon (about
10%) of was ined if the
liposome dlameter was less than 70 nm. This is com-
pared to 1% of injected dose found in the blood for
liposomes with a diameter greater than 70 nm.
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3. Kinetics of 2 small liposome distribution in blood and RES Fig. 4. Size-dependent liposome accumulation in tumor. '' [n-labeled

(iver and spleen). Liposomes with average diameter of 36 am were liposomes (PC/Chal /GM, = 10:5: 1) were injected i.v. (1 wmol lipid

injecied iv. {1 umol lipid per mouse). Mice were killed at different per mouse) into mice bearing EMT6 tumor. Mice were killed 24 h

times and the radioactivil each organ was analyzed. Data repre- after injection and the tumors were removed and weighed. '"'In

sent average (S.D.) of three mice. Open symbols are for blood levels radioactivity in the tumor was presented as percent injected dose per

and close symbels for RES levels. Circles arc for liposomes com- ‘gram of tumor weight. Data points represent average (S.D.) values of

posed of PC/Chol/GM, (10:5:1) and triangles for liposomes com- three mice. Data point of 40 nm is significantly (P < 0.01) different
posed of PC/Chol /PS (10:5:1). from those of 90 and 190 nm.

Time-dependent distribution of small I contain-

ing either GM, or PS ing in the blood compared with only about 10% in-
It is evident from the data in Fig. 1A that the jected dose left in the blood for the PS-containing

activity of GM, in prolonging the liposome circulation liposomes.

time is greatly reduced when liposomes are small. This -

is opposite from the results with PS-containing lipo- Effect of liposome size on tumor uptake of GM -contain-

somes (Fig. 2A). In order to explore the mechanism of ing liposomes

this interesting obscrvation, we have investigated the Gahlzun and P.xpahad;opoulos [7] have shown that

kinetics of biodistribution for both types of small lipo- GM - late efficiently in the

somes (d =36 nm). It is clear from the data in Fig. 3 sohd tumor. We have investigated whether the size of

that the blood clearance ~nd the RES (liver and spleen) liposomes affects the level of tumor uptake for these

uptake of the GM -cunlammg ||posumc\ were similar liposomes in the EMT6 solid tumor model. Fig. 4

to those of the PS- H shows that liposomes with a diameter ranging from 90

liposomes containing GM, showed slightly longer half- to 200 nm accumalated in the tumor more readily than

life in the blood than (hc PS—cumammg liposomes. For those with a diameter of 40 nm or larger than 200 nm.

le, at 2 h post-i ion, there was about 30% About 6% of injected liposome dose per gram of tumor
injected dose of lhc Gl -containing liposomes remain- weight was observed with liposomes of this intermedi-
TABLE 1

Effect of preinjection of dextran sulfate on the distribution of liposomes

' In-tabeled liposomes (1 umal lipid /mouse) with defined size and composition were
sulfate (1.5 mg/ml) or PBS (control). Mice were sacrificed 4 h later and the i ra
average values (S.D.) of three mice.

injected into mice 2 h after the injection of dextran
ioactivity in each orgun was counted. Data represent

Lipasome Liposome €7 injected dose
composition :"::',',‘“" blood spleen liver others
{mean (8.D.))  control treated contra! treated control treated control treated
PC/Chol/PS a3 5604 6.50.5) 4.4(L2) 82 (06 752 (43)  34.1(5.6) 9.1(LD)  413(4.3)
110:5: 1 110(29) 08400 1700 1770 270 (7.2) 729 23) 267(0.3) 23000 1700G.0
747 (broad) 0.1 (0.0 20000 103(0LD)  SILSAO08)  8290119) 271 (54) 08@.1) 71013)
PC/Chol/GM, 3635 126Q32)  159(1.6) 0.8(0.1) 52 (04) 637 (48) 435300 10430 30307

(e:s5:1) 107 (30 S48(28)  4BORS) 2104 SI (LD 233 (58) 207029 15109 214014
555 (broad) 89(08) 146(16) 50.7(23) 467 (2.5) . 27022 4105 18012




ate size. The size dependent distribution of liposome in
other organs of tumor bearing mice was similar to that
found in the normal mice (data not shown). Therefore,
relatively high level of tumor accumulation of the
GM -containing liposomes correlated very well with
the relatively high concentration of liposomes in the
blood (see Fig. 1A).

Effect of RES blockade on the size-dependent 1l

TABLE 11

Effect of preinjection v} liposomes on the blood concentration of large
GM ~containing liposames + it post-injection

Liposomes were prepared by extruding hydrated tipids through 1.0
m polyzarbonate filter for five times and injected intravenoosly into
mice 30 min before the administration of '"'In-labeled
PC/Chol/GM, (10:5:1) linosomes (I umol/mouse;. Four hours
later. the blood concentration of ' in radioactivity was measured.
Data represent average vales (S.D.) of three mice.

biodistribution

Since liver and spleen play important roles in deter-
mining the biodistribution of liposome, we have investi-
gated the effect of RES blockade on the disposition of
tinosomes containing either GM,; or PS. Dextran sul-
fate 500, an effective reagent for RES blockade. was
injected into mice 2 h prior to the injection of '''In-
labeled liposomes. Data in Table I show that the
biodistribution of PS-containing liposomes was very
sensitive to dextran sulfate treatment. For example,
70-foid increase of liposome (d = 110 nm) concentra-
tion in the blood with concomitant large decrease in
the liver uptake (from 73 to 27%) was obtained in mice
preinjected wnh dextran sulfate. For large (d = 747
nm) PS a 5-fold i (from
10 to 52%) of the splcen uptake was observed in the
treated mice. Dextran sulfate treatment had also in-
creased (9 to 41%) accumulation of small (4 = 35 nm)
liposomes in othes organs, mainly in the carcass. While
these significant changes were observed with the PS-
containing liposomes, therc was no significant differ-
ence observed with the GM,-comaining liposomes of
all sizes tested. Only a slight increase in blood concen-
tration of large (d = 555 nm) li

Liposome Preinjected dose ¢ of injected dose
preinjected (umol/mouse)  of liposomes
(PC/Chol/GM,)
in blood

None - 23 (05) -
PC/Chol /GM, 5 20 @

0 334 (6.2

kN 547 ©5)
PC/Chol /P! 170 22)

10 24.6 (10.0)

20 4066
PC/Chol /PEG-PE 5 85 (1L

w0 144 an

» 361 (4.6)
PC/Chol/PA s 16 0.1

0 47 3

20 102 2.0
PC/Chol H 17 0.6)

10 43 0.3)

20 63 (0.2

by a 10% decrease in the liver uptake, was obtained in
the dextran sulfaie treated mice. There were also some
increases of liposome uptake in the carcass of the
dextran treated mice.

Effect of preinjection of liposomes on the blood concen-
tration of large GM-containing liposories

It is important to increase the circulation time of
large liposomes because of their relatively large capaci-
ties for drug entrapment. RES blockade by dextran
sulfate was inefficient for large liposomes containing
either GM, or PS (Table ). Since the uptake of large
GM ,-containing liposomes was ainly by the spleen,
we reasoned that preinjection of a large dose of
splenotropic liposomes might block the uptake mecha-
nism of this organ, thereby ing the ci

were about 600 nm in diameter. Table I
shows a dose-dependent effect of the preinjected lipo-
somes on the blood concentration of large GM,-con-
taining liposomes. Clearly, the blood concentranon of
"Mn-labeled i d with i

amournt of the blockmg llposume preinjected. ""he :f-
fectiveness of the blockade was i

dependent. The most effective blocking was observed
witat liposomes of lhe same composmon as the “'ln-
labeled li
P1, PEG-PE and PG. Liposomes composed of PC/Chol
(10:5) or PC,/Chol/PA (10:5:1) were not effective.
There was only about 6% of '''In-labeled liposomes
found in the blood of mice preinjected with 20 pmol of
liposomes composed of PC/Chol. This is compared to
about 55% injected dose found in the blood of mice

time of subsequently injected GM-containing lipo-
somes. Unlabeled liposomes of different compositions
were preinjected into mice 30 min before the injection

of """ In-labeled liposomes composed of PC/Chol/GM,
(10:5:1) with a diameter of abon! 600 nm. The hlock
ing lij were pared by ding hyd

lipids through filters of 1 pm pore size. Their average

d with the same amount of liposomes con-
taining GM .

Discussion
It is well lished that the |

of the RES, principally the Kupffer cells of the hver
and darily the splenic h are
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ble for the clearance of liposomes from the circiation
[17]. Liposomes containing GM, show a marked resis-
tance to RES uptake and stay in the circulation for a
prolonged period of time {6-8]. The original observa-
tions by Allen and (honn [6] and by Gabizon and
Papahadjopoulos | 7] were made with liposomes of ap-
prox. 100 nm in diameter. We have previously reported
that large GM -comammg liposomes (d > 300 nm) do
not show prolong lation time and late in
the red pulps and marginal zones of the spleen [18].
We have attributed this finding to the fact that these
farge liposomes are rctained by the splenic sinusoidal
filter [19). Normally, only a small fraction of the blood
passes through the spieen at any given time. Only
liposomes witn reduced 2ffinity for the liver Kupfier
cells would have a sufficient chance to circulate through
the spleen and encounter the filter. Or, when the
Kupffer cells are blocked by reagents such as dextran
sulfate, large liposomes containing PS would also be
retained by the spleen (Table I) despite the fact that
PS is well known 1o cxhibit opsonin-like activity [20].
Thus, these studies as well as the data shown here (Fig.
1) have established the upper. S|ze limit (= 200 nm in
diameter) of the Jong-circul C

trat large liposomes containing PEG-PE are retained
Yy the spleen ).

The size limi of the long-circulating I
bears some practical significances as shown by the data
in Fig. 4. Elevated tumor uptakc of the GM,-contain-
ing liposomes also exhibits an optimal liposome size
range which comcnded with the range shown in Fig. 1A
for the prolonged i i Theref ef-
fecllve tumor uptake of I|posomes depends on the

ion time of li a

prevmusly made by Gabizon and Papahadjopoulos [7].
The amount of blood circulating through a solid tumor
is probably only a small fraction of the total and is
likely to dcpend on the age, locauon and na(ure of the
tumor. Only | with a
time will have a sufficient chance to encounter the
Ieaky vessels of the tumor. Data in Fig. 4 also clear up
a ion that small li should be better
suited than the larger ones to penetrate the tumor
vessels. In reality, small GM -containing liposomes ac-
cumulate less efficiently in tumor (Fig. 4) due to their
efficient accumulation in the liver and thus rapid clear-
ance from the circulation (Fig. 1B).

GM,.

Data in Fig. 1 further indicate that there is a lower
size limit (= 70 nm in di ) for the long-circulat
ing lj Small GM, ining i were
cleared from the blood circulation almost as fast as the
small PS-containing liposomes (Fig. 3). These results
are not surprising in view of the previous reports by
Scherphof et al. [21], Rahman et al. [22] and Roerdink
et al. {23] that small unilamellar liposomes could ex-

and late in the hymat celis of
the liver. This is because the fenestrae of the liver sinus
contains holes of average diameter 100 nm [24]. Fur-
thermore, liposomes used in these studies were pre-
pared from phospholipids having a high melting tem-
peralur", exhubmng high rigidity and thus relatively
p: to less rigid liposomes
{25]. Presumably, the liver Kupffer cells may have re-
duced affinity for these small rigid liposomes, thus
accumulating in the liver parenchymal cells. Small
‘GM -containing liposomes, which should also be very
resistant to uptake by the Kupfier cells and not re-
tained by the splenic filter, could easily extravasate and
be taken up by the liver parenchymal cells. Indeed,
data in Fig. 1B and Fig. 3 indicate an efficient liver
uptake (60-70% injectcd dose in 4 h) of these lipo-
somes. Thus, the actvity of GM, in prolonging the
circulation time of liposomes is limited to a relatively
narrow size range, i.c. 70-200 nm. Activities of other

njection of dextran sulfate, although signifi-
cantly aitering the biodistribution of the PS-containing
liposomes of all sizes, had little effect on the biodistri-
bution of the GM,-containing liposomes (Table I). This
is because the Kupffer cells are not the principal cells
taking up these liposomes and dextran sulfate only
blocks the ncuvny of the Kupffer cells [26]. For the
large GM, only a preinjection of
a large dose of the same liposomes could effectively
prolong the circulation time of these liposomes (Table
I1). Although the effect was pronounced, this treat-
ment is unlikely to be used for drug delivery studics
hecause of the relatively high cost of the GM, lipid.
ining other less hplds which
have been shown to prolong the liposome circulation
time, i.e. Pl and PEG-PE, were iess effective (Table
D). To our knowledge, no effective blockade reagent
bas been reported for the macrophages of the spleen.
Until such a reagent is available, it is unlikely that
large liposomes containing GM, or other lipids of
similar activity can be used as an effective drug carrier
(other than for the delivery to the spleen).
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amphiphiles (PEG-PE, PI, sulfatide) in prolonging the Refe
liposome r'xrculanon time are also Ilkely to be depen-
dent on the | size, aith detailed experi-

ments are yet 1o be done. We have previously reported
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