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ABSTRACT

Stealth liposomes have recently emerged as a promising antitumor drug
delivery system, yet no studies have been reported to examine their dy
namic behavioral the microcirculatory level. In this investigation, we have
used in vivo fluorescence videomicroscopy to study the decay in plasma
concentration and the interstitial accumulation of Stealth and conven
tional liposomes in tumor and granulating tissue microcirculatory prep
arations. Fluorescently labeled Stealth or conventional liposomes were
injected i.v. into rats bearing dorsal skinflap window chambers, some of
which contained a vascularized mammary adenocarcinoma. After injec
tion, fluorescent light intensities arising from liposomes within blood ves
sels and the interstitium were measured over time. These measurements
were used to derive plasma pharmacokinetics and vascular permeability
coefficients for each liposome species in both tumor and granulating nor
mal tissues. Within the tirsi 90 min after injection. Stealth liposome ac
cumulation in the tumor interstitium was 3-4-fold that for conventional

liposomes. The percentage of administered liposomes remaining in the
circulation at the end of 90 min was 60.2% for Stealth and 20.4% for
conventional liposomes. Tumor vascular permeability was 3.42 Â±0.78 x
10~7cm/s for Stealth and 1.75 x 0.38 x 10"7cm/s for conventional liposomes.

In normal granulating tissues permeability for the 2 constructs was equiv
alent at 0.8-0.9 x 10 cm s. In conclusion, preferential accumulation of

Stealth liposomes in tumors was attributable to a combination of slower
plasma clearance and higher vascular permeability relative to conven
tional liposomes. Our method of combining in vivo microscopy with a
tumor microcirculatory model provides a unique approach to study quan
titatively the delivery of liposomes to tumor tissues, since it can be used to
study the process in real time at the microcirculatory level.

INTRODUCTION

The concept of liposomes as a drug delivery system has existed for
decades, but it is only in the last few years that such a system has
achieved the potential for wide ranging applications. This is due to the
emergence of a new generation of "Stealth" liposomes that have an

ability to remain in the vascular circulation for extended periods of
time (1, 2). The prolonged plasma half-life derives from a highly
water-soluble polymer grafted onto lipids that are assembled in the

lipid bilayer of the liposomes. It has been shown that the polymers on
the liposome surface exert a long-range mutual repulsion between
adjacent bilayers and presumbly prevent the interaction of macromol-
ecules and cellular surfaces in the blood with the Stealth liposomes
(3, 4). These polymer related properties allow the Stealth liposomes to
evade the reticuloendothelial system and thus to have longer circulat
ing life in the blood (2, 5, 6).

The ability of Stealth liposomes to remain in blood circulation for
a long time has stimulated interests in using them as a drug delivery
system. Further interest has emerged as several reports have demon
strated increases in tumor uptake and efficacy of antitumor drugs such
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as doxorubicin and epirubicin when encapsulated in Stealth liposomes
(1, 7-9). These improvements in delivery have been thought to be the

result of the sustained plasma level of Stealth liposomes (10, 11).
The delivery of liposomes from the vascular space into the inter

stitial space involves at least two steps: (a) the supply of liposomes in
the blood must remain at an adequate level; and (b) liposomes must
leave the blood and enter the interstitium. Many studies have ad
dressed the first step in terms of comparing the circulation time of
Stealth liposomes to that of conventional liposomes. However, no
studies have yet been performed to examine the dynamics of liposome
extravasation at the microcirculatory level, the location of actual ex
travasation of blood-borne materials. In this study, we measured the

interstitial accumulation and the plasma decay of fluorescently labeled
Stealth and conventional liposomes in tumor and granulating tissue
microvascular window chamber preparations. From the time courses
of liposome interstitial accumulation and plasma decay, we calculated
a vascular permeability coefficient for each liposome species, which
characterizes the ease with which liposomes can traverse the vascular
wall. We therefore tested the hypothesis that differences in the actual
extravasation process were also involved in the elevated delivery of
Stealth liposomes to tumors.

MATERIALS AND METHODS

Tumor Vascular Preparation. We used the dorsal skinfold window cham
ber implanted in Fischer rats (see Ref. 12 for details). Tumor microvascular
preparations were made by implanting a small volume (approximately 0.1
mm1) of tumor tissue (rat mammary adenocarcinoma; R3230Ac) in the skin-

fold window chamber. The preparations were used 7 to 10 days after surgery,
when the tumor in the window chamber was 2-3 mm in diameter. Control

(nontumor) preparations had granulating tissue in the window chamber without
implanted tumor. These preparations can he placed under a microscope so that
the injected material of interest in the vascular and interstitial compartments
can be directly visualized and its amount can he measured. In our experiments,
fluorescence videomicroscopy and digital image processing were used to quan-

titate the amounts of i.v. injected liposomes labeled with fluorescent markers
in the above two compartments.

Theory for Measuring Liposome Extravasation. The technique which
we used to quantitate the extravasation of liposomes has been described in
detail elsewhere (13). It is only briefly described here. The basis for this
method is that the amount of liposomes is proportional to the intensity of the
fluorescent labels in these liposomes. In each image of a recorded sequence of
liposomes in the microvessels, the fluorescent light intensity of the entire
image, /â€žand that from selected areas within vessels, /*, arc measured. /,

represents the total amount of liposomes in the observed area at the specific
time when the image was recorded, while /* represents the amount of lipo

somes within the vasculature. It can be shown that the total amount of lipo
somes in the vascular and the interstitial compartments at any time t, denoted
as Â¡M and I,ft), respectively, can be calculated from the following equations:

/,(') = /,(') - /,.(') (2)

where l,(0) and l*(0) are the values of/, and /* when liposomes first appear in

the vasculature. Thus, equations 1 and 2 describe the time courses of relative
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amounts of liposomes remaining in the vessels and accumulated in the inter-

stitium, respectively.
The process of extravasation of any blood-borne materials can be described

by a diffusion equation (14), which characterizes the leakiness of vasculature
with a parameter termed permeability P, (cm/s):

p = (3)

where ./, is the flux of the liposomes across the vascular wall with a surface
area S, and Cr and C, are the concentrations of liposomes in the plasma and in
the interstitium, respectively. J,, Cp, and C, are related to the amounts of
liposomes and thus can be substituted by respective light intensities I,.(t) and
lift) with appropriate proportional constants A, and k,. It can be shown that
equation (3) can lead to the following equation:

',(/) = a â€¢¿�I e-*'

J o
/,(')

where both a and ÃŸare constants. P is related to a by:

P = a â€¢¿�[A â€¢¿�(1 - Hr) â€¢¿�(*,/*;)]

(4)

(5)

where Ã€is the volume to surface area ratio of the vessels within the observed
area, and /// is the averaged hematocrit. A can be determined for each exper
iment. H, has been characterized for our preparation (15). The ratio kjkÂ¡ is
determined in in vitro calibrations (13). Therefore, by fitting /,.(() and IÂ¡(t),
generated by equations 1 and 2, to equation 4, one can calculate a and then use
equation 5 to calculate P. It should be noted that the extravasation process has
a convection component, which depends on the transvascular pressure differ
ence in the vessels studied. Therefore, the quantity P measured with this
approach is an apparent permeability coefficient (16).

Liposome Preparation and Characterization. Liposomes were prepared
using the large unilamellar vesicle extrusion technique as described by Mac-

Donald el al. (17). Conventional liposomes consisted of egg phosphatidyl
choline (Avanti), cholesterol (Avanti), and the fluorescent lipid label TRITC-
DHPE'4 (Molecular Probes) in a molar percentage ratio of 65:33:2, respec

tively. Stealth liposomes consisted of egg phosphatidylcholine, cholesterol,
TRITC-DHPE, and also included the polymer lipid DSPE-PEG2000 (an M,
2000 polymer of polyethylene glycol covalently attached to distearoylphos-

phatidylcholine; Liposome Technology. Inc.). The molar percentage ratio for
Stealth liposomes was 60:33:5:2-egg pc:choIesterol:DSPE-PEG 2000:TRITC-

DHPE. Lipids dissolved in chloroform were combined in the appropriate ratio,
organic solvent was removed by vacuum drying, and the lipids were rehydrated
in Hanks' balanced salt solution. After overnight rehydration, the lipids were

freeze-thawed 5 times and passed 31 times through a single 100-nm polycar

bonate filter (Poretics Corporation) in a Liposofast extruder (MM Develop
ments). The liposomes were finally suspended in Hanks' balanced salt solution

at a concentration of 10 ITIMtotal lipid.
Negative stain electron microscopy was used to evaluate the distribution of

liposome size. Liposomes were stained with 2% uranyl acetate, placed on
carbon-coated copper grids, and examined using Phillips 301 electron micro

scope at XI 1,000. Liposomes were assumed to have a disc shape when
negatively stained. Liposome diameters were corrected for this assumption by
multiplying the observed diameter by l/\/2 (18).

Experimental Procedure. In each experiment, a rat was anesthetized with
sodium pentobarbital (40 mg/kg; /.p.). The femoral vein and artery were
cannulated for i.v. injecting liposomes and taking blood samples, respectively.
After cannulation, the animal was placed on a temperature-controlled micro

scopic stage to maintain normal body temperature throughout the experiment.
The preparation in the window chamber was observed with a X20 objective.
A region of the preparation was selected according to two criteria: (a) blood
vessels should have normal blood flow; and (b) blood vessel network should
contain some vessels which do not have other underlying vessels (13). The
images of the selected region were recorded via a SIT camera (Hamamatsu;
C2400-08) connected to a S-VHS video tape recorder (Mitsubishi; BV-1000).

4 The abbreviations used are: TRITC-DHPE, W-(6-tetramethyl-rhodaminethiocarbam-
oyl)-l,2 dihexadecanoyl-.wi-glycero-3-phosphoethanolamine (triethylammonuim salt);
FITC. fluorescein isothiocyanate.

This region was first recorded under transillumination. Then, under epi-illu-

mination with a filter set (H546; Zeiss), the selected region was recorded as a
background before injection of liposomes and intermittently (for 5 s every 2

min) for 90 min after 0.2 ml of liposomes was administered i.v. The videotape
of the experiment was analyzed with an image processing software (JAVA;
Jandel Scientific) on a Zenith 386 computer. The light intensities of the entire
tissue area /, and 3 representative vascular regions /* were measured at serial
time points. Finally, the data of /, and /* were analyzed using the the method

outlined above to yield time courses of vascular and interstitial amounts of
liposomes, i.e., /,/i) and /,((), as well as permeability P for each experiment.

Measurement of Relative Plasma Concentration of Liposomes. Mea
surement of relative plasma concentration of liposomes is an important pa
rameter for the calculation of P. We have previously determined that the video
analysis method can accurately predict plasma pharmacokinetics of fluores-

cently labeled albumin, but we wished to verify this for liposomes as well.
Thus we compared the relative plasma concentration of liposomes obtained
from the video analysis method with direct measurement of plasma in all the
rats receiving conventional liposomes and one rat receiving Stealth liposomes.

Approximately 50 jxl of blood were sampled from the arterial catheter into
capillary tubes before and immediately after liposome injection, as well as at
15-min intervals thereafter up to 90 min. From centrifuged blood, 20 fÂ¿lof

plasma were diluted in 2 ml of phosphate-buffered saline. The fluorescent light

intensity of each plasma sample was measured with a spectrofluorometer (LS
50B; Perkin Elmer) at excitation and emission wavelengths of 554 and 573 nm,
respectively. The readings were normalized such that the preinjection plasma
concentration was 0 and that immediately after injection it was 100. This
blood-derived reading is denoted (Mooa. Â£bioo<jwas compared with the relative

plasma concentration of liposomes derived from video analysis, Â£vÂ¡de,,,which
was calculated as:

100 (6)

Separating Liposomes from Plasma Protein. An issue that is of funda
mental importance to the validation of the video analysis method is whether the
lipid label on the liposomes remains stably bound to the liposomes in the blood
circulation. In order to study this question we used column chromatography to
determine whether the fluorescent label of liposomes could be transferred to
plasma proteins. The column was composed of Toyopearl S55 beads (Supelco
Inc.). First, pure samples of liposomes or FITC-albumin (Sigma Chemical Co.)

were run through the columns to determine the elution pattern of each sample.
Then samples of liposomes were incubated in rat plasma for 5 and 90 min,
respectively, and run through the column. The relative amount of sample in
each fraction was measured with a spectrofluorometer. For each sample, the
amount in each fraction was expressed as the percentage of the total amount
recovered from all the fractions.

Statistics. Data for each liposome species were grouped together for each
tissue type (tumor or nontumor). The normalized vascular and interstitial
amounts of liposomes, i.e. /,(/> and /,((), were averaged within each 5-min
interval. The permeability P was compared by Mann-Whitney U test for each

liposome species between two tissue types and for each tissue type between
two liposome species. To test the agreement in the relative plasma concentra
tion of liposomes between blood sample analysis and video analysis, Â¿vilicowas
compared with fh|m>dby using paired Student / test for each time point at which
both measurements were obtained. In all cases, two quantities are regarded
different if P < 0.05.

RESULTS

Characterization of Liposomes. The size distributions of Stealth
and conventional liposomes were examined by negative stain electron
microscopy. Fig. la shows a typical negative stain image of Stealth
liposomes. The pore sizes of the membrane used to make the lipo
somes averaged 100 Â±17 nm (mean Â±SD) and the resultant size
distributions were relatively narrow. The two forms of liposomes had
similar size distributions as shown in Fig. 1, b and c. Stealth liposomes
had an average diameter of 82 Â±24 nm (7 preparations; 2680 vesi-
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Fig. 1. Measurement of liposome sizes by negative slain electron microscopy, a, electron micrograph of Stealth liposomes with negative stain technique; bar. 3(X) nm. b, size

distribution of Stealth liposomes, c. size distribution of conventional liposomes. Data are expressed as mean Â±SD.

cles). Conventional liposomes had an average diameter of 91 Â±41 nm
(6 preparations; 1321 vesicles).

Visualization of Extravasation of Liposomes. During each ex
periment, the window chamber preparation was first observed with
transillumination for selecting an appropriate region for measure
ments. Then epi-illumination was used to measure liposome extrava

sation. Generally, tumor tissues had larger blood vessels than the
normal tissues; tumor tissues were usually devoid of capillary- sized

blood vessels. The appearance of several example preparations, ob
served with transillumination and epi-illumination, is demonstrated in

Fig. 2. In general, liposomes started to appear in the preparations

within 30 s after injection, and fluorescent light intensities in blood
vessels became stable within l min (Fig. 2, d-f). After 90 min, in the

case of Stealth liposomes (Fig. 2#), tumor blood vessels still had fairly
strong light intensities, indicating the expected persistent plasma level
of Stealth liposomes. A previously unrecognized feature was that the
vessels had bright patches along them, indicating focal regions of
enhanced extravasation. These patches were not due to liposomes
trapped in nonperfusing blood vessels, since blood flow could be
easily seen on a video monitor (although it is impossible to discern on
still video images such as in Fig. 2). This pattern suggested that
leakage of liposomes from the vessels into the tumor interstitium

Stealth in Tumor Conventional in Tumor Stealth in Non-Tumor

E-

u
o

o

Â«S

Ou

y
Fig. 2. Transiiluminated and epifluorescent video images of liposomes in microvascular networks from representative experiments. The top row has the transilluminated images of

3 separate experiments: Stealth liposomes in a tumor (a): conventional liposomes in a tumor (b): Stealth liposomes in a nontumor preparation (c). d-f. the epifluorescent images of
these three experiments at I min after liposome injection. #-/. the epifluorescent images of these three experiments at 90 min after liposome injection. All the video images were digiti/ed
and composed together by image processing software (Image 1.45). The original light intensities in the video images were maintained during this process.
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occurs heterogeneously. In contrast, blood vessels had much weaker
light intensities at 90 min after administration of conventional lipo
somes than at l min (Fig. 2/i), suggesting that these liposomes had
largely disappeared from the circulation. Patches of liposomes could
also be observed, but they were not nearly as bright as those found
with Stealth liposomes. In contrast to tumor vasculature, there were no
large bright patches in nontumor vasculature, and there were no dis
cernible changes in the background light intensity (Fig. 2i). Thus, it
appears that liposome extravasation in nontumor tissue was much less
pronounced, leading to preferential uptake of Stealth liposomes in
tumor versus nontumor tissue.

The liposome accumulation in tumor was quantitatively measured
by monitoring the fluorescent light intensities in the interstitium. As
demonstrated in Fig. 3, on average, the interstitial amount of Stealth
liposomes at 90 min was equal to 71.9 Â±4.2% of their initial vascular
amount. In comparison, this percentage for conventional liposomes
was 24.7 Â±5.1%. These data suggested that Stealth liposomes accu
mulated in tumors more rapidly than conventional liposomes and
reached greater concentrations.

Quantitation of Vascular Level of Liposomes. Liposome accu
mulation in the tumor interstitium is determined, at least in part, by the
liposome supply in the tumor vasculature. The time course of relative
vascular amounts of liposomes indicated that, on average, approxi
mately 40% of Stealth liposomes were cleared out of the circulation
(Fig. 3a), while nearly 80% of conventional liposomes disappeared
from the blood within the first 90 min after injection (Fig. 36). Thus
Stealth liposomes had a longer life span in plasma than conventional
liposomes.

To confirm that the measurements we made of plasma liposome
level by analyzing video images were accurate reflections of the actual
plasma concentration, we also analyzed the plasma liposome level by
taking blood samples and measuring their liposome content in some of
the experiments. A comparison between the results of the two methods
is shown in Fig. 4. It indicates that in a group of 15 rats for which both
analyses were performed, there was no detectable difference between
the two for any of the time points. These data suggest that the video
analysis can indicate changes in the vascular concentration of i.v.
injected liposomes to the same degree of accuracy as that obtained by
direct blood sample analysis.

Measurement of Vascular Permeability to Liposomes. The ex
tent to which liposomes can accumulate in the tumor interstitium is
dependent not only on the vascular supply of liposomes, but also on
how easily the liposomes pass through the vascular endothelium. The
measurement of leakiness, i.e. permeability, can be obtained by fitting
the time courses of vascular and interstitial liposome level to the
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Fig. 3. Time courses of normalized vascular and interstitial liposome amounts for
Stealth and conventional liposomes in tumor tissues, a. averaged vascular decay and
interstitial accumulation of Stealth liposomes from 9 tumor preparations, b, averaged
vascular decay and interstitial accumulation of conventional liposomes from 7 tumor
preparations. Error bar, SEM.

Video Analysis

Blood Sample

30 45 60 75

Time (minute)

90

Fig. 4. Normalized plasma concentration of liposomes measured from blood samples
and from video analysis in 15 rats. The paired Student l test was used to examine the level
of difference between the two values obtained from the two methods at each time point.
No significant difference was detected at any of the time points. Error bars, SEM.

Table 1 Vascular permeability values" to Stealth and conventional liposomes in tumor

and nontumor preparations

LiposomespeciesStealth

Conventional
Albumin''Tumor3.42

Â±0.78 (9)fc-c
1.75 Â±0.38 (l)d

7.8 Â±1.2 (14/Nontumor0.88

Â±0.27(10)
0.83 + 0.30 (8)

2.5 Â±0.8 (10)
" Permeability values are expressed as mean Â±SEM (N) with a unit of X 10~7 cm/s.

Mann-Whitney U test was used to compare permeability between groups.
fcIn tumor tissues, /^â€žiin Â¡ssignificantly higher than Pc,,nvcmionai-
c Psicaiih is significantly higher in tumor tissues than in nontumor tissues.
d ''conventionalis significantly higher in tumor tissues than in nontumor tissues.
c Data on PA\t,umtnare presented for comparison. These were measured with the same

technique in the same model system (13).
'/'albumin is significantly higher in tumor tissues than in nontumor tissues.

diffusion equation which is assumed to govern the extravasation proc
ess. We performed this analysis for all the experiments and grouped
the result for each liposome species in each tissue type. The data from
this analysis are listed in Table 1. In tumor tissues, the vascular
permeability to Stealth liposomes averaged twice as high as conven
tional liposomes, and the difference was significant (P < 0.05). For
the sake of comparison, the data of vascular permeability to albumin,
which were obtained from a separate study (13), are presented in Table
1. It is noted that the average permeability to 100 nm Stealth lipo
somes was approximatedly one-half of that to albumin, a much

smaller molecule (3x15 nm).
Comparison of Tumor with Nontumor Tissue. The time course

of vascular liposome concentration measured in nontumor prepara
tions was similar to that found in tumor preparations (data not shown);
this was anticipated since the plasma liposome concentration should
only be affected by systemic removal of liposomes. However, the
interstitial accumulation of liposomes in the nontumor preparations
was unexpectedly variable. There were two distinct patterns of accu
mulation as shown by the two extreme examples in Fig. 5: (a) min
imal extravasation with no evidence of liposome accumulation; and
(b) continuous extravasation with increasing liposome accumulation.
For the preparations with the first feature, the extravasation was so
low that the level of interstitial accumulation was indistinguishable
from the inherent variability of data. Thus the data from these exper
iments could not be fitted to our model; the permeability for these
preparations was therefore regarded as 0. Because of the presence of
these "0" permeability values, permeability distribution was not nor

mal. Therefore a nonparametric test (Mann-Whitney U test) was used

to compare the permeability values. As shown in Table 1, permeability
was significantly higher in tumor tissues than in nontumor tissues for
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both Stealth and conventional liposomes in spite of the observed
variability in granulation tissues.

Chromatography Results. The validity of the video analysis
method is dependent on the assumption that the fluorescent light
intensity measured in our experiments was an accurate measure of the
amount of liposomes. This assumption would be invalid if the fluo
rescent marker came off the liposomes and bound to other plasma
components. To examine whether the fluorescent marker for lipo
somes could be transferred to plasma proteins, we used in vitro incu
bation in plasma followed by column chromatography to separate
liposomes from plasma macromolecules. Since albumin is the most
abundant plasma component, we used FITC-albumin as a reference

marker. Fig. 6 shows the elution patterns of pure liposome (conven
tional), pure albumin (with FITC label), liposomes incubated in
plasma for 5 min, and liposomes incubated for 90 min. Liposomes
incubated in plasma for 5 min had a similar elution pattern to pure
liposomes, suggesting that there was no free fluorescent marker avail
able to bind to plasma proteins on immediate mixing of the two. In the
sample of liposomes incubated in plasma for 90 min, there was a
slight increase in the fluorescence intensity in the fractions corre
sponding to that of albumin, in comparison to the other two liposome
samples. This observation suggests that there may have been a small
amount of fluorescence marker transferred to plasma proteins. This
amount, measured as the area of the shaded region in Fig. 6, is
estimated to be 3-5% of the total fluorescence.

DISCUSSION

In this investigation, we used intravital fluorescence microscopy to
demonstrate that two mechanisms are involved in the preferential
accumulation of Stealth liposomes into tumor. First, we corroborated
previous observations that the life-span in plasma is much longer for
Stealth than conventional liposomes (2, 5, 6, 10). Our plasma phar-

macokinetic data compare favorably with that previously reported by
Huang et al. (10), for example. At 1-h postinjection we found 64% of

injected Stealth liposomes still present in plasma; Huang et al. (IO)
reported 66% at the same time point.

The unique observation that we have made using our system is that
a 2-fold higher vascular permeability is also responsible for increasing

the accumulation of Stealth lipsomes, as compared with traditional
liposomes, in tumor tissues. In contrast, permeability to both liposome
species was much lower in granulating tissues. Thus, the preferential
inherent leakiness of tumor vessels to Stealth lipsomes contributes
further to selectivity of uptake, when compared with conventional
liposomes. Total accumulation in tumor 90 min after injection aver

Vascular

Inlerstitial

0 15 30 45 60

Time (minute)

15 30 45 60 75

Time (minute)

Fig. 5. Two examples of Stealth liposome accumulation in nontumor preparations, (a)
In Experiment 5/27/92B, the accumulation of liposomes remained at constantly low level
without any tendency of increasing, (b) In Experiment 5/27/92A, the accumulation of
liposomes continuously increased.

Pure Liposome

FITC-albumin

Liposome in plasma for 5 min

Liposome in plasma for 90 min

10
Fraction

Fig. 6. The elution patterns of column chromatography for pure conventional lipo
somes, pure FITC-albumin. liposome incubated in plasma for 5 min, and liposome in
plasma for 90 min. Abscissa, the elution fraction number; ordinate, the amount of fluo
rescence measured in each fraction, normalized by the total amont of fluorescence of each
sample. The shaded area represents the amount of fluorescent labels that may have
transferred from liposomes to certain plasma components.

aged nearly 70% of maximum intravascular concentration with Stealth
liposomes and only slightly above 20% with traditional liposomes
(Fig. 3).

Vascular permeability to any material is determined principally by
its size, and the nature of its interaction with the cells forming the
vascular wall, i.e., endothelial cells (14). Negative stain electron mi
croscopy (Fig. 1) indicated that the two liposome constructs had
similar diameter distributions; thus size differences could not account
for the permeability difference. Therefore, the reason for the perme
ability difference most likely lies in differences in liposome-endothe-

lial cell interactions between the two constructs. The endothelial cell
surface, including the region within the junctional space between
adjacent endothelial cells, has a glycocalyx coat on the plasma mem
brane. The extent to which blood borne materials can be adsorbed to
the glycocalyx in the endothelial junctional space is likely to affect the
ease of extravasation of these materials through endothelial junctions
(14). Stealth liposomes have a layer of grafted polymers which make
them repulsive from other cells or blood components (3, 4, 6). Based
on our results, we speculate that such repulsive properties might also
make the Stealth liposomes less likely to be adsorbed in the glycoca
lyx, thus facilitating their extravasation. An additional possibility is
that conventional liposomes might have an increased tendency to
aggregate. This is due to the fact that unmodified, neutral lipid bilay-

ers such as those in conventional liposomes can approach within
10A-20A of each other (19). At this distance, the adjacent bilayers

adhere to each other as a result of the van der Walls attractive force
(20, 21). In contrast, the grafted polymers on the surface of Stealth
liposomes extend approximately 50Ã€from the bilayer and thus inhibit
their close approach to each other (3, 4). Thus conventional liposomes
have a higher probability to aggregate than Stealth liposomes. Lipo
some aggregates would be more difficult to extravÃ¡sate duc to their
increased size, resulting in reduced permeability. Freeze fracture prep
arations, which give a better representation of the state of the original
sample than negative stain processing, definitely showed aggregation
of conventional liposomes as compared with more even dispersion of
Stealth liposomes.5

In addition to studying the extravasation of Stealth and conven
tional liposomes in tumor preparations, we also investigated the same
phenomenon in non-tumor-bearing preparations. We found that while

in some of these preparations liposome extravasation could not be

5 D. Necdham, unpublished results.
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detected with our method, in the others there was measurable extrava
sation (Fig. 5). We suspect that these latter preparations had many
inmature and leaky vessels, which are encountered frequently in gran
ulating tissues. Vascular permeability was calculated for the nontumor
preparations and compared to the tumor preparations (Table 1). We
found that vascular permeability was higher in tumors than the non-
tumor tissues, even though the latter included some "leaky" prepara

tions. Mature vascular beds would presumably behave similarly to the
relatively impermeable granulating preparations in our experiments.
Thus one would expect that liposome accumulation would occur
preferentially in tumors in most cases. Tumor blood vessels have been
previously reported to be more leaky than those in normal tissues (13,
22, 23), and our result with liposomes is consistent with these previous
findings.

The validity of our quantitative measurements of liposome extrava
sation is based on the assumption that the amount of liposomes can be
accurately determined by measuring the light intensity of their fluo
rescent label. Our previous calibrations have indicated that the fluo
rescent light intensity measured by our video system is linearly pro
portional to the amount of fluorescent label (13). For these
experiments the assumption is valid only if the amount of fluorescent
label on the liposomes stayed constant throughout the entire experi
ment. The fluorescent label used on the liposomes was covalently
linked to lipid (TRITC-DHPE) which was incorporated into the lipo

some lipid bilayer. Thus the fluorescent marker was not expected to
dissociate from the liposomes unless the covalent bond was broken via
some enzymatic reactions. That was an unlikely possibility. However,
to verify that this artifact did not occur, we used column chromatog-

raphy to separate conventional liposomes from albumin after incuba
tion in plasma for 90 min. Three to 5% of the fluorescent label was in
fact transferred. The presence of grafted polymers on the Stealth
liposomes would be expected to prevent the plasma enzymes from
accessing the lipid bilayer, and thus further reducing the chance of dye
transfer to plasma proteins from these liposomes. Therefore, the extent
of fluorescent label transfer from Stealth liposomes should not be any
greater than from conventional liposomes. Significant transfer of flu
orescent label would have resulted in overestimation of permeability
to liposomes. Given the small percentage of possible fluorescent label
transfer, however, it is unlikely that the degree of overestimation is
large for either construct.

Finally, the method used in our study has several unique features
that warrant some discussion. There have been several reports in the
literature which studied the plasma decay and tissue accumulation of
Stealth and conventional liposomes (7, 8). These studies used radio
active labels to quantitate liposome amount, which requires sacrifice
of the animals at a specific time point. In contrast to these studies our
method allows us to measure liposome extravasation in real time.
Second, it allows us to examine liposome extravasation at the very
location where this process takes place, i.e., microvessels. It can
provide quantitative information such as vascular permeability and
spatial distribution of liposomes that is difficult to obtain with any
other methods. Different fluorescent markers can be used to label both
the liposomes and their contents, such that accumulation and leakage
of contents into tumor interstitium can be measured simultaneously.
The extravasation of liposomes of different compositions can be mon
itored and compared so that the liposomes with optimal performance
can be selected.

In summary, we have used in vivo videomicroscopy to demonstrate
that higher accumulation of Stealth liposomes in tumor is not only
attributable to their longer life span in plasma, but also to higher
vascular permeability to Stealth liposomes as compared to conven
tional liposomes. The noninteractive nature of the surface of Stealth

liposomes is thought to contribute to the preferential accumulation of
these constructs in tumor as compared with traditional liposomes.
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