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Influence of Cholesterol on the Association of Plasma Proteins with LipoSomes
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ABSTRACT. Thein vivo association of blood proteins with large unilamellar liposomes composed of saturated
phosphatidylcholines was analyzed to determine the effect of membrane fluidity and hydrocarbon chain
length on liposomeplasma protein interactions and liposome clearance. Liposomes composed of
dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidylcholine (DPPC), distearoylphosphati-
dylcholine (DSPC), and diarachidoylphosphatidylcholine (DAPC) were administered via the lateral tail
vein of CD-1 mice and were subsequently isolated from the blood at 2 min postinjection. The protein
binding ability (Ps, grams of protein bound per mole total lipid) of the liposomes was quantified and
related to their circulation half-lives. Liposomes composed of long-chain saturated phospholipids that
exist in the gel (frozen) state at 3€ (DPPC, DSPC, and DAPC) bound large quantities of blood proteins,

in excess of 48 g of protein per mole total lipid, and were found to be rapidly cleared from the circulation.
The incorporation of cholesterol into DSPC liposomes resulted in significantly decrBasedues and
enhanced circulation lifetimes for this lipid system. This cholesterol effect plateaued at 30 mol %
cholesterol, corresponding to the loss of the—diguid crystalline phase transition, and resultedP

values of 23-28 grams of protein per mole of total lipid. The types of blood proteins binding to DSPC
liposomes were not significantly altered by the inclusion of cholesterol. This is the first demonstration
of rapid clearance of neutral large unilamellar liposomes having high levels of bound protein.

The mechanisms responsible for the recognition and Patel, 1989), and increased circulatory lifetimes of liposomes
clearance of liposomes, such as large unilamellar vesicles(Senior & Gregoriadis, 1982; Kirbgt al., 1980; Senior,
(LUVs),t from the circulatiorin vivo are presently not well-  1987). Furthermore, it has been suggested that the cholesterol-
understood. A variety of blood proteins are known to bind dependent increase in the circulation half-lives of liposomes
to liposomesn sitro andin vivo, some of which can cause s a result of a dual functionality of membrane cholesterol
membrane destabilization and leakage of entrapped contentgpatelet al,, 1983). First, as mentioned previously, choles-
(Krupp et al, 1976; Scherphokt al, 1978; Kirbyet al,  terol decreases membrane permeability and affords the
1980; Chonret al, 1992). Moreover, high levels of protein  pilayer a greater resistance to destabilization by blood
binding are associated with rapid clearance of liposomes from components. Second, it has been demonstrated that choles-
the circulation. In this regard, vesicles composed of saturatediag|-rich liposomes possess a lower affinity for uptake by

phosphatidylcholines and cholesterol have been shown topenatic Kupffer cells, suggesting that cholesterol inhibits the
possess relatively long circulation lifetimes and are highly binding of serum opsonins to liposomes (Patehl., 1983:

stable to the release of entrapped aqueous markers in thebave & Patel. 1986: Classen & Van Rooiien. 1984
presence of blood components (de Gieal., 1969; Inoue, ' ' en, )

1974; Gregoriadis & Davis, 1979; Kirbst al, 1980; Allen Many of the studies that have investigated the role of
& Cleland, 1980). phospholipid composition and cholesterol content on the
Although the precise role of cholesterol in biological interaction of liposomes with serum components have
membranes remains to be defined, the inclusion of cholesterolinvolved single proteins, such as albumin (Hevdezet al,
in liposome membranes has been shown to result in increased 989), clotting proteins (Zwaal, 1978), apo A-l (Pownall,
packing densities of phospholipid molecules (Demel & de 1978; Swaney, 1980), and IgG (Weissmann, 1974). While
Kruijff, 1976), reduced bilayer permeability to ions and providing insight on the interactions of purified protein
solutes (Demekt al, 1972; Paphadjopoulost al., 1973; systems with membranes, these isolated systems do not
Corveraet al, 1992), decreased binding of proteins and accurately reflect membrang@rotein interactions in complex
serum opsonins (Papahadjopouttsal., 1973; Moghimi & protein mixtures, such as blood (Andrade & Hlady, 1987).
Consequently, we developed a spin column procedure that
T This study was supported by a grant from the Medical Research allows the rapid isolation of LUVs from blood components
Council of Canada. (Chonn et al, 1991). Using this procedure, we have
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ticals Corp., 1779 West 75th Ave., Vancouver, BC, Canada V6P 6P2. demonstrated that the clearance rates of large unilamellar
Fax: (604) 264-9959. E-mail: ssemple@inexpharm.com. vesicles are inversely related to the amount of protein
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1 Abbreviations: CHE, cholesterylhexadecyl ether; CHOL, choles- associated with the liposomes (Choenal, 1992). To

terol; DAPC, diarachidoylphosphatidylcholine: DSPC, distearoylphos- further test this relation, in this study, we investigate ithe

phatidylcholine; DPPC, dipalmitoylphosphatidylcholine; DMPC, dimyris-  viv0 interactions of LUVs composed of saturated phosphati-
toylphosphatidylcholine; DOPC, dioleoylphosphatidylcholine; HBS,  gy|cholines and cholesterol with plasma proteins. Our results
Hepes-buffered salind?, protein binding abilty (grams of protein demonstrate that liposomes composed of long-chain saturated
per mole of total lipid); LUVs, large unilamellar vesicles; RES, Ip p g I u

reticuloendothelial system. phosphatidylcholines bind high levels of blood protein and
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are very rapidly cleared from the circulation. Cholesterol
is shown to modulate this effect by reducing the total amount
of protein that is bound to the vesicles.

100

MATERIALS AND METHODS

Lipids and Chemicals.Saturated phosphatidylcholines
were purchased from Avanti Polar Lipids (Pelham, AL),
cholesterol was purchased from Sigma, att]¢holesteryl-
hexadecyl ether H]CHE) was purchased from DuPont
(Boston, MA). Lipids were used without further purification.
All other chemicals were purchased from BDH (Vancouver,
BC).

Preparation of Liposomes.LUVs were prepared as
described previously (Hopet al., 1985; Chonret al,, 1991).
Briefly, multilamellar vesicles (MLVs) were prepared by ]
hydration of a dried lipid film in 20 mM Hepes (pH 7.4) ' ' ' ' ' ' ' ' !
and 145 mM NaCl (HBS) at approximately TC€ above 0 30 60 90 120
the get-liquid crystalline phase transition temperatufg) ( time (min)
of the particular phospholipid (Nayat al., 1989). Frozen- Ficure 1: Plasma clearance of LUVs composed of saturated
and-thawed MLVs (five cycles, freeze in liquid nitrogen and phosphatidylcholines. Large unilamellar vesicles (100 nm) contain-
thaw aboveT,) were extruded 10 times through two stacked N9 [®BH]JCHE were administered intravenously via the lateral tail

. vein of CD-1 mice. Liposome administration was at an approximate
100 nm polycarbonate filters (Nuclepore, Pleasanton, CA) gase of 2q:mol of total lipid per 100 g of mouse weight. At various

at temperatures above the phase transition temperature ofimes, mice were sacrificed and the liposome recovery in the plasma
the phospholipid using a thermostatted extruder (Lipex was determined by standard liquid scintillation methods as described

Biomembranes, Vancouver, BC), specifically, DMPC at 30 in Materials and Methods. The liposomes were composed of pure,
°C. DPPC at 50C. DSPC at 65C. and DAPC at 85C. saturated phosphatidylcholines as follow@) DMPC, @) DPPC,

. . : . . (a) DSPC, and ¥) DAPC. The final liposome formulation was

These vesicles were extruded immediately prior to admin- composed of an unsaturated phosphatidylcholine, DABCThe
istration and were incubated for 10 min at 38 before data points represent the average plasma recovery and standard
injection. The size distribution of the vesicle population was deviations from at least four mice.
found to be stable for at least 2 h after preparation as
monitored by quasi-elastic light scattering using a NICOMP The mixture was incubated at 6€ for 60 min, and after
Model 270 submicron particle sizer. Liposome recoveries the mixture was cooled to room temperature, the absorbance
and biodistribution were determined by the inclusion®fif was measured spectrophotometrically at a wavelength of 562
CHE, a nonexchangeable, nonmetabolizeable lipid markernm. A standard curve consisting of known quantities of
(Stein, 1980). Lipid compositions are expressed as molarbovine serum albumin (Pierce) was used to quantify the total
ratios. protein in the extracted samples and was found to be linear

In Vivo Plasma Distribution StudiesBriefly, 200 uL in the range of 616 ug/mL. The amount of lipid in the
aliquots of liposome preparations were administered intra- Fecovered sample was calculated from the specific activity
venously via the lateral tail vein of CD-1 mice (female;®  ©f the initial liposome suspension and the volume of the
weeks old, Jackson Laboratory Animals). At given times, fecovered liposomes used in the extraction procedure. For
mice were sacrificed by exposure to carbon dioxide and in vivo experiments, at least two determinations of protein
blood was withdrawn by cardiac puncture and collected into Pinding for each lipid composition were performed.
1.5 mL microcentrifuge tubes. To prevent coagulation, the Electrophoretic Analysis of Liposome-Associated Proteins
blood was immediately cooled to°@ in an ice-water bath Identification of proteins associated with liposomes isolated
and centrifuged (12 000 rpm, 2 min, and@) to remove from circulation was facilitated by SDSolyacrylamide gel
blood cells. Plasma was separated into cold glass tubes andlectrophoresis (SDSPAGE) employing a Mini Protean-l|
was mixed gently. Aliquots of plasma were measured for €lectrophoretic apparatus (Bio-Rad), under nonreducing
radioactivity, using standard liquid scintillation methods, to conditions (Laemmli, 1970). Silver stain SBBAGE
determine liposome recovery. Plasma volume was assumednolecular weight standards (Bio-Rad) were used to estimate
to be 5.0% of the total body weight. For the 2 min time the molecular weights of the liposome-bound proteins.
point, 50uL aliquots of plasma were applied to spin columns Proteins were visualized by silver staining (Rabillatcl.,
(five columns per mouse) and the liposomes were isolated 1988). The silver-stained SB$AGE results are represen-
as described previously (Chom al, 1991). tative of two or three analyses.

Quantification of Total Protein Associated with Reeced RESULTS
Liposomes. The protein associated with recovered LUVs
was extracted and delipidated according to the procedure Effect of Fatty Acyl Chain Length on the Circulation
described by Wessel and Flugge (1984). Delipidation was Clearance Lifetimes and Protein Binding Abilities of Satu-
required due to lipid interference in the protein assay (Kesslerrated Phosphatidylcholine LUVsThe first set of experi-
& Fanestil, 1986). Extracted proteins were resuspended inments was aimed at monitoring the clearance properties of
0.2 mL of 1% sodium dodecyl sulfate (SDS) in Milli-Q gel state LUVs and measuring the associated proteins. Figure
water, followed by the addition of 0.8 mL of micro 1 shows the clearance properties of LUVs composed of pure,
bicinchoninic acid protein reagent (Pierce, Rockford, IL). saturated phosphatidylcholines injected intravenously at a
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Table 1: Pg Values for LUVs Composed of Various 1 2 3 4
Phosphatidylcholines Isolated from the Plasma of CD-1 Rice
Ps (grams of kDa
liposome  phase transition circulation half- protein per mole
composition temperature®C)°  life (tuz) (min) of total lipid) 200
DMPC 23 74 32.3: 3.7
DPPC 41.5 1.2 48.5 5.6
DSPC 54.5 0.9 96.2 8.1 97.4
DAPC 66 0.9 101.2£ 9.8 '
DOPC -22 >120 23.4+25
aValues represent the average and standard deviation from two 66.2
independent determinations, each using eight nfisalues taken from
CRC Handbook of Lipid Bilayer&1990). 45
lipid dose of 20Qumol/kg. Liposomes composed of lipids, 31

such as DAPC, DSPC, or DPPC, which exist in the gel state

prior to injection were cleared very rapidly from the

circulation (Figure 1, and Table 1). Liposomes containing 21.5
lipid (DMPC) in the liquid crystalline state, however,

possessed relatively long lifetimes. Comparison was also 14.4
made with liposomes composed of DOPC (18:1/18:1).
DOPC vesicles are liquid crystalline prior to injection and,

like DMPC vesicles, exhibit relatively long circulation times.

To determine whether the clearance behavior is related toFicure 2: Nonreducing SDSF;AGE analysis of the proteins
the level of serum protein binding, injected liposomes were associated with saturated phosphatidylcholine LUVs after recovery
isolated from the blood of CD-1 mice at 2 min postinjection. from the circulation of mice at 2 min postinjection. The proteins

: . associated with plasma-recovered liposomes were separated on a
Table 1 lists thePs values for LUVs composed of various 4 to 20% SDS-PAGE gradient gel under nonreducing conditions

phosphatidylcholines. Itis interesting to note that liposomes ang were visualized by silver staining as described in Materials
composed of phosphatidylcholines that normally exist in the and Methods. The lanes contain the proteins associated with 50
gel state at 39C (DPPC, DSPC, or DAPC) were cleared nmol of total lipid of the following liposome compositions (lane 4
very rapidly from the circulation and had large quantities of CDOS”;%”Sl 2n5 n3molr?df E’f.':'(';p'?); D"lV'PC (lane 1), DPPC (lane 2),
associated blood protein, in excess of 48 g of protein per (lane 3), a (lane 4).

mole of total lipid. Conversely, LUVs composed of phos-  staining for both phospholipids and cholesterol, using well-
phatidylcholines that exist in the liquid crystalline state at established procedures. Cholesterol or additional phospho-
39°C (DMPC or DOPC) had less associated protein. These|ipid was not detectable in the lipid extract (results not
recovered liposomes were then analyzed by SBAGE to shown).
examine the types of proteins binding to the vesicles. The Effect of Cholesterol on the Circulation Lifetimes and
silver-stained protein profiles of the liposomes recovered at protein Binding Ability of DSPC LUVs The inclusion of
2 min postinjection are depicted in Figure 2. To facilitate cholesterol in DSPC liposomes at various molar ratios has a
simple qualitative analysis of the amount and types of protein profound effect on the clearance rates of these vesicles
bound to the various liposome compositions, equivalent (Figure 3). At 20 mol % cholesterol, the circulation half-
amounts of |Ip|d were added to each lane. Itis evident that life is rough|y 30 min, as Compared to seconds for pure
the liposomes composed of gel state phosphatidylcholinespspc vesicles. The inclusion of 30 mol % cholesterol
(prior to entering the circulation) bound the most total fyrther extended the half-life of the vesicles to 5 h. The
protein, while the liposomes composed of liquid crystalline cholesterol effect plateaus at 30 mol %, at which point the
phosphatidylcholines clearly bound less. Although Bae  further addition of cholesterol did not result in any significant
values significantly varied for the LUVs composed of changes in the clearance behavior of the liposomes.
different phosphatidylcholine species, the electrophoretic  An increase in the membrane cholesterol content was
profiles of the proteins associated with these LUVs were accompanied by a marked decrease in the total amount of
similar. protein which bound to the vesicles (Table 2). A 4-fold
It should be emphasized that the LUVs were recovered reduction in the binding of protein occurred as the cholesterol
from blood at 2 min postinjection to analyze the protein  content was increased from 0 to 50 mol %. This reduction
liposome interactions that occurrgdvizo. As such, changes in protein binding, as a result of the addition of cholesterol,
in the lipid composition of the LUVs due to lipid exchange correlates well with the significant increase in the circulatory
were predicted to be minimal, particularly in mice, which lifetimes of DSPC:CHOL liposomes. In order to examine
lack cholesteryl ester transfer protein. Lipid exchange the specificity of the reduction in protein binding, the
between lipid donors and lipid acceptors and/or cells has beenrecovered liposomes were solubilized and loaded at equiva-
demonstrated to occur on a time scale of hours for phos- lent protein concentrations on SDS gels under nonreducing
phatidylcholines (Tall, 1986) and cholesterol (Rodrigueza conditions. The resulting protein profiles were very similar
al., 1995). To ascertain whether this was indeed the case,for each different cholesterol concentration (Figure 4). This
the Bligh and Dyer extracted lipids from DSPC LUVs suggests that the cholesterol-mediated reduction in protein
recovered from the blood of eight mice at 2 min postinjection binding was nonspecific. These protein binding results, in
were analyzed by thin layer chromatography followed by combination with the observed clearance profiles, strongly
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Ficure 4. SDS-PAGE analysis of proteins associated with

time (hours) cholesterol-containing DSPC liposomes. The proteins associated
FiGURE 3: Influence of cholesterol on the plasma clearance of With DSPC:CHOL liposomes were separated on a 4 to 20%-SDS
DSPC liposomes. LUVs (100 nm) containing a radioactive lipid PAGE gradient gel under nonreducing conditions and were visual-
marker, PH]JCHE, were administered via the lateral tail vein of ized by silver staining as described in Materials and Methods. The
CD-1 mice, at an approximate dose of 100 mg of total lipid per anes contain g of the proteins associated with DSPC:CHOL
kilogram of mouse body weight. Liposome recovery in the plasma liposomes, containing the following molar percentages of choles-
was determined by standard liquid scintillation methods as describedterol: normal mouse serum (28 of a 1:50 dilution) (lane 1), 0
in Materials and Methods. Liposomes were composed of DSPC Mol % CHOL (lane 2), 10 mol % CHOL (lane 3), 20 mol % CHOL
and cholesterol in the following molar ratios (DSPC:CHOL®)(  (lane 4), 30 mol % CHOL (lane 5), 40 mol % CHOL (lane 6), and
DSPC, ®) 9:1, (a) 8:2, @) 7:3, ©) 6:4, and ¥) 5:5. Data points 50 mol % CHOL (lane 7).
represent the average plasma recovery and standard deviations from

at least four mice. Gregoriadis, 1982; Gregoriadis, 1988; Allen & Cleland,
1980). Since serum components such as HDL have been
Table 2: Influence of Cholesterol on tig Values of DSPC shown to cause liposome leakage (Scherpadl., 1978;
LUVs? Krupp et al, 1976), the decreased leakage in vesicles
composition of Ps (grams of protein per mole composed of gel state lipids may be taken to suggest a
LUVs of total lipid) decreased interaction with serum components. It would
DSPC 96.2£ 8.1 therefore be expected that highly ordered, gel state mem-
nggfgngt ggfg gii 2-2 branes would decrease protein interactions and thus promote
DSPC-CHOL (7;3) 23332 prolonged circulation lifetimes.
DSPC:CHOL (6:4) 257 4.4 In sharp contrast, however, the results reported here show
DSPC:CHOL (5:5) 27842 that liposomes composed solely of gel state lipids such as
2 Values represent the average and standard deviation from two DPPC, DSPC, or DAPC are very rapidly cleared from the
independent determinations, each using at least four mice. circulation. Moreover, our results demonstrate that LUVs

composed of gel state phosphatidylcholines, notably DSPC
suggest that the extent of the interaction of LUVs with blood or DAPC, strongly interact with plasma proteins. Consistent
proteins dictates the circulation lifetime of a given liposome with our earlier observations, an inverse relationship between
composition. protein binding and circulation half-lives exists for these net
neutral lipids (Chonret al., 1992).
DISCUSSION Why blood proteins should strongly interact with long-

It has been well documented that the lipid composition of chain saturated phosphatidylcholine vesicles is not clear. It
liposomes markedly affects their clearance kinetics in the has been demonstrated that homogeneous unilamellar vesicles
circulation (Chonret al., 1992; Senior & Gregoriadis, 1982; composed of long-chain phosphatidylcholines, in the absence
Gregoriadis & Senior, 1980). Furthermore, liposomes of cholesterol, develop packing defects upon cooling below
exposed to plasma or seruim vitro have been shown to their phase transition temperatures (Lee, 1977). This is
bind a complex profile of proteins (Bonte & Juliano, 1986; particularly apparent in LUV systems (Nayeatr al., 1989).
Juliano & Lin, 1980). In view of our earlier findings Freeze-fracture studies of saturated phosphatidylcholine
indicating that the amount of protein binding to liposomes LUVs showed angular fracture planes, indicative of packing
composed of various net negatively charged phospholipidsdefects, whereas DSPC:CHOL LUVs possessed smooth
in vivo is inversely related to their circulation clearance rate fracture surfaces (Nayat al, 1989). These bilayer-packing
(Chonnet al., 1992), it is of considerable interest to relate defects are believed to expose hydrophobic domains on the
this protein binding to the mechanisms of liposome desta- surface of the bilayer that increase the contact between water
bilization and clearance for other liposome systems whereand the hydrophobic fatty acyl chains (Larrabee, 1979;
surface charge is not a factor. Schullery et al,, 1980). The most obvious explanation,

Severaln vitro studies have previously shown that vesicles therefore, for the enhanced protein binding to LUVs with
composed of gel state lipids are very resistant to the releasel, values above body temperature is that serum proteins
of entrapped solutes in the presence of serum (Senior &adsorb in the defect regions, leading to rapid clearance. An



Liposome-Plasma Protein Interactions Vivo Biochemistry, Vol. 35, No. 8, 199&525

alternative possibility concerns the observation that these Chonn, A., Semple, S. C., & Cullis, P. R. (19®ipchim. Biophys.
LUVs are somewhat unstable, especially for sonicated vesicle Acta 1070 215-222.

systems, resulting in aggregation and vesicle fusion over aChzog;]iz'g')’ ?g%pgl)_ei;ag” & Cullis, P. R. (1992)Biol. Chem.

period of 24 h (Larrabee, 1979)3 which could lead to trgpping Claassen, E., & van Rooijen, N. (198Bjochim. Biophys. Acta
of serum proteins and more rapid clearance due to their larger 802, 428-434.
size. However, the LUVs we employed were stable for at Corvera, E., Mouritsen, O. G., Singer, M. A, & Zuckermann, M.

; i T J. (1992)Biochim. Biophys. Acta 110261—-270.
least 2 h (119k 45 nm) as monitored by quasi-elastic light o "5 o0 01\ 1™ gaesiochim, Biophys. Acta 83884
scattering, showing size increases by 24 h (3205). 190.

e : . : de Gier, J., Mandersloot, J. G., & van Deenen, L. L. M. (1969)
The ability of plasma proteins to bind to DSPC vesicles Biochim. Biophys. Acta 17343145,

was reduced dramatically by the inclusion of cholesterol in pemel, R. A, & de Kruijff, B. (1976)Biochim. Biphys. Acta 457
the bilayer as demonstrated by decreastggralues as the 109-132.

cholesterol content increased (Table 2). At membrane Demel, R. A., Bruckdorfer, K. R., & van Deenen, L. L. M. (1972)
concentrations greater than 30 mol %, cholesterol eliminates_. Biochim. Biophys. Acta 25821-330.

S . . .~ Fiske, C. H., & Subbarow, Y. (1924) Biol. Chem. 66375-400.
the getliquid crystalline phase transition temperature in Gregoriadis. G. (1988) itiposomes as Drug Carriers: Recent

saturated phosphatidylcholine vesicles, resulting in a highly  Trends and ProgresiGregoriadis, G., Ed.) pp-38, John Wiley
ordered but crystalline state (Silvius, 1982; Blo@nal., & Sons Ltd., New York. _ _
1991). The association of blood proteins with DSPC:CHOL Gregoriadis, G., & Davis, C. (1979Biochem. Biophys. Res.

. . e ; Commun. 894), 12871293.
mixtures occurs in an apparently nonspecific manner (Figure oo ia4is. 6. g Senior, J. (1986EBS Lett, 11943-46.
4). With the exception of apparent increases in the relative Hernadez, J., Estelrich, J., Montero, M. T., & Valls, O. (1989)

quantities of two proteins (approximate molecular masses, Int. J. Pharm. 57211-215.
30 and 40 kDa), no obvious differences in the types of Hope, M. J., Bally, M. B.,, Webb, G., & Cullis, P. R. (1985)
individual proteins were observed between cholesterol-rich _ Biochim. Biophys. Acta 8155-65.

. : . : Inoue, K. (1974)Biochim. Biophys. Acta 33890-402.
and cholesterol-poor liposomes, suggesting little difference Juliano, R. L., & Lin, G. (1980) iriposomes and Immunobiology

in the types of opsonins binding to these vesicles. This does (six, H. & Tom, B., Eds.) pp 4966, Elsevier, Amsterdam.
not support the hypothesis of Moghimi and Patel (1989), Kessler, R., & Fanestil, D. (198@#nal. Biochem. 159138-142.
which suggests that opsonins exist which are specific for Kirby, C., Clarke, J., & Gregoriadis, G. (198@jochem. J. 186

; 591—-598.
_chqlesterol—rlch membranes._Fgrthermore,_ourresults do _notKrupp, L. Chobanian, A. V.. & Brecher, P. I. (197&jochem.
indicate an enhanced association of proteins (dysopsonins) - gjsphys. Res. Commun. T2), 12511258
that prevent RES uptake in liposome compositions capableLaemmli, U. K. (1970)Nature 227 680-685.
of long circulation times. Larrabee, A. L. (1979Biochemistry 183321-3326.
Lee, A. G. (1977)Biochemistry 16835-841.

In an earlier study employing various negatively charged Moghimi, S. M., & Patel, H. M. (1989Biochim. Biophys. Acta

LUVs (Chonnet al,, 1992), we demonstrated that the protein 984, 384-387.

binding ability of LUVs was inversely related to their NaX?t; SQ'GHZOO%’E—,ZI\(/)IGJ' & Cullis, P. R. (1988jochim. Biophys.
clearance rates. The present study clearly indicates that 'tPapahadjopoqus, D., Jacobson, K., Nir, S., & Isac, T. (1973)

is not the liposome charge per se that triggers rapid clearance. Biochim. Biophys. Acta 31B30-348.
When LUVs composed of homogeneous saturated phos-Patel, H. M., Tuzel, N. S., & Ryman, B. E. (1988jochim. Biophys.
phatidylcholines are administered zivo, blood proteins Acta 761 142-151.

rapidly associate with their membranes. In addition, the Poe’i’g?g') E'ibgﬁ e';"n?;‘:‘iﬁ%fhgfﬁ?gv’ S. K., & Gotto, A. M.

correlation between plasma protein binding and liposomal Rapilloud, T., Capentier, G., & Tarroux, P. (1988ectrophoresis
clearance rates extends for systems lacking a net surface 9, 288-291.

charge, further supporting a dominant role for blood proteins Rodrigueza, W. V., Wheeler, J. J., Klimuk, S. K., Kitson, C. N., &

i iti i heQ i Hope, M. J. (1995Biochemistry 3418), 6208-6217.
in the recognition and clearance of liposomesivo. Scherphof, G., Roerdink, F., Waite, M., & Parks, J. (198B&)chim.

Biophys. Acta 542296—307.
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