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Saturable, Non-Michaelis-Menten Uptake of Liposomes 
by the Reticuloendothelial System 
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Abstract-Multilamellar vesicles (300-350 nm) were infused into the rat femoral vein at the rate of 4 4 0  and 
400 nmol phosphatidycholine min-’ for 6 h using [3H]inulin as an aqueous marker. The time courses of 
blood concentration of vesicles, normalized for infusion rate, were not superimposable, showing the non- 
linearity of liposome disposition in the blood circulation. These time courses of blood concentration were 
well fitted by a single Michaelis-Menten equation. On the other hand, the time courses of tissue content 
could not be so accommodated. Additionally, the observed relationship between the uptake of liposomes by 
the liver and their clearance from it and other organs differed essentially from a simulation based on 
Michaelis-Menten type saturable kinetics. Therefore, it is suggested that there is a time-dependent non- 
Michaelis-Menten type process in the phagocytosis of macrophages in the reticuloendothelial system. 

Many studies have been made of the factors which determine 
the disposition of liposomes used as drug delivery systems, 
emphasizing the importance of diameter (Juliano & Stamp 
1979, surface charge (Gregoriadis & Neerunjun 1974; 
Juliano &Stamp 1975), and dose (Abra & Hunt 1981; Kao & 
Juliano 1981). Liposomes > 200 nm in diameter are consi- 
dered to be cleared from the blood circulation by phago- 
cytosis. The kinetic characterization of this process has been 
carried out by Abra & Hunt (1981) who showed that the 
uptake of large liposomes decreased in liver and increased in 
spleen as the dose increased (dose range: 4.3-5 13 pmol lipid 
kg-I), and by Chow et a1 (1989) who showed that the extent 
of distribution of small unilamellar vesicles decreased both in 
Kupffer cells and endothelial cells with increase in dose, and 
increase in hepatocytes in proportion to dose. The result of 
Chow et al(l989) was explained by saturable transport of the 
vesicles into Kupffer cells and endothelial cells and their 
linear transport into hepatocytes. 

The saturable process is mediated by macrophages, such 
as Kupffer cells in liver, and the Michaelis-Menten equation 
has been used for quantitative analysis (Beaumier et a1 1983; 
Hwang 1987; Sculier et a1 1989). Phagocytosis is a different 
phenomenon, involving the active participation of actin- 
containing microfilaments (Darnell et a1 1990). The objective 
of the present study was to re-evaluate the kinetics of the 
phagocytotic process of multilamellar vesicle uptake by the 
liver by examining the effect of a wide range of infusion rates 
on the clearance of multilamellar vesicles. 

Materials and Methods 

Hydrogenated phosphatidylcholine (PC) was kindly 
donated by Nippon Fine Chem. Co. (Osaka, Japan). Dicetyl 
phosphate (DCP) was purchased from Nacalai Tesque 
(Kyoto, Japan). Cholesterol (CH) was analytical grade 
(Wako Pure Chem., Osaka, Japan), and recrystallized from 
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ethanol. All other reagents were commercial analytical 
grades. 

Liposome preparation was performed by modification of 
conventional lipid film hydration methods (Bangham et a1 
1965; Kiwada et a1 1985) to give lipid ratios of PC/DCP/CH 
5/1/4 with PC concentrations of 50,s and 0.5 mM. [3H]Inulin 
(0.1 MBq mL-’, 48.1-62.9 GBq mol-l, Amersham Japan, 
Tokyo, Japan) in pH 7.4 phosphate buffered saline (PBS) 
was used as an aqueous marker. Liposomes were sized by 
extrusion through a 400 nm polycarbonate filter (Nucleo- 
pore membrane, CA, USA). Non-encapsulated inulin was 
removed by dialysis (Spectra/Por 7, mol. wt 50 000, Spec- 
trum, CA, USA) against frequent changes of PBS for at least 
3 days. The trapping efficiency of inulin was 20-25% at 50 
mM PC. The mean diameter of liposomes measured by a 
dynamic laser scattering method (LPA-3100, Otsuka Elec- 
tronics, Osaka, Japan) was 300-350 nm. 

Non-fasted male Wistar rats, 230-300 g, under light ether 
anaesthesia, were cannulated via the left femora1 vein (PE- 
20, Natsume, Tokyo, Japan), artery (PE-50) and bladder 
(PE-20 and PE-50 tied together in parallel). Each rat was 
fixed in a Bollman’s cage and left for at least 1 h to recover 
from anaesthesia. Liposomes were infused (8 pL min-I) 
(Model 22, Harvard Apparatus, MA, USA or KN-micro 
infusion pump H-type, Natsume, Tokyo, Japan) at the rate 
of 400, 40, 4 nmol PC min-l through the femoral vein 
cannula (high, medium, low infusion rate, respectively). At 0, 
3, 5, 15, 30, 60, 120, 240, 360 min after the initiation of the 
infusion, 0-2 mL of blood was sampled through the femoral 
artery cannula, and urine was collected from the bladder by 
washing with 2-3 mL of saline. The urine was diluted up to 10 
mL. At 360 min, rats were killed by bolus injection of sodium 
pentobarbitone (50 mg). Liver and spleen were removed 
immediately. Rats were also killed at 15, 30, 60, 120, 240, 
360min after sampling of blood and urine, and liver and 
spleen removed. Whole liver was homogenized with about 30 
mL of distilled water, and diluted to 50 mL. KOH (2 M in 
isopropanol, 0.2 mL) and H202 (200 pL) were added to liver 
homogenate (0.5 mL), blood (0.1 mL) or diluted urine (1 
mL), and each sample was left overnight. Samples were 



NON-LINEAR UPTAKE OF LIPOSOMES BY THE RETICULOENDOTHELIAL SYSTEM 

Table I .  The recovery of liposomes at 360 min after the initiation of the 
infusion. 
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Recovery (YO)" 

Infusion rate Bloodb Urine Liver Spleen Total 

High 70.6k4.3 4.3k0.4 15.5k2.0 13.5+1,4 103.9 
Medium 25.5k3.0 4.5+0.4 18.9+1.0 20.1k1.8 69.0 
Low 9.5k0.2 4.6k0.2 32.5+ 1.2 25.2f2.4 71.8 

"Each value represents the meanks.e.m. (n =3-5). bThe volume of blood 
compartment is assumed to be 20 mL. 

neutralized with 0.4 mL 10% acetic acid and 10 mL 
scintillation fluid added (Scintisol EX-H, Dojin Lab., Kuma- 
moto, Japan). Whole spleen was incubated with 2 mL 2 M 
KOH and 2 mL H202 at 37°C overnight for dissolving the 
tissue. The solution was neutralized by 2 mL 10% acetic acid 
and distilled water to make a volume of 10 mL. A 1 mL 
portion of the sample was mixed with 10 mL scintillation 
fluid and 3H was measured by liquid scintillation spectro- 
metry (LSC-700, Aloka C., Tokyo, Japan). 

Data analysis and simulation were performed on a 
microcomputer using the Runge-Kutta-Gill method and a 
non-linear least square program MULTI(RUNGE) 
(Yamaoka & Nakagawa 1983), to fit the data to: 

dC V m a x  * C V " n  = k, -__ 
Km+C (1) 

where C is the blood concentration of liposomes (nmol 
mL-I), k, is the infusion rate (nmol min-I), V,,, (nmol 
min-I) is the maximum uptake rate, K, is the Michaelis 
constant (nmol mL-') and v d  is the volume of distribution 
(mL). 

Results 

The concentration of intact liposomes retaining inulin (as PC 
equivalents) was calculated from the [3H]inulin. Liposome 
concentration in blood, normalized for infusion rate were 
plotted against time (Fig. I ) .  For the low infusion rate, the 
blood concentration reached a plateau after 60 min. The 
curves were not superimposable showing that a non-linear 
process is involved in the disposition of the liposomes. The 
data for the three infusion rates was fitted simultaneously to 
the Michaelis-Menten equation (eqn I )  assuming a tissue 
uptake process. The calculated line is shown in Fig. 1 and 
fitted values were Km=38.8 nmol mL-', Vma,=29.7 nmol 
min-I and Vd=28.3 mL. The simulation lines agreed well 
with the observed data. 

The recovery of injected liposomes in blood, urine, liver 
and spleen, 360 min after initiation of the infusion is shown in 
Table 1 .  The recovery was incomplete at lower infusion rates 
suggesting a contribution by other organs for liposome 
uptake in a saturable manner. 

Fig. 2 represents the time course of liposome uptake, 
normalized for infusion rate, in liver and spleen. The amount 
of liposomes in liver increased linearly with time, while in 
spleen, the liposome content increased in parabolic fashion. 
If the uptake process of multilamellar vesicles into the liver 
and spleen followed Michaelis-Menten kinetics, a unique 
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FIG. 1. Liposome concentration in blood, normalized for infusion 
rate. Symbols represent infusion rate: 0; 4 nmol min-I, A; 40 nmol 
min-', D; 400 nmol min-'. Each point and vertical bar represents 
the mean+s.e.m. (n=4-5). The solid lines are fitted curves (see 
Methods). 

parameter set could be estimated by fitting the observed 
values of three infusion rates simultaneously using the 
following equations; 

Vown . 
dXorgan - max Cblood Organ; - - 

dT KO,'%"" + Cblood (3) 

Vlz:d, K F d ,  v d  in equation were fixed at the values 
estimated from the time courses of blood concer.tration, 
described above. Although fitting was tried using various 
initial parameter sets, tissue uptake could not be described by 
equation 3. 

Organ clearance was calculated by dividing the amount of 
PC in the organ by the area under the blood concentration- 
time curve (AUC) from time zero until the end of infusion. If 
the uptake process can be described by Michaelis-Menten 
kinetics, the relationship between the blood concentration of 
liposomes and the uptake clearance should be independent 
of the infusion rate. In this study, the plot of the hepatic 
clearance against the blood concentration was not indepen- 
dent of the infusion rate (data not shown). Fig. 3A shows the 
relationship between the amount of liposomes taken up by 
the organs and organ clearance. The uptake clearance 
decreased as the amount of liposomes taken up by the organs 
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FIG. 2. Liposome amounts in liver (A) and spleen (B) normalized for infusion rate. Symbols are the same as those in Fig. 
I .  Each point and vertical bar represents the mean_+s.e.m. (n=3-5). 
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FIG. 3. Relationship between the amount of liposome taken up by liver or spleen and the organ clearance. (A) Observed. 
Closed and open symbols represent liver and spleen, respectively. Symbols are the same as those in Fig. 1. Each point 
and vertical bar represents the mean _+ s.e.m. (n = 3-5). (B) Simulated. The smooth line represents low infusion rate, the 
broken line medium infusion rate, and the dotted line high infusion rate. The simulation was performed using the 
parameter set estimated for the values in Fig. 1 (see Results). 

increased, especially in liver, clearly showing that the uptake 
process of liposomes by organs is non-linear. For spleen, the 
effect of infusion rate was not remarkable compared with 
that in liver, and there was a decreasing tendency to non- 
linearity in spleen. Fig. 3B is the simulated relationship 
between the uptake and the clearance based on the Michae- 
lis-Menten equation using equation l with the fitted para- 
meter set obtained previously. At the low infusion rate, 
clearance decreased slightly as the blood concentration is 
similar to the liver concentration. At the higher infusion rate, 
clearance decreased as the amount taken up in tissue 
increased because of the high blood concentration. The 
importance of this pattern is that the higher the infusion rate, 
the lower the clearance at the same amount in the tissue. On 
the other hand, the observed value in Fig. 3A shows the 
opposite pattern, i.e. lower clearance at the lower infusion 
rate. This suggests that the uptake process of liposomes by 
the reticuloendothelial system is different from a conventio- 
nal Michaelis-Menten type saturable process. 

Fig. 4 shows the change of organ clearance with time. In 
both spleen and liver, clearance decreased with time and the 
higher the infusion rate, the faster the decrease. In spleen, 
little decrease occurred at the low infusion rate. 

Discussion 

According to our analysis of liposome size, the diameter 
ranged from 150 to 600 nm and we could not detect the 
smaller sizes. The contribution of liposomes < 150 nm in 
diameter (which are not detected by our equipment) would 
be much smaller than that by normal liposomes, because the 
amount of the entrapped marker is proportional to the cube 
of the diameter. 

We used inulin as an aqueous marker and measured inulin 
excretion via the urine to evaluate the degradation of the 
liposomes in the blood. As shown in Table 1, the recovery of 
inulin in the urine was 4-5% of the injected dose at each 
infusion rate, indicating that more than 95% of the lipo- 
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FIG. 4. Uptake clearance into liver (A) and spleen (B). Symbols are the same as those in Fig. 3. Each symbol and vertical 
bar represents the mean +s.e.m. (n = 3-5). 

somes were intact (in terms of inulin leakage) during the 
study. 

As shown in Fig. 1, the elimination process of large size 
liposomes can be described by conventional Michaelis- 
Menten kinetics. Beaumier et al(l983) reported that elimina- 
tion of liposomes (mean diameters 18.7 nm) from the 
circulation can beexplained by the sum of Michaelis-Menten 
type and first order processes. In our study, the elimination 
phenomenon could be described solely by the Michaelis- 

containing sphingomyelin, which is hardly taken up by the 
reticuloendothelial system (Scherphof et a1 1987) and their 
smaller liposomes will also be subject to pinocytosis. 

Although the blood concentration results were success- 
fully fitted to Michaelis-Menten kinetics, the uptake of 
liposomes in the liver and spleen was not. If the blood volume 
is assumed to be 20 m L  for a 250 g rat, the recovery of 
administered liposomes from blood, urine, liver and spleen at  
the high infusion rate was approximately loo%, while a t  the 
low infusion rate, it was approximately 70%. The contribu- 
tion of the non-linear uptake of liposomes by other tissues, 
such as lung, bone marrow, endothelial cells of the capillar- 
ies, adipose and brain may be the cause of this different 
recovery. 

The efflux from liver or spleen to blood is negligible for a t  
least 8 h (unpublished data) and therefore the uptake 
clearance into the organ can be calculated as X(t)/AUC,,, 
(Fig. 3). The amount of intact liposomes taken up by the 
organ can be calculated from [3H]inulin as an aqueous 
marker (contained within the liposomes). Fig. 3A, compar- 
ing the hepatic clearances at  the same amount in the tissue 
shows that the higher the infusion rate, the higher the 
clearance. This pattern is different from the Michaelis- 
Menten simulation (Fig. 3B). 

Sato et a1 (1986) showed that the uptake of liposomes 
depends on binding to the reticuloendothelial system assum- 
ing a limited number of binding sites. Further studies are 

required to examine whether this binding model can be 
applied to the present data or not. In addition, it is 
considered that other particles and macromolecules (such as 
beads, acetylalbumin, lipid emulsion, foreign erythrocytes) 
are taken up by Michaelis-Menten type saturable processes 
(Normann 1974). 

Recently, many peptides have been developed as drugs as a 
result of progress in molecular biology. However, most of 
them are labile in the body, and to use their potential as 
drugs, it is essential to  prevent their degradation in the blood 
and to control the blood concentration. Liposomes are 
useful drug carriers which can incorporate both lipophilic 
and hydrophilic compounds. Therefore we need knowledge 
of liposome disposition, and their clearance by the reticu- 
loendothelial system. To use liposomes as drug carriers in the 
rational drug delivery system, quantitative analysis based on 
the clearance concept as described here is essential. Our study 
gives the basic information on the kinetic characterization of 
liposome clearance by the reticuloendothelial system. 
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