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Summary

The purpose of this work was the development of liposomal formulations of L-asparaginase (L-ASNase) with the following
characteristics: preservation of active enzyme, high entrapment efficiency, prolonged serum half-life and reduced toxicity compared
with the free enzyme. Several liposome formulations were developed using simplified dehydration-rehydration vesicles (sDRV) or
extruded vesicles (VET). The effect of lipid composition, vesicle size, ionic strength and osmolarity on enzyme encapsulation was
investigated. Using a simplified dehydration-rehydration method (sDRV) we were able to achieve encapsulation efficiencies of up
to 100% with full preservation (99%) of the specific activity of the encapsulated enzyme. The protein to lipid ratios of the liposomal
formulations ranged from 5 to 27 ug/umol, depending on the lipid composition. Extruded vesicles ranging from 85 to 250 nm in
diameter were also tested. The encapsulation efficiency of extruded vesicles was lower than that of large vesicles and the range of
preservation of specific activity was dependent on the lipid composition. Lipid combinations of phosphatidylcholine and cholesterol
and either stearylamine, phosphatidylinositol or monosialoganglioside resulted in a high encapsulation efficiency (40 and 98% in
VET and sDRYV, respectively), high stability in saline and human serum (65-90% after 48 h) and considerable preservation of
enzymatic activity (74-98%). The liposomal formulations were significantly less toxic than the free enzyme against normal CHO
cells. In vivo toxicity, pharmacokinetics, biodistribution and antitumour activity studies are planned with the best formulations
described in this paper.

Introduction

L-Asparaginase (L-ASNase; L-asparagine ami-
dohydrolase EC 3.5.1.1) is an enzyme that de-
grades the amino acid L-asparagine. L-ASNase is
an effective antitumor agent against human acute
lymphoblastic leukemia (Clarkson et al., 1970).

Correspondence to: M.E.M. Cruz, Grupo de Bioquimica I,
Departamento de Tecnologia das Industrias Quimicas, IN-
ETI, Estrada das Palmeiras, 2745 Queluz de Baixo, Portugal.

Lymphoblastic leukemia cells have a deficit in
L-asparagine synthetase, are absolutely depen-
dent on an exogenous supply of L-asparagine, and

Abbreviations: P; and L;, amounts of final liposome-associ-
ated protein and lipid; P; and L;, total amounts of initial
protein and lipid; P; /L, and P, /L,, protein to lipid ratios in
the final liposome preparation and in the initial mixture,
respectively; E.E., encapsulation efficiency; % activity, per-
centage of specific enzymatic activity preserved in the lipo-
some preparation related to the total initial specific activity
before lyophilization; IDg,, dose which inhibits 50% of the
cellular growth; 7,, phase transition temperature.
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susceptible to depletion of the amino acid. The
mechanism of action of L-ASNase is based on
starvation to death of malignant cells by degrada-
tion of its specific substrate, L-asparagine. The
intravenous administration of L-ASNase can cause
significant side effects in humans, mainly acute
allergic reactions ranging from fever, skin rashes
to death secondary to anaphylactic shock, throm-
bosis or hemorrhage (Clarkson et al., 1970;
Capizzi et al., 1985).

In the past few years, liposomes have been
extensively explored as carriers of common drugs
(Lopez-Berestein et al., 1985; Perez-Soler et al.,
1986; Gabizon et al., 1989; Vadiei et al., 1989)
and, to a smaller extent, of relatively new drugs,
namely peptides and proteins (Eppstein and Lon-
genecker, 1988). The increasing availability of
pure recombinant proteins, their approval as
drugs, and the development of liposome technol-
ogy capable of preserving protein structure
(Gregoriadis and Kirby, 1984; Eppstein and Lon-
genecker, 1988) open new perspectives for the
use of liposomes as drug delivery systems for
proteins. This approach has already been used
with interferons (Eppstein, 1986), IL-1 (Eppstein,
1988), glucose-6-phosphate-dehydrogenase (Ull-
man et al., 1987), factor VIII (Gregoriadis and
Kirby, 1984) and antigens (Gregoriadis et al.,
1987).

There are two potential advantages for the use
of liposomes as a carrier system for L-ASNase for
medical applications. One is the reduction of
allergic reactions since antigen determinants of
the enzyme may be masked by encapsulation
(Gregoriadis and Neerunjun, 1976). A second po-
tential advantage is the prolongation of the blood
circulation time of L-ASNase since the enzyme
exerts its action by degrading the substrate in the
blood and not in tumor tissue.

Liposomes have been explored in the past
(Fishman and Citri, 1975; Gregoriadis and
Neerunjun, 1976; Gregoriadis and Kirby, 1984) as
carriers of L-ASNase, but only with limited suc-
cess (Fishman and Citri, 1975; Gregoriadis and
Neerunjun, 1976), as the entrapment efficiencies
of the formulations were low (27-55%) and high
doses were needed for optimal antitumour activ-
ity (Gregoriadis and Neerunjun, 1976).

In addition to the usual required characteris-
tics, such as high encapsulation efficiency, stabil-
ity in biological fluids and reduced toxicity, an
optimal liposomal formulation of a protein must
keep the integrity of the labile protein structure
and concomitant activity (Stamp and Juliano,
1979; Cruz et al., 1989).

Very little information with respect to the study
of these parameters for proteins in general, and
specifically for L-ASNase, is currently available.

In this paper, we present a series of systematic
studies designed to develop liposomal formula-
tion of .-ASNase with the properties indicated
above. By selecting the appropriate incorporation
method, the liposome size and lipid composition,
and establishing specific incorporation conditions
we were able to obtain formulations with enzy-
matic activity completely preserved and reduced
in vitro cytotoxicity. A few formulations have
been selected for in vivo biological studies.

Materials and Methods

Materials

Egg phosphatidylcholine (PC), egg phos-
phatidylinositol (PI), cholesterol (Chol), steary-
lamine (SA), dicetyl phosphate (DcP), phos-
phatidylglycerol (PG), dimyristoylphosphatidyl-
choline (DMPC), monosialoganglioside (GM,),
dimyristoylphosphatidylglycerol (DMPG), diole-
oylphosphatidylcholine (DOPC), distearoylphos-
phatidylcholine (DSPC), sphingomyelin (SM) and
L-asparaginase (L-ASNase) were obtained from
Sigma Chemical Co. (Miinchen, Germany). L-
Asparaginase was also purchased from Merck
Sharp & Dohme (West Point, PA, US.A.). All
other reagents were analytical grade.

Preparation of liposomes containing 1-ASNase
Two different types of vesicles were prepared:
simplified dehydration-rehydration vesicles
(sDRYV) and extruded vesicles (VET). sDRV were
prepared as described previously (Cruz et al.,
1989). In brief, the lipid mixtures (15-18 wmol)
were dried under a N, stream. L-ASNase solution
(0.25-0.30 mg/ml for sDRV or 1.70-1.90 mg/ml
for VET) was slowly added, with gentle stirring,



to form multilamellar vesicles. The liposome sus-
pension was lyophilized on a Brenda Scientific
freeze-drier (25 mTorr for 4 h). The lyophilized
powder was then rehydrated with 0.1 ml of 0.3 M
mannitol. Mild vortexing of the flask was per-
formed and the final suspension was left at room
temperature for 30 min. After this period of time,
the volume was brought to 1 ml by adding 0.154
M NaCl. Non-encapsulated enzyme was removed
by three cycles of 30-fold dilution with 0.154 M
NaCl and centrifugation at 38 000 X g for 30 min.
The liposome pellet was resuspended in 1 ml of
0.154 M NaCl.

VET were prepared by extrusion of non-
washed sDRYV, containing liposome-free enzyme
and liposome-encapsulated enzyme at a total
concentration of 1.7-1.9 mg/ml. VET were re-
suspended in excess volume (10-fold the initial
volume) of 0.154 M NaCl and extruded under
pressure through policarbonate filters of 800, 200
and 100 nm pore size, sequentially, using an
Extruder, obtained from Lipex Biomembranes
Inc. (Vancouver, Canada). A final ultracentrifu-
gation step (184000 x g for 90 min) to concen-
trate the liposome preparation was performed.

Characterization of liposomes containing L-ASNase

The following equations were used to deter-
mine the liposome encapsulation parameters: en-
capsulation efficiency (Cruz et al., 1989; Martins
et al., 1990), protein recovery, retention of enzy-
matic activity and stability.

% encapsulation efficiency

3 P;/L; in liposome suspension

total P,/L; in initial mixture
% protein recovery

final liposome associated protein ( P;)

= X 100
total initial protein ( P;)

% retention of activity

specific activity of encapsulated L-ASNase 100
= X
specific activity of free L-ASNase
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% stability

L-ASNase activity of pelleted vesicles

(184000 X g X 90 min) at x h

= - x 100
total L-ASNase activity at 0 h

Protein recovery is the liposome associated
protein in the final liposome suspension related
to the total protein initially added. This parame-
ter reflects the yield of the process concerning
protein.

Encapsulation efficiency (E.E.) is the percent-
age of the ratio between the final protein to lipid
(P/L) ratio and the initial P/L ratio. This
parameter, being a ratio between final to inital
P /L ratio, is a measure of efficiency of an initial
system (lipid + protein) to encapsulate (associate)
protein in the final liposomal form.

Retention of activity was expressed as the spe-
cific activity of the encapsulated L-ASNase vs that
of the same amount of free enzyme.

Stability of liposome encapsulated L-ASNase
was assessed by measuring the enzymatic activity
in the pelleted vesicles (184 000 X g X 90 min cen-
trifugation), at appropriate time points, after in-
cubation either with 0.154 M NaCl at 0°C or
diluted 1:2 in human serum at 37°C, related to
the enzymatic activity before incubation.

Enzymatic activity, lipid and protein determina-
tions

L-ASNase activity in the liposome suspension
was determined by the method described by Ja-
yaram et al. (1974) after disruption of liposomes
with Triton X-100. Lipid determinations were
made using the method described by Fiske and
Subbarow (1925) as modified by King (1932). Pro-
tein determinations were performed using the
method described by Lowry et al. (1951) after
disruption of the liposomes with Triton X-100
and SDS. Size distribution studies were carried
out using laser light scattering (Zetasizer 3,
Malvern, U.K.).

In vitro cytotoxicity against Chinese hamster ovar-
ium (CHO) cells

CHO cells were used to evaluate the in vitro
cytotoxicity of free and liposomal L-ASNase. Dif-
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ferent concentrations of L-ASNase (ranging from
0.3 to 33 IU) were added to cell cultures and
incubated for 18 h at 37°C in a 5% CO,/95% O,
humidified atmosphere. Following the incubation
period, cell survival was assessed by the quantita-
tion of the coloured decomposition product of
MTT (3,4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide, by mitochondrial enzymes
(Gabizon et al, 1989). The percentage of cell
survival was calculated with the following equa-
tion:

% survival

As79 nm (cells incubated with enzyme)

As70 nm (control cells)

IDy, for free and encapsulated enzyme was
calculated according to the method of Reed and
Muench (1938).

Results

Effect of lipid composition on encapsulation of
1-ASNase in multilamellar vesicles

Table 1 shows the characteristics of different
liposomal formulations (sDRV) containing L-
ASNase. The encapsulation efficiency, enzymatic
activity, protein to lipid ratio and recovery were
found to be highly dependent on the lipid compo-
sition used. The presence of cholesterol, the pe-
ripheral charge and the phase transition tempera-
ture of lipids appeared to influence the parame-
ters mentioned above.

The addition of Chol to PC (prep. 1) and to
DMPC (prep. 11) resulted in a decrease of the
E.E. and of the specific enzymatic activity (prep.
2, 3 and 12). The addition of negatively charged
molecules, such as DcP and DMPG to PC: Chol
mixtures and to DMPC increased the E.E. while
substantially decreasing the specific activity (cf.
prep. 3 with 4 and 5; prep. 11 with 15). The loss
of enzymatic activity was proportional to the per-
centage of DcP to total lipid (prep. 4 and 5). The
addition of SA (prep. 6-~10) increased the E.E.
up to 100%, with only a mild loss of specific

activity. The amount of SA was tuned to obtain
higher encapsulation parameters (prep. 8 and 9).

Incorporation ¢f 1.-ASNase in liposomes com-
posed of lipids with a highef T, (prep. 11-18)
indicated that the effect of lipid fluidity on en-
capsulation parameters was less important than
that of peripheral charge. The E.E. and retention
of specific enzymatic activity of DMPC and
DMPC: Chol liposomes (prep. 11 and 12) are
similar to those observed for the corresponding
fluid liposomes (prep. 1 and 2). The E.E. was
increased by the addition of SA to the lipid
mixtures (prep. 13) and the enzymatic activity was
greatly reduced by the addition of negatively
charged DMPG (prep. 15 and 16). Low E.E. were
observed in mixtures of DMPC with DOPC (prep.
14), while specific enzymatic activity was not sig-
nificantly affected by DOPC. Other high transi-
tion temperature lipid mixtures tested (prep. 17
and 18) showed low values for both parameters,
which cannot be attributed to any constituent per
se, since no further studies were performed.

The influence of SA, PI and GM, on the
encapsulation efficiency of liposomes containing
PC: Chol mixtures was studied, with higher pro-
tein concentration (prep. 1-3, Table 2). For simi-
lar initial protein and lipid concentrations, the
mixtures containing SA showed higher encapsula-
tion parameters, probably due to the larger vesi-
cle size. The use of GM, reduced enzyme activ-
ity. The lipid combinations resulting in a higher
E.E. in sDRV with preservation of specific en-
zyme activity were PC:Chol:SA (7:2:0.5 and
7:2:0.25) and DMPC:Chol:SA (7:2:0.5) (Ta-
ble 1).

Effect of P /L ratio and liposome size on encapsu-
lation parameters

Table 2 lists the encapsulation parameters in
sDRV and extruded vesicles obtained with an
initial protein concentration of 2 mg/ml, 8-times
higher than in the experiments shown in Table 1.
Comparing preparations of the same lipid compo-
sition but different P /L (prep. 9, Table 1 and
prep. 1, Table 2) it is evident that a 4-fold in-
crease in the P;/L; ratio results in a similar
increase of this parameter in the final prepara-
tion (P;/L;). This final preparation has much



higher intraliposomal enzyme concentration (96
vs 27 pg/pmol of lipid), but the encapsulation
efficiency is somewhat reduced (73 vs 90%).

For similar P;/L; ratios, the extrusion of sSDRV
resulted in a marked reduction of E.E., enzyme
recovery and P;/L; ratio, directly related to the
reduction of the vesicle size. Specific enzymatic

TABLE 1
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activity was not affected by filtration. For similar
initial enzyme concentration, the E.E. for ex-
truded vesicles composed of PC:Chol:SA was
52% for 200 nm (prep. 4) and 38% for 100 nm
size (prep. 5), as compared to 73% without the
extrusion step (prep. 1). The decrease in these
parameters is proportional to the reduction of

Effect of lipid composition on encapsulation parameters of L-asparaginase in liposomes (sDRV)

Preparation Lipid P/L; Pi/L; E.E. Recovery Activity
no. composition (g /umol) (pg/pumol) (%) (%) (%)
(molar ratio)
1 PC 209+ 1.6 82+29 39.0+ 2.8 300+ 4.2 895+ 7.8
2 PC: Chol 206+ 04 69+0.7 373+ 9.2 321+ 55 80.6 + 12.0
“@:1
3 PC: Chol 221+ 21 6.9+ 0.6 312+ 04 283+ 0S5 76.7+ 5.5
a1:D
4 PC: Chol: DcP 213+ 08 152+13 700+ 3.6 453+ 7.2 328+ 95
(7:2:1)
5 PC: Chol: DcP 219+ 45 145+13 68.0 + 14.1 380+ 89 26.7+ 17.6
(7:1:2)
6 PC:Chol:SA 261+ 23 12.8 + 0.8 495+ 7.8 343+ 8.1 970+ 3.6
(7:2:2)
7 PC.Chol:SA 313+ 04 26.0 + 1.3 83.0+ 2.8 440+ 85 88.0+ 0.0
(7:2:1)
8 PC: Chol:SA 237+ 49 257+1.7 100.0 + 1.0 535+ 3.5 995+ 0.7
(7:2:0.5)
9 PC: Chol:SA 305+ 0.7 272+ 14 895+ 64 774+ 1.8 99.7+ 0.3
(7:2:0.25)
10 PC:Chol:SA 243+ 06 220+ 1.3 905+ 7.8 703+ 5.7 69.0+ 2.8
(7:2:0.125)
11 DMPC 202+ 0.8 9.0+04 45+ 35 380+ 6.2 947+ 25
12 DMPC: Chol 164+ 26 46+1.2 280+ 53 233+ 74 825+ 9.7
4:1
13 DMPC:Chol:SA 181+ 14 157+ 0.8 86.7+ 6.8 703+ 10.2 8§1.3+ 9.0
(7:2:0.5)
14 DMPC:DOPC 204+ 76 76+23 383+ 54 358+ 43 86.6+ 9.0
(7:3)
15 DMPC: DMPG 174+ 24 16.5+2.4 900+ 1.4 553+ 129 505+ 0.7
(7:2:1)
16 DMPC:DMPG:SA 179+ 04 151+1.0 845+ 7.8 507+ 95 36.7+ 3.2
(7:2:1
17 SM: Chol : PI 256+ 0.6 58+1.6 240+ 45 163+ 3.0 283+ 5.7
(10:5:1)
18 DSPC: Chol : PI 279+ 115 6.6 + 0.9 250+ 7.1 185+ 0.7 295+ 2.1
(10:5:1)

? Initial protein concentration: 0.25-0.30 mg/ml.
" Initial lipid concentration: 14.5-17.0 wmol /ml.
¢ P, L;, Py and L; were determined at least in triplicate.
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TABLE 2

Effect of liposome size on encapsulation efficiency

Preparation  Lipid composition  Diameter P/L; Py/L; E.E. Recovery Activity

no. type (nm) (ug/umol) (ng/pmol) (%) (%) (%)

1 PC: Chol: SA 12492 +2486 1308+ 6.2 950+ 98 725+ 72 60.6+73 99.4+ 0.9
sDRV

2 PC: Chol: Pl 698.8 + 244.5 96.0+ 4.2 660+ 113 69.0+141 450+28 98.6 +0.9
sDRV

3 PC: Chol: GM, 5012+ 125.7 1255+ 264 116 72 40 86
sDRV

4 PC:Chol: SA 254.8 +150.3 86.0+11.3 440+ 42 515+ 21 305+08 982+ 26
VETy

5 PC:Chol: SA 851+ 386 1158+176 442+ 88 384+ 57 262136 96.2 + 4.1
VET,y,

6 PC:Chol: Pl 1589+ 17.0  109.5 + 10.6 330+ 42 305+ 08 205+64 920+ 0.5
VET,4

7 PC:Chol: Pl 14244+ 231 1159+ 13.1 3154 88 276+ 81 197443 88.9 + 8.7
VET,y

8 PC:Chol: GM, - 970+ 42 435+ 08 550+141 330+ 99 735436
VETy

9 PC:Chol: GM, 141.8 +21.5 125.5 + 26.4 338+ 138 2644+ 76 193+46 83.6+45
VET 49

¢ Lipid composition: PC:Chol:SA (7:2:0.25); PC:Chol:P1 (10:5:1): PC: Chol: GM, (10:5:1).
® Initial protein concentration: 1.7-1.9 mg/ml.

¢ Initial lipid concentration: 15.5-17.5 pwmol/ml.
d L;, P, L; and P; were determined at least in triplicate with the exception of prep. 3.

vesicle size after extrusion, which is in the order
of 4—6-fold, for 100 nm pore size (prep. 1 and 5; 2
and 7; 3 and 9).

Effect of ionic strength and osmolarity on encapsu-
lation parameters

All encapsulation parameters decreased upon
increasing the ionic strength of the aqueous solu-

TABLE 3

tion used for reconstitution, as shown in Table 3.
The most significant changes occurred in the
retention of activity, from 82 to 45%, for PC: Chol
and from 79 to 53% for PC:Chol:SA, using
water and saline as rehydration solution, respec-
tively. The use of 300 mM mannitol instead of
deionized water as rehydration solution led to an
improved recovery as a result of an increase in

Effect of ionic strength and osmolarity on encapsulation parameters

Lipid Rehydration Py/L; E.E. Activity

composition medium (ng/umol) (%) (%)

PC: Chol water 6.7+2.6 317+ 12,6 82.0+12.2
0.154 M NacCl 39+15 29.6 +17.2 450+ 11.4
0.300 M mannitol 57+12 38.0+£10.2 86.7+ 11.0

PC:Chol:SA water 142+18 65.2+ 10.0 79.0+ 17.4
0.154 M Na(Cl 8.0+14 416 +19.4 53.0+ 14.0
0.300 M mannitol 121+24 593+ 115 56.3 +21.0

¢ Type of vesicles: sSDRV.

" Lipid composition: PC: Chol (1:1); PC:Chol: SA (7:2:0.25).
¢ L, P;, L; and P; were determined at least in triplicate.
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Fig. 1. In vitro cytotoxicity of free (a) and liposomal (W)

L-ASNase against CHO cells. Liposomes (sDRV) composed

of PC:Chol:SA (7:2:0.25) were used. The IDs, for free

enzyme was 3.3+ 0.3 U/ml and for liposomal enzyme 14.0+
1.7U/ml

the volume of the pellet after centrifugation. Al-
though no significant changes in the encapsula-
tion parameters were observed, rehydration in
the presence of mannitol instead of water is rec-
ommended, since it maintains a physiological in-
traliposomal osmolarity.

In vitro cytotoxicity against CHO cells

Fig. 1 shows the results of cell survival after
incubation of CHO cells with free and liposomal
L-ASNase. Liposomal L-ASNase was significantly
less cytotoxic than free L-ASNase (IDg,: 14.0 + 1.7
vs 3.3 + 0.3 U/ml). Normal cells are able to syn-
thesize asparagine in sufficient quantities to sur-
vive, but are damaged by the rapid depletion of
asparagine secondary to treatment with L-
ASNase, since they need time to recover from
enzyme injury (Celle et al., 1973). This occurs to a
smaller extent when L-ASNase is entrapped in
liposomes, as the enzyme is released slowly from
the vesicles.

Stability of liposomes containing L-ASNase in nor-
mal saline

The stability in saline of selected preparations
with high E.E. and retention of activity was inves-
tigated (Fig. 2).

The most stable sSDRYV preparations were those
composed of PC: Chol : SA and DMPC: Chol: SA
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Fig. 2. Stability of liposomes (sDRV) in saline at 4°C. The

retention of enzymatic activity with incubation time was as-

sessed for liposomes of different compositions: PC:Chol (1:1)

(m), PC:Chol:SA (7:2:025) (a) and DMPC:Chol:SA
(7:2:0.5) ().

with activity retention values of 87 and 95%,
respectively.

Stability of liposomes containing 1-ASNase in hu-
man serum

The stability in human serum of selected for-
mulations (SDRV and VET,,) is shown in Fig. 3.

1008

Activity retention (%)

Time (h)
Fig. 3. Stability of liposomes (sDRV and VET) in human
serum at 37°C. The retention of activity after appropriate time
periods was assessed for liposomes of different lipid composi-
tions: SDRV (full line) - PC:Chol (1:1) (m); PC:Chol:SA
(7:2:0.25) (O); DMPC (a); DMPC:Chol:SA (7:2:0.5) (R);
VET,gy (dotted line) ~ PC:Chol:SA (7:2:0. 25) (O)
PC:Chol:PI (10:5: 1) (+).
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For sDRV formulations at 48 h, the activity re-
tention was 65 and 55% for PC:Chol:SA and
DMPC: Chol : SA, respectively. VET,,, prepara-
tions, composed of PC: Chol:SA and PC: Chol:
PI, were highly stable, with 80-90% of the initial
enzyme activity retained.

Discussion

The use of liposomes as carriers of L-ASNase
has been studied by other investigators in the
past (Fishman and Citri, 1975; Gregoriadis and
Neerunjun, 1976; Ohsawa et al., 1985; Michailin
et al., 1986). However, the preparations described
were suboptimal from the galenic or pharmaco-
logical points of view. Previous studies lack ap-
propriate characterization of the L-ASNase lipo-
somal formulations, since systematic studies of
the parameters affecting encapsulation as well as
in vitro and in vivo behaviour of the formulations
were not carried out.

In this manuscript, we describe improved lipo-
somal formulations of L-ASNase, both using mul-
tilamellar vesicles and extruded vesicles. The en-
capsulation of L-ASNase in sDRYV is the highest
ever reported in the literature. We obtained en-
zyme recovery values of up to 77% while values
of 28-48% have been reported for similar param-
eters of multilamellar vesicles (Fishman and Citri,
1975; Gregoriadis and Neerunjun, 1976) and of
60% for large vesicles (Michailin et al., 1986). In
addition, the recovery of L-ASNase is much higher
than that reported for albumin and factor VIII
using similar methods (30-40%) (Gregoriadis and
Kirby, 1984). There is no comparison available of
P /L (final /initial) ratios that could give further
information on the process. The retention of en-
zymatic activity (up to 99.7%) is comparable to or
higher than that reported previously (Fishman
and Citri, 1975; Michailin et al., 1986). Also,
there is no comparison available for the encapsu-
lation of L-ASNase in extruded vesicles. An
equivalent method (with DRV as starting mate-
rial and size reduction by microfluidization in-
stead of extrusion) was used for encapsulation of
small molecules and peptides but not for macro-
molecules (Gregoriadis et al., 1990). The efficien-

cies of both methods are similar, with recoveries
of up to 33% (present work) and 42% (tetanus
toxoid; Gregoriadis et al., 1990) and similar final
solute /lipid ratios of up to 44 ug/umol (present
work) and 46 pg/umol (Gregoriadis et al., 1990),
for similar initial solute /lipid ratios, respectively
of 97-116 ug/umol (present work) and 109
we/umol (Gregoriadis et al., 1990).

Although the encapsulation parameters of ex-
truded vesicles are inferior to those of sDRV,
they offer the advantage of a longer circulation
time in the blood. Extruded vesicles show a high
retention of specific enzymatic activity (73-99%),
as compared to that reported for enzyme ad-
sorbed to the external surface of small preformed
vesicles (55%) (Michailin et al., 1986). To com-
pensate for the relatively low E.E. of VET and to
achieve high intraliposomal L-ASNase concentra-
tions, we increased the initial P /L ratio by 4-fold
and extruded the sDRYV without previous separa-
tion of the non-encapsulated protein. With this
method we were able to obtain a concentration of
L-ASNase in VET,,, 2-fold higher than in sDRV
of the same lipid composition. The observation
that higher initial P /L ratios enhance the incor-
poration of the enzyme in the liposomes is in
agreement with the studies on albumin previously
mentioned (Cruz et al., 1989).

It would be expected (Senior, 1987) that L-
ASNase encapsulated in small size liposomes pre-
pared with soybean phospholipids (Michailin et
al., 1986) would remain for a longer period in
circulation than encapsulated in sDRV as de-
scribed here. The greater stability of sSDRV, pre-
pared with selected lipids, stresses the impor-
tance of lipid composition on stability. Besides
the importance of lipid composition, the size is a
crucial factor for stability. The stability in human
plasma of sSDRV was further increased (from 65
to 95%) after size reduction by extrusion. The
finding that encapsulation parameters and stabil-
ity in biological fluids increase with charge might
be due to the widening of the aqueous space
between the lipidic bilayers (Gruner, 1987). Be-
sides, the presence of SA in liposomes should
favour the establishment of electrostactic interac-
tions with the enzyme, which is negatively charged
at the working pH (p/ 4.99). However, this is not



the major effect ruling out L-ASNase encapsula-
tion as it is not proportional to the percentage of
SA present in the total lipid mixture. The inade-
quacy of some negatively charged vesicles (con-
taining DcP and PG) as carriers for L-ASNase is
due to inhibition of enzymatic activity and not to
encapsulation problems. Other negatively charged
lipids such as PI and GM, result in formulations
with high E.E. without significantly reducing en-
zymatic activity. The influence of these compo-
nents in prolonging the circulation time has al-
ready been reported (Gabizon and Papahad-
jopoulos, 1988; Allen et al., 1989) for other bio-
logical agents. With respect to the encapsulation
of L-ASNase, no systematic studies on the influ-
ence of lipids or charge have been reported in
previous work (Fishman and Citri, 1975; Gregori-
adis and Neerunjun, 1976; Ohsawa et al., 1985;
Michailin et al., 1986). The encapsulation param-
eters and stability of vesicles composed of mix-
tures of PI and lipids with high 7, known to
result in vesicles with high stability (Allen et al.,
1989), could not be studied due to technical diffi-
culties of performing tests in the presence of high
detergent concentrations needed for solubiliza-
tion.

Although it is probably important to avoid the
presence of osmotic gradients after in vivo admin-
istration of liposomes, it is surprising how little
attention has been given to the effects of solute
osmolarity on protein encapsulation. We found
that the use of an isotonic solution such as 0.154
M NaCl resulted in a decrease of the E.E. for all
lipid compositions tested, probably due to compe-
tition of the ionic species for the polar heads of
the lipids. The observed loss of enzyme activity
may be due to the presence of Na* that acts as a
L-ASNase inhibitor. By contrast, the use of a
mannitol solution to rehydrate the liposomes did
not alter the encapsulation parameters. These
results are in agreement with previous work on
the effect of osmolarity on protein encapsulation
(Cruz et al., 1989). For this reason, and the fact
that a suspension of liposomes in mannitol solu-
tion can readily be centrifuged, we conclude that
this is the best way to maintain iso-osmolarity.

The liposomal formulations of L-ASNase de-
scribed are significantly less toxic than free L-

5

ASNase against normal CHO cells, in agreement
with other authors (Fishman and Citri, 1975). The
reduction in L-ASNase cytotoxicity secondary to
liposome encapsulation might be due to a slower
release of L.-ASNase and slower substrate deple-
tion, allowing cells to adapt and synthesize as-
paragine. A similar mechanism of slow release is
expected in vivo, allowing the maintenance of
drug concentration in the blood. In conclusion, as
a result of screening different liposomal formula-
tions of r-ASNase, we have been able to select
formulations with high E.E., good in vitro stabil-
ity and in vitro toxicity lower than that of the free
enzyme. Theoretically, the high intraliposomal
concentration of enzyme and stability in plasma
of the selected formulations should result in an
increase of circulating enzyme and enhanced
therapeutic activity, since the target is a circulat-
ing substrate. The manufacturing method is ex-
tremely simple and easy to scale up. The main
steps are characterized by: formation of MLV in
the presence of an aqueous solution of L-ASNase;
these vesicles are lyophilized without neglecting
the non-encapsulated enzyme; mannitol is used in
the rehydration step; high dilution of sDRV is
used before filtration; non-washed sDRYV are used
as starting material to prepare VET; no freeze-
thaw steps are involved; the vesicle size is approx.
100 nm and the preferred lipid compositions are
PC:Chol:SA; PC:Chol: PI and PC: Chol: GM,.

The procedures and experimental conditions
developed for L-ASNase can be extrapolated for
other protein agents, since they result in high
intraliposomal protein concentrations, high stabil-
ity and preservation of protein activity. In previ-
ous studies, using ultrasonication to encapsulate
enzymes into small liposomes (SUV), damaging
of enzymatic activity has been observed (data not
shown). Since no adsorption of 1-ASNase was
observed at the outer surface of the liposomes
(data not shown), we conclude that there is no
significant interaction between the lipids and the
enzyme and, therefore, the entrapment of L-
ASNase mainly occurs as a result of a passive
mechanism. Therefore, under the above de-
scribed encapsulation conditions, a similar be-
haviour in entrapment, comparable characteris-
tics of liposomes, and similar stability on storage
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and in biological fluids are expected irrespective
of the enzyme used for liposome entrapment.
Biological activity studies are in progress to clar-
ify the in vivo behaviour and mechanism of ac-
tion, and to evaluate the therapéeutic potential of
the above selected liposomal formulations of -
ASNase.
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