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Monensin, a carboxylic ionophore was intercalated in liposomes (liposomal monensin) and its effect on cytotoxicities of ricin, 
P~'eudommlas exotoxin A and diphtheria toxin in CHO cells was studied. Intercalation of monensin in liposomal bilaycr is found 
to have no effect on its stability and interaction wi'dl cells. Liposomal moncnsin (! nM) substantially enhance the cytotoxicitics of 
ricin (62-fold) and Pseudomonas cxotoxin A (1 i.5-foid) while it has no effect on diphtheria toxin. This observed effect is highly 
dependent on the liposomal lipid composition. Thc potentiating ability of monensin (1 nM) in neutral vesicles is significantly 
higher (2.2-fold) as compared to negatively charged vesicles. This ability is drastically reduced by incorporation of stearylamine in 
liposomes and is found to be dependent on the density of stearylamine as well as on the concentration of serum in the medium. 
Monensin in iiposomes containing 24 mol% stearylamine has a very marginal effect on the cytotoxicity of ricin (7.5-fold) which is 
furtiaer reduced (1.5-fold) in the presence of 20% serum. The uptake of r"51-gelonin from neutral vesicles is significantly higher 
(~ 2.0-fold) than that from the negative vesicles. The uptake from positive vesicles is highly dependent on the concentration of 
stearylamine. The reduction in the lag period (30 min) of ricin action by monensin in neutral and negative vesicle is comparable 
with free monensin. However, monensin in positive vesicle has no effect on it. These studies have suggested that liposomes could 
be used as a delivery vehicle for monensin for selective elimination of tumor cells in combination with hybrid toxins. 

Introduction 

Monensin, a carboxylic ionophore is known to alter 
the morphology of Golgi cisternae, elevate the pH of 
endosomes and lysosomes and inhibit the transport of 
certain proteins [1-3]. All these cellular changes have 
been considered as a plausible basis for potentiation of 
cytotoxicity of ricin and conjugates of ricin A-chain in 
cultured cells [4,5]. Similar potentiation effect has been 
observed with lysosomotropic agents like NH4CI and 
chloroquine [6,7]. Among these potentiators only mon- 
ensin has been reported to improve the efficacy of 
immunotoxins marginally under in vivo condition [8]. 
However, its hydrophobic nature severely limits its 
administration in optimum doses to realize its full 
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tidylcholine; SA, stearylamine. 

potential as a potentiating agent in vivo. Therefore. it 
is vital to develop a delivery system for monensin for 
exploitation of its role as an enhancing agent. 

Liposomes have been extensively studied as promis- 
ing intracytoplasmic delivery vehicle to selectively di- 
rect entrapped materials to specific cells or tissues by 
attaching defined iigands [9,10]. In this paper, we have 
studied the effect of intercalation of monensin in lipo- 
somes on its stability, interaction and potentiating ac- 
tivity on cytotoxicities of ricin, Pseudomonas exotoxin 
A and diphtheria toxin in CHO cells. 

Materials 

Monensin, cholesterol, lactoperoxidase, steary- 
lamine, dicetyl phosphate and calcein were purchased 
from Sigma. Egg PC was from Nippons Oils and Fatsco, 
Japan. [aH]Leucine (153 C i / m m o l ) w a s  from NEN 
Research Products. Na1251 (7.2 mCi//~g iodine) was 
from BARC, India. Pseudomonas exotoxin A and diph- 
theria toxin were purchased from Swiss Serum and 
Vaccine Institute, Switzerland. FCS and RPMI-1640 
medium were from Flow laboratories. Gelonin was 
purified according to the method described earlier [6]. 
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Methods 

Purification of ricin 
Ricin was isolated from the seeds of Ricinus com- 

munis and purified by affinity chromatography on 
cross-linked Guar Gum following the published proce- 
dure described by Appukuttan et al. [11]. This was 
followed by gel filtration on Sephadex G-100. 

Radioiodination of gelonin 
Gelonin was radiolabeled with Na~251 by the lacto- 

peroxidase catalyzed reaction as described earlier [6]. 
Briefly, 0.5 mg gelonin (5 mg/ml) was mixed with 4 #! 
lactoperoxidase, 5 ~l 8.8 mM H,O., and 5 ,a! (0.25 
mCi) Nat"Sl. The reactio~ was carried out for 1 h at 
37°C with occasional stirring. The iodinated protein 
was separated from free iodine on Sephadex G-25 
column preequilibr~ted with PBS (5() raM, pH = 7.2) 
containing 5(}/~g/ml BSA. The biological activity of 
I-"Sl.gelonin was comparable to native gelonin. 

Cell culture 
A CHO cell line auxotropic for proline was a gener- 

ous gift from Dr. Henry C. Wu (USUHS, USA). This 
cell line was maintained in RPMI-1640 medium sup- 
plemented with 10% FCS, penicillin and streptomycin 
(100 ~g/ml). 

Cytotoxicity assay 
The cytotoxicities of ricin, Pseudomonas exotoxin A 

and diphtheria toxin were determined from the ob- 
served inhibition of [~H]lcucine incorporation into pro- 
tein in cell cultures exposed to varying concentrations 
of the toxins as described earlier [12]. Cells at a 0ensity 
4.10 ~ cells/well were plated in 24 wells plates 18 h 
prior to the experiment, The monolayer cultures were 
washed twice with DBSS and incubated with different 
concentrations of either free or liposomal monensin. 
The control experiments were performed by preincu- 
bating the cells either with DBSS or liposomes having 
respective charges but without monensin. After 1 h, 
varying concentrations of the toxins were added for 
different time periods. Cells were then washed and 
incubated with ['~H]leucine (0.5 /zCi/ml) for I h at 
3"PC in leucine-free medium. 

The monolayers after fixation with 3% (w/v) per- 
chioric acid/0.5% (w/v) phosphotungstic acid were 
dissolved in 0.5 M NaOH, A 50/zl aliquot of solubi- 
lized cell extracts was transferred to a scintillation vial 
containing 5 ml scintillation cocktail, neutralized with 
0.1 M HCl. The radioactivity then counted in a LKB 
1209 Rackbeta liquid scintillation counter. 

Preparation of iiposomes 
Liposomes with egg PC/cholesterol/monensin at a 

molar ratio (7:3" I) were prepared by reverse phase 

evaporation technique described by Szoka and Papa- 
hadjopoulas [13]. REVs after sonication for 15 min in a 
bath type sonicator were extruded through a series of 
polycarbonate membranes of pore size (0.8-0.2 /~m). 
Charged liposomes were prepared the same way with 
different tool% of either (a) dicetyl phosphate (an 
anionic lipid) or (b) stearylamine (a cationic lipid). 
Free monensin was separated by gel filtration on 
Sepharose CL-4B column. The amount of monensin 
intercalated in liposomes was determined spectropho- 
tometrically by modified vanillin method [14]. For sta- 
bility and liposome-cell interaction studies, liposomes 
were prepared in a similar manner except that 
quenched concentration (175 raM) of calcein or t251- 
gelonin were present in PBS. Non-encapsulated calcein 
or 12~i-gelonin were separated from the vesicles by gel 
filtration on Sepharose CL-4B column. 85-90% mon- 
ensin was present in the liposomal fraction with only 
6-7% aqueous phase marker 1"~51-gelonin suggesting 
that most of the monensin is intercalated in liposomal 
membrane. 

b~ternalization of liposomes in CHO cells 
The uptake of liposomes (with or without monensin) 

containing t-'Sl-,gelonin was studied as a function of 
temperature, time and liposome concentration. Cells at 
a density 3.10 ¢' cells/well in 12 well plates were 
incubated at 37°C with liposomes containing I-'51- 
gelonin (spec. act. 1.45.10 "s cpm//zg) for different 
time intervals or with varying concentrations of lipo- 
somes for 3 h. Cells were then washed with cold DBSS 
four times to remove surface adsorbed liposomes. In 
order to define the specificity of liposomal monensin 
interaction with the surface of CHO cells, we have 
done control experiments at 4°C, a temperature which 
precludes any uptake of the vesicles by the cells. Spe- 
cific uptake was calculated by subtracting the uptake at 
4°C from that at 37°C. 25-30% of the total cell associ- 
ated t251-gelonin at 37°C was subtracted as 'unspecific 
uptake' for negative and neutral liposomes. 

Results 

Monensin fiposomes; stability in culture media and inter- 
action with cells 

Lipid composition, vesicle size and surface charge 
on the liposomes mediate its stability and interaction 
with cells. To evaluate whether intercalation of mon- 
ensin in the liposomes affects its stability and interac- 
tion with cells, we measured changes in liposomal 
stability by monitoring leakage of calcein after differ- 
ent time of incubation and uptake of iiposomes (with 
or without monensin) in CHO ceils using ~251-gelonin 
as the marker. It was observed that after 5 h, latency 
for calcein was 80-85% in liposomes without monensin 
and 90-95% in case of liposomes with monensin, sug- 



A 
I00  

80  

6 0  120 B 

~ ao 
40 

0 I 2 3 4 5 6 

GEt.C'~IIN I,ug/ml I 

Fig. l, Concentration- and time-del~elldent tlplake Of 1~51-gelonin 
entrapped in liposomes with or  without monensin. ('ells in 12 well 
plates 13' I11" cells/well)arc incubated in RPMI-1640 mediunl at 
37°C either with varying amounts of liposonlcs entrapped t2s I-gelonin 
(sp¢c. act. 1.45.1115 cpnl/pg), (5 #g/ni l  gelollin~3.5 #nlol 
I~hospholipid/well) for 3 h or at a fixed cuncentration of liposomes 
(65 nmol phospholipid/](l" cells} fi~r varying inten, als of limes. (A) 
Uptake as a l'uacilon of concentration for 3 h. (B) (Inset) Uptake as 
a flmction of incubation time. o, Liposomes without monensin: e, 
liposomes with monensin. All the points are the means + S.D., n = 3. 

gesting that mc, nensin slightly increases the stability of 
liposomes in serum. Chromatography of the culture 
media after 5 h showed a main peak corresponding to 
liposome peak containing 85-9{1% of the quantities 
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applied suggesting the presence of intact liposomes 
with intercalated monensin. 

We have examined the time course and concentra- 
tion-dependent internalization of ~2~l-gelonin en- 
trapped in liposomes (with or without monensin) in 
CHO cells. Uptake of ~2~I-gelonin from both types of 
liposomes at 37°C increased with increasing concentra- 
tion of lipid with saturation at approx. 3.5 pmol phos- 
pholipid/weli (Fig. IA). A saturation type curve for 
liposome uptake with time plateaus around 4 h (fig. 
IB). 

Effect of liposomal monensin on cytotoxicitie:~ of ncin, 
Pseudomonas exotoxin A and diphtheria tt~n 

In order to ascertain whether liposomes could be 
used as a delivery vehicle for monensin for potentiation 
of cytotoxicities of hybrid toxins to selectively eliminate 
tumor cells, we have examined the modulatory influ- 
ence exercised by monensin in liposomes on cyto~oxici- 
ties of ricin, PYeudomonas exotoxin A and diphtheria 
toxin in CHO cells. The results of the studies are 
presented in Table !. The cytotoxicities of ricin and 
Pseudomonas exotoxin A are significantly enhanced by 
liposomal monensin in CHO cells and this enhance- 
ment is found to be dose-dependent. At 0.1 nM liposo- 
real monensin, cytotoxicities of ricin and Pseudomona~" 
exotoxin A are enhanced by 30- and 5.8-fold, respec- 
tively. The maximum enhancing effect (62-fold for ricin, 
11.5-fold for Pseudomonas exotoxin A) i:, observed at I 
nM. Thereafter no further enhancement is observod 
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Fig. 2, Effect of charge in liposomal monensin o~: its ricin cytotoxicity enhancing ability. Cells (4,10 "~ cells/well) are plated 18 I1 prior to the toxin 
treatment. The monolayer cultures are washed twice with dBSS and incubated in RPMI-1640 medium for ! I! at 37°C with munensin in flee or 
various !iposomal formulations. The cells are then exposed to different concentrations of ricin for 2 h. Following this incubation, protein 
synthesis is measured as described under Materials and Methods. All points are the means _+ S.D., n = 3. Control lipusoare (~); positively charged 
liposomal monensin: (o)  0.1 nM, (®) !nM: negatively charged liposomal monensin: ( zx ) 0.1 nM,( A ) ! nM; neutral lipost,,mal monensin: (m) 11,1 

n M , ( x )  1 nM. 
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TABLE 1 

Effect of iiposomal monensin on cytotoxicities of ricin, Pseudomonas 
exotoxin A and diphtheria toxin in CHO cells" 

Cells (4.105 cells/well) are incubated with either ricin, Pseudomonas 
exotoxin A or diphtheria toxin for 2, 22 and 5 h, respectively after I h 
preincubation with free or liposomal moncnsin. Inhibition of protein 
synthesis is measured by ['~H]leucine incorporation as described 
under Materials and Methods. Points are the means ± S.E. of three 
individual experiments. 

Agent added Toxin concentration required for 50% inhibition 
of protein synthesis (ng/ml) 

Ricin Pseudomonas Diphtheria 
exotoxin A toxin 

Control 
PBS 220 ± I0.0 81l ± 1.8 185± 10,8 
Control 

liposomcs 2211 ± 10.6 75 ±3.8 21111± 5.fl 

Fr~¢ monensirl (nM) 
0,I 7,5± 11,5 Ill ±2.11 It)(l~: 15.1 
I 3.5+ 0,2 8 ± 1.5 185± 18.(+ 

IIX) Ill,O± 0,2 > 50(l 650± 2.9 
I (Hill - > 5(XI > I ()(H) 

Liposomal monensin (nM) 
t).! 7.0± ().8 8.5 ~().3 200± 12.2 
I 3.5 ± 0.7 6.5 4_0.8 2(HI_+ 10.11 

It)l) 8.0 ± 3.5 > 51)1) 8()1) ± 31,Lf+ 
I (HIt) - > 51)1) > I Ill)l) 

upto 10 nM. At 50 nM, the enhancement of cytotoxic- 
ity of ricin is slightly reduced whereas it has a protec- 
tive influence on Pseudomonas exotoxin A (6-fold). in 
contrast, diphtheria toxin cytotoxicity is not affected by 
iiposomal monensin upto 10 nM, while 50 nM and 

above confers protection. This concentration depen- 
dent enhancing and protective influence of iiposomal 
monensin against ricin, Pseudomonas exotoxin A and 
diphtheria toxin cytotoxicities in CHO cells is highly 
comparable to that observed with free monensin. 

Effect of lipid composition on ricin cytotoxicity enhanc- 
ing potency of liposomal monensin 

Lipid composition, size and charge have been re- 
ported to modulate the behaviour of liposomes under 
in vivo and in vitro conditions [16-18]. To evaluate 
whether the lipid composition affects ricin cytotoxicity 
enhancing potency of liposomal monensin, we have 
examined the influence of liposomal lipid composition 
on the efficacy of liposomal monensin. 

As can be seen from Fig. 2, the potentiating effect 
of monensin in neutral vesicles is significantly higher 
than in charged vesicles. A concentration of 0.1 and 1 
nM monensin in neutral vesicle enhances the cytotoxic- 
ity of ricin by 30- and 62-fold, respectively. However, 
the enhancement is reduced to 15- and 30-fold, respec- 
tively, by the same concentration of monensin in DCP 
(24 tool%) containing negatively charged vesicles. Fur- 
thermore, it is drastically reduced to 2.8- and 7.5-fold 
by monensin in stearylamine (24 mol%) containing 
positively charged vesicles. 

The extent of modulation of the cytotoxicity of ricin 
by monensin either in stearylamine or DCP liposomes 
is highly dependent on the density of stearylamine or 
DCP in the liposomal formulation (Table !1). The 
control liposomal preparations having different mol% 
of either positive or negative charged lipid without 
monensin have no effect on cytotoxicity of these toxins. 
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Fig, 3, Effect of liposomal surface charge on the binding and uptake of entrapped 1251-gelonin. Cells (3.10 c' cells/well) are plated 18 h prior to 
the uptake study and incubated with varying concentrations of free or liposome entrapped 1:SI-gelonin with a specific activity 1.45.105 c.nm/pg). 
The amount of gelonin inside the cells is measured as described under Materials and Methods. All the points are the means_+_ S.D., t z = 3. (A) 
Specific uptake as a function of liposome concentration (0,35-3.5 pmol phospholipid/well) for 3 h. (el Neutral liposomal monensin; ( × )  

"1¢; 
negatively charged liposomai monensin; ( l l )  positively charged liposomal monensin; (o)  free i,. I-gelonm. (B) Cell associated t251-gelonin at 4°C 

and 37°C after 3 h incubation with 1.7 pmol phospholipid/well (2.3 #g /ml  gelonin per well), ra, 4°C; i ,  37°C. 



TABLE II 

Effect of stearylamhw and DCP density on ricin t:vtotoxicity enhancing 
effect of liposomai monensin 

CHO cells (4. l0 s cells/well) are preincubated with liposomal mon- 
ensin (egg PC/Chol /SA or DCP/monensin) with varying tool% of 
either stearylamine (SA) or DCP for ! h in RPMI-1640 medium. 
Different concentrations of ricin is then added for 2 h. Inhibition of 
protein synthesis is measured by [3H]leucine incorporation as de- 
scribed under Materials and Methods. Points are the means_+ S.E. of 
triplicate determinations. 

Lipid composition Monensin ID.s. in the presence 
(molar ratio) (nM) of liposomes (ng) 

SA DCP 

Egg PC/Chol /SA or DCP/monensin 
7 :3 :3 :0  

7:3:0:1 0.1 
I 

7'3:(I.25 : I 0.1 
I 

7:3: I : ! 0.1 
I 

7:3:3:  ! 0.1 
I 

221) 5:14 

7.5 _+ 1).5 
3.5 5:1.2 

25 ±2.9 10.0± 2.5 
15 5:0.8 4.5 ± (1.8 

fit) ± 2.1) 15,0 ± (I.8 
2(I.5 5:_ i.8 7.5 5:1.8 

100 ±8.2 14.5__+ i.9 
30 _+ 2.3 7.5 _+ 0.2 

These results clearly indicated that alteration of one of 
the vesicles physical parameters, i.e., charge can have a 
substantial impact on the ricin cytotoxicity enhancing 
ability of liposomal monensin. 

In order to investigate whether differential poten- 
tiating ability exhibited by monensin in various liposo- 
real formulations is due to the difference in the uptake, 
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we have examined uptake of various liposomes en- 
trapped ~251-gelonin. As can be seen from the dala 
presented in Fig. 3A, the uptake of ~251-gelonin from 
neutral vesicles at 37°C is significantly higher (approx. 
2.0-fold) than that from the negatively charged vesicles. 
However, inclusion of increasing proportion of steary- 
laminc (1-24 tool%) in egg PC/Chol/monensin lipo- 
somes results in a progressive decrease in the uptake 
by CHO cells (Fig. 4A). No uptake was observed at 
16.7 mol% stearylamine although the binding at 4°C is 
4- and 8-fold higher than neutral and negatively charged 
liposomes, respectively (Fig. 3B). Similarly, inclusion of 
24 tool% DCP in tile liposomes reduced tile uptakt: by 
42% (Fig. 4B). However, the uptake of free ~251-gelonin 
in these cells was found to be negligible, suggesting 
iiposome-mediated uptake of the former. These obser- 
vations locus on the important role of density of steary- 
lamine and DCP on liposome-cell interaction. 

It has been reported that the interaction of lipo- 
sprees with cells in vitro condition is markedly influ- 
enced by serum [19,20]. To examine whether serum has 
any influence on the enhancing potency of liposomal 
monensin, we studied role of serum on cytotoxicity of 
ricin in the presence of iiposomal monensin. 

The enhancement of cytotoxicity t~f ricin (7.5-fold) 
by 1 nM monensin in stearylamine (24 tool%) lipo- 
somes is reduced to 2.7- and 1.5-foid by 10 and 20% 
serum, respectively (Table liD. However, serum has no 
effect on enhancing potency of monensin in reutral 
and negatively charged vesicles (data not shown). Bind- 
ing studies revealed that only positive vesicles experi- 
ence a rapid decrease in binding in the medium with 
increasing serum concentrations (Fig. 5). 
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Fig. 4. Effect of increasing concentration of steary!amine or DCP on the uptake of liposomes. Cells (3. l ip  cells/well) are plated 1,~; h prior to the 
experiment and a~-e incubated in RPMI-1640 medium containing liposomes with varying tool% of either stearylamine or DCP, Liposomes at a 
concentration 1.75 p.mol phospholipid/well and 125I-gelonin with a specific activity (1.45.10 5 cpm/p,g) is used. Specific uptake is calculated by 
subtracting the binding at 4°C from the uptake at 37°C. (A) Specific uptake as a function of increasing mol% of stearylamine. (B) Specific uptake 

as a function of increasing mol% of DCP. All points are the means-+ S.D. ,  n -- 3. 
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TABLE Ill 

Effect of  serum on ricin cytotoxicity enhancing ability of monensin in 
positi~vdy charged liposomes 

CHO cells (4-10 s cells/well) are preincubated with liposomal mon- 
ensin (egg PC/Chol/SA/monensin ( 7 : 3 : 3 : 1 ) ) i n  RPMl-1640 
medium with or without serum for 1 h. Different concentrations of 
ricin is then added for different time periods. Inhibition of protein 
synthesis is measured by [3H]leucine incorporation as described 
under Materials and Methods. Points are the means ± S.E. of tripli- 
cate determinations. 

Serum Time of Monensin Toxin concentration 
concen- incubation (nM) required for 50% 
tration (h) inhibition of 
(%) protein synthesis 

(IDso in ng) 

0 2 () 220 ± !0.0 
(5.01 250± 3,5 
0.1 I(X)± 2,9 
I 3(5 ± !,6 

10 16 (5 225 ± 0,8 
0,01 2(X5 ± 1.2 
0,1 145± 4.2 
I 8O± 2.2 

20 16 0 300 ± 5.9 
0.01 300 ± 4.6 
0.1 275± 4.6 
1 200± 2.0 

Kinetics of ricin cytotoxicity in the presence of liposomul 
monensin 

The lag period (time interval between the addition 
of toxin and onset of protein synthesis inhibition) is 
reported to be reduced by treatment of cells with 
monensin, lysosomotropic amines and also by the dose 
of toxin [7,21]. To examine whether the mechanism of 
action of liposornal monensin is similar to free mon- 
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Fig, 5, Serum dependem decrease in the extent of binding (at 4°C) of 
positively charged liposomes. Cells (3.106 cells/well) are incubated 
for I h in RPMI-1646 medium containing varying concentrations of 
serum prior to addition of stearylamine liposome (!.75 pmol phos- 
pholipid/well) entrapped t~l-gelonin. % Decrease is calculated by 
taking the binding value in medium without serum as 100%. All 
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Fig. 6. Kinetics of inhibition of protein synthesis by ricin CHO ce!!s 
(4.10 5 cells/well) are exposed to ]0/~g/ml ricin for ]0 rain in the 
presence or absence of monensin (! nM) in various liposomal formu- 
lations. After different time intervals, inhibition of protein synthesis 
is measured by [3Hlleu¢ine incorporation for 30 rain. ( x )  Control 
liposomes; ( I ) m o n e n s i n  in neutrai liposomes: (o)monensin in 

DCP liposomes; (e) monensi,1 in stearylamine liposomes. 

ensin, we have studied the kinetics of protein synthesis 
inhibition by ricin in the presence of liposomal mon- 
ensin. 

At 10 pg/mi  ricin, a lag period of 45 min is ob- 
served in control CHO cells with Ts. (time required to 
achieve 50% inhibition of protein synthesis) 143 rain 
(Fig. 6). 1 nM monensin in neutral vesicle reduces the 
lag period to 15 rain and Tso to 52.0 rain. Similar 
reduction in lag period and Ts0 is ,)bserved with free 
monensin. This reduction in lag period as well as Tso 
by liposomal monensin is highly dependent on liposo- 
mai lipid composition. Treatmen*. of the cells with 1 
nM monensin in negatively charged vesicle results in 
reduction of the lag period to a same extent as that 
observed with neutral vesicle and free monensin but 
the Ts0 is reduced t~, 60 rain. No reduction in lag 
period is observed with the same concentration of 
monensin in positive vesicle, but Tso is reduced to 87 
rain. 

Discussion 

The results presented in this paper demonstrate that 
liposomes could be used as a delivery vehicle for mon- 
ensin. This report for the first time shows that liposo- 
real monensin is equally effective (depending on the 
composition of liposome) as free monensin in enhanc- 
ing the cytotoxicity of ricin and Pseudomonas exotoxin 
A in cells in culture. The liposomal monensin at lower 
concentrations enhances cytotoxicity of ricin and Pseu- 
domonas exotoxin A while higher concentrations pro- 
tect the cells from Pseudomonas exotoxin A and diph- 
theria toxin. This concentration-dependent enhancing 
and protective effect of monensin has also been re- 
ported by other investigators. This has been attributed 
to differential action of monensin at subcellular level at 



higher and lower concentration [22,22]. The exact 
mechanism by which liposomal monensin enhances cy- 
totoxicity of ricin is not well understood. However, it 
has been reported that monensin alters the morpho- 
logy of Golgi cisternae, intravesicular pH and transport 
of certain proteins [1-3]. These cellular changes have 
been considered as a plausible basis for monensin 
action. The exact mechanism of uptake of iiposomes by 
non-phagocytic CHO cells is not fully understood but it 
has been reported that non-phagocytic cells take up 
liposomes either by fusion [24] or endocytosis [25]. 

Our results show that monensin in neutral vesicles is 
more effective in enhancing cytotoxicity of ricin as 
compared to charged vesicles. The mechanism of this 
effect of liposomal composition on enhancing potency 
of monensin is not clear. However, binding and uptake 
studies of ~2"~l-gelonin entrapped in various liposomal 
formulations revealed that the uptake is higher from 
neutral vesicles (approx. 2.0-fold) as compared to 
charged vesicles (Fig. 5). This may be the plausible 
basis for more effective enhancing effect of neutral 
vesicle. Though the mechanism of this higher uptake is 
also not clear but it is known that interaction of lipo- 
somes with mammalian cells in culture is dependent on 
both the cell type as well as the liposomal lipid compo- 
sition [26]. 

Several investigators have reported discrepant re- 
suits on the effect of charge on liposome-cell interac- 
tion. Some workers have reported positively charged 
liposomes to have a greater interaction with cells [27- 
29] while others have reported the same for negatively 
charged liposomes [30]. Under our experimental condi- 
tions, neutral liposomes are found to be taken up more 
efficiently by CHO cells compared to negatively charged 
iiposomes. Although the binding of positive vesicle at 
4°C is 4-fold higher than the neutral vesicle, the uptake 
at 37°C is negligible. On the contrary several groups 
have reported that stearylamine !iposomes are taken 
up more efficiently at 37°C [27-29]. This discrepancy 
may be due to the fact that the other investigators have 
not taken into consideration binding of liposomes at 
4°C. Our results show that there is no difference in the 
extent of binding of stearylamine liposomes at 4°C and 
uptake at 37°C indicating thereby that most of steary- 
lamine liposomes remain adsorbed on the cell surface. 
A substantial proportion of positively charged vesicle 
remain adsorbed outside the cells without being inter- 
nalized has also been reported by Dijkstra et al. [17]. 
This finding is tacitly supported by our observation that 
monensin in ,:~earylamine iiposomes is less potent in 
enhancing the cytotoxicity of ricin as compared to 
other !iposomes. 

We also observed that serum strongly modulates the 
binding of positive vesicles and enhancing potency of 
monensin in these vesicles. This may be due to the 
interaction of positive surface charge with negatively 
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charged constituents in the serum leading to reduction 
in the net surface positive charge for interaction with 
the cells. This result support our earlier observation 
that incorporation of stearylamine in asialoganglioside 
liposome results in inhibition in galactose specific up- 
take of liposomes by the hepatocytes in vivo [19]. This 
result has been attributed to the masking of the galac- 
tose residue on the liposomal surface due to the bind- 
ing of negatively charged plasma constituents. 

A significant reduction in the lag period of ricin 
action by liposomal monensin suggests a more rapid 
and efficient release of ricin from intracellular com- 
partment into the cytosol. This result is consistent with 
our earlier observation [7,21] and those reported by 
other investigators [14,31,32] that pretreatment of cells 
with carboxylic ionophore results in a reduction of lag 
period in the inhibition of protein synthesis by ricin 
and immunotoxins. 

Attempts have been made to potentiate the cytotox- 
icity of immunotoxins both under in vivo and in vitro 
conditions by delivering monensin through DMSO, 
HSA or as water/oil emulsion [8,33,34]. This delivery 
vehicle, i.e., liposome has a number of advantages over 
the above carriers. For example, it is constituted from 
natural lipids and its structure could be altered with 
appropriate ligand for malignant cell specific delivery. 

This present study has added to our contention that 
by suitable alteration of liposomal lipid composition 
and tailoring of liposomai surface with appropriate 
ligand it would be possible to direct liposomal mo- 
nensin to specific tissues or cells for their selective 
elimination in cc, mbination with hybrid toxins. 
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