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Abstract 

Bilayer liposomes were prepared by using pure DOSG (1,2-dioleoyl-3-succinylglycerol) or DPSG (1,2-dipalmitoyl-3-succinyl- 
glycerol) at pH 7.4 or above. These liposomes undergo destabilization upon incubation with acid. When calcein was used as an 
entrapped aqueous marker, half maximal content leakage was observed between pH 5.8-6.3. Differential scanning calorimetry 
showed that at pH 7.4, the chain-melting temperature (T m) of DPSG was 60.4°C, and increased with decreasing pH (T m = 57.0°C 
and 62.7°C at pH 8.9 and 6.7, respectively). Below pH 6.7, extensive phase separation occurred as the major chain melting peak 
split into three peaks. These three peaks coalesced into one peak below pH 5. Freeze fracture electron micrographs of DOSG 
liposomes at pH 4 showed the formation of non-bilayer as well as hexagonal phase structures. The effects of divalent cations, 
such as Ca 2÷ and Mg 2+, on the destabilization of DASG bilayers have also been studied. Differential scanning calorimetry 
studies of bilayers composed of DPSG showed that both Ca 2÷ and Mg 2+ could increase the T m of DPSG with increasing 
concentrations. However, under identical conditions Mg 2÷ was more effective than Ca 2+ in increasing the T m of DPSG. X-ray 
diffraction indicated that both Ca 2+ and Mg 2+ could induce DPSG bilayers to undergo a complete lamellar to hexagonal phase 
transition. There was a size-dependency on the plasma stability of DOSG liposomes. DOSG liposomes that were smaller in size 
were more stable in plasma than the larger ones. After incubation with plasma, DOSG liposomes became less acid-sensitive. 
DOSG immunoliposomes entrapping diphtheria toxin A chain were used as a model for cytoplasmic delivery of the novel 
pH-sensitive liposomes. The delivery activity was comparable to that of the conventional pH-sensitive liposomes containing 
unsaturated phosphatidylethanolamine. Our data indicate that the mechanism of liposome destabilization involves extensive 
bilayer phase separation as well as the formation of non-bilayer structures. 
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I. Introduction 

Cytop lasmic  del ivery  o f  b ioac t ive  molecu les  is an  
i m p o r t a n t  goal  of  the  t a r g e t e d  d rug  delivery.  This  is 
pa r t i cu la r ly  the  case  for  mac romolecu l e s  such as en-  

zymes,  an t ibod ies  and  nucle ic  acids  be c a use  they do  
not  easily p e n e t r a t e  the  ce l lu lar  me mbra ne s .  Fuso-  
genic,  pH-sens i t ive  l iposomes  have b e e n  d e v e l o p e d  for  
this  p u r p o s e  be c a use  of  the i r  e n h a n c e d  cy top lasmic  
del ivery  activity [1]. This  class of  l iposomes  is s table  
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and non-fusogenic at neutral pH but becomes destabi- 
lized and fusogenic at a mildly acidic pH, such as pH 
5-6 [2-4]. pH-sensitive liposomes, similar to all other 
liposomes types, are internalized by cells via an endo- 
cytic mechanism [5,6]. These liposomes release their 
entrapped contents into the cytoplasm when they en- 
counter the acidic environment in the endocytic com- 
partment and destabilize [1-4,7]. Antitumor drugs [8], 
fluorescent dyes [9], toxin [7] and DNA [10,11] have 
been successfully delivered by this class of liposomes. 

The basic design of pH-sensitive liposomes takes 
advantage of the high tendency of unsaturated phos- 
phatidylethanolamine (PE) to form the reverse hexago- 
nal phase at physiological temperature, pH and ionic 
strength [12]. Stable bilayer liposomes, however, can be 
prepared by mixing the unsaturated PE with a weakly 
acidic amphiphile such as fatty acids [4,13], fatty acyl 
amino acid [2], cholesterol hemisuccinate [3] and acid 
conjugates of PE [14]. DASG was first described by 
Leventis et al. [15] as a double-chain acidic amphiphile 
which can stabilize the La  phase of unsaturated PE. 
When DASG is protonated at acidic pH, a rapid desta- 
bilization of the PE bilayer occurs primarily due to a 
phase transition to the non-bilayer phases [3,4,15]. It 
has been shown by us that liposomes composed of 
DOPE and DASG are an effective cytoplasmic delivery 
vehicle for DTA [16]. Furthermore, the delivery event 
takes place at 20-25 min after the liposomes are endo- 
cytosed, indicating that the site of cytoplasmic release 
is the late endosome or lysosome compartment [17]. 

Ca 2+ and Mg 2+ are important components of bio- 
logical fluids and tissure culture media. These divalent 
cations have also been shown to destabilize liposomes 
containing anionic lipids, such as phosphatidylserine 
[18-21], phosphatidic acid [22] and cardiolipin [23-25]. 
Furthermore, acid-sensitive liposomes are often sensi- 
tive to divalent cations [26,27]. These cations may play 
an important role in augmenting the membrane fusion 
and destabilization events in the endosomes. 

We describe here that stable bilayer liposomes can 
be prepared with an aqueous dispersion of pure DASG, 
i.e., no unsaturated PE is required. Stabilities of these 
liposomes at different pH values have been studied 
with liposomes of the dioleoyl form of DASG by the 
entrapped content leakage. The thermal phase transi- 
tion of DPSG is also studied with differential scanning 
calorimetry. These studies have shed light on the 
mechanism of the acid-induced bilayer destabilization 
of DASG. Since DASG is an anionic lipid, Ca 2÷ and 
Mg 2÷ could also affect the stability of liposomes com- 
posed of DASG. We have used differential scanning 
calorimetry and X-ray diffraction to examine the stabil- 
ity of DASG bilayers in the presence of divalent cations. 
Furthermore, we have shown that DOSG liposomes 
can deliver a protein toxin to target cells and have 
compared this cytoplasmic delivery activity with that of 

the conventional pH-sensitive liposomes composed of 
primarily unsaturated PE. Preliminary accounts of the 
project have been reported previously [28,29]. 

2. Materials and methods 

2.1. Materials 

DOSG and DPSG were purchased from Avanti 
Polar Lipids (Birmingham, AL). The purity of the 
lipids was confirmed by thin-layer chromatography us- 
ing hexane/ethylether/methanol/acetic acid (70 : 30 : 
5:1, v/v) as a developing solvent system. Other lipids 
were also purchased from Avanti. Calcein and DOC 
were purchased from Sigma (St. Louis, MO) and used 
without further purification. [3H]Leucine was pur- 
chased from New England Nuclear (Boston, MA). Ricin 
was isolated from castor beans by the method of 
Nicholson and Blaustein [30]. Anti-H2K k antibody 
(11-4.1) was purified, labeled with 1251, and derivatized 
with N-hydroxysuccinimide ester of palmitic acid, as 
described by Huang et al. [31]. DTA was prepared 
from intact toxin by the method of Gill and Dinius [32], 
and labeled with 13ti by the iodobead methods accord- 
ing to the manufacturer's protocol (Pierce, Rockford, 
IL). 

2.2. Liposome preparation 

Liposomes were prepared by two different methods. 
Method 1 involved the preparation of SUV. A thin film 
of solvent-free lipids was vacuum desiccated for at least 
30 min. A trace amount of hexadecyl [3H]cholestanyl 
ether was added to the lipids to monitor lipid concen- 
tration. The lipids were suspended in PBS, containing 
1 mM EDTA with or without 50 mM calcein, at a final 
concentration of 10/zmol/ml for 2-4 h before a 20-min 
sonication in a bath sonicator (Laboratory Supplies, 
Hicksville, NY). The pH of the suspension was main- 
tained between 7.8-8.2 by adding 1 M NaOH. The 
sonicate was then incubated overnight for equilibration 
at room temperature. Untrapped calcein was removed 
by gel filtration of the liposome suspension on a Bio-Gel 
A-0.5 m column. Calcein-containing liposomes were 
further passed over a Sepharose 4B column to obtain 
different pools of size of SUV. The size of liposomes 
was measured by dynamic laser light scattering using a 
Coulter N4SD instrument. 

Method 2 involved the preparation of reverse-phase 
evaporation vesicles (REV) [33]. Solvent-free DOSG 
was vacuum desiccated and suspended in PBS contain- 
ing 0.2 mg/ml DTA. A trace amount of hexadecyl 
[3H]cholestanyl ether was added as a radioactive lipid 
marker. The lipid suspension was sonicated at room 
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temperature for 10 min with a bath sonicator. The pH 
of the sonicate was maintained between pH 8.0-8.5 by 
adding 1 M NaOH. Diethyl ether was then added to 
the aqueous phase (3:1, v/v). The mixture was soni- 
cated for 30 sec to form a stable emulsion which was 
rotary evaporated at room temperature until all of the 
organic phase was removed. The resulting REV were 
incubated in a fume hood for 1 h to remove any 
residual organic solvent. PBS was added to the REV 
suspension to bring the final lipid concentration to 10 
mM. Palmitoyl antibody was then added to the lipo- 
somes with a lipid-to-protein ratio of 10:1 (w/w) to 
allow the incorporation of antibody into liposomes [7]. 
Untrapped DTA was separated from liposomes by gel 
filtration using a Bio-Gel A-0.5 m column. The lipo- 
somes were then extruded through a 0.2 tzm polycar- 
bonate filter (Nucleopore) to obtain size uniformity. 

2.3. Pretreatment of liposomes with plasma 

250/zl of calcein-containing SUV were mixed with 
the same volume of plasma and incubated for 1 h at 
37°C before passing through a Bio-Gel A-1.5 m column 
to separate free plasma components from liposomes. 
The liposomal fractions were pooled and acid-sensitiv- 
ity of liposomes was then determined. 

2.4. Content leakage of liposomes 

Calcein-containing SUV was prepared as described 
above. A LS-5 Perkin-Elmer spectrophotometer was 
used for the fluorescence assay. The excitation and 
emission wavelengths were 490 nm and 520 nm, respec- 
tively. The excitation and emission slit widths were 5 
nm and 3 nm, respectively. 5 txl of liposomes were 
added to a cuvette containing 2 ml of PBS (pH 7.4). 
After the relative fluorescence was measured, 0-20/~1 
of 0.5 N HC1 was added to achieve the desired pH. 
After continuous stirring at room temperature for 2 
min, appropriate amounts of 0.5 M NaOH were added 
to bring the pH back up to 7.4. The relative fluores- 
cence was again measured. DOC was then added, at a 
final concentration of 0.15%, to disrupt the liposomes. 
Percent release was calculated from the following for- 
mula: 

% Release = ( ( F - F o ) / ( F  t - F o )  ) × 100 

where F o = fluorescence intensity of liposomes before 
acidification, F = fluorescence intensity after acid incu- 
bation and F t = fluorescence intensity after DOC addi- 
tion. 

2.5. Stability of liposomes in plasma 

Calcein-containing SUV, ranging from 60-260 nm 
in diameter, was used to determine the stability of 

liposomes in plasma. 50/zl of liposomes containing 50 
nmol of lipid were added to 450 /xl of serum pre- 
warmed to 37°C. 10/zl of the mixture were used for the 
fluorescence measurement at different incubation 
time-points. DOC was then added. Percent release of 
liposomal calcein was calculated as above, except F o = 
fluorescence intensity of liposomes in PBS at time 
zero, F = fluorescence intensity at different time-points 
and F t = fluorescence intensity after DOC addition. 

2.6. Freeze-fracture electron microscopy 

A thin film of DOSG lipids was suspended at 1 
~mol /ml  in 20 mM Pipes or 20 mM succinic acid 
buffer containing 1 mM EDTA. The lipids were kept 
initially at pH 7.4 and extruded through 0.2 ~m poly- 
carbonate filters. The pH of the liposome suspension 
was then lowered to pH 6.0 or 4.0 by adding 1 M HCI. 
The liposomes were incubated at the desired pH for at 
least 2 h before viewed with freeze fracture electron 
microscopy. The freeze fracture procedure was done as 
described [26]. The replicas were viewed on a Philips 
300 electron microscope at magnifications of 7000 to 
27 000. 

2. 7. X-ray diffraction 

The hydrated lipids were mounted into X-ray sam- 
ple holders at the equilibrating temperature. Each 
sample was combined with some powdered teflon as an 
X-ray calibration standard and then sealed between 
mica windows 1 mm apart. X-ray diffraction was used 
to characterize the structures formed by the various 
lipid mixtures. The CuK~I line (A = 1.540 ,~) was iso- 
lated using a bent quartz crystal monochromator, and 
diffraction patterns were recorded photographically us- 
ing Guinier X-ray cameras operating in vacuo. Tem- 
perature was controlled with thermoelectric elements 
to approximately + 0.5°C. 

A lamellar phase is characterized by a series of 
three to five X-ray spacings in the ratios of the unit cell 
dimension, dla m of 1, 1/2, 1/3, 1/4, etc. A hexagonal 
phase is characterized by X-ray spacings bearing ratios 
to the dimension of the first order, dh~ x of 1, 1 / v ~ ,  
1/v~-, 1/V~-, 1/v~-, 1 / 1 ~ ,  etc. 

2.8. Differential scanning calorimetry 

In the presence of acid 
After vacuum desiccation, solvent-free lipids were 

suspended at 5/~mol/ml in one of these buffers: (i) 20 
mM Pipes with 1 mM EDTA, (ii) 20 mM Hepes with 1 
mM EDTA, (iii) 20 mM Hepps with 1 mM EDTA or 
(iv) 20 mM succinic acid with 1 mM EDTA. The initial 
pH of all buffers was pH 7.4. DOSG and DPSG were 



256 A.M. Tari et al. / Biochimica et Biophysica Acta 1192 (1994) 253-262 

hydrated, and vortexed occasionally, for 3 h at room 
temperature and 67°C, respectively. Various amounts 
of 1 M HCI or 1 M NaOH were added to the lipid 
mixture to achieve the desired pH. Lipids were vor- 
texed and further incubated at the appropriate temper- 
ature and desired pH for an additional h before incu- 
bation at room temperature for overnight equilibra- 
tion. 

In the presence of divalent cations 
After vacuum dessication, solvent free lipids were 

suspended at 5 /xmol/ml in 20 mM Pipes buffer (pH 
7.4). DPSG was hydrated and vortexed occasionally for 
2 h at 67°C. Various amounts of CaC12 or MgCI 2 were 
then added to the lipid mixture. To some lipid samples, 
various amounts of 1 M HCI were also added so that 
the final pH of the mixture was 6.8. Lipids were 
vortexed and further incubated for 2 additional h at 
67°C before incubation at room temperature for 
overnight equilibration. 

The equilibrated lipids were loaded into a Microcal 
MC-2 scanning calorimeter (Amherst, MA) and 
scanned from 20 to 80°C at a scan rate of 30°C/h. The 
excess heat capacity was recorded as a function of 
temperature. The peak transition temperature was de- 
termined by an IBM PC computer interfaced with the 
instrument. The pH of the samples was measured 
before and after the scan. The variation of pH of the 
samples was always within 0.05 pH unit. The samples 
were scanned multiple times to obtain reproducible 
thermograms which reflect the equilibrium state of the 
samples. 

2.9. Cytotoxicity assay 

The cytotoxicity assay was done as described previ- 
ously [7], except after a 6 h [3H]leucine incubation, 
cells were washed, trypsinized and harvested with a 
PHD cell harvester (Cambridge Technology). The filter 
remnants were processed for scintillation counting as 
described [7]. All experiments were done in five dupli- 
cates. 

3. Results 

3.1. Destabilization of DASG bilayers induced by acid 

Entrapped content leakage 
When DOSG vesicles were sonicated in the pres- 

ence of 50 mM calcein (pH 7.4), and chromatographed 
on Bio-Gel A-0.5 m to remove unentrapped calcein, it 
was found that the vesicles could entrap calcein with a 
fluorescence quenching of 71-78% which indicates that 
the calcein concentration in the vesicles was approxi- 
mately 50 mM [34]. The vesicles maintained this level 
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Fig. 1. Effect of acidification on calcein-release from SUV composed 
of DOSG. DOSG liposomes were 183-1-32 nm ( [ ] , l ) ,  126+21 nm 
(zx) and 62+8 nm (o) in diameter. Closed and open symbols 
represent DOSG liposomes before and after pretreatment with 
plasma, respectively. 

of fluorescence quenching even after a prolonged stor- 
age in PBS (pH 7.4) at 4°C for 2-3 weeks. However, 
the entrapped calcein rapidly leaked out if the medium 
pH was lowered by adding acid (Fig. 1, closed symbol). 
50% of calcein release was observed at pH 5.8-6.3. 
Sonicated DPSG vesicles which were prepared by full 
hydration at 67°C could also entrap calcein with 72- 
75% fluorescence quenching. The release of calcein 
from DPSG vesicles at acidic pH was similar to that of 
the DOSG vesicles (data not shown). 

Bilayer destabilization at acidic pH was also mea- 
sured with a lipid mixing assay, using N-(7-nitrobenz-2- 
oxa-l,3-diazol-4-yl)-PE and N-(lissamine rhodamine 
B-sulfonyl)-PE [35]. Acid-induced lipid mixing of 
DOSG vesicles showed a maximal mixing at approxi- 
mately 60% at pH < 5, with the half-maximal mixing at 
about pH 5.8 (data not shown). 

Thermal phase transition of  DPSG dispersions 
The phase behavior of DASG dispersions prepared 

as MLV was studied by differential scanning calorime- 
try. No endo- or exo-thermic transitions could be de- 
tected for DOSG dispersions between 0 and 90°C at 
pH 7.4 or lower, indicating no thermal phase changes 
occurred with this lipid in the temperature range tested. 
Fig. 2 shows heating scans of DPSG dispersions equili- 
brated at different pH values. At pH 7.4, two en- 
dothermic peaks appeared, one at 43.3°C and another 
at 60.4°C. In a separate experiment, using a trace 
amount of diphenylhexatriene incorporated into DPSG 
dispersion, the transition at 60.4°C was accompanied 
with a large decrease in the fluorescence polarization 
of the incorporated diphenylhexatriene (data not 
shown), indicating that this transition was the chain- 
melting transition. This result also implies that the 
transition at 42.3°C is a pretransition. 

Enthalpies of the transitions are listed in Table 1. 
At lower pH values, there was a progressive increase of 
the transition temperature of the chain-melting peak 
(Fig. 2). For example, the main transition at pH 6.7 
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occurred at 62.7°C, approximately 2.3°C above the 
chain-melting temperature at pH 7.4. Below pH 6.7 the 
main transition split into 3 peaks. For instance, at pH 
6.5, only one of those peaks remained at 62.7°C (Fig. 2) 
while the other two peaks appeared at 61.3°C and 
63.3°C. This evidence of phase separation could also be 
observed at other acidic pH values. Splitting of the 
chain-melting transition peak into 3 peaks did not 
involve a change of the total transition enthalpy. At pH 
7.4, AH = 7.1 kcal/mol. At acidic pH values, the aver- 
age sum of AH = 7.4 kcal/mol. This phase separation 
event is likely the result of different DPSG domains 
which experience different degrees of protonation. 
Further decreasing the pH to 5.4, the peak at the 
lowest temperature (~ 59°C) became the dominant 
peak. The sum of AH still remained relatively con- 
stant. Thus, the lower temperature peak had increased 
its AH at the expense of the other two peaks. At even 
more acidic pH values, e.g., pH 4.6, only one peak (at 
60.1°C) was observed; indicating that only a single 
dominant structure existed at this condition. 

At pH 7.4 or above, the pre-transition peak was 
rather difficult to detect since it would not readily 
appear unless the DPSG dispersions had been equili- 
brated at room temperature for at least 39 h before 
scanning. At acidic pH values ( < pH 6.8) the pre-tran- 
sition peak could be readily observed. 

Freeze-fracture electron microscopy of DOSG liposomes 
The polymorphic phase behavior of DOSG lipo- 

somes at different pH was also studied by freeze frac- 
ture electron microscopy. As shown in Fig. 3A, DOSG 
liposomes at pH 7.4 formed unilamellar vesicles of 
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Fig. 2. Representat ive differential scanning calorimetry scans of 

DPSG dispersions at (a) pH 8.9, (b) 8.2, (c) 7.4, (d) 6.8, (e) 6.5, (f) 5.4, 

(g) 5.0 and (h) 4.6. 

approximately 0.2/zm in diameter. Small aggregates of 
vesicles were sometimes noted. Under acidic condi- 
tions, DOSG liposomes were found to fuse (Fig. 3B-D). 
This fusion product exhibited morphological character- 
istics of non-bilayer phases. In certain specimens, stria- 
tions resembling hexagonal phase tubes (Fig. 3B and 
C) and cross-fractures of tubes (Fig. 3D) were found 
along with the non-bilayer phases. However, hexagonal 
phase was not the predominant structure. The aggrega- 
tion and fusion was more extensive at pH 4.0 as com- 
pared to pH 6.0. The structures at pH 4.0 also ap- 
peared to be more tightly packed than at pH 6.0. 

Table 1 
DSC data  of T o, T m and A H  of DPSG dispersions at different pH values ~ 

pH Tp (°c) Tm (°c) AH (kcal/mol) 

8.9 - 57.0 + 0.1 7.6 + 0.2 

8.4 - 58.6 + 0.1 7.3 + 0.2 
8.2 - 58.1 + 0 7.6 + 0.2 

8.0 - 59.4 + 0.1 6.7 + 0.1 

7.6 - 59.9 + 0.1 6.3 + 0.7 

7.4 42.3 + 0 60.4 + 0.1 7.1 + 0.3 
7.2 - 61.3 + 0.1 6.4 + 0.2 

7.0 - 61.8 + 0.1 6.2 + 0.2 
6.8 43.7 62.4 + 0 6.7 + 0.1 

6.7 44.1 + 0.4 62.7 -t- 0 7.4 + 0.1 

6.5 44.1 + 0.1 61.3 + 0.2 62.7 + 0 63.3 + 0.1 2.3 + 0.3 3.5 + 0.4 
6.3 44.2 59.5 + 0.1 62.5 -t- 0.1 63.8 + 0.1 1.3 + 0.4 2.7 + 0.1 
6.1 44.4 ::1:0.1 58.2 + 0 62.5 + 0.1 64.2 + 0.1 2.3 -I- 0.1 4.0 + 0.1 
5.7 44.3 + 0 58.7 + 0 62.3 + 0 63.9 + 0.1 3.4 ± 0.4 1.3 + 0.2 
5.4 45.1 + 0.3 58.5 + 0.2 62.1 + 0.2 64.4 + 0.1 7.4 + 0.4 1.1 + 0.4 
5.2 45.5 + 0.3 59.2 + 0.2 61.9 + 0.1 64.6 + 0 8.4 + 0.6 0.2 + 0 
5.0 50.7 + 0.2 59.1 + 0.1 61.2 + 0.1 64.5 + 0.1 7.3 + 0.5 0.3 + 0.1 
4.6 50.0 - 60.1 + 0.2 - - 6.9 + 0.2 

1.4 + 0.1 

1.7 + 0.3 
1.4 + 0.8 
0.9 + 0.6 
0.9 + 0.2 

0 . 2 + 0  
0.3 + 0.1 

a A H  values are matched with corresponding values of T m. Data  are average values of two independent  experiments + error. 
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3.2. Destabilization of  DASG bilayers induced by diva- 
lent cations 

Thermal phase transition of DPSG dispersions 
Fig. 4 shows the effects of divalent cations on the 

thermal phase transitions of DPSG dispersions at pH 
7.4. T m of DPSG increased as the concentration of 
divalent cations increased. Under  identical conditions, 
Mg 2+ was more effective than Ca 2+ in driving up the 
T m. When 400/xM of divalent cations were added, the 
T m of DPSG was approximately 63.5°C in the presence 
of Ca 2+ and 67.2°C in the presence of Mg 2+ (Table 2). 
Although divalent cations could increase the T m of 
DPSG, the AH remained approximately the same over 
the range of the divalent cation concentrations used. 

The pre-transition temperature (Tp) also increased 
as the concentration of divalent cations increased. Both 
Ca 2÷ and Mg 2+ could increase the Tp of DPSG to 
approximately the same degree. When 300 /,~M of 
divalent cations were used, the T o was 48.2 and 47.8°C 

in the presence of Ca 2÷ and Mg 2+, respectively. The 
pretransition of the sample in the presence of Mg 2+ 
was observed in most, but not of all, samples. Its 
physical significance remains unclear. 

Higher concentrations of divalent cations were also 
added to DPSG dispersions. However, sample aggrega- 
tion was so great that reproducible loading of the 
sample into the calorimeter was technically difficult. 
Therefore,  we have decided to use X-ray diffraction to 
study the effects of excess divalent cations on DASG 
bilayers. 

X-ray diffraction of DPSG dispersions 
MgCI 2 was added to DPSG at a three-fold molar 

excess. X-ray diffraction was performed at various tem- 
peratures (Fig. 5). At 20°C, DPSG existed as lamellar 
structures with frozen chains and a repeat spacing of 
56.3 ,~ (Table 3). A high degree of chain order of 
DPSG was shown by many diffraction lines in the 

Fig. 3. Freeze-fracture electron micrographs of DOSG at (a) pH 7.4, (b) 6.0 and (c, d) 4.0. Bar = 0.2/xm. 
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Fig. 4. Differential scanning calorimetry scans of DPSG dispersions 
at oH 7.4 in the presence of (a) 400/zM Mg 2+, (b) 200/zM Mg 2+, 
(c) 400 # M Ca 2÷, (d) 200 /zM Ca 2+ and (e) in the absence of 
divalent cations. 

hydrocabon chain region. Between 50-60°C, DPSG 
was still in a lamellar phase. However, theorepeat 
spacing of the bilayers had increased to 61.8 A. Also 
DPSG bilayers had become less crystalline as only a 
single, sharp diffraction line was obtained in the hydro- 
carbon chain region. This increase in repeat spacing is 
probably due to an increase in hydration. Thus, DPSG 
dispersions probably undergo a pre-transition at some- 
where below 50°C. 

At 60°C or above, DPSG dispersions underwent a 
lamellar to hexagonal phase transition of repeat spac- 
ing 51.8 ,~ and fluid or 'melted' hydrocarbon chains. 
Under identical conditions, the effect of Ca 2÷ on DPSG 
was similar to that of Mg 2+. The lattice repeat spacings 
of DPSG in the presence of Ca 2÷ at 20°C, 50°C and 

Table 2 
DSC data of Tp, T m and AH of DPSG dispersions in the presence of 
divalent cation at pH 7.4 a 

Dwalent ~M ~ T m ~ H  
cation b (°C) (°C) (kcal/mol) 

Ca 2÷ 0 42.3 60.4±0.1 7.1±0.3 
100 - 61.8±0.1 6.8±0.1 
200 42.8 62.8±0.2 6.5±0.4 
300 48.2 63.5±0.1 6.8±0.2 
400 - 63.5±0.1 7.6±0.5 

Mg 2÷ 0 42.3 ~ . 4 ± 0 . 1  7.1±0.3 
100 43.3 63.2±0.2 6.8±0.3 
200 46.9 65.1±0.1 6.7±0.8 
300 47.8 66.1±0.1 7.4±0.1 
400 48.8 67.2±0.1 6.4±0.5 

a A H  values are matched with corresponding values of T m. Data are 
average values of two independent experiments + error. 
b Divalent cations concentrations were limiting. Molar ratio of diva- 
lent cation to DPSG < 1. 
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Fig. 5. X-ray diffraction measurement of the repeat spacings of 
DPSG bilayers in the presence of 3-fold molar excess of Mg 2÷ at 
various temperatures. Lamellar ([]) and hexagonal ( • )  repeat spac- 
ings. 

70°C are shown in Table 3. The hexagonal spacing in 
particular is very small. 

DOSG dispersions with divalent cations form a 
hexagonal phase at 20°C. The repeat spacing of DOSG 
dispersions in the presence of Ca 2÷ and Mg 2+ were 
similar to those of DPSG dispersions at 70°C (data not 
shown). 

3.3. Effects of plasma on DOSG liposomes 

Plasma stability of DOSG liposomes 
For the use of liposomes as an in vivo drug delivery 

vehicle, the liposomes must be stable in the blood. We 
have examined the stability of DOSG liposomes in 
90% normal human plasma at 37°C by measuring the 
release of the entrapped calcein. As shown in Fig. 6, 
the stability of DOSG liposomes in plasma was size-de- 
pendent. For instance after incubation in plasma for 3 
h, DOSG liposomes of 256 + 44 nm in diameter were 
not stable in plasma since they released 70% en- 
trapped calcein. DOSG liposomes ranging between 
126-183 nm in diameter were partially stable in plasma, 
releasing 30-40% entrapped calcein after incubation 
in plasma for 3 h. However, DOSG liposomes of 62 + 8 

Table 3 
X-ray diffraction data of DPSG dispersions in the presence of 
divalent cations at different temperatures 

Divalent Temper- X-ray Repeat Condition of chains 
cation a ature phase spacing 

(°c) (~) 

Ca 2 + 20 lamellar 55.3 frozen - many lines 
50 lamellar 52.1 frozen - 1 line 
70 hexagonal 36.0 melted 

Mg 2+ 20 iamellar 56.3 frozen - many lines 
50 lamellar 61.8 frozen - 1 line 
70 hexagonal 51.8 melted 

a Divalent cation concentrations were in excess. Molar ratio of 
divalent cation to DPSG was 3. 
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nm in diameter were stable in plasma, releasing only 
20% entrapped calcein at the end of the 3-h plasma 
incubation. These data showed that DOSG liposomes 
that were smaller in size were more stable in plasma 
than DOSG liposomes that were larger in size. 

Acid-sensitivity of DOSG liposomes after incubation with 
plasma 

It has been widely documented that plasma compo- 
nents are found to associate with liposomes upon ex- 
posing liposomes to plasma [36]. This association may 
affect the acid-sensitivity of pH-sensitive liposomes, 
such as DOSG liposomes, after incubation with plasma. 

The release of entrapped calcein, under acidic con- 
ditions, from SUV composed of DOSG before incuba- 
tion with plasma was shown in Fig. 1 (closed symbol). 
Percent of calcein release from DOSG liposomes, pre- 
pared at various sizes ranging from 62-180 nm in 
diameter, was very similar to each other. After incuba- 
tion with plasma, the acid-sensitivity of DOSG lipo- 
somes was reduced (Fig. 1, open symbols). The degree 
of reduction in acid-sensitivity of DOSG liposomes was 
size-dependent. For example at pH 4.5, DOSG lipo- 
somes, ranging between 126-183 nm in diameter, were 
found to release 70% entrapped calcein while DOSG 
liposomes of 62 + 8 nm in diameter released < 20% 
entrapped calcein. 

3.4. Cytoplasmic delivery of diphtheria toxin A chain 
(DTA) by the DOSG immunoliposomes 

The fact that DASG vesicles undergo an acid-in- 
duced destabilization, similar to what has been ob- 
served for liposomes composed of unsaturated PE and 
an acidic amphiphile [16], had prompted us to examine 
the cytoplasmic delivery activity of DASG vesicles. 
DTA was used as an entrapped content marker, be- 
cause it exhibits a potent inhibitory activity of protein 
synthesis once it gains an access to the cellular cyto- 
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Fig. 6. Plasma stability of DOSG liposomes at 37°C. Calcein release 
was measured from DOSG liposomes of approximately 256 + 44 nm 
(A) ,  183+32 nm (D),  126_+21 nm (A)  and 62_+8 nm ( o )  in 
diameter.  

Table 4 
Cytotoxicity of D T A  entrapped in pH-sensitive immunoliposomes 
composed of different lipid compositions a 

DTA concen- 
tration 
(mg/ml) 

[ 3H]Leucine incorporation, 
% control -l- S.D. b 

DOSG D O P E / D O S G  D O P E / D P S G  
(8 : 2, m / m )  c (8 : 2, m / m )  c 

10 -6  80.0-1- 7.9 70.9+ 7.8 65.3+7.0 
10 -7  67.2+ 9.6 66.4+11.0 54.7+8.0 
10 - s  41.0+12.1 53.4+10.0 31.5+6.8 

a Immunol iposomes containing D T A  preprared as described in Ma- 
terials and methods  were added to mouse  L929 cells. The cytotoxic- 
ity was assayed by [3H]leucine incorporation into cellular proteins. 
b Data  were expressed as 3H cpm incorporation as % of control cells 
which did not  receive any DTA. 
c Data  were taken from Ref. 16. 

plasm [37,38]. Palmitoyl anti-H2K k was incorporated 
into liposome surface to enhance the binding of lipo- 
somes with the mouse L929 cells. There was a dose-de- 
pendent inhibition of protein synthesis of the L929 
cells. The cellular protein synthesis in mouse L929 cells 
which was assayed as [3H]leucine incorporation was 
measured as a function of the toxin concentration 
(Table 4). Control treatments which included empty 
DOSG liposomes with and without antibody, empty 
liposomes or immunoliposomes with free DTA added 
outside all showed no inhibition at the concentration 
range used (data not shown). The cytoplasmic delivery 
activity of DOSG immunoliposomes was comparable to 
that of the DOPE/DOSG and DOPE/DPSG (both 
4:1, m/m)  immunoliposomes (Table 4). We conclude 
that immunoliposomes composed of DOSG exhibit cy- 
toplasmic delivery activity. 

4. Discussion 

Aqueous dispersions of both DOSG and DPSG at 
neutral pH had been prepared. These DOSG lipo- 
somes were found to able to entrap a HEO-Soluble 
fluorescent dye, calcein. While the vesicles of DOSG 
and DPSG are stable at pH 7.4, they undergo a rapid 
destabilization reaction at acidic pH. The entrapped 
calcein leaks out (Fig. 1). As shown by freeze fracture 
electron micrographs (Fig. 4B-D), DOSG vesicles were 
found to undergo fusion under acidic conditions. 

The mechanism of acid-induced destabilization of 
DASG liposomes was studied with differential scan- 
ning calorimetry. DPSG dispersions showed a large 
endothermic (AH = 7.1 kcal/mol), chain-melting tran- 
sition at 60.4°C (Table 1). When limiting protons were 
present, this peak split into multiple endothermic peaks 
indicative of phase separation at pH _< 6.5 (Fig. 2). At 
pH 7.4, a significant portion of DPSG is already proto- 
nated. It is known that lipids in the La  phase are more 
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hydrated than those in the L/3 phase [39]. Protonation 
of DASG would reduce the level of interracial hydra- 
tion because of the loss of the negative charge. Hence, 
a partially protonated DASG bilayer would be more in 
favor of the L/3 phase than a less protonated one. This 
is probably why the T m of the main transition increases 
with reducing pH (Fig. 2). After a substantial fraction 
of DASG is protonated at even more acidic pH (pH < 
6.5), neutral, protonated species do not mix with the 
ionized species and phase separation occurs. But as the 
acidity increases, more and more DPSG becomes pro- 
tonated until all the DPSG is protonated. Thus, only 
one predominant structure exists, for example at pH 
4.6, and no phase separation can be observed. The 
morphology of this predominant structure had been 
viewed by freeze fracture electron microscopy. The 
structure adopted the characteristics of amorphous 
non-bilayer phases similar to what had been observed 
with a-tocopherol hemisuccinate at pH 3.5 [34]. 

It has been proposed that phase-separated bilayer 
structures are prone to fuse with each other, probably 
at the site of packing defects of the phase boundaries 
[40,41]. For example, liposomes composed of phospha- 
tidylserine undergo rapid fusion and destabilization 
reactions in the presence of divalent cations which 
induce extensive phase separation of this acidic lipid 
[19,42,43]. 

Divalent cations also induce the destabilization of 
bilayers composed of DASG (Figs. 4 and 5, Tables 2 
and 3). The destabilization mechanism was probably 
due to dehydration of the DASG bilayers. The binding 
of divalent cations to DASG would neutralize the 
negative charge of DASG and reduce the interfacial 
hydration of DASG bilayers, thus stabilizing the L/3 
phase. This is probably why the T m of DPSG increases 
as the concentration of divalent cations increases. 

Mg 2+ was more effective than Ca 2÷ in increasing 
the chain-melting temperature (T m) of DPSG (Fig. 4, 
Table 2). Light scattering and lipid mixing experiments 
also showed that Mg 2+ was more effective than Ca 2÷ 
in destabilizing DOSG liposomes (data not shown). 
This is unusual as Ca 2÷ was reported to be more 
effective than Mg 2÷ in destabilizing liposomes com- 
posed of anionic lipids such as phosphatidylserine [18- 
22] or phosphatidylglycerol [44-46]. X-ray diffraction 
showed that hexagonal phase structures could be ob- 
served for both Ca 2÷ and Mg 2÷ (Fig. 5, Table 3). 
However, at pH > 7.4, only the formation of hexagonal 
phase by Ca 2÷ but not Mg 2÷ has been reported for 
other anionic lipids, such as phosphatidylserine, phos- 
phatidic acid and cardiolipin [18-25]. 

The main structural difference between DASG and 
other anionic phospholipids is that DASG does not 
contain a phosphate group while the other anionic 
lipids do. The neighbouring headgroups of DASG are 
probably closer to each other than the neighbouring 

headgroups of the other anionic lipids due to the lack 
of repulsive force between the negatively charged 
phosphate groups. Mg 2÷, being a smaller hydrated 
cation, may bind more effectively than Ca 2+ to the 
headgroups of the DASG lipid. Alternatively, the 
bound Mg 2+ ions may be more effective than the 
bound Ca 2÷ ions in reducing surface hydration. These 
nonexclusive mechanisms may explain why Mg 2÷ is 
more effective than Ca 2÷ in destabilizing the DASG 
bilayers. 

pH-sensitive liposomes composed of unsaturated PE 
and a weakly acidic amphiphile are excellent cytoplas- 
mic delivery vehicles [2-4,7-11,16]. We have decided 
to examine the cytoplasmic delivery activity of the 
DOSG liposomes in a manner similar to what we have 
previously observed for the D O P E / D A S G  (4: 1, 
mol /mol)  liposomes [16]. The data in Table 4 clearly 
indicated that DTA entrapped in the DOSG immuno- 
liposomes was delivered to the L929 cells, and the 
observed activity was similar to that of the D O P E /  
DPSG and D O P E / D O S G  (both 4: 1, mol /mol)  im- 
munoliposomes (Table 4). 

To use DOSG liposomes for drug delivery studies, 
DOSG liposomes ranging between 120-180 nm in di- 
ameter should be used. DOSG liposomes of this size 
are partially stable in human plasma at 37°C (Fig. 6) 
and retain their acid-sensitivity (Fig. 1). Since they also 
show cytoplasmic delivery activity (Table 4), their use 
in the drug delivery studies warrants further explo- 
ration. 
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