
Influence of Lipid Composition and Ionic 
Strength on the Physical Stability of Liposomes 

DAAN J. A. CROMMELIN 
Received February 3, 1983, from the Department of Pharmaceutics, Pharmaceutical Laboratory, University of Utrecht, 351 I GH Utrecht. The 
Netherlands. Accepted for publication November 22, 1983. 

Abstract 0 The effect of including charge-inducing agents (stearylamine or 
phosphatidylserine) on the zeta potential of phosphatidylcholinc-cholester- 
ol-containing liposomes in aqueous media with varjing ionic strength (sodium 
chloride) was investigated. In 150 m M  ionic strength solutions, the experi- 
mentally obtained zeta potentials were in good agreement with predictions 
made with the Gouy-Chapman equation, after proper correction for bulk ionic 
interaction. However, at low ionic strength, substantial deviations occurred 
which were ascribed to incomplete dissociation of the phosphatidylserine 
molecules or protonation of the stearylamine molecules due to the large diffuse 
double layer (Debye length). Predictions were made on the physical stability 
of the liposomes based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) 
theory and current knowledge of hydration effects on interparticle interaction. 
For negatively charged liposomes. both at low and high ionic strength. no 
increase in particle size was found after storage. For low ionicstrength solu- 
tions, this agreed with the calculations; for the high ionic strength solutions, 
aggregate formation in a secondary minimum was expected. For positively 
charged liposomes, the physical stability predicted from theoretical consid- 
erations did not correlate with the experimentally observed stability. 

Keyphrases Liposomes-phosphatidylcholine-cholesterol, ionic strength, 
lipid composition physical stability 0 Stearylamine-liposomes with phos- 
phatidylcholine and cholesterol, physical stability 0 Phosphatidylserine- 
liposomes with phosphatidylcholinc and cholesterol, physical stability 

The surface potential is an important parameter influencing 
liposomal behavior. I n  uiuo, the surface charge density has 
been found to influence the distribution of liposomes (1.2) and 
in oitro, a high potential might contribute to their physical 
stability by reducing the rate of aggregation and fusion. 
Frfkjaer et al. (3) reported an increase in physical stability 
of liposomes (against aggregation or fusion) by decreasing the 
ionic strength and increasing the surface charge density of li- 
posomes consisting of phosphatidylcholine (I)  and phospha- 
tidylserine (11). However, if there is no electrostatic repulsion 
between two liposomes this will not necessarily result in ag- 
gregate formation or fusion of the colliding particles, as many 
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Figure I -Dependence of velocity on electrical field strength for liposomes 
composed of phosphatidylcholine-cholesterol-srearylamine (IO:4:2); ionic 
strength, 2.3 mM. The line represents least-squares fit and the vertical bars 
are SD. 

uncharged liposomes are fully stabilized by hydration energies 

The influence of the surface charge density and ionic 
strength on the zeta potential of I and cholesterol-containing 
liposomes with stearylamine (111) or I 1  was investigated by 
microelectrophoresis. The zeta potentials obtained experi- 
mentally were compared with surface potentials (90) pre- 
dicted by the Gouy-Chapman equation. 

Using the Derjaguin-Landau-Verwey-Overbeek (DLVO) 
theory (6) and information on hydration energies between 
phospholipid vesicles (4, 5 ) ,  calculations were made on the 
physical stability of the liposomes against aggregation or fu- 
sion. These predictions were verified by determining the actual 
size by dynamic light scattering. Because the surface potential 
cannot be measured by electrophoresis, the zeta potential, 
instead of \Elo, was used for the evaluation of the experimental 
results. 

(4, 5 ) .  

EXPERIMENTAL SECTION 

Positively and negatively charged multilamellar liposomes were prepared 
by the “film” method (7). Positive liposomes consisted of phosphatidylcholine 
( I ) ’ <  cholesterol2, and stearylamine ( I l l ) )  in the molar ratio 10:4:1,2, or 3, 
corresponding to maximum (positive) surface charge densities of 0.019.0.037, 
or 0.054 respectively. For negative liposomes, phosphatidylserine ( 1 0 4  
was used instead of 111. With I I ,  maximum (negative) charge densities of 
-0.018,0.034, or 0.047 respectively, can be reached. 

After film formation in pear-shaped flasks in a rotary evaporator at 40- 
4SoC, the film was left under reduced pressure for 2 2  h in a desiccator. It was 
hydrated with NaCl solution (ionic strength, 2-150 mM). The water was 
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Figure 2-Zeta potential of negative liposomes as a function of surface charge 
density for 6.6 mM ( 8 )  and 152 mM ( 0 )  ionicstrengths. Liposome compo- 
sition: phosphatidylcholine-cholesterol-phosphatidylserine (l0:4:l, 2, or 
3) with a charge density of 0.018,0.034. or 0.047 C-m-2. respectively. Vertical 
bars represent SD. 

I Egg yolk, L-a-phosphatidylcholine type V-E; Sigma Chemical Co., St. Louis. 

2 Sigma Chemical Co. 
410. 

ICY Pharmaceuticals, Plainview. N.Y. 
Bovine brain; Sigma Chemical Co. 
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F i g r e  3-Effect of ionic strength on the zeta potential for negative liposomes 
composed of phosphatidy lcholine-cholest erol-phosphat idy lserine ( I  0:4:2). 
Key: (a) surface potential calculated according to Eq. I: (b) surface potential 
calculated according to Eq. 2 (K = 0.0008 rn3-mol-'), and E q .  1 ;  (c) exper- 
imental zeta potential. Vertical bars represent SD. 

freshly distilled in glass, and nitrogen was passed through the solution for 10 
min. The final phospholipid concentration was -7.5 pmol/mL. Negative 
liposome dispersions contained I mM EDTA. The pH was adjusted to 5.9 f 
0.1 with dilute HCI or NaOH. After pH adjustment, the concentration of 
NaCl in the dispersion was determined conductometrically~. I f  necessary, 
corrections for EDTA were applied. After complete dispersion of the film by 
shaking and vortexing at 40-45OC, the liposomes were stored overnight a t  
4-6OC and extruded the next day through membrane filters6 with 400-nm 
pores (8). 

Mobilities of the liposomes were measured in  a cylindrical-cell microclec- 
trophoresis apparatus'at 25OC. Heat effccts were minimized by using currents 
of <2 mA and short current passage times. The liposome dispersions were 
diluted with the hydration medium to avoid an overcrowded field of view. To 
minimize electrode polarization, successive measurements were made in both 
current directions. At least 20 particles were measured in each direction at  
the lower and upper stationary levels. Data obtained for both directions of 
liposome movement did not differ significantly (Student's t test; p = 0.95) 
and were averaged. 

Mean diameters of the liposomes were measurcd with a dynamic light- 
scattcring technique8 1 d after extrusion and after 7 and 14 d. A polydispersity 
indcx was also obtaineds. This index ranges from 0 to 9; 0 refers to a mono- 
dispersed system, 9 to an extremely polydispersed system. A gold suspension 
approaching a normal size distribution with a mean diameter of -50 nm and 
a CV of 15% has a polydispersity indcx of 39. The dispersions were stored at 
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Figure 4-Zeia potential of posiihe liposomes as afunclion (/surface charge 
density for 2.3 (.I and 153 mM (Oj ionic strengths. Liposome composition: 
phospharidylcholine-cholesterol-stearylamine (/0:4:), 2, or 3) with a charge 
density of 0.019. 0.037, or 0.054 C.m-2. respectively. 

PW 9505; Philip Cambridge, U.K. 
Unipore filters; Biorad. Richmond, Calif. ' Mark 11; Rank Brothers. Bottisham. U.K. * Nanosizcr: Coulter Electronics Ltd., Luton, U.K. 
J .  Leuvering, personal communication. 

Table I-Effect of Ionic Strength on the Zeta Potential of Positive 
Liposomes 

Ionic Zeta 
Strength. m M b  Potential, mV CV,% 90,mV' 

2.3 
15.3 
I50 

62 
51 
34 

I3  133 

15 38 
13 8s 

Composition: phmphatidylcholine- choltiterul -stearytaminc (10 4.2). charge denhit). 
0.037 (C.m-z). NaCl solutions Calculated according toihc Gou) -Chapman q u a i i o n  
(Eq 1 ) .  

4-6OC. protected from light. Before measuring the mean diameter. the dis- 
persions were equilibrated for at least 3 h at room temperature (20-25OC). 
Appropriatc corrections were made for temperature-dependcnt parameters 
(e.g., medium viscosity). Before taking the readings, thc dispcrsions were 
dilutcd 10- 100 times with solutions of the same ionic strcngth. For these dilute 
dispersions. the influence of thc ionic strength on the particle size meisurcment 
is negligible (9). 

The influence of dilution on the calculated diameters and polydispersiti 
indices was investigated. In  the concentration range covcrcd by the dynamic 
light-scattering technique. the average size of primary or fuscd vcsicles and 
the aggregate dimensions did not depend on the phospholipid concentration, 
The absorption (at 700 nm) per pmol/mL of phospholipid per crn path length 
was constant after dilution. These findings justify the converbion of the data 
obtained wi th  the dilute dispersions to the original dispersion>. 

The purity of I and I I  wasasscsscd asdcscribcd b! Frpkjaer er al (3) .  Ly-  
sophosphatidylcholinc and lysophosphatidylserine wrre scpdralcd from intact 
phospholipids by TLC lsilica gello, chlorol'orm-mcthanol- water (65:35:5)] 
visuali~cd with iodine vapor The spots wcrc scraped off, and the compounds 
werc cxtracted with methanol. The lysophosphatid!lcholin~ and Iyhophos- 
phatidylserinc contcnt was deterrnincd by phosphate analysis ( 10). Before 
the liposome preparation. <! and 5% of these compound5 were dctcctablc in 
I- and Il-containing vials, respcctivcly. In a comparable system. Kitagawa 
el a1 ( I  I )  found that the presenceofthcse compounds in thcscconccntrutionb 
had a ncgligible effect on particle si7e. One weck after lipwomc prcpar.ition. 
no dctectable lysophosphdtidylcholine and 1yiophozphatjd)lrcrrnr incruse 
was observed. 

RESULTS AND DISCUSSION 

A linear relationship between thc velocity of liposomes and the elcctrical 
field strength is predicted by theory. I n  our cxperiment. result\ agreed with 
theory (Fig. I ) .  There was no diffccrence between mobilities at the lower and 
thc upper stationary levels for the same dispersion. All cdlculatcd zeta po- 
tcntials were taken from upper stationary lcvcl data. The HelmholtL-Smo- 
luchowski equation was uscd to calculate the zeta potcntial from mobility data. 
In cases of low ionic strength, particlcs with an estimatcd diameter > I  pm 
were selected for mobility measurcments to avoid corrcctions for rclaxation 
(12, 13). 
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Figure 5-Calculation ofinteraction energies (Viol) herween two liposomes 
(radii 200 nm) according to the Derjaguin-Landau- Venvey-Ouerbeek theory 
as a function of interparticle distance. The Mamaker cons/unt is S X 10-2' 
J .  based on data reported by Rand 15). Key /zeta potential (m V)/ionic strength 
(mM) f: (a) 30/3; (b) IO/ISO: (c) 20//50; (d) ?10/150. 

lo  Prccoated silica gel 60 F254: E. Merck. Darmstadt. F .R . t i  
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Table 11-Effect of Changing the Ionic Strength of the Outer Aqueous 
Medium of Liposome Dispersions on the Zeta Potential a 

Table 111-Physical Stability of Positive and Negative Liposomes: Particle 
Size of Liposome Dispersions 1 and 7 d After Extrusion. 

Initial After Changing 
Ionic Zeta Ionic Zcta 

Strength. Potential Strength. Potential, 
Charge mM m V C  mMb mVC 

Mobilities were measured at least 2 h after changing [he medium. NaCl solutions., 
for negative liposomes in combination with I mM EDTA. Zcta potentials arc the mean 
of duplicate experiments. Composition of positivc liposomes: phosphatidylcholine- 
cholesterol-stearylamine ( I  0:4:2). Negative liposomes: phosphatidylcholine-choleb- 
tcrol-phospha[idylserinc ( l04:2) .  f Not available. 

Figure 2 is a plot of the zeta potential cersus the surface charge density (a). 
This parameter was calculated assuming a surface area of 0.70 nm2 per I or 
I 1  molecule. Values from 0.67 nm2 (14) to 0.72 nin2 ( I  5, 16) were reported 
for I and 0.70 nm2 for 11 (17, 18). The value used for the area covered by one 
cholesterol molecule was 0.28 nm2 (7), and for one molecule of 111 the value 
used was 0.25 nm2. For I:] bilayer combinations consisting of I and cholesterol. 
an area of 0.96 nm2 was found for a unit consisting of one molecule of I and 
one molecule of cholesterol (5).  This indicated that interactions between the 
different molecular species in the bilayer do not substantially influence the 
area covered by the individual molecules. Thc surface charge density could 
be calculated (19) from these data. It was assumed that the phospholipids and 
additives spread evenly and laterally over the bilayers (20). For 1- and I I -  
containing vesicles with relatively large radii of curvature (like those used in 
this study), the distribution over the two halves of the bilayer is expected to 
be fairly symmetrical (20.21 ). At theexperimental pH, both thedeprotonation 
of I 1  and the protonation of 111 werealmost complete (22.23). For negative 
liposomes, zeta potentials were obtained at two ionic strength levels as a 
function of I I  content. For an ionic strength of 152 mM, a nearly linear in- 
crease of the zeta potential with surface charge density was observed. For low 
ionic strength data (6.6 mM), this increase was less pronounced. 

A comparison was made between the experimcntally obtained zeta poten- 
tials and surface potentials calculated from the surface charge density. The 
effect of ionic strength on the zeta potential for the negative liposomes with 
an intermediate 11 content (charge density 0.034 C.nr2)  is shown in Fig. 3. 
Line a represents the effect on the surface potential as  predicted by the 
GOUy-Chdpman equation for a single symmetrical electrolyte (Eq. I ): 

u =  ( 8 . N . € r . f o . k T ) ' / 2 . C i / 2 . s i n h ( 0 . 5 . e . ~ o / k T )  (Eq. I )  

Line bgives the surface potential calculated (with Eq. 1) after correction of 
the surface-chargedensity for thesodium ion interaction with I I  (Eq. 2). This 
interaction reduces the effective surface charge density (24): 

where cccorr and u are the corrected and uncorrected surface charge density 
(Cm-2), respectively; e is the charge of a proton (C); k is the Boltzmann 
constant (J-K-'); T is absolute temperature (K); K is the intrinsic binding 
constant (m3/mol); C is the concentration (mol/m3); N is Avogadro constant 
(mo1-I); cg is the permittivity (C-V-'m-i); and c, is the relative permittivity 
(no units). 

m3-mol-' was used (25) for the instrinsic binding 
constant of the sodium ion to 11, and the value for the relative permittivity of 
water was 78.3 (26). The zeta potential data comply reasonably well with the 
corrected surface potentials for the dispersions in 61 and I52 mM NaCI. In 
principle, the surface potential always has to exceed the zeta potential as  the 
hydrodynamic plane of shear does not coincide with the surface, but is posi- 
tioned at a finite distance from it (27). For the lower NaCl concentrations, 
the deviation between experimental and theoretical data increased. The in- 
fluence of the divalence of the EDTA2- ion was neglected in  the calculations, 
as the inclusion of a divalent ion complicated them considerably. This approach 
was justified because i t  was found experimentally that for the negative lipo- 
somes, under conditions where the influence of the EDTAz- ion is expected 
to be most pronounced (low I 1  content, low ionic strength). the presence of 
EDTA2- ion in the aqueous medium did not change the zeta potential sig- 
nificantly (Student's r test. p = 0.951: with EDTA, 58 mV (SD 8 mV, n = 42). 
without EDTA. 55 mV (SD 7.5 mV, n = 35).  

The correction proposed by Nir and Bcntz (24) takes into account inter- 
actions of the bilayer I I  molecules with cations from the bulk. The large de- 

A value of 0.8 X 

Ionic Zeta StabilitvC 

m M  mV Dav I 
Strength. Potential, Diametcr. n m b  

Phosphatidylcholine-Cholesterol Stearylamine ( I0:4:N) 

N = l  46 27Ie  270e + + + + N = 2  61 

2.3 

- 522f --8 - N = 3  57 -L? --8 

--8 - x  - - I50 

+/- 
N = 3  39 376e 30Oe + +/- 

- N = l  17 
N = 2  34 571f - R  

Phosphatidylcholine-Cholesterol-Phosphatidylserine ( 1  0:4:N)" 
6.6 
K =  I -57 300 309 t t 
N = 2  -58 276 267 t + 
A' = 3 -65 320 311 t + 
N = I  -12 301 285 + 
N = 2  -20 350 346 + 
N = l  -34 238 274 + +/-  

- I50 

- 

Protected from light at  4- 6OC. * Mean oiduplicdte experiments. CYof sequential 
readings of the mean diamctersof the same dispersion, 3%. (+) stable; (-) unstable; 
(t/-) sccondary minimum over -3 kT at an interparticledistance >2.5 nm. (k$) 
electrmtatic repulsive encrgy; (V,,,) van dcr Waals attractive cncrgy (effective Hamaker 
constant. 5 X lo-" J ) .  Predictions made using the Derjaguin-Landau -Verwey-Cherbcek 
theory. Polydispersity index 2-3. f Polydispersity index i. g Strongly hcterodisperse 
with mean diameters >loo0 nm. * Polydispersity index 2-3 for all negative l i p  
somes. 

viation from the theoretical predictions at low ionic strength might be caused 
by a limitation in  the ionization of 11. In a solution of NaCl with an ionic 
strength of 5 mM, the Debye length ( I  / K )  is 4.4 nm and exceeds the distance 
between the molecules (2-3 nm, assuming the I 1  molecules to be spread evenly 
over the bilayer). Therefore, mutual interference cannot be excluded. For a 
solution of 150 mM ionic strength, the Debyc length is only 0.8 nm and no 
interaction is expected. Hauser el a/. (20) suggested an analogous mechanism 
for the incomplete ionization of fatty acids clustering in bilayers. 

The results obtained with positive liposomes at two ionic strength levels are 
plotted in Fig. 4. For the 150 m M  ionicstrength series. the zeta potential in- 
crease leveled off at charge densities >0.037 Cm-2.  Little increase of the 
potential with the surface charge density was found for solutions of 2.3 mM 
ionic strength. 

Table I gives the zeta potentials of the positive liposomes with an interme- 
diate 111 content over an ionic strength range from 2.3 to 150 mM. The ex- 
perimental results were compared with the calculated surface potentials 
(Gouy-Chapman equation) listed in the last column. Here, as  with the neg- 
ative liposomes, for the high ionic strength dispersions a good agreement with 
theory was found; for low ionic strength, the experimental values for the zeta 
potentials were too low. 

The proposed explanation for the deviation of the experimental zeta po- 
tentials from theory implies that changing the outer aqueous medium of the 
liposome dispersions from low to high ionic strength and uice uersa. has in 
principle a reversible impact on the zeta potential. The effect of changes in 
the ionic strength in the aqueous phase outside the bilayer on the zeta potential 
was investigated. The positive and negative liposomes with intermediate I l l  
and 11 content. respectively, prepared under low ionic strength conditions, were 
mixed with at least 100-fold excess of an NaCl solution of high ionic strength 
(150 mM). After 2 h of equilibration. the mobilities were determined. For the 
positive liposomes, the reverse was done: dispersions in the high ionicstrength 
medium were diluted with the low ionic strength solution. The results are listed 
in Table 11. Changing the medium resulted in zeta potentials comparable with 
those existing after preparation of the liposomes at that particular ionic 
strcngth. This is an indication that preparing these types of liposomes at  low 
or high ionic strength does not result in  structures that differ irreversibly from 
each other. 

The physical stability, on storage at 4OC. was investigated for various types 
of positively and negatively charged liposomes. Results of particle size mea- 
surements l d and 7 d after extrusion through 400-nm membrane filters are 
shown in Table I 1  1. Deviations of the reported particle diameter from the pore 
diameter (400 nm) were ascribed to differences in filtered l i p o m e  dispersion 
volumes. The initial filtrate generally contained smaller-sized liposomes. There 
was a distinct difference between the behavior of stable and unstable disper- 
sions. For unstable dispersions, the mean particle diameter was at least double 
the diameter of the membrane pore with a polydispersity index > 7  after I 
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Figure 6-Magni’cation of part of Fig. 5 10 show occurrence of secondary 
minima. 

week. Stable dispersions had diameters <400 nm and polydispersity indices 
of 2-3 both at the day of extrusion and after I week. In all cases, changes in 
particle size occurred independently of phospholipid concentration within the 
first week of storage. No difference was found in particle diameters of the 
negative liposomes measured after 7 or I4 d of storage. This was also true for 
the two stable positive liposome dispersions. 

Frvkjaer ef a/. (3) found, for I- and 11-containing liposomes, an enhanced 
stability with decreasing ionic strength and increasing I 1  content. Under the 
experimental conditions in this study, negative liposomes were stable inde- 
pendent of ionic strength and surface chargc density. Positive liposomes had 
no correlation between the zeta potential and particle size stability; those with 
low surface charge density were stable a t  an ionic strength of 2.3 mM. Lipo- 
s o m a  with high surface charge density, on the other hand, were stable at an 
ionic strength of 150 mM. A high positive zeta potential (61 or 57 mV). as 
was observed with the low ionic strength medium, did not therefore. guarantee 
a stable dispersion. Whether particle size growth was caused by aggregation 
or fusion of the particles was not studied. 

We investigated whether the experimental results could be predicted by 
the existing theories on the physical stability of liposome dispersions. The 
interaction energy between two approaching liposomes was calculated ac- 
cording to the DLVO theory (6) using V,,, = Vat, + cLp, or: 

v,, = - - + 2Etco90*a - In ( I  t e-xll) (Eq. 3) 12H 

where VIM, vLp, and Vat, are the total, electrostatic repulsive, and attractive 
energies, respectively; a is the radius of the lipasome; H is thedistance between 
the bilayer surfaces; and A is the effective Hamaker constant. In Eq. 3, Val, 
is calculated with a simplified equation for solid spheres and H << a. Results 
obtained with the complete equation for spherical shells, as given by Nir and 
Bentz (24), differed <5% for H I 2 0  nm. 

The results suggest that. for low ionic strength (3 mM) dispersions with 
a zeta potential of >3O mV. a V,,, of at  least 100 kT can be reached (Fig. 5 ) .  
This implies that the rate of aggregation of these charged primary particles 
(compared with uncharged particles) is reduced by at least a factor of lo9, 
and that dimer formation is limited to < I  0% of the primary particles over 2 
weeks (6). Therefore, at low ionic strength the dispersions used should bestable 
(Figs. 2 and 4). Aggregation in the primary or secondary minimum was un- 
likely as the electrostatic repulsion exceeded the van der Waals attraction. 
These calculations are estimates because the effective Hamaker constants 
for the I ,  cholesterol, and I I  or I I I  systems are not known precisely. Rand ( 5 )  
reported a value of 9 X J for I-cholesterol 
( 1 : I )  bilayers. We chose 5 X J for our calculations. For low ionic 
strengths, all dispersions were predicted to be stable. However, for the positive 
liposomes, aggregation or fusion occurred with two of three dispersions. 

For the 150 mM ionic strength dispersions, cLp was not dominant. Sec- 
ondary minima could be observed by using realistic 90 values (Fig. 6). The 
secondary minima are not affected by repulsive hydration energy, as the in- 
fluence of this energy decreases steeply with increasing interparticle distance 
and can virtually be neglected for interparticle distances >2.5 nm (5).  As far 
as  electrical repulsion is concerned, the dispersions with low 111 and inter- 
mediate I I  content should behave similarly under 150 mM ionic strength 
conditions as they have similar zeta potentials (-17 and - 2 0  mV, respec- 
tively). Experimentally, the negative liposomes were stable, and the positive 
liposomes were unstable. Apparently factors other than the electrical repulsion 
(e.g., VaI,) control stability. As stated above, the secondary minima shown 

J for pure I and I .2 X 

i n  Fig. 6 are not affected by the hydration forces. I n  the case of negatively 
charged liposomes containing 100% I I ,  aggregation in the secondary minimum 
is assumed to be a reversible process in the presence of sodium ions (28). I n  
these dispersions, both aggregate formation and dissociation occur. In the 
dispersions under investigation, an analogous situation is likely. The mass 
average aggregate size a t  equilibrium was calculated for a -4-kT secondary 
minimum for negative liposomes of the compositions used in this study. Di- 
ameters of 200 and 400 nm were taken with phospholipid concentrations be- 
tween 7.5 X lo-’ M (the concentration of the dispersions on storage) and 7.5 
X M (the minimum concentration used in dynamic light-scattering 
studies). The equations and boundarj conditions for these calculations have 
been described by Bentz and Nir (28). Under the chosen conditions substantial 
aggregate formation was predicted, depending on the phospholipid concen- 
tration. This could not be confirmed experimentally, as no concentration- 
dependent mean diameter or polydispersity was observed in this study. 

The negatively charged liposome dispersion (predicted to aggregate in the 
secondary minimum) was stable. I f  the physical model that was used to predict 
the stability is correct. the experimental results indicate that V,,, is overrated 
for the negatively charged liposomes. This might be ascribed to an overesti- 
mation of the value for the Hamaker constant. 

It is remarkable that two positively charged liposome dispersions (zeta 
potentials of 34 and 39 mV) that are both predicted to form aggregates in the 
secondary minimum (Table 111) behave differently. The first one forms ag- 
gregates; the second is stable for a t  least 2 weeks. 

CONCLUSIONS 

Increasing the charge density from -0.018 to 0.050 C m r 2  resulted in 
considerably larger zeta potentials for the dispersions with an ionic strength 
of I50 mM. Almost no increase was found at an ionic strength of -5 mM. The 
zeta potcntials were larger at low ionic strength, but not as large as predicted 
by the (corrected) Gouy-Chapman equation. Based on these data for low ionic 
strength, high electrostatic repulsive energies, and thus stable dispersions, were 
expected. However, two of the positive liposome dispcrsions were not stable. 
Apparently. in these systems particles can form aggregates because of a 
mechanism interfering with the “classical” DLVO theory (with consideration 
given to repulsive hydration forces). 

On the other hand, for high ionic strength dispersions, DLVO calculations 
predicted an irreversible aggregation in a primary minimum or a reversible 
aggregation in  the secondary minimum. However, no aggregation at  all 
(negative liposomes and one positive liposome dispersion) or irreversible 
aggregation was found. This unexpected stability against aggregation in thc 
primary minimum c a n  be ascribed to the hydration forces. However, hydration 
forces do not extend far enough from the surface of the bilayer to affect the 
reversible aggregation in the secondary minimum. 
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Abstract 0 The hydrolysis of poly(ortho-ester)s and a monomeric model 
compound, 3,9-dibenzyloxy-3,9-diethyl-2.4,8,lO-tetraoxaspiro[5,5~un- 
decane, was camed out in dionane-da-dioxane and followed by IH-NMR and 
HPLC, respectively. Experimental results suggested that the polymer deg- 
radation proceeds to a large extent uia random scission. The hydrolysis was 
catalyzed by the acid; the catalytic rate constant increased predictably with 
decreasing aqueous pK. of the acid. The reaction is first order with respect 
to the catalyst concentration and the number of ortho-ester linkages present, 
and it is independent of water in the concentration range studied. Strain at 
the ortho-ester bond may be a factor influencing the hydrolysis rate. 

Key phrases 0 Hydrolysis- poly(ortho-ester)s, homogeneous solutions 0 
Polymers-hydrolysis of poly(orth0-ester)s, homogeneous solutions 0 
Degradatipn-polymers. hydrolysis of poly(orrho-ester)s, homogeneous so- 
lutions 0 Poly(orth0-ester)s- hydrolysis, homogeneous solutions 

Poly(ortho-ester)s are a novel class of polymers with po- 
tential utility in drug delivery systems. Their use as an erodible 
matrix for the delivery of a steroid has been demonstrated by 
Heller et al. (1).  In  these systems, water-soluble salts were 
incorporated into the polymer, and the release mechanism 
appeared to be similar in part to that described by Fedors (2). 
Osmotic imbibition of water induced the swelling of the matrix, 
which subsequently burst and released the drug. 

Poly(ortho-ester)s, as with most ortho-esters, undergo 
acid-catalyzed hydiolysis quite readily and are relatively un- 
reactive in neutral or basic media (3,4). Thus, when exposed 
to an aqueous environment, the erosion of the polymeric matrix 
may be induced by the presence of an acidic catalyst. The acid 
may be external or may be generated in situ by an acid-pro- 
ducing agent such as acid anhydride incorporated in the device. 
Since acid anhydrides are neutral, and therefore noncatalytic, 
they add to the stability of the device during storage. 

Following this rationale Shih et al. ( 5 )  have demonstrated 
the use of poly(or2ho-ester)s delivery systems, achieving 
zero-order release of timolol maleate. The release rate was 

effectively controlled by the amount of acid anhydride incor- 
porated into the device and the aqueous pK, of the corre- 
sponding acid. It was proposed that the mechanism of drug 
release from such a system results from the contribution of 
several processes, namely, the permeation of water into the 
polymer matrix, the hydrolysis of the acid anhydride to the 
corresponding acid, the hydrolysis of the ortho-ester linkages, 
and the dissolution of the drug species into the medium ( 5 ) .  

The present studies were undertaken as part of an effort to 
understand the various physicochemical processes which 
govern the release of drugs from poly(ortho-ester)s delivery 
systems. In an attempt to separate the various contributing 
factors, we report the kinetics of the hydrolysis of poly(or- 
tho-ester)s [poly(3,9 -dialkyloxy - 3,9 - diethyl - 2,4,8,10- 
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Scheme I- Acid-catalyzed hydrolysis of poly (ortho-esrerls. 
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