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Abstract. Biodegradable pH-sensitive surfactants (BPS)the therapeutic use of nucleic acids is intracellular trans-
are a unique family of easily metabolized compoundsport. It has been demonstrated that most nucleic acids
that demonstrate pH-dependent surface activity. Thesge.g., oligodeoxynucleotide (ODN) and plasmid DNA
agents, in combination with other delivery systems, havgpDNA)) and their carriers (e.g., liposomes and cationic
demonstrated effects in enhancing transnucleic acid agnacromolecules) enter cells via endocytosis (Zabner et
tivity. The increased activity has been hypothesized taal., 1995). These molecules initially accumulate in en-
occur from a release of endosomal contents. Simply, thglosomes, with a majority of the nucleic acids later de-
BPS delivery system containing nucleic acids enters thggraded by enzymes within lysosomes (McGraw &
cell through an endocytotoic process. It encounters amaxfield, 1991). Since nucleic acids must escape from
acidic pH and becomes surface active leading to defectghe endocytotic pathway to have an effect, the endosomal
in the endosomal membrane. In the current study, an ifnembrane presents a barrier to nucleic acid therapy.
vitro model membrane was used to better understand the A method to increase the amount of nucleic acids
Iiposome_ d_efect mechanisms that BPS elicit. U_sing thisreaching the cytoplasm is to enhance the efficacy of
system, it is shown that BPS can induce both liposome,cjeic acid escape from endosomes. Systems that have
fusion and rupture depending upon the pH and mole ratieen shown to disrupt cellular membranes include viro-

of BES to membrane lipids. Futhermore, liposome fu-gomes (Hug & Sleight, 1994), pH-sensitive liposomes
sion induced by BPS was dependent on the total number&:hu et al., 1990), viral peptides (Yu et al., 1994), and

of liposome particles while rupture was independent Ofsynthetic alpha-helical forming peptides (Fattal et al.,

interacting liposome particles. The generated data indiyggzy Al these delivery methods increase the biologi-
cate that B_PS agents act dlfferenfcly from other typlcalc | effect of the associated nucleic acids but have their
surface active agents and fuosgenic compounds. Inste n related limitations

of facilitating membrane fusion through the hexagonal Il Dodecyl 2-(1-imidazolyl) propionate (DIP), a

phase, BPS appeared'to contribute and participate in thr%ember of the biodegradable pH-sensitive surfactants
membrane fusion at different stages. : .
(BPS), has been previously demonstrated to increase cy-

. ) toplasm delivery of ODN (Hughes et al., 1996) and
Key words: Drug delivery — Liposomes — Membrane ppNA (Liang & Hughes, 1998). BPS are lipophilic
fusion — Membrane rupture — Surfactants amines with pKa values between 5 and 7 which become
protonated at acidic intra-endosomal pH (Firestone,
Pisano & Bonney, 1979; de Duve et al., 1974). At neu-
tral pH in the cytoplasm or intracellular fluid, BPS are

un-ionized with little surface activity. Upon protonation,

The therapeutic approach of using nucleic acids as dr“%e surface activity of the BPS is increased due to the

is attractive due to their a_b|I|ty to combat diseases laCk'expansion in the hydrophilicity of the head group that
ing current treatment options. However, there are sev:

eral barriers that must be surmounted. Animpediment t activates the compound leading to membrane destabili-
' P Gation. BPS are synthesized with an easily metabolized

bond (e.g., ester) connecting the head and aliphatic tail
R groups. The incorporation of BPS into particulate deliv-
Correspondence tal.A. Hughes ery systems (e.g., cationic liposomes) forces the agent to

Introduction
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enter cells through an endocytotic process along with thecid), pH 5.0 (300 m KH,PO, and 50 nu Na,HPQ,), pH 6.0 (150 nm
nucleic acids of interest. However, it remains unclear<H20Fs and 100 i Na,HPQ,), pH 6.5 (120 tw KH,PO, and 100
how BPS destabilize the endosomal membrane. To fur™ N&HPO.). pH 7.0 (80 nu KH,PO, and 120 mn Na;HPO,), and
. . o pH 8.0 (200 v KH,PO, and 188 nw NaOH).
ther utilize and modify BPS in intracellular macromol-
ecule delivery, it is essential to understand the mecha-
nisms responsible for membrane destabilization. METHODS
In addition to DIP, two other pH-sensitive surfac-
tants were _syntheS|zed to investigate their m_e(?han'smﬁreparation of biodegradable pH-sensitive
Dodecyl imidazole (DI) is a non-ester containing pH-
- . X surfactants (BPS)
sensitive surfactant that was originally synthesized by

Firestone et al. (1979) as an anticancer agent. DI WaBqdecyl 2-(1-imidazolyl) propionate (DIP) was synthesized as previ-
selected as a reference compound to address the impQjusly reported (Hughes et al., 1996) by mixing dodecanol (0.05 mol)
tance of the linker. The second agent, methyl 1-and 2-bromopropionyl bromide (0.025 mol) in 50 ml of CH@t room

imidazolyl laureate (MIL), is biodegradable and similar temperature for 24 hr to yield crude dodecyl 2-bromopropionate. After

to DIP but has the ester bond in the opposite directionpurification, dodecyl 2-bromopropionate (0.015 mol) was mixed with
imidazole (0.03 mol) in 50 ml of CHGland refluxed overnight yield-

The rearrangement of the ester will enhance the bIOdefg DIP. Dodecyl imidazole (DI) was synthesized by reacting imidaz-

gradability of the compound and also alter the attache le (0.05 mol) and 12-bromo-1-dodecanol (0.025 mol) in 50 ml of

imidazole’s pKa Value_- In this report,_ all three agentsn, N-dimethylformamide (DMF) at 75°C for 24 hr. A mixture of 1-
were loosely grouped in the BPS family. imidazole methanol (0.05 mol) (supplied by Dr. Kenneth Sloan, De-
Instead of serving as a nucleic acid delivery systempartment of Medicinal Chemistry, University of Florida), lauric acid
liposomes were used as the experimental membran@®-025 mol) anq N,Ndicyclphexylcarbodii.mid'e (0.025 mol). in' 50 mi
model to study the possible membrane destabilizatior‘?f DMF was stirred overnight at 75°C yielding methyl 1-imidazoly!

mechanisms. To maintain simplicity in these modellaureate (MIL). Crude DIP, MIL, and DI were purified through silica
’ P y gel flash chromatography and their structurssefFig. 1) confirmed

StUd_ieS' Only neutral |ipid_S (e-g-'_leCithin) were used inthrougth-NMR, mass spectroscopy, and elemental analysis.
the liposome system. While the liposomes may not fully
represent events occurring in biological situations they

still served as excellent models in addressing potentia&'Iposome Preparation

mechanisms of |Ip|d membrane dlsrUptlon' An aqueou%.iposomes (Lee-lecithin: DMPC: cholesterol; mole ratio 6:1:8) were

space fusion assay (Smolarsky et al., 1977) and a lipilepared and used in most experiments to evaluate fusion and rupture
mixing resonance energy transfer assay (Struck, Hoekswvents. The lipid rehydration method was used to produce vesicles
tra & Pagano, 1981) were used to observe membrangiughes etal., 1994). The liposomes were passed through a high pres:
destabilization through fusion. A liposome leakage as-sure extruder (Lipex Biomembrane, Vancouver, BC) with 600 nm

say of a marker Compound calcein. was used to 0bserv{é)lycarbonate membranes three times. The size distribution (volume
b ' . eight Gaussian distribution) was determined to be 578 + 113 nm
membrane destabilization throuqh rupture. Using thes%tandard deviation) with a NICOMP 380 ZLS Zeta Potential/Particle

systems, itwas demonstrated that BPS could lead to bo zer (Santa Barbara, CA). The concentration of total phospholipid

membr.an.e fusion and rupture in a pH-dependent manngfas determined by a spectrophotometric technique as previously de-
via a similar pathway. scribed (Stewart, 1980).

Materials and Methods Time Course Fusion Assay

Increasing mole ratios (R= 0, R = 0.2, and R= 0.4) of BPS to 75
MATERIALS mmol/ml of lipids {-a-lecithin: DMPC: cholesterol; mole ratio 6:1:8)

were incorporated into liposomes to monitor fusion mechanism over
Calcein and N,N-dimethylformamide (DMF) were purchased from time in a pH 5.0 buffer solution. Vesicle-vesicle fusion was charac-
Aldrich (Milwaukee, WI). N-(lissamine rhodamine B sulfonyl)- terized by measuring fluorescence resonnance energy transfer betweel
phosphatidylethanolamine (Rh-PE), N-(7-nitro-2,1,3-benzoxadiazol-44two lipid head groups (Struck et al., 1981). N-(7-nitro-2,1,3-
yl)-phosphatidylethanolamine (NBD-PE),-a-lecithin, 1,2- benzoxadiazol-4-yl)-phosphatidylethanolamine (NBD-PE) and N-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), dioleoylphosphati- (lissamine rhodaming sulfonyl)-phosphatidylethanolamine (Rh-PE)
dyl ethanolamine (DOPE), and cholesterol were purchased from Avantivere incorporated into two separate populations of vesicles at 1% (mol)
Polar Lipids (Alabaster, AL). Dodecanol, 2-bromopropionyl bromide, each. As the two liposome groups interacted, the fluorescence energy
imidazole, 12-bromo-1-dodecanol, lauric acid, and N,N emitted from NBD-PE labeled liposomes was transferred to the Rh-PE
dicyclohexylcarbodimide were purchased from Fluka (Ronkonkoma,labeled lipsomes resulting in a decreased fluorescence signal. The
NY). N,N’-p-xylylenebis-(pyridinium bromide) (DPX) and 1- NBD-PE liposomes were initially added into various pH buffers with
aminonaphthalene-3,6,8-trisulfonic acid (ANTS) were purchased fromthe Rh-PE liposomes and fluorescence intensity measured over 30-min
Molecular Probes (Eugene, OR). incubation period at 25°C. The liposomal suspensions were excited at

All buffers were adjusted with NaCl to an equal ionic a wavelength of 470 nm and observed at 530 nm with a Perkin-Elmer

strength. The pH of the buffers and their chemical compositions were_uminescence Spectrophotometer LS-50B. The percentage of fusion
as follows: pH 4.2 (150 m sodium acetate and 350Mrglacial acetic ~ was defined by the following relationship: % Fusien100- (1-F/F)
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BPS Chemical Structure

Dodecyl 2-(1’-imidazolyl) propionate CH3

(0) CHg
(DIP) NPNJ\r
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Methyl 1-imidazolyl laureate o)

(MIL) NZN AoJk/\/\/\/\/\CHs

N-dodecyl imidazole I~ Fig. 1. Names and chemical structures
/ 3 of three biodegradable pH-sensitive
) =

surfactants (BPS).

whereF and F, are the fluorescence intensities in the presence andComparison of BPS-induced Membrane Defects when
absence of the RN-PE group, respectively (Struck et al., 1981). gjther Added Externally or via Direct Incorporation
To corroborate membrane fusion, an aqueous content mixinq ;
’ nto Liposomes
method was used (Smolarsky et al., 1977). In this assay, 25 P

1-aminonaphthalene-3,6,8-trisulfonic acid (ANTS) and 900AN,N'- 14 jnvestigate the effects of partitioning of BPS between membrane

p-xylylenebis-(pyridinium bromide) (DPX) were encapsulated into two 54 4queous medium, studies were conducted which varied the amount
separate lipsomes--lecithin: DMPC: cholesterol; mole ratio 6:1:8). ot Bps in a solution of calcein containing liposomescélecithin:
Unencapsulated ANTS and DPX were later removed through centrifuppc: cholesterol; mole ratio 6:1:8, 10 mmol/ml). Increasing amounts
gation (10,000 rpm, 5 min) five times and washed with a pH 7.4 ¢ gpg were either added from external environmental or incorporated
phosphate buffer solution. These two lipsome populations (75 mmoli,t, jinosomes in various buffer solutions. The liposome suspensions
ml) were mixed and the fluorescence intensity recorded over time at aq e incubated for 30 min at 25°C and the percentage of calcein release
excitation wavelength of 353 nm and an emission wavelength of 528as calculated by the equatio®e) = (I.-1.)/(1,-I,) - 100 as previ-

nm. Mixing of the aqueous contents of ANTS and DPX containing ously described (Liu & Regen, 1993).

liposomes resulted in a decrease in fluorescence due to the quenching

of ANTS by DPX. The percentage of fusion was calibrated similarly . .

with the above equation where F is the fluorescence intensity in th(JEffe'Cts of Liposome Concentration on Membrane
presence of DPX group an, is the fluorescence intensity in the Fusion and Rupture

absence of DPX group in different pH buffers. ) ) ) )
Increasing concentrations of liposomes with the=R0.2 BPS were

used to determine their dependency on membrane rupture (3 mmol/ml,
BPS-induced Membrane Fusion 15 mmol/ml, and 75 mmol/ml) and fusion (37.5 mmol/ml, 75 mmol/ml,
and 150 mmol/ml) in a pH 5.0 buffer solution. Similar lipid mixing

Both agueous and lipid mixing techniques were further applied to chardssa&y protocols were used as described above.

acterize the liposome fusion induced by different mole ratios of BPS

after 30 mins. Increasing mole ratios (R0, R = 0.2, and R= 0.4)  Effect of Cholesterol and of DOPE on

of BPS were incorporated into 75 mmol/ml of liposomesxflecithin: Membrane Fusion

DMPC: cholesterol; mole ratio 6:1:8) to monitor fusion with changing

pH (5.0-8.0). The fluorescence intensities were then quantified aftetiposomes (135 mmol/ml) containing-a-lecithin, with or without

30 min in both assays. cholesterol (weight ratio 6:4; mole ratio 4:5) at two mole ratios£R
0.2 and R= 0.4) of DIP were used to determine the impact of the
addition of cholesterol on fusion. A similar study was conducted with

BPS-induced Membrane Rupture cholesterol replaced by DOPE (weight ratio 6:4; mole ratio 3:2). The
percentage of fusion using the lipid mixing assay were determined in

Liposomes (-a-lecithin: DMPC: cholesterol; mole ratio 6:1:8, 75 different pH buffers after 30 min.

mmol/ml) containing 100 m calcein (> self-quenching concentration) To further characterize the difference of fusion events caused by
were prepared using increasing mole ratios of BPS<R®, R = 0.1, cholesterol and DOPE, liposomes (135 mmol/ml) with an equal mole
R = 0.2, and R= 0.4). The liposomes were used to observe whetherratio of cholesterol or DOPE to-a-lecithin were incorporated with
membrane rupture occurred. The BPS-liposome preparations were ifPIP at mole ratio 0.4 (R= 0.4). The percentages of fusion using the
cubated with phosphate buffers (pH 5.0-8.0) for 30 min and calceinlipid mixing assay were determined with different pH buffer after 30
release quantified. The released calcein was excited at 496 nm an@in.

observed at 517 nm at 25°C. The percentage of released calcein was

calculated by the equatiof%) = (I,-1,)/(l,-1p) - 100 (Liu & Regen, Statistical Analysis

1993), wherd, is 100% fluorescence intensity value after adding ex-

cess Triton X-100 in different pH bufferd, andl, are the florescence  Statistical differences between the treatments were determined using
intensities after incubation with and without BPS, respectively. analysis of variance where appropriate (StatView 4.53, Abacus Con-
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cepts, Berkeley, CA) witlP < 0.05 considered statistically significant fusion increased significantlyP(< 0.001) below pH 6.0

and Fisher's (PLSD) post haetest was applied. (Fig. 3B). Comparable to the lipid mixing assay, the
o three BPS agents exhibited similar fusion profiles with
Abbreviations no significant difference among the three BPS evaluated.

ANTS, 1-aminonaphthalene-3,6,8-trisulfonic acid; BPS, biodegradable
pH-sensitive surfactants; DI, dodecyl imidazole DIP, dodecyl '2-(1 BPS+4NDUCED MEMBRANE RUPTURE
imidazolyl) propionate; DMPC, 1,2-dimyristoyl-sn-glycero-3-

phosphocholine; DOPE, dioleoylphosphatidyl ethanolamine; DPX, N, . - . .
N'-p-xylylenebis-(pyridinium bromide): MIL, methyl 1-imidazolyl We determined the ability of liposome incorporated un-

laureate; NBD-PE, N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-phospha-10Nized BPS to facilitate the release of entrapped solutes
tidylethanolamine; ODN(s), oligodeoxynucleotide(s); pDNA, plasmid at acidic pHs. Liposomes containing calcein were pre-
DNA; R, mole ratio of the biodegradable pH-sensitive surfactants to thepared with increasing amounts of BPS and incubated at
other lipids; Rh-PE, N-(lissamine rhodaming sulfonyl)-  decreasing pHs. Minimal calcein release was observed

phosphatidylethanolamine at the lower BPS/liposome mole ratio group ¢R0.1),
but at the R= 0.4 group, calcein release increased sig-
Results nificantly (P < 0.001) at all pHs (Fig. 4). At pH 5.0 and

6.0, significant differencesP(< 0.05) in the amount of
released calcein were observed among all mole ratios.
TiMe CouRsE FUSION AssAY Comparing these three BPS, the percentages of releas
were significantly different® < 0.01) at the R= 0.4
To identify possible events in the membrane deStab”izagroup in all observed pHs However, no Signiﬁcant dif-
tion sequence, fusion assays were applied with eackerence was observed at the other two ratio groups-(R

BPS-liposome system using a pH 5.0 buffer and ob0.1 and R= 0.2) among the three BPS liposomes.
served over time. The percentage of membrane fusion

that was determined by the lipid mixing assay demon-

strated a rapid initial event followed by a plateau (Fig. COMPARISON OF BPSNDUCED MEMBRANE DEFECTS

2A). For the aqueous mixing assay, however, the perWHEN EITHER ADDED EXTERNALLY OR VIA DIRECT

centages of fusion increased slightly in the early period NCORPORATION INTOLIPOSOMES

and continued over the entire test time course (FR). 2

Liposome fusion was significantly differen®(< 0.001)  When DIP was added from the external environment into
among all the mole ratios in each BPS over time. Nothe liposomes, significant differenceB & 0.01) of the
significant difference in fusion among the three agentscalcein release were seen when the mole ratio of DIP to
was observed. total lipids reached two or above among all pH groups
(Fig. 5A). A similar trend was seen when DIP was re-
placed by MIL (Fig. ). However, when DI was evalu-
ated, no significant differences of the calcein release

. . . , . ) were seen at any mole ratios with respect to the pH of the
To investigate the fusogenic properties elicited by 'nC|u'testing buffer (Fig. B). On the other hand, when BPS

sion of BPS on membranes, increasing amounts of th@ a5 incorporated into liposomes, similar profiles were
three BPS agents were incorporated into liposomes folg carved for all three agents as was observed in the

lowed by incubation at different pHs (Fig. 3). When gpg inguced membrane rupture experiment set (Fig.
fusion was determined with the lipid mixing assay, 58)

throughout all pHs tested, the percentage of fusion with
the control liposomes (R= 0) increased slightly as the
pH decreased. After incorporating BPS into the lipo- EFFECTS OFLIPOSOME CONCENTRATION ON MEMBRANE
somes, the percentage of fusion was statistically higher &UsioN AND RUPTURE
all observed pHs. As the mole ratio of BPS in the lipo-
somes was raised, fusion was significantly increafed ( To quantify the liposome concentration dependency on
0.001) in pHs lower than 6.0 (Fig.A3. All three BPS membrane fusion and rupture, we measured the fusion
agents exhibited a similar fusion profile and there was naand rupture behavior of liposomes at three concentra-
significant difference between the fusion events amongions. Measurements were made with the=R0.2 BPS
the three agents. containing liposomes in a pH 5.0 buffer solution. Due to
For the fluorescence aqueous mixing method, thehe sensitivity of the assays, different liposome concen-
percentages of fusion by control liposomes R 0)  trations were used in the studies presented. Significant
demonstrated no significant difference at all tested pHsdifferences of fusion® < 0.05) were observed among
After the addition of BPS, the percentage of fusion in-the three liposome concentrations with the lipid mixing
creased at all pHs. As the mole ratio of PBS was raisedassay (Fig. 8). The vesicle-vesicle fusion was concen-

BPS-NDUCED MEMBRANE FUSION
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Fig. 2. Time course of liposome fusion at three mole ratios£F0 (¢), R = 0.2 (@), and R= 0.4 (A)) of BPS in a pH 5.0 buffer solutiorfA)
The NBD-PE labeled liposomes were incubated with Rh-PE labeled liposomes for 30 miB). (B) Liposomes containing 25 mof ANTS were

incubated with liposomes containing 90unof DPX for 30 min f = 3). Data are expressed as meannt

tration dependent on each individual BPS. However, ndeFFECT oF CHOLESTEROL AND OFDOPE ON
significant difference in released calcein was observedMEMBRANE FUSION

among the three liposome concentrations on the rupture
behavior (Fig. ) indicating the concentration indepen- For liposomes without any other additive, the percentage

dence of BPS-liposome lysis profiles. of fusion increased significantlyP(< 0.05) as the pH



42 E. Liang and J.A. Hughes: BPS-induced Membrane Destabilization

DIP
40 40
35 | 35 |
30 L 30 +
g 25 5 25
— ("]
,_"E' 20 | 2 20 +
15 ® 15
10 10 -
;i H‘_\-‘\i 5l
-+ = > b o
0 0 L4 ¥ + I
4 5 é 7 8 4 5 6 7 8
pH pH
MIL
40 ¢ 40

% Fusion
% Fusion

35 - 35 4

30 + 30 +

25 . 25 +

20 | % 20

15 + 15 -

10 + 10 + .\,.__‘\‘
5 5+

z : 0: ol i‘ . 3 ,I,,‘

0 -- f 1
4 5 6 7 8 4 5 (:3 7 8
pH pH
DI
40 - 40 ¢
35 + 35 -
30 + 30 +
.E 25 4 § 25 |
é’ 20 + é 20
® 15 4 & 15 1
10 + 10 +
54 R\"\{ 5.
0 ; ' 4 ! 0 !"’-{,__?,__!
4 5 ;31 7 8 4 5 peH 7 8
A B

Fig. 3. Fusogenic properties of liposomes at three mole ratios=(R (¢), R = 0.2 (@), and R= 0.4 (A)) of BPS at different pHs(A) The
NBD-PE labeled liposomes were incubated with Rh-PE labeled liposomes for 30 min and the fluorescence intensity measured at538)nm (
(B) Liposomes containing 25 mof ANTS were incubated with liposomes containing 96 mf DPX for 30 min and the fluorescence intensity
measured at 535 nmm (= 3). Data are expressed as measnt



E. Liang and J.A. Hughes: BPS-induced Membrane Destabilization

DIP

45 o

% Release
- - [X} N w w B
(=] (4.} o [+, o (4.} o
et

4 5 6 7 8
pH
MIL
45
40 +
35
o 30T
3
3 25 +
&’ 20 +
® 15 +
10 +
i %—
0 - - [ + 1
4 5 [} 7 8
pH
DI

a5 -

40 |

% Release
e — N N w
4. o [4,] {=] [4)] (=]

4 5 6 7 8

pH

Fig. 4. Membrane rupture profile with the incorporation of BPS into
liposomes. The membrane lysis effects with BPS/liposome ratios (R
0(¢),R=01(0),R=0.2@), and R= 0.4 (A)) at different pHs
were determined by calcein release (measpjtafter 30 min o = 3).
There were significant differences among all mole ratio groups=(R
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decreased to 5.0 in both ratio groups €R0.2 and R=

0.4). Greater fusion was observed at the higher ratio
groups (R= 0.4) than in lower ones (R= 0.2) (Fig. 7).
The incorporation of 40% (weight) cholesterol into the
liposome system resulted in enhanced fusion with both
groups. However, when cholesterol was replaced by
DOPE, fusion decreased significantly € 0.001). Sig-
nificant differences B < 0.001) were observed among
the three separate formulations in both ratio groups when
the pH was dropped to 5.0.

With the same mole ratio to a neutral lipid, DOPE
and cholesterol contributed distinctively in the DIP-
liposome fusion behaviors over the observed pH (Fig. 8).
The incorporation of cholesterol into the liposomes re-
sulted in additional fusionR < 0.01) than the liposomes
with L-a-lecithin only as pH dropped to 7.0 or lower.
When cholesterol was replaced by DOPE, the fusion de-
creased significantlyR < 0.001) as pH decreased to 5.0.
The fusion affected by cholesterol was significantly
higher than that affected by DOPE € 0.001) at pH 5.0.
When the pH was raised to 6.0 or above, the fusion
affected by DOPE was significantly higher than that af-
fected by cholesterolR < 0.001).

Discussion

Nucleic acid (e.g., plasmid DNA and oligonucleotide)
therapy is a promising approach for the treatment of a
variety of disorders (Sokol & Gewirtz, 1996). Two de-
livery methods, viral and non-viral, are being studied for
cellular delivery of these nucleic acid agents. The non-
viral systems (e.g., cationic liposomes) are attractive due
to the ease of production, the ability to transfect a variety
of cell types, and the lower chance of immune reactions
(Lee & Huang; 1997). While non-viral systems are cur-
rently somewhat inefficient, they will undoubtedly im-
prove with the determination of rate-limiting mecha-
nisms that govern transgene expression (Hughes et al.
1996).

DIP, the prototypical member of the BPS family, has
been shown to increase the effectiveness of nucleic acid
delivery (Liang & Hughes, 1998; Hughes et al., 1996).
However, it is unclear how BPS destabilize the endo-
somal membrane and elicit the transfer of ODNs and
pDNA or if this is its main mechanism of action.

Both membrane fusion and rupture elicited by BPS
were pH and mole ratio dependent. As the pH became
acidic or BPS intraliposomal amounts increased (e.g.,
increasing the amount of ionized BPS), the fusion and
rupture events increased. The extent of membrane rup-
ture and fusion was also elevated when the non-chargec
BPS was equal to a mole ratio of 0.4. This effect is
possibly due to the alternations in lipid packing (New,
1990). We were unable to form BPS-liposomes as the
mole ratio of BPS to total lipids equaled 0.5 (R 0.5)
or above.
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Fig. 6. Effect of liposome concentration on membrane fusion and lysis events. The control group indicates the liposomal membrane without E
(A) A lipid mixing assay was used to quantify fusion at various liposome concentrations (37.5 mmol/ml (horizontal line bar), 75 mmol/ml (vertic
line bar), and 150 mmol/ml (solid bar)) of aR 0.2 BPS-liposome in a pH 5.0 buffer solution. Significant differences of the liposome fusion were
observed among all three concentratiqBy.A calcein release measurement was used to determine the liposome lysis behavior at increasing lipso
concentrations (3 mmol/ml (open bar), 25 mmol/ml (dotted bar), and 75 mmol/ml (vertical line bar)}00R BPS-liposome in a pH 5.0 buffer

solution. No significant difference of liposome rupture was seen among three different concentrations of any BPS. Data are expressed as Ir

sb (n = 4).

When comparing membrane fusion by these two as-  An interesting finding was observed between release
says, it was found fusion determined by the lipid mixing of liposome entrapped calcein when the BPS agent was
assay was consistently (i.e., 5-10%) higher than those bsgtdded externally as compared to direct incorporation into
the aqueous content mixing assay. This discrepancy wae liposome matrix. All three BPS agents demonstrated
attributed to the sensitivity of lipid aggregation for the similar release profiles when the un-ionized BPS agent
lipid-mixing assay. When membranes aggregate, thevas incorporated into the liposome illustrating that they
fluorescence energy from one liposome group can alsonost likely have similar mobility within the bilayer (Fig.
transfer to the other group (Duzgunes et al., 19855B). When the three agents were added from the exter-
Yeagle, 1993). The difference in the two assays could nal phase (Fig. A) to performed liposomes there was a
be also due to the hemifusion stage in liposome-liposomelrastic difference between the release profiles of the BPS
interaction. At this stage, lipids from the external leaf- agents with ester linkages (e.g., DIP and MIL) as com-
lets would mix together which proceeds liposomal con-pared to the alkyl chain analogue (DI) which demon-
tent mixing. Both events may then lead to a perceivablestrated little pH dependence. It is unlikely that this lack
higher percentage of fusion. However, with the mem-of pH dependency is due solely to changes in the pKa of
brane aggregation or at the hemifusion stage, no aqueol&PS. The different profiles may reflect the ease of the
mixing events would be observed. BPS to partition into the bilayer. BPS agents with a

The time course study using both fusion assays supmore polar head group (e.g., ester containing) would be
ports the above findings. Liposome fusion reached a plaexpected to have added resistance in membrane parti-
teau in the early period with the lipid-mixing assay. tioning. Regardless of the mechanism this is an interest-
With the agueous mixing assay, however, fusion graduing finding which will be investigated in future studies.
ally increased during the entire time period. This indi- Membrane fusion is not only dependent on the pH
cates the liposome fusion process caused by the BPS is ahd liposome formulation, but it is also directly propor-
least composed of three components, an initial liposoméional to the probability of the liposomes to associate
aggregation event followed by lipid mixing and aqueouswith each other (Ellens, Bentz & Szoka, 1984). It is
mixing. therefore an intermembrane interaction and liposome
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Fig. 7. Effect of cholesterol and of DOPE on membrane fusion. Liposomes without any co-Wpjd l{posomes containing 40% (weight)
cholesterol @) and liposomes with 40% (weight) DOPR) at two mole ratio groups R= 0.2 (A) and R = 0.4 (B) were compared in different

pH environments. The NBD-Rh fusion assay was applied and each sample was excited at 470 nm and measured at 538)nBidnificant
differences were observed among three formulations in both mole ratio groups after the pH dropped to 5.0. Data are expressedsas mean

concentration dependent (FigA) If the calcein release sectional area of the head group is similar to the cross-
is the result of leakage during the observed period causeskctional area of the hydrocarbon chains. The resulting
by fusion, it should be concentration dependent (Ellenscylindrical shape would lead to a lipid bilayer. Whep
1984). On the other hand, if membrane rupture, an in> 1 (e.g., Triton X-100), cone shapes would lead to mi-
tramembrane effect, is responsible for the majority of thecelle formation.
calcein release, it should be independent from the lipo- To support the above conclusion that BPS mem-
some concentration. The extent of calcein release causditane fusion and rupture are parts of the same membrane
by BPS depended only on the pH and liposome formu-destabilization continuum, additional studies were con-
lation (Fig. @8). Similar behaviors were also seen with ducted with alternative liposome formulations. In these
the R = 0.4 BPS-liposome groupsidta not showp  studies, the impact of cholesterol and DOPE on liposome
This indicated that both rupture and fusion are responfusion was assayed. Cholesterol is known to increase the
sible for the BPS-induced membrane defect. rigidity of the liposome structure (New, 1990) while
To understand BPS-induced membrane destabilizabOPE can destablize the liposome structure with its ten-
tion, it is necessary to comprehend the interactions bedency to form the K phase (Yeagle, 1994; Yeagle,
tween the various lipid molecules. A simple means t01993; Siegel, 1986). When cholesterol was presentin a
explain the lipid molecule interaction (e.g., hexagonal Il lecithin liposome, the addition of BPS resulted in in-
(H,)) phase, lipid bilayer phase and micellar phase) is tccreased fusion at the acidic pH. Cholesterol has also
describe the packing of lipids into a bilayer by consid- been reported to promote fusion of lipid bilayers in other
ering the shape of the molecule. This can be representestudies (Nussbaum, Rott & Loyter 1992; Vogel et al.,
more quantitatively byP, = £ whereP, is the packing 1992). However, when cholesterol was replaced by
ratio, A, is the effective cross-sectional area of the headDOPE, the liposome fusion events were significantly de-
group andA. is the effective cross-sectional area creased.
of the hydrocarbon chain region (Yeagle, 18R3WhenP, It is thought that this alteration in membrane fusion
< 1 (e.g., phosphatidylethanolamine), the inverseis due to the chemical structure configurations among the
cone shape would lead to an inverse packing (ase). liposome formulations. Cholesterol can fill the gaps be-
When P, = 1 (e.g., phosphatidylcholine), the cross- tween the hydrocarbon chains of adjacent lipid mol-
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Fig. 9. Proposed mechanism of liposome destabilization elicited by
0 % % . : BPS. At an alkaline pH, the BPS will be neutral and reside within the
4 5 6 7 8 lipid bilayer. When additional BPS are incorporated into the liposomes,
a humpbacked mixed bilayer will be built from the swollen mixed
bilayer. With less dehydration required to form the stalk, the hump-
backed mixed bilayer membrane may interact with each other more
easily. As a consequence of the decreased pH, a portion of the BPS will

L':L'Iel.c'thm on men:b_ra}ge ::L;]S('JIIZ r;'tel;lgosgr%eé (;Vggo:t :tn ); ;d(:luevant be protonated and facilitate the formation of a stalk pore at which the
(#), liposomes containing X ) fusion process will be finished. Without interaction with other mixed

ratio group R= 0.4 DIP were compared in different pH environments. . ixed bil il b -
. , transf d int
The NBD-Rh fusion assay was applied and each sample was excited etl)tllayers the humpbacked mixed bilayer will be transformed into a

470 nm and measured at 530 nm= 4). Significant differences were mixed bilayer sheet leading to rupture.
observed among three formulations at observed pHs. Data are ex-
pressed as meansp. the ionized species will reside within the lipid bilayer or
inner leaflet. With the losse lipid packing from the in-
corporation of un-ionized BPS, the swollen mixed bilay-
ecules, which will result in similar ratios of head group to ers tend to be less stable, leading to easier fusion anc
tail group and solidify the liposome. The ensuing rigid- leakage (Figs. 3 and 4), corresponding to the increasing
ity of the cholesterol-liposome with reduced ability to amounts of BPS packed within the bilayer. As the
accommodate other lipophilic compounds within the bi-amount of BPS in the membrane increases, the swollen
layer can then facilitate membrane fusion after the conmixed bilayer may be transformed into a humpbacked
version of the protonated BPS. When DOPE was presennixed bilayer at which the BPS will reside within re-
in the liposome formula, the packing ratio of BP& &  gions of high negative curvature. The imidazole head
1) was similar to the |l phase of DOPER, < 1) which  group which is more hydrophobic than lecithin's head
made the liposome more fusogenic than liposomes withgroup would require less dehydration to form the stalk,
out DOPE at an alkaline pH (Figs. 7 and 8). This effectthe first step in the membrane fusion process, thus fa-
was more evident in the presence of extra 10% (mol) ofvoring this transition and resulting in the lipid mixing
DOPE in the liposomes (Fig. 8). As the pH decreasedeffects (Figs. 2 and 3). When a portion of the BPS is
the protonated BPSP( > 1) became complementary to protonated P, > 1) as a consequence of the acidic pH
DOPE @, <1). Instead of causing fusion, the liposomespresent in the system, a stalk pore will be created to
would then tend to remain as an intact bilayer structure asomplete the fusion process resulting the content mixing
the pH decreased. When the amount of PBS was 20%ffects (Figs. B and B). Without any further interac-
(mol) more than that of DOPE at which the BPS out- tion between other humpbacked mixed bilayers (Fig. 6),
weighed DOPE, the fusion was relatively stable in thethe protonated BPS may transform the humpbacked
pH range of 6-8 and increased at pH 5dath not mixed bilayer to a mixed bilayer sheet (Lasch, 1995) in
showr). However, as expected, the increased fusion wasvhich only a rupture event will be observed (Fig. 4).
less than the liposomes without DOPE. The above hypothetical membrane fusion description is
Based upon the generated data and existing literaturenly one of the reported mechanisms that have been
regarding membrane fusion and rupture mechanism, wproposed for membrane fusion (Yeagle, 1997). Other
proposed a BPS-induced membrane defect mechanismodels of fusion such as inverted micelle intermediates
(Fig. 9). Itis suggested that at an alkaline pH, un-ionizedmay also show BPS dependency but were not addresse
BPS having a relatively small head group as compared tin the current study.

pH

Fig. 8. Effect of equal mole ratio of cholesterol and of DOPE to
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BPS may induce membrane defects leading to fusiont is unclear why DIP increases leakage over the other
and rupture by alternative routes in comparison of othetwo agents but this may be related to the branched meth-
fusogenic compounds. The difference in events is paryl group near the head group whose steric effect may
tially attributed to BPS’s unique chemical features.facilitate membrane destabilization.

When BPS are un-ionized (pH 7.4), it can be incorpo- In conclusion, to enhance membrane fusion, nega-
rated into the liposome hydrophobic regions but oncefive curvature B, < 1) compounds can facilitate the for-
ionization occurs, it will behave as a surfactant. Tradi-mation of the stalk and positive curvatur, ¢ 1) com-
tionally, commonly studied surfactants (e.g., sodium do{oounds are preferred for the formation of the stalk pore
decyl sulfate) have always interacted with the first mem-to complete the membrane fusion process (Chernomor-
brane encountered; in most cases the outer lipid leaflet oflik, Kozlov & Zimmerberg, 1995). The unique chemical
a bilayer. When surfactants are added to the externditructure of BPS allows coexistence of both un-ionized
aqueous environment of biological membranes, they will(Pr < 1) and ionized BPSR, > 1) species during the
interact with the membranes leading to mixed micellesfusion process. Instead of causing membrane fusion
A recent report (Melikyan et al., 1997) indicated the With the H, phase similar to DOPE, BPS seemed to be
inner membrane leaflet controlled membrane fusion@Pl€ to participate in membrane fusion at different stages

when a hemagglutinin-peptide was the triggering agent(Stalk and stalk pore). The above results implied ex-
If the results from this study can be applied to our model @Mples of how BPS agents can induce both membrane

agents which alter the inner leaflet may then increasd!Sion and rupture in pH and concentration dependent
membrane fusion. Due to the uncharged lipophilic na-nanner. It should be noted, however, that there was little

ture of BPS at pH 7.4, it was hypothesized that gpsstructure activity relationship between the BPS agents
would distribute to the inner leaflet similar to other com- 219 their membrane destabilization effects in the study.

pounds with relative small head groups (Wichaetson, il S B SRR BTN EEROASIR SIE BEIE,
Horwitz & Klein, 1973; Huang et al., 1974) and demon- y 4

strate a portion of its activity at this location. In the fects of the BPS agents, more work regarding diverse

current discussion the influence of the transmembrangead groups, linkers, and aliphatic tails is required.

pH gradient formed by incubating the liposomes at acidic , . . . .
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