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High-Generation Polycationic Dendrimers Are Unusually Effective
at Disrupting Anionic Vesicles: Membrane Bending Model
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The membrane disruption properties of high generation (G4 to G7) poly(amidoamine) (PAMAM)
dendrimers are evaluated and compared to linear poly(lysine). The G6 and G7 dendrimers are
unusually effective at inducing leaky fusion of anionic, large unilamellar vesicles, as determined by
standard fluorescence assays for lipid mixing, leakage, and contents mixing. Both G7 dendrimer and
poly(lysine) are able to disrupt sterically stabilized vesicles that are coated with poly(ethylene glycol).
A G7 dendrimer/DNA complex with a 1:1 concentration ratio of dendrimer surface amines to DNA
phosphate groups is unable to induce leakage of 3:7 POPA-PE vesicles; however, extensive leakage is
observed when the surface amine to phosphate stoichiometry is >3:1. Thus, the DNA/dendrimer
complexes that typically induce high levels of cell transfection are also able to induce high levels of
vesicle leakage. The G7 dendrimer does not induce membrane phase separation in 3:7 POPA-PE
vesicles, but an inverse hexagonal phase is observed by 3P NMR. The enhanced membrane disruption
is interpreted in terms of a membrane bending model. A rigid, polycationic dendrimer sphere uses
electrostatic forces to bend a malleable, anionic membrane and induce bilayer packing stresses. This
bending model is biomimetic in the sense that protein-induced membrane bending is currently thought

to be an important factor in the fusion mechanism of influenza virus.

INTRODUCTION

Dendritic polymers have a promising future as drug
delivery vehicles (1, 2) and as cell transfection agents (3—
14). The hope is that dendrimers will enhance efficacy
by improving delivery issues such as targeting, stability,
and bioavailability. At present, the field is in its infancy,
and the literature contains little discussion of how
delivery is likely to occur at the molecular level. In
particular, the current understanding of how dendrimers
interact with bilayer membranes is quite weak. A major
problem is the complexity and heterogeneity of the
biomembrane matrix which makes it difficult to interpret
results. Similarly, enhanced cell transfection has been
reported using polydisperse mixtures of fractured den-
drimers as DNA carriers (3); however, it is difficult to
rationalize these results without knowing more about
these complex delivery systems. In an effort to better
understand the underlying supramolecular chemistry, we
have chosen to study the interaction of monodisperse
dendrimers with vesicle membranes.

This paper describes the effects that commercially
available polycationic polyamidoamine (PAMAM)! den-
drimers have on anionic unilamellar vesicles. The PAM-
AM dendrimers have an ethylenediamine core (Scheme
1) and are prepared by an iterative sequence of reactions
(2). The number of surface amine groups doubles with
each generation and the dendrimer diameter increases
incrementally (Table 1). Generations 4 (G4) and below
have open structures and ellipsoidal shapes, whereas G5
and above have closed-shell structures and are spherical
(2, 15). The goal of the study was to ascertain if PAMAM
dendrimers interact with vesicle membranes in a size-
or shape-dependent manner. We have evaluated the
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membrane disruption ability for dendrimer generations
G4 to G7, and we find that, compared to linear poly-
(lysine), the higher generations are unusually effective
at disrupting anionic vesicle membranes. A biomimetic
membrane bending model is proposed to explain this
observation.

EXPERIMENTAL PROCEDURES

All phospholipids including NBD-PE and Rh-PE were
purchased from Avanti Polar Lipids. Py-PE, Py-C10-
HPM, R18, ANTS, and DPX (Molecular Probes), poly-
(lysine) HBr salts (Sigma, polydispersity of 1.2), and
49K D-poly(glutamic) acid sodium salt (Sigma, polydis-
persity of 1.2) were purchased and used without further
purification. The 4.7 kb pEGFP-N1 vector (Clontech) was
propagated in Escherichia coli and purified using a
QIAGEN tip and the associated QIAGEN protocol. Fluo-

1 Abbreviations: ANTS, 1-aminonaphthalene-3,6,8-trisulfo-
nate; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DPX,
N,N'-p-xylenebis(pyridinium bromide); HPTS, 8-hydroxypyrene-
1,3,6-trisulfonic acid; NBD-Taurine, N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)aminoethanesulfonic acid; LUVs, large unilamellar
vesicles; NBD-PE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine- N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl); PAMAM, poly-
amidoamine; PE, phosphatidylethanolamine (egg); PEG, poly-
(ethylene glycol); PEG-2000-DOPE, 1,2-dioleoyl-sn-phospha-
tidylethanolamine-N-(poly(ethylene glycol)2000); POPA, 1-palm-
itoyl-2-oleoyl-sn-glycero-3-phosphatidic acid; POPC, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine; POPS, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoserine; PS, phosphatidylserine (bovine brain);
Py-C10-HPM, 1-hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-
3-phosphomethanol; Py-PE, 1-hexadecanoyl-2-(1-pyrenedecanoyl)-
sn-glycero-3-phosphoethanolamine; R18, octadecyl rhodamine
B chloride; Rh-PE, 1,2-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl); SUVs, small
unilamellar vesicles; TES, N-tris(hydroxymethyl)methyl-2-ami-
noethanesulfonic acid.
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Table 1. Polymer Sizes
molecular no. of surface mean
polymer weight amines diameter (nm)
G4-PAMAM 14 2152 642
G5-PAMAM 28 8262 1282 4.3¢
G6-PAMAM 58 0482 2562 6.9¢
G7-PAMAM 116 4932 5122 8.0¢
7.5K-poly(lysine) 7500P 36P
34K-poly(lysine) 34 300° 164°
100K-poly(lysine) 99 500 476

a Theoretical value. b Average value, polydispersity around 1.2.
¢ Experimental values reported in ref 15.

rescence measurements were recorded on a Perkin-Elmer
LS 50B instrument and all experiments were conducted
at 25 °C.

PAMAM Dendrimers. The dendrimers were pur-
chased from Dendritech. An ongoing concern in den-
drimer science is sample purity. It is not straightforward
to unambiguously establish the structural purity of high-
generation dendrimers. The two most likely impurites
are larger dendrimer—oligomers and smaller low-genera-
tion structures. A chromatographic analysis of the G7
dendrimers used in this study, conducted by the vendor,
indicated that the sample was approximately 90% mono-
dendrimer, 7% oligodendrimer, and 3% low-generation
material. Thus, we cannot rule out the possibility that a
fraction of the membrane disruption activity induced by
the G7 dendrimer sample may be due to a small amount
of highly active oligodendrimer impurity. However, even
if this is true, the proposed model for dendrimer-induced
membrane disruption would be essentially unchanged.

Vesicle Preparation. A solution of lipids in chloro-
form was evaporated using a rotary evaporator (<30 °C),
and the resulting film was dried under vacuum for at
least 1 h. The vesicles were dispersed in (1) 25 mM ANTS
in 40 mM NaCl/5 mM TES (pH 7.4), (2) 90 mM DPX in
5 mM TES (pH 7.4), or (3) 12.5 mM ANTS/45 mM DPX/
20 mM NacCl/5 mM TES (pH 7.4) with the aid of a Vortex
mixer. Pyrex glass beads were added before vortexing to
facilitate removal of the lipid film from the sides of the
flask. The resulting opaque dispersion was frozen in an
ethanol/dry ice bath and then allowed to thaw in a water
bath at 35—40 °C. This freeze—thaw cycle was repeated
10 times. The resulting mixture was extruded, at room
temperature, 29 times through a 19 mm polycarbonate
filter (Nucleopore) typically with 100 nm diameter pores
using a hand-held Basic LiposoFast device purchased
from Avestin. The size of vesicles was routinely checked
by dynamic light scattering using a Coulter N4 plus
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instrument. Separation of untrapped marker compound
was achieved by dialysis (15 000 MW cutoff) against 150
mM NaCl.

Lipid Mixing Assays. Extents of lipid mixing were
determined using three types of fluorescence probe dilu-
tion assays (16, 17). The first two assays use anionic
probes whereas the third uses a zwitterionic probe.

NBD-PE/Rh-PE Assay. One population of vesicles
contained the probes NBD-PE and Rh-PE (0.6% each),
whereas another population was unlabeled. Excitation
was set at 470 nm and fluorescence emission was
measured at 530 nm using a 515 nm filter. Labeled
vesicles were mixed with an equal population of unla-
beled vesicles (final lipid concentration was 50 uM) in 3
mL, pH 7.4, of buffer (100 mM NaCl/5 mM TES). Lipid
mixing results in an increase in NBD-PE fluorescence
intensity due to diminished quenching as the two probes
are diluted. The residual fluorescence was taken as 0%
lipid mixing, and 100% mixing was set using vesicles
containing 0.3% of the probes. Control experiments
showed that NBD-PE fluorescence is not affected by
interactions with the polycations. For example, addition
of polycations to solutions of probe-containing vesicles
that had been disrupted with Triton X-100 produced no
change in fluorescence.

R18 Assay. Excitation was set at 560 nm and fluo-
rescence emission was measured at 590 nm. The 2% R18
labeled vesicles (5 «M) were mixed with unlabeled
vesicles (45 uM) in 3 mL of 100 mM NaCl/5 mM TES
(pH 7.4) buffer. The initial fluorescence was taken as 0%
lipid mixing and 100% mixing was determined by addi-
tion of Triton X-100 to give 0.5%(w/v).

Py-PE assay. Excitation was set at 320 nm and
fluorescence emission was measured at 395 and 470 nm.
The ratio of 1470nm(€X) t0 l3gsnm(Mon) was determined as
a function of time. The 5% labeled vesicles (5 uM) were
mixed with unlabeled vesicles (45 M) in 3 mL of 100
mM NaCl/5 mM TES (pH 7.4) buffer. Vesicles (50 uM)
containing 0.5% of Py-PE were used to calibrate the ratio
of 1470nm(€X)/1395nm(mMon) corresponding to 100% lipid mix-
ing.

Leakage Assay. The fluorophore ANTS and its colli-
sional quencher DPX were co-encapsulated in a single
population of vesicles. Leakage results in an increase in
ANTS fluorescence intensity due to dimished quenching
as the two probes are diluted (17). Control experiments
established that both dendrimer and poly(lysine) slightly
enhance the fluorescence of ANTS but the presence of
excess poly(glutamate) restores the original fluorescence
intensity. Excitation was set at 355 nm and fluorescence
emission was measured at 530 nm using a 515 nm filter.
At t = 0 s, vesicles (50 uM lipid) containing ANTS/DPX
were dispersed in 3 mL of 100 mM NaCl/5 mM TES (pH
7.4) buffer, and the residual fluorescence was taken as
0% leakage. At t = 100 s, the system was treated with
polycation, and at t = 300 s, poly(glutamate) was added
to eliminate extraneous signal due to polycation/ANTS
interaction. The fluorescence intensity corresponding to
100% leakage was determined by addition of 0.3% (w/v)
Triton X-100.

Contents Mixing Assay. Attempts to measure aque-
ous contents mixing using the Th3*/DPA asssay (17) were
unsuccessful due to light scattering problems. The use
of sodium inositol hexaphosphate as a vesicle deaggre-
gation agent was not helpful in our hands (18). The
calcein/Co?t assay (19) could not be employed due to
precipitation of a dendrimer/Co?" complex. A problem
with the ANTS/DPX assay (17) was enhancement of
leaked ANTS fluorescence upon interaction with the
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dendrimer; however, the presence of excess poly(glu-
tamate) reverses the polycation/ANTS interaction and
restores the original ANTS emission spectrum. Att =0
s, vesicles containing ANTS were mixed in 3 mL of 100
mM NaCl/5 mM TES (pH 7.4) buffer with an equal
concentration of vesicles containing DPX (final lipid
concentration was 50 uM). At t = 100 s, the system was
treated with polycation, and at t = 300 s, poly(glutamate)
was added. The initial fluorescence was taken as 0%
contents mixing, and a solution of ANTS/DPX-containing
vesicles (50 uM) in 3 mL of 100 mM NacCl/5 mM TES
(pH 7.4) buffer was used for the calibration of 100%
contents mixing.

31P NMR. Aqueous lipid dispersions were prepared by
vortexing 50 mM POPA/PE (3:7) in 1.0 mL of an aqueous
buffer (100 mM NaCl, 5 mM TES, pH 7.4) and then
adding of G7-PAMAM dendrimer or 100K-poly(lysine) (10
mM of surface amines). Prior to the NMR measurements,
0.1 mL of D,O was introduced into the samples. The 3P
NMR spectra (121 MHz) were acquired at 25 °C using a
phase-cycled Hahn spin—echo sequence (20). In each
case, about 1000 scans were collected with a recycling
delay of 3 s and line broadening of 100 Hz. The chemical
shifts are relative to small phosphatidylcholine vesicles
at 0 ppm.

Dendrimer Internalization Assays. Three different
methods were used to detect dendrimer entry into 3:7
POPA/PE vesicles.

HPTS/DPX Assay (21). A dispersion (311 uL) of G7-
PAMAM, the water-soluble anionic dye HPTS, and 3:7
POPA/PE vesicles (200 nm) was incubated for 200 s at
25 °C and then added to a gently stirred solution of 40
mM DPX (2689 uL) (final concentrations: G7-PAMAM
surface amine 10 uM, HPTS 1.0 uM, and phospholipids
1.0 mM). The intensity of the HPTS emission at 510 nm
was measured using the pH-independent excitation
wavelength of 413 nm (1). In a separate experiment, the
HPTS intensity was measured for a sample that con-
tained water instead of 40 mM DPX (lig). Finally,
aqueous Triton X-100 was added (0.5% w/v) to the DPX
containing sample and the intensity of the HPTS emis-
sion at 413 nm was remeasured (lp). The percentage of
internalized HPTS was calculated as (I — 1g)/(l100 — lo) %
100%.

NBD-Taurine Assay. To a mixture of G7-PAMAM (5
uM of surface amine) and NBD-taurine (0.5 uM) in 3 mL
of buffer (100 mM NaCl, 5 mM TES, pH 7.4) were added
3:7 POPA/PE vesicles (50 uM; 100, 200, or 400 nm). After
incubation at 25 °C for 200 s, the dispersion was treated
with poly(glutamate) (250 uM of surface carboxylate), and
then 200 s later, the intensity of the NBD-taurine
emission at 530 nm using excitation wavelength of 470
nm was measured (l100). Sodium dithionite (30 mM) was
added and the NBD-taurine emission was measured after
10 min (I). Finally, aqueous Triton X-100 was added
(0.5% wi/v) and the NBD-taurine emission was measured
(lp). The percentage of internalized NBD-taurine was
calculated as (I — lo)/(l100 — lo) x 100%.

NBD-G7 Assay. An NBD—dendrimer conjugate (10%
NBD—G7) with 10% of the surface dendrimer amines
labeled with NBD was prepared by stirring a mixture of
G7-PAMAM (9.1 mg, 40 umol surface amine) and 7-ni-
trobenz-2-oxa-1,3-diazol-4-chloride (NBD-CI, 0.8 mg, 4.0
umol) in methanol (500 uL) in the dark at room temper-
ature for 18 h. TLC (silica gel/chloroform) indicated that
the NBD-CI was consumed. The solvent was evaporated
to give a yellow solid which was used without purifica-
tion. To a solution of 10% NBD—G7 (10 uM of surface
amine) in 3 mL of buffer (100 mM NacCl, 5 mM TES, pH
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Figure 1. Lipid mixing of 3:7 POPA/PE vesicles at pH 7.4 and
25 °C. A population of vesicles containing NBD-PE/Rh-PE was
mixed with an equal amount of unlabeled vesicles (final [phos-
pholipid] = 50 uM), and treated with polycation at t = 100 s. In
each case, the concentration of polymer surface amines was 10
uM.

7.4) was added 3:7 POPA/PE vesicles (200 nm, 1.0 mM).
After incubation at 25 °C for 200 s, the intensity of the
10% NBD—G7 emission at 530 nm was measured using
excitation wavelength of 470 nm (l100). Sodium dithionite
(30 mM) was added and the emission was measured after
10 min (I). Finally, aqueous Triton X-100 was added
(0.5% w/v) and the 10% NBD—G7 emission was measured
(lp). The percentage of internalized 10% NBD—-G7 was
calculated as (I — 1o)/(1100 — lo) x 100%.

RESULTS

Lipid Mixing. The polycation-induced intermixing of
lipid bilayers was monitored using three different fluo-
rescence probe dilution assays (16, 17) Generally, the
resonance energy transfer pair of NBD-PE and Rh-PE
was employed. Since these probes are anionic and the
fusogens are polycationic, it was important to eliminate
the possibility of artifacts due to probe transfer, phase
separation, and probe/polycation interaction. Therefore,
a number of the lipid-mixing experiments were repeated
using the R18 probe or the zwitterionic Py-PE. In
essentially all cases, the lipid mixing results were found
to be probe independent.

The first vesicles examined were anionic, large unila-
mellar vesicles (LUVs, 100 nm diameter) composed of 3:7
POPA/PE. Two equal populations of 3:7 POPA/PE vesicles
were mixed at t = 0 s (final concentration of phospholipid
was 50 «M). One population contained the NBD-PE and
Rh-PE, whereas the other was unlabeled. An aliquot of
polymer was added at t = 100 s, to give a final concentra-
tion of polymer surface amines of 10 uM. As shown in
Figure 1 and Table 2 (entry 1), the extent of lipid mixing
increased only slightly with the molecular weight of poly-
(lysine), but increased markedly with dendrimer molec-
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Table 2. Extents (%) of Lipid Mixing, Leakage, and Contents Mixing?

vesicle G4 G5 G6 G7 7.5K 34K 100K
entry assay composition PAMAM PAMAM PAMAM PAMAM poly(lysine) poly(lysine) poly(lysine)
1 lipid mixing POPA-PE 3:7 16 46° 53 64 130 24 26
2 lipid mixing POPS-PE 3:7 45 10
3 lipid mixing POPA-POPC 3:7 c c c 2 0 c c
4 lipid mixing PS-POPC 3:7 c c c 0 c c c
5 lipid mixing POPA-POPC 4:1 b 0 7 25 3 11 14
6 lipid mixing PS-POPC 4:1 0 4 7 20 0 0
7 lipid mixing PS c c c 18 c c 0
8 leakage POPA-PE 3:7 5P 6 37 58 4 4 4
9 contents mixing POPA-PE 3:7 11° 6 6 4 19 12 12

a100 nm unilamellar vesicles, total lipid concentration = 50 4M, concentration of polymer surface amines = 10 uM. ° Precipitation
occurred after measurement. ¢ Rapid precipitation obscured measurement.
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Figure 2. Lipid mixing as a function of the concentration ratio
of polymer surface amines to POPA (100 nm, [phospholipid] =
50 uM, pH 7.4, 25 °C) (a) 3:7 POPA/PE vesicles: (a) 100K-poly-
(lysine), NBD-Rh assay; (¢) G7-PAMAM, NBD-Rh assay; (O)
G7-PAMAM, Py-PE assay; (O0) G7-PAMAM, R18 assay. (b) 3:7
POPA/PE vesicles containing 2% PEG-2000-DOPE: () G7-
PAMAM, NBD-Rh assay; (O) G7-PAMAM, R18 assay. Uncer-
tainty £+ 5% units.

ular weight. Furthermore, a high-generation dendrimer
was more effective than a poly(lysine) with a similar
number of surface amines. When excess poly(glutamate),
a strong binder of polycations (22), was added to the
vesicles before the polymer, no lipid mixing occurred,
indicating that electrostatic interactions are driving
vesicle aggregation and the subsequent lipid mixing.
The effect of polycation concentration on lipid mixing
was examined using G7 dendrimer and 100K-poly-
(lysine). As shown in Figure 2a, the general trend is the
same for both polycations; that is, the extent of lipid
mixing of 3:7 POPA/PE vesicles initially increases with
concentration, reaches a maximum, and then decreases

(18, 23, 24) At low concentrations, the polycations cross-
link and aggregate the anionic vesicles, but at higher
concentrations the polycations coat the vesicles and
hinder close approach. In the case of poly(lysine), lipid
mixing was a maximum when the concentration ratio of
surface amine to POPA was 1, an observation that has
been noted before (23). In the case of G7 dendrimer, lipid
mixing was maximal when the ratio of surface amine to
POPA was about 3. The higher charge ratio is likely due
to the rigid and spherical structure of the dendrimer
which can only contact a vesicle with a fraction of its
available surface amines. Thus, a higher concentration
of surface amines is needed to reach the optimal level of
cross-linking and charge neutralization.

The results of vesicle composition studies are sum-
marized in Table 2 (entries 1-7). When the fusion
inhibitor POPC (18, 25) was used instead of PE, almost
no lipid mixing was observed with G7 dendrimer (com-
pare entries 1 and 3). However, significant lipid mixing
occurred when the fraction of POPA was increased
(compare entries 3 and 5). Interestingly, there was little
or no lipid mixing induced by 100K-poly(lysine) when PS
was used instead of POPA (compare entries 1 and 2 and
5 and 6) or even when the LUVs were composed of 100%
PS (entry 7). This observation is in agreement with a
previous study using LUVs (18), but contrasts with a
report that poly(lysine) is able to fuse SUVs containing
PS (23).

As summarized in Table 3, the presence of 2% PEG-
2000-DOPE in 3:7 POPA/PE vesicles greatly decreases
the extent of lipid mixing induced by CacCl, (entry 10).
In this case, aggregation of the sterically hindered
vesicles, a requisite step for fusion, is greatly inhibited
(26). In contrast, both G7-PAMAM dendrimer (entries 12
and 13) and 100K-poly(lysine) (entries 14 and 15) are still
able to induce the sterically stabilized vesicles to undergo
significant amounts of lipid mixing. A study of lipid
mixing as a function of G7 dendrimer concentration
resulted in a bell-shaped profile that closely matches that
seen with conventional 3:7 POPA/PE vesicles (Figure 2).

The effect of added NaCl on polycation-induced lipid
mixing of 3:7 POPA/PE vesicles is summarized in Table
4. Surprisingly, the extent of lipid mixing increases with
increasing NaCl concentration. This relationship is the
reverse to that observed with Ca?™-mediated fusion (27).

Leakage. Leakage was measured using the ANTS/
DPX fluorescence assay (17) As shown in Figure 3 and
Table 2 (entry 8), low and high molecular weight poly-
(lysine) induced very little leakage. The same result was
obtained with the low-generation dendrimers but the G6
and G7 dendrimers induced rapid and drastic leakage.
When excess poly(glutamate) was added before the
polycations no leakage occurred. Leakage from conven-
tional and sterically stabilized 3:7 POPA/PE vesicles was
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Table 3. Extents (%) of Cation-Induced Lipid Mixing of Conventional and Sterically Hindered Vesicles?

charge conventional sterically

entry assay cation ratio (£)P (3:7, POPA/PE)? hindered?
10 R18 CaCl, (1 mM) 86 7
11 NBD-PE Rh-PE CaCl, (20 mM) 6
12 R18 G7 PAMAM 1:1 69 59
13 NBD-PE Rh-PE G7 PAMAM 1:1 83 71
14 R18 100K poly(lysine) 11 39 15
15 NBD-PE Rh-PE 100K poly(lysine) 1:1 41 35

a Conventional vesicles were 3:7 POPA/PE (100 nm, 50 uM phospholipid, pH 7.4, 25 °C). Sterically hindered vesicles contained an
additional 2% PEG-2000-DOPE, lipid mixing uncertainty & 5%. ® Concentration ratio of polycation surface amines to POPA.

Table 4. Effect of NaCl Concentration on Extent (%) of
Polycation-Induced Lipid Mixing of 3:7, POPA/PE
Vesicles?

[NaCl] (mM) G7 PAMAMP 100K poly(lysine)®
100 56 34
200 78 35
300 74 33
400 78 42
500 67 41

a [phospholipid] = 50 «M, 5 mM TES buffer, pH 7.4, 25 °C, lipid
mixing uncertainty + 5%. P Concentration ratio of polycation
surface amines to POPA was 2:3.
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Figure 3. Leakage from 3:7 POPA/PE vesicles (100 nm,
[phospholipid] = 50 uM, pH 7.4, 25 °C) containing ANTS/DPX.
The vesicles were treated with polymer at t = 100 s (in each
case, the concentration of polymer surface amines was adjusted
to 10 uM), and with poly(glutamate) (500 M carboxylates) at t
=300 s.

monitored as a function of G7-PAMAM concentration. As
shown in Figure 4, both systems exhibit bell-shaped
dependencies that are very similar to the lipid mixing
profiles in Figure 2.

The leakage of ANTS/DPX from 3:7 POPA/PE vesicles
at pH 7.4 (100 mM NaCl/5 mM TES) and 25 °C induced
by complexes of DNA and G7 dendrimer is shown in
Figure 5. DNA (pEGFP-N1 vector, 4.7 kb, the plasmid
codes for enhanced green fluorescent protein and is
commonly used to measure cell transfection efficiency)
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Figure 4. Leakage as a function of the concentration ratio of
G7-PAMAM surface amines to POPA (pH 7.4, 25 °C); (O) 3:7
POPA/PE vesicles (100 nm, [phospholipid] = 50 uM); (®)
sterically hindered 3:7 POPA/PE vesicles containing 2% PEG-
2000-DOPE. Uncertainty + 5%age units.
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Figure 5. Leakage from 3:7 POPA/PE vesicles (100 nm, 50
uM lipid, pH 7.4, 25 °C) containing ANTS/DPX, induced by G7
dendrimer/DNA complexes at different concentration ratios of
dendrimer surface amine to DNA phosphate groups. In each
case, the concentration of G7 dendrimer surface amines was 10
uM.

and G7 dendrimer were mixed at different concentration
ratios of dendrimer surface amine to DNA phosphate
group. After 5 min, the dendrimer/DNA complexes were
added to the vesicles (50 uM phospholipid) at pH 7.4 (100
mM NacCl/5 mM TES). In each case, the final concentra-
tion of G7 dendrimer surface amines was 10 uM. No
leakage was observed when the surface amine/DNA
phosphate ratio was unity, whereas the leakage induced
by a surface amine/DNA phosphate ratio of 3:1 was 80%
of the extensive leakage induced by G7 dendrimer alone.
Previous work has shown that monodisperse particles are
formed when the surface amine/DNA phosphate ratio is
3:1, with diameters around 100 nm and ¢-potentials of
+50 mV (28-30).

Contents Mixing. The amount of contents mixing of
3:7 POPA/PE vesicles, determined using the ANTS/DPX
assay (17), is summarized in Table 2 (entry 9). Poly-
(lysine) induced a modest amount of contents mixing at
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Figure 6. Excimer/monomer ratio as a function of the concen-
tration ratio of G7-PAMAM surface amines to POPA (3:7 POPA/
PE vesicles, 100 nm, 50 uM phospholipid, pH 7.4, 25 °C); (O)
Py-PE; (@) Py-C10-HPM.

about the same rate as lipid mixing (see Figure 1). Very
little contents mixing was observed with G6 and G7
dendrimers because leakage was so rapid and extensive.

Membrane Fluidity. Pyrene-containing lipids are
used as probes to detect lateral phase separation and
changes in membrane fluidity (31, 32). Polycations have
been shown to induce phase separation in certain anionic
membranes, which is reflected by an increase in the
pyrene excimer/monomer ratio (31), whereas in other
cases, an observed decrease in excimer/monomer ratio
has been interpreted as a decrease in the rate of lateral
diffusion (31, 32). Two pyrene-containing probes were
used in this study, zwitterionic Py-PE and anionic Py-
C10-HPM. Addition of increasing amounts of G7 den-
drimer to 3:7 POPA/PE vesicles containing 5% Py-PE (50
uM lipid, pH 7.4) resulted in no detectable change in the
excimer/monomer ratio (Figure 6). Addition of increasing
amounts of G7 dendrimer to 3:7 POPA/PE vesicles (50
uM lipid, pH 7.4) containing 5% Py-C10-HPM produced
a U-shaped dependence, with an initial decrease in the
excimer/monomer ratio followed by a subsequent increase
(Figure 6). The data indicates that G7 dendrimer does
not induce phase separation in 3:7 POPA/PE vesicles,
does not effect the lateral diffusion of the zwitterionic PE,
but does slow the diffusion of the anionic POPA. The
U-shaped dependence on excimer/monomer ratio has
been noted before (31—33) and is attributed to the
gradual delocalization of positive sites as the membrane
surface becomes saturated with polycation.

3P NMR spectroscopy. 3P NMR line shapes are
often used to identify changes in membrane morphologies
(34). For example, 3P NMR was employed in conjuction
with freeze—fracture techniques to show that the near-
spherical polycationic protein, cytochrome c, induces
anionic cardiolipin-containing membranes to undergo a
phase change from bilayer to inverse hexagonal, Hy, (35).
In contrast, linear poly(lysine) does not induce such a
morphology change to inverse membrane curvature (36).
A similar result is seen in Figure 7, which shows the
change in 3P NMR line shapes upon treatment of 3:7
POPA/PE vesicles (50 mM lipid, pH 7.4, 5 mM TES, 100
NaCl) with polycation. In the absence of polycation the
typical bilayer pattern is observed (Figure 7A). Addition
of poly(lysine) (10 mM of surface amines) results in
precipitation with no major change in line shape (Figure
7B). Addition of G7-PAMAM dendrimer (10 mM of
surface amines) also produces a precipitate, but there is
concomitant formation of hexagonal 11 phase as reflected
by the reduced line width and the characteristic reverse
peak asymmetry (Figure 7C) (34, 35)
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Figure 7. 3P NMR spectra of 3:7, POPA/PE vesicles (50 mM
phospholipid) in 5 mM TES, 100 mM NaCl, pH 7.4, 25 °C. (A)
no addition, (B) addition of 100K-poly(lysine) (10 mM surface
amines), (C) addition of G7-PAMAM dendrimer (10 mM surface
amines).

No Dendrimer Internalization. Three related as-
says were used to determine if the G7-PAMAM dendrim-
ers were internalized by 3:7 POPA/PE vesicles at pH 7.4.
The first method was recently described by Tedesco and
Matile (21). Vesicles (3:7 POPA/PE, 200 nm) were treated
with dendrimer (at low surface amine to POPA) and the
anionic fluorescent dye HPTS. If the dendrimers entered
the vesicle by an endovesiculation mechanism, then
presumably some HPTS should also be internalized at
the same time. The internalized HPTS can be detected
because it is protected from the externally added quench-
er DPX (21). The second method employed the anionic
water soluble dye NBd-taurine as a replacement for
HPTS and used externally added sodium dithionite as a
chemical quencher of the NBD-taurine (37) Both methods
were unable to produce evidence for internalization of
the anionic dyes. A third method resorted to covalent
attachment of the NBD dye to the PAMAM dendrimer.
A dendrimer—NBD conjugate (10% NBD—G7) was pre-
pared with 10% of the surface dendrimer amines labeled
with NBD. Incubation of the 10% NBD—G7 conjugate
with excess 3:7 POPA/PE vesicles, and subsequent
chemical quenching by dithionite again showed no evi-
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dence for internalization of the NBD—G7 conjugate. We
conclude that the dendrimers are not internalized into a
protective environment within the vesicles, although the
results do not rule out the possibility that dendrimers
enter the vesicles but remain accessible to the quenching
probes.

DISCUSSION

Membrane Disruption Using Poly(Lysine). Pep-
tidyl polycations such as poly(lysine) are well-known to
bind tightly to anionic vesicles [each basic residue
contributes about 1 kcal/mol to the membrane binding
energy (38, 39)] and promote vesicle—vesicle interaction.
The specific outcome (aggregation, leakage, lipid mixing,
contents mixing) depends on the composition and size of
the vesicles. For example, poly(lysine) promotes the
aggregation and complete fusion of anionic SUVs (23, 40),
whereas treatment of LUVs with poly(lysine) usually
results in hemifusion, i.e., lipid mixing only and no
mixing of aqueous contents (18, 41). The increased
fusogenicity of SUVs is attributed to the greater mem-
brane curvature strain (42).

During the course of this study we confirmed a previ-
ous report (18) that poly(lysine) is able to promote the
lipid mixing of PA-containing LUVs more effectively than
PS-containing LUVs (entries 1, 2, 5—7, Table 2). This
may be due to the different structures that poly(lysine)
forms on the membrane surfaces. It is well-established
that poly(lysine) is a random coil in neutral solution, but
adopts a 3-sheet on a PA membrane surface (43—45), and
forms a-helices on a PS membrane surface (46). The same
conformations but with reduced content are also observed
in mixed PA—PC (47) and PS—PC (46) vesicles. In
addition, there is evidence that poly(lysine) induces
significant lateral phase separation in PA—PC vesicles
(44, 45, 48) but not so in PS—PC (46) or PS—PE vesicles
(32). Thus, poly(lysine) g-sheets on a PA surface appear
to induce more lipid mixing than a-helices on a PS
surface. The f-sheet structures may force a closer ap-
proach of apposed dehydrated surfaces, and/or increase
the number of surface defects due to lateral phase
separation (49).

Membrane Disruption Using PAMAM Dendrim-
ers. High-generation PAMAM dendrimers are unusually
effective at disrupting anionic vesicles. Specifically, G6
and G7 dendrimers rapidly induce large amounts of lipid
mixing and leakage of aqueous contents (Figures 1 and
3). They are much more effective than low-generation
PAMAM dendrimers or poly(lysine) of any molecular
weight, even when the polymer concentrations are ad-
justed so that the number of exposed surface amines is
constant. For example, G7 dendrimer (20 nM of polymer)
induces four times more lipid mixing and twelve times
more leakage in 3:7 POPA-PE vesicles (50 uM total lipid)
than an 8-fold higher concentration of G4 dendrimer (160
nM of polymer).

Both G7-PAMAM and 100K-poly(lysine) are able to
disrupt sterically hindered, PEG-containing vesicles that
are otherwise resistant to Ca?*-induced fusion (Table 3,
Figure 2, and Figure 4). Apparently, the polycations are
able to overcome the surface hydration barrier provided
by the external PEG chains and force the apposed
membranes to undergo lipid mixing. Similarly, Ca?*-
mediated fusion is strongly inhibited by increasing NacCl
concentrations (27), but the lipid mixing induced by
PAMAM dendrimers and poly(lysine) actually increases
with NaCl concentration (Table 4). Na' ions are thought
to affect fusion in opposing ways (50). They can associate
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with the anionic bilayer surface and promote lipid mixing
because of charge neutralization. Conversely, they can
inhibit vesicle aggregation by increasing the thickness
of the repulsive hydration layer at the membrane surface
(50). It appears that even in the presence of high NacCl
concentrations, 100K-poly(lysine) and especially G7-
PAMAM dendrimer are still able to cross-link the vesicles
(38, 39) and, because of increased charge neutralization,
induce enhanced lipid mixing.

In general, the best cell transfection results with
PAMAM dendrimers are observed with high-generation
homologues and when the ratio of dendrimer surface
amines to DNA phosphate groups is greater than unity
(3—14, 29). The dendrimer/DNA complexes formed under
these conditions are irregular polycationic aggregates (29,
51). We find that a G7 dendrimer/DNA complex with a
1:1 concentration ratio of dendrimer surface amines to
DNA phosphate groups is unable to induce leakage of
3:7 POPA-PE vesicles; however, extensive leakage is
observed when the surface amine to phosphate stoichi-
ometry is >=3:1 (Figure 5). Thus, the polycationic DNA/
dendrimer complexes that typically induce high levels of
cell transfection also induce the highest levels of vesicle
leakage. The dendrimer/vesicle interaction is strongly
dependent on the vesicle membrane composition. The
polycationic dendrimers disrupt different types of anionic
vesicles, especially PE-containing vesicles (Table 2). They
do not disrupt zwitterionic PC vesicles (52, 53) or anionic
vesicles containing a high fraction of PC (Table 2). This
membrane selectivity may explain some of the differences
in transfection efficiencies and cell toxicities observed
with different cell lines (3—14).2

Membrane Bending Model. Why are the higher
generation dendrimers better at disrupting anionic mem-
branes? Although a definitive answer cannot be provided
at this time, it is worth emphasizing that high-generation
PAMAM dendrimers are monomolecular weight polyca-
tions with spherical shapes of known diameters (Table
1) and that these structural attributes greatly simplify
any analysis of their supramolecular properties. What
can be stated with some certainty is that the observed
membrane disruption is not due to a simple detergent
effect. PAMAM dendrimers are highly water-soluble
polycations [essentially all of the surface amine groups
are protonated at neutral pH (54)]. The outer surface of
a high-generation PAMAM dendrimer is highly congested
and unlikely to be deeply penetrated by a phospholipid
(2, 15, 55, 56). Recent EPR studies show that there is
very little interaction between G2-PAMAM dendrimers
and zwitterionic DMPC vesicles (52). A modest interac-
tion is observed with G7 dendrimers which leads to a
partially perturbed bilayer structure, but the integrity
of the membrane is preserved (52).

With anionic vesicles, the interaction is an electrostatic
attraction between a malleable, anionic bilayer mem-
brane (radius of curvature ~50 nm), and a rigid, cationic
dendrimer sphere (radius of curvature ~4 nm). This leads
to dendrimer-induced membrane bending as shown in
Figure 8. When a polycationic dendrimer binds to the

2 The vesicle disruption events reported in this paper are
much faster than the process of cell transfection which occurs
over a period of hours. However, it should be noted that the
vesicles were typically composed of POPA/PE, an unnatural
vesicle composition that was used specifically because of its
relative instability and the expectation that the vesicles would
magnify any disruption effect. At present it is not known if high
generation PAMAM dendrimers have a special ability to disrupt
biological membranes.
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Figure 8. Schematic representation of dendrimer-induced
bending of bilayer membranes. Lipids with black headgroups
represent anionic phospholipids, the others may be zwitterionic
phospholipids. (a) Cross section of a polycationic dendrimer that
cross-links the exterior surfaces of two anionic vesicles. Elec-
trostatic forces bend the bilayer surfaces and induce local
regions of inverse curvature. (b) Cross-section of a polycationic
dendrimer bound to two hemifused vesicles at the periphery of
the vesicle-vesicle contact point.

exterior of an anionic vesicle, electrostatic forces bend
the bilayer surface (57), and induce a local region of
inverse curvature (58), which in turn induces packing
stresses (59). If a dendrimer is situated at the connection
point of two or more vesicles (Figure 8a) then the packing
stresses lead to enhanced lipid mixing. Lipid mixing at
a contact point on one side of the dendrimer produces
the hemifused intermediate shown in Figure 8b. The
structure has inversely curved surfaces at the periphery
of the vesicle—vesicle contact point (57—60). We propose
that high-generation polycationic dendrimers facilitate
lipid mixing by electrostatically stabilizing these in-
versely curved, anionic surfaces (Figure 8b).2 The crucial
structural factors are the dendrimer’s polycationic charge,
rigid spherical shape, and highly congested exterior
surface. The following observations support this hypoth-
esis. (i) The vesicle disruption effect is specific for high-
generation PAMAM dendrimers and is diminished with
low-generation dendrimers or linear poly(lysine) of any
molecular weight. (ii) Vesicle disruption is greatly di-
minished when POPC is used instead of PE (Table 2,
compare entries 1—4). The PC headgroup is larger and
more heavily hydrated than the PE headgroup (58) and
it is energetically more costly for bilayers containing PC
to adopt inverse curvature (18, 57—60). (iii) 3P NMR
(Figure 7) shows that G7 dendrimer acts like the near-
spherical polycationic protein, cytochrome c¢ (35), and
induces bilayer membranes to adopt an inverse hexago-
nal Il phase. Linear poly(lysine) does not induce such a
change to inverse curvature. (iv) The area per surface
amine for PAMAM dendrimers decreases with each
generation, and by G7 is about 70 A¥surface amine (see
Figure 37 in ref 2) which is close to the headgroup area
for a typical fluid-phase bilayer membrane. Thus, the
matched spacing between surface groups may lead to
optimal charge neutralization and optimal membrane
bending strain. (v) The dendrimer-induced membrane
bending model is biomimetic in the sense that protein-
induced membrane bending is thought to be an important
factor in the fusion mechanism of Influenza virus (62,
63).

3 The hemifused intermediate shown in Figure 8b is often
referred to as a stalk, and is an intermediate in the stalk fusion
mechanism. However, the stalk hypothesis describes the fusion
of uncharged membranes where electrostatic effects are mini-
mal. Thus, this study of anionic membranes is not a test of the
stalk hypothesis, but it does raise the possibility that some
biological fusion systems may operate by a mechanism that is
similar to that described in Figure 8b (61).
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In addition to membrane bending, other factors may
be contributing to the dendrimer’'s enhanced vesicle
disruption ability. One possibility is lateral phase separa-
tion, which is thought to be an important factor in Ca?*-
mediated fusion (50). Polycations have been shown to
induce phase separation in a number of anionic mem-
brane compositions (33, 44, 45, 48, 64) but not so in others
(32, 46). We are unable to detect dendrimer-induced
phase separation in 3:7 POPA/PE vesicles (Figure 6), but
we cannot rule out transient microdomains. Another
factor that cannot be discounted at present is an interac-
tion between the dendrimer and the membrane surface.
Poly(lysine) is thought to be situated above the polar
headgroup region of the membrane, with perhaps a water
monolayer between (38, 39, 65). An unusual structural
feature with high generation PAMAM dendrimers is the
densely packed spherical surface, which may not be
properly hydrated for steric reasons. Thus, the dendrim-
ers may possess an unusual ability to interact with, or
dehydrate, the polar headgroups at the bilayer surface
which may lead to enhanced fusion.

Drug Delivery and Cell Transfection. The mem-
brane bending model suggests that dendrimers may be
useful as fusion catalysts. Indeed, a polycationic G9
dendrimer was recently shown to dramatically enhance
the fusion of reteroviral-infected murine cells (66). Thus,
it may be possible to use dendrimers to improve vesicle-
mediated drug delivery. The dendrimers could promote
vesicle—cell fusion which would allow vesicle-encapsu-
lated drugs to enter the cell.

As drug delivery vehicles, dendrimers can be viewed
as either endo receptors with the drugs encapsulated in
the dendrimer internal cavities (1, 2, 56) or they can be
used as exo receptors with drugs bound to the dendrimer
surfaces. An example of the latter approach is cell
transfection. The recent commercial availability of PAM-
AM dendrimers has led to their increased use as cell
transfection agents (3—13). Cell transfection is a com-
plicated multistep process, but in many cases, it appears
that transfection is mediated by endocytosis, and there
is evidence that exit from the endosome is the step that
controls transfection efficiency (28). Our results show that
high generation PAMAM dendrimers have an unusual
ability to disrupt bilayer membranes, which suggests that
they may be able to permeate from endosomes. We tested
this idea by trying to detect dendrimer entry into vesicles.
Our lack of success does not necessarily mean that
PAMAM dendrimers cannot pass through endosomal
membranes.? It may be that the outward curvature of
the vesicles prevents dendrimer influx. In the case of
endosomal exit, the transport process is efflux which
should be more favorable because the membrane curva-
ture is reversed. Nonetheless, our inability to detect
dendrimer internalization emphasizes the point that
other cell transfection mechanisms have been proposed.
For example, the enhanced transfection has been at-
tributed to the dendrimer acting as a proton sponge in
the acidic endosomes which leads to osmotic swelling and
endosome lysis (3). Another possibility is increased
resistance to DNA degradation (29, 30). Finally, fractured
dendrimers have been reported with enhanced transfec-
tion activities, an observation attributed to their more
flexible structures (3, 8). It is apparent that further
studies are needed to clearly delineate the factors con-
trolling gene delivery using PAMAM dendrimers (29, 30,
51).
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CONCLUSION

We find that high-generation, polycationic PAMAM
dendrimers are able to disrupt anionic vesicles much
better than low-generation dendrimers or linear poly-
(lysine). The high-generation dendrimers also have a
special ability to induce anionic membranes to adopt
inverse curvature. The results are rationalized in terms
of a dendrimer-induced membrane bending model. Al-
though the model is somewhat speculative, it does
provide a simple physical picture that suggests how
polycationic dendrimers may act in various drug delivery
and cell transfection applications.
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