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ABSTRACT: Here we report spectroscopic studies on the
interaction of negatively charged, amphiphilic polyphenylene
ethynylene (PPE) polymers with liposomes prepared either from
negative, positive or zwitterionic lipids. Emission spectra of PPEs
of 7 and 49 average repeat units bearing carboxylate terminated
side chains showed that the polymer embeds within positively
charged lipids where it exists as free chains. No interaction was
observed between PPEs and negatively charged lipids. Here the
polymer remained aggregated giving rise to broad emission
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spectra characteristic of the aggregate species. In zwitterionic lipids, we observed that the majority of the polymer remained
aggregated yet a small fraction readily embedded within the membrane. Titration experiments revealed that saturation of
zwitterionic lipids with polymer typically occurred at a polymer repeat unit to lipid mole ratio close to 0.05. No further
membrane embedding was observed above that point. For liposomes prepared from positively charged lipids, saturation was
observed at a PPE repeat unit to lipid mole ratio of ~0.1 and liposome precipitation was observed above this point. FRET studies
showed that precipitation was preceded by lipid mixing and liposome fusion induced by the PPEs. This behavior was prominent
for the longer polymer and negligible for the shorter polymer at a repeat unit to lipid mole ratio of 0.05. We postulate that fusion
is the consequence of membrane destabilization whereby the longer polymer gives rise to more extensive membrane deformation

than the shorter polymer.

B INTRODUCTION

Understanding the interplay of morphology and exciton
transport in conjugated polymer materials'™® is central to the
development of oFtoelectronic devices. Conjugated polyelec-
trolytes (CPEs)’™" are an interesting subclass of conjugated
polymer materials to consider for fundamental studies seeking
to correlate morphology with exciton transport properties. The
amphiphilic nature of CPEs, their solubility in a range of polar
solvents or in water under diverse ionic strength and buffer
conditions, their ability to exist as either free chains or as chain
aggregates, and the possibility of interaction with different
scaffolds such as soft lipid membranes”'*~" and charged hard
particles’®™>® altogether provide a large spectrum of
possibilities to tune the CPE morphology and study the effect
on their photophysical behavior.

Notably, the interaction of conjugated polyelectrolytes with
different detergents and lipids in micelles and bilayers has led to
a better understanding of the structural-optical property
relationships of CPEs.”*"*** In turn, a range of applications
have been recently reported that exploit the interaction of
conjugated polyelectrolytes with lipids including the fabrication
of sensing devices,>>?® the formulation of biocidal agents,zg_32
and the optimization of power generation in microbial fuel
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cells.*** Several sensing applications exploit changes in the
photophysical and photochemical properties of CPEs imparted
by their deaggregation upon membrane insertion. The changes
resulting from the insertion of CPEs within membranes include
spectral shifts (aggregate to free chain emission), emission
enhancement, and poor exciton transport.'”*®%3

Our group has conducted both ensemble and single-
molecule studies on the role that lipid membranes play in
modulating the photophysical properties of a negatively
charged polyphenylenevinylene polymer. Working with poly-
[S-methoxy-2-(3-sulfopropoxy)-1,4-phenylene-vinylene]
(MPS-PPV),”'° we showed that this CPE adopts a collapsed-
chain conformation in aqueous solution leading to efficient
energy migration over multiple chromophore units. When
embedded within the membrane of neutral dioleoyl-sn-glycero-
3-phosphocholine (DOPC) vesicles, MPS-PPV adopts an
extended-chain conformation characterized by poor energy
migration.17

Received: July 2, 2014
Revised:  August 12, 2014
Published: August 12, 2014

dx.doi.org/10.1021/1a502572u | Langmuir 2014, 30, 10704—10711


pubs.acs.org/Langmuir

Langmuir

With the goal of furthering our understanding of how lipid
membranes affect the photophysical properties of CPEs, we
recently focused our attention on negatively charged
polyphenylene ethynylenes (PPEs). PPEs offer unique
opportunities to study conjugated polyelectrolyte—membrane
interactions spectroscopically given the distinct spectral
signatures of the aggregated versus nonaggregated (i.e.,
membrane embedded) forms.*® The synthetic ability to prepare
well-defined molecular structures of known chain length further
enables comparisons to be made between short and long
polymers.*® Importantly, the rigidity of these “rod-like”
polymers likely presents challenges toward their interaction
with curved membranes—particularly for longer chain
lengths—providing opportunities to tune the extent of their
embedding within membranes.

Here we report on the interaction of negatively charged
amphiphilic PPEs, bearing carboxylate groups as side chains,
with lipid membranes of varying charge (Figure 1). PPEs of two
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Figure 1. Chemical structure of poly(phenylene ethynylene)
carboxylate with an average of 7 or 49 repeat units (PPE-CO,-7 and
PPE-CO,-49, respectively). Also shown are the chemical structures of
the negatively charged lipid DOPA, the zwitterionic lipid DOPC, the
positively charged lipid DOTAP, the lipid soluble dye Dil, and the
lipid soluble dye DiD.

different lengths, (7 and 49 repeat units on average,
representing “rod-like” structures of ca. 1.5 X 7 nm and 1.5
X 49 nm average contour length, respectively), were utilized in
our work. We compared the interaction of these polymers with
liposomes prepared from positive, negative and zwitterionic
lipids. Specifically, liposomes were assembled from 1,2-dioleoyl-
3-trimethylammonium-propane (chloride salt) (DOTAP), 1,2-
dioleoyl-sn-glycero-3-phosphate (DOPA) and DOPC, respec-
tively.

Our results are similar to those recently reported with
related, but positively charged PPEs interacting with oppositely
charged or zwitterionic membranes,”” and confirm that the key
factors governing the interaction are the charges of the CPE
and the lipid membrane. Using a range of spectroscopic
methods including UV—visible absorption and fluorescence
spectroscopy, we show that the negatively charged polymers
interact strongly with positively charged DOTAP. We postulate

that the polymer embeds inside the hydrophobic core of
DOTAP liposomes. We also show that DOPC interacts with
PPE-CO,-7 and PPE-CO,-49, where once again the PPE
backbone embeds within the DOPC membrane, although to a
lesser extent than it does with DOTAP. Neither PPE-CO,-7
nor PPE-CO,-49 interact with negatively charged DOPA.

In addition, we show via Forster resonance energy transfer
(FRET) studies—conducted with DOTAP liposomes labeled
either with a donor (Dil)) or acceptor (DiD) lipophilic dye—
that anionic PPEs induce liposome fusion in liposomes
prepared from lipids bearing charges opposite to those of the
PPEs (DOTAP). The fusogenic properties of the CPE are
related to its chain length. No liposome fusion was observed
when working with zwitterionic lipids (DOPC) or lipids
bearing the same charge as the polymer (DOPA). This
information may add to our understanding of the biocidal
properties of CPEs as the promotion of fusion by these
materials may play a role in membrane destabilization. It may
further contribute to new methods to study liposome fusion
assisted by polyelectrolytes®® at the molecular level.

B MATERIALS AND METHODS

Poly(phenylene ethynylene) carboxylates PPE-CO,-7 (PDI = 1.7) and
PPE-CO,-49 (PDI = 2.3) were synthesized as previously described.*
Solutions of 1 M HEPES buffer pH = 7.3 and 5 M NaCl were
purchased from Ambion. HyPure Molecular biology-grade water was
purchased from HyClone. DiD and Dil were from Invitrogen
(Burlington, ON, Canada). DOPC, DOPA, and DOTAP were
acquired from Avanti Polar Lipids (Alabaster, AL). Sephacryl S-500
HR was from GE Healthcare Biosciences (Piscataway, NJ). All
solvents were HPLC-grade, OmniSolv brand, from EMD Chemicals
(Gibbstown, NJ). All materials were used without further purification.

Absorption and Emission Spectra. Steady-state fluorescence
spectroscopy was carried out using a Photon Technology International
(PTI) Quanta Master fluorimeter. Absorption spectra were recorded
using a Hitachi U2800 UV—vis spectrophotometer. For all steady-state
absorption and emission experiments, air equilibrated solutions were
placed in 1 cm X 1 cm quartz cuvettes. Samples were diluted in buffer
so that the absorbance at the excitation wavelength was between 0.05
and 0.1.

Liposome Preparation. Lipid powders (DOPA, DOPC, or
DOTAP) were dissolved in chloroform. Aliquots of Dil and/or DiD
in ethanol were added to the lipid solution when specified. The solvent
was evaporated by a stream of argon, and the resulting thin lipid film
was placed under vacuum for a minimum of 30 min to remove any
remaining solvent.® Dry lipid films were hydrated with a pH 7.3
buffered solution containing 10 mM HEPES and 150 mM NaCl. The
final lipid concentration was 2.0 X 107> M. The samples were
subjected to 10 freeze-thaw-sonication cycles (3 min in dry ice/1 min
at 40°-50 °C/S min sonication in a water bath at 40°—50 °C).
Liposomes were then extruded through a 200 nm polycarbonate
membrane using a mini-extruder from Avanti Polar Lipids, Inc.

FRET Studies. Liposomes were prepared with a 2% dye to lipid
mole ratio. We estimated that fusion and the ensuing lipid mixing
would give rise to a final distribution of 1% donor dye (acceptor dye)
to lipid mole ratio in liposomes under our conditions. Control studies
(see text) showed that FRET was quantitative for this final dye
distribution (FRET > 0.9). The initial conditions thus provided a
sensitive method to monitor liposome fusion. For our studies on CPE-
induced liposome fusion, equal amounts of liposomes stained with
either Dil or DiD were mixed together and then the CPE was added.

B RESULTS AND DISCUSSION

Motivated by our interest to control the aggregation state of
CPE:s to then study their photophysical properties, we searched
for conditions that would: (1) maximize polymer lipid
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interactions so that the polymer embeds within the hydro-
phobic membrane of liposomes, and (2) enable the
encapsulation of PPE-CO, within the water pool of lipid
vesicles minimizing and/or suppressing polymer—lipid inter-
actions. Three different lipids were tested: negatively charged
DOPA, positively charged DOTAP, and zwitterionic, electro-
statically neutral DOPC (Figure 1). In our search to tune the
CPE morphology via the selection of a lipid scaffolding, we
acquired signature spectroscopic features associated with the
aggregated and nonaggregated CPE morphologies and
discovered along the way that the CPEs explored here induce
lipid mixing and liposome fusion (are fusogenic) where a strong
link exists between the lipid membrane charge, the CPE chain
length, and the extent of fusion.

Absorption and Emission Spectra. We initially measured
the photophysical properties for the two conjugated poly-
electrolytes free in aqueous buffered solution and in methanol
(poor and good solvents, respectively), and next compared
these results with those for the CPEs in the presence of
liposomes prepared from the three different lipids.

Absorption and emission spectra of PPE-CO,-7 and PPE-
CO,-49 in methanol and in buffer solutions revealed distinct
spectral features of the dissolved and aggregated species,
respectively (see also Table 1). In methanol, PPE-CO, is well

Table 1. Absorption and Emission Maxima of PPE-CO,-7
and PPE-CO,-49 in Different Media

media Amax absorbance (nm) 4., emission (nm)
PPE-CO,-7 methanol 403 429
buffer 420 529
DOPA 420 533
DOPC 424 446
DOTAP 398 443
PPE-CO,-49 methanol 429 476
buffer 438 530
DOPA 438 532
DOPC 438 524
DOTAP 406 443

For the lipid containing samples, values are reported for 200 nm
liposomes mixed with PPE-CO, at a repeat unit to lipid ratio of 0.1.

dissolved and exists as free chains. In water at pH 7.3, in turn,
both polymers are aggregated due to n—rz stacking and
hydrophobic-backbone interactions. This occurs despite the
fact that negatively charged carboxylate moieties introduce
electrostatic repulsion between the chains. A single absorption
peak was observed at 403 and 429 nm in methanol for PPE-
CO,-7 and PPE-CO,-49, respectively, consistent with results
reported by Zhao et al.*® Aggregated PPE-CO,-7 in water had a
broad absorption band at low energy (ca. 420 nm) that has
been attributed to the formation of dimers in contact regions
between polymer chains.*® As the chain length increased to 49
monomers, the low energy band (peaking at 438 nm for PPE-
CO,-49) became dominant, suggesting that the majority of the
chains were aggregated (Figure S1, Supporting Information
(SD).

The fluoresence spectra for both polymers in methanol
showed a well structured 0—0 band emission at 430 nm and a
0—1 band at aproximately 457 nm. The fluorescence quantum
yield has been reported to decrease from 0.64 to 0.31 in going
from 7 to 49 repeat units per chain. Even in methanol, a small
PPE-CO,-49 population may exist in the aggregated state

resulting in a smaller quantum yield. In water, the fluorescence
emission of both conjugated polyelectrolytes was broad, red-
shifted, and structureless with a maximum emission at 530 nm
(Figure S1). The quantum yields reported by Zhao et al. in
water were significantly lower than in methanol and were equal
to 0.14 and 0.1 for PPE-CO,-7 and PPE-CO,-49, repectively.*®

We next recorded absorption and emission spectra in the
presence of liposomes prepared from different lipids at a repeat
unit to lipid ratio of 0.1. The absorption spectra of PPE-CO,-7
and PPE-CO,-49 with DOTAP had a broad peak at 398 and
406 nm, respectively (Figure S2). We assigned those peaks to
nonaggregated polymer. When conjugated polyelectrolytes
were mixed with either DOPC or DOPA, a broad peak was
observed at 436 nm with a shoulder at ~414 nm. The peak
shape was identical to either polymer dissolved in buffered
solution (Figure S2). We assigned this peak to aggregated
polymer.

The emission spectra of PPE-CO,-7 and PPE-CO,-49 with
DOTAP, obtained upon 420 nm excitation, had a sharp
structured emission peak at 443 nm (0—0) and a shoulder (0—
1) at approximately 465 nm, similar to results in methanol,
Table 1 and Figure 2. We propose that DOTAP efhiciently
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Figure 2. Normalized emission spectra obtained for (A) PPE-CO,-7
and (B) PPE-CO,49 in the presence of liposomes of different
composition. Solutions contain liposomes (1.0 X 107> M in lipids) and
polymer (1.0 X 107° M in repeat units). The spectra were corrected
for scattering.

deaggregates the polymer due to the combined action of
electrostatic interactions via its positively charged headgroup
and by hydrophobic interactions mediated by its lipid tail. The
emission spectra of PPE-CO,-7 and PPE-CO,-49 in the
presence of DOPA liposomes had a broad and structureless
band at 532 nm. The emission spectrum resembles that
obtained for the polymer in buffer, consistent with aggregated
polymer. The emission spectra of PPE-CO,-7 and PPE-C0O2-49
in the presence of DOPC liposomes had peak intensities from
both aggregated (broad, 530 nm band) and nonaggregated
(sharp, 450 nm band) species. The relative amount of
deaggregated and aggregated PPE-CO, was determined by
spectral deconvolution (see SI for detailed explanation). The
fraction of PPE-CO,-7 deaggregated is 35% in DOPC, whereas
that of PPE-CO,-49 is 27% under our experimental conditions
(Mipid] = 1 x 10™° M and [PPE] = 1 X 10~® M). From this
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Figure 3. Titration of 1.0 X 10™° M lipids with increasing amounts of PPE-CO,-7 and PPE-CO,-49. The lipid concentration was kept constant, and
the polymer repeat unit to lipid ratio was varied from 0.001 to 1. The emission intensity of the polymer after each addition is shown. Also shown is
the emission intensity at 443 nm (deaggregated) and 530 nm (aggregated) versus polymer repeat-unit:lipid ratio for all experiments. Left column:
plots obtained with PPE-CO,-7, Right column: plots obtained with PPE-CO,-49. The first, second, and third rows show results acquired with
DOPA, DOPC, and DOTAP, respectively. Experiments were conducted in 150 mM NaCl and 10 mM HEPES, pH 7.3. The spectra are corrected for

liposome scattering.

result it is concluded that PPE-CO,-7 has a greater affinity for
the DOPC membrane than PPE-CO,-49.

Similar results to these were reported for the interaction of
positively charged analogues of PPE-CO, bearing quaternary
ammonium groups with lipid membranes.”” The polycationic
CPE with 7 repeat units was found to embed within
zwitterionic membranes, but the CPE with 49 repeat units
failed to insert within these membranes at repeat unit to lipid
ratios of 1:50 and concentrations of 0.2 mM in lipids.*” Both
CPEs, however, inserted and deaggregated in oppositely
charged membranes in a manner analogous to what we report
in this work for the negatively charged PPE-CO, interacting
with DOTAP.

The following may be concluded from the above experi-
ments: (i) The polymer PPE-CO, interacts strongly with
oppositely charged lipid membranes and thus the polymer
emission when mixed with DOTAP liposomes resembles the
deaggregated emission observed in methanol. (ii) The
interaction with zwitterionic membrane depends on the length
of the polymer. At the same repeat unit to lipid ratio, relatively
more of the shorter PPE-CO,-7 is found interacting with the
membrane compared to the longer PPE-CO,-49. When mixed
with DOPC, both deaggregated and aggregated emission bands
are observed reflecting that the affinity of PPE-CO, for DOPC
is reduced compared to that for the positively charged DOTAP.
(iii) No interactions are observed with membranes of the same
charge as PPEs, like DOPA, where emission solely arises from
aggregate forms of PPEs.

Polymer—Lipid Titration. In order to gain more
information on how the PPE polymers partition and interact
with lipid membranes of varying charge, we performed titration
experiments whereby aliquots of polymer were added to a
solution of liposomes ca. 200 nm in diameter and 1 X 107> M
in lipids. The polymers were excited at 420 nm and the
emission was monitored to see the relative amounts of
aggregated (solvent-associated) and deaggregated (membrane-

10707

associated) PPE-CO, at polymer repeat unit to lipid mole ratios
ranging from 0.001 to 1. Given the literature precedence that
CPEs may cause membrane perturbations, we were interested
to see if the stability of liposome solutions were affected by
either PPE polymer.

In the case of the titrations performed with negatively
charged DOPA, we observed no sign of membrane interaction/
embedding regardless of the stoichiometry of PPE repeat units
and lipids in the solution (Figure 3A,B). Increasing the polymer
concentration simply led to a directly proportional increase in
the emission of aggregated species at 530 nm for both PPE-
CO,-7 and PPE-CO,-49. The emission spectra and intensities
were identical to those observed by adding the same polymer
aliquots to a solution containing only buffer but no liposomes.
The ca. 3-fold larger slope for the plot of emission intensity
versus repeat unit recorded for PPE-CO,-7 versus PPE-CO,-49
reflects that aggregates of PPE-CO,-7 are more emissive than
those of its 49 mer counterpart on a per repeat unit basis,
consistent with the emission quantum yields in buffer
previously reported for both polymers.

For experiments conducted with DOPC liposomes at low
repeat unit to lipid ratios (<0.03), we saw the growth of the
emission band at 443 nm (arising from deaggregated polymer)
with the addition of increasing amounts of PPE (red spectra in
Figure 3C,D). The contribution to this band was prominent for
PPE-CO,-7 but approximately 4-fold weaker for PPE-CO,-49.
Interestingly, whereas no contribution to emission from
aggregates was observed for PPE-CO,-7 at these low repeat
unit to lipid ratios, for PPE-CO,-49 the characteristic aggregate
band at 530 nm was observed within the first polymer
additions. Together, the larger contribution of deaggregated
species and the lack of emission from aggregate species
observed for PPE-CO,-7 indicate that PPE-CO,-7 is preferen-
tially incorporated within DOPC compared to PPE-CO,-49.
Once the repeat unit to DOPC lipid mole ratio is larger than ca.
0.0, the intensity arising from the deaggregated species ceases
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Figure 4. FRET-based liposome interaction assay. Experiments were conducted at a lipid concentration of 1.0 X 107> M and a polymer repeat unit/
lipid mole ratio of 0.05 in a 150 mM NaCl and 10 mM HEPES pH 7.3 buffered solution. Panels A and D show the emission spectra acquired 0, 30,
and 60 min after mixing 5 X 107> M DOPC (A) or 5 X 107> M DOTAP (D) stained with Dil with an equal amount of the same liposomes but
stained with DiD. Spectra were acquired upon excitation of the donor Dil at 520 nm. Panels B and E show the emission spectra acquired by exciting
Dil 0, 30, and 60 min after adding PPE-CO,-7 to DOPC and DOTAP, respectively. Panels C and F show the emission spectra acquired by exciting
Dil 0, 30, and 60 min after adding PPE-CO,-49 to DOPC (C) and DOTAP (F). The spectra of liposomes containing 2 mol % DiD excited at 520
nm was subtracted to correct for the direct excitation of DiD. The spectra of “premixed” control liposomes containing 1% Dil and 1% DiD under
identical conditions (buffer and presence or absence of CPE) are shown in each plot as a gray shadow to visualize the highest possible FRET

efficiency in the case of complete lipid mixing.

to increase, reflecting that the membrane will not deaggregate/
incorporate more polymer. Increasing the amount of PPE
added above this point results in a proportional growth for the
band of the aggregated species at 530 nm (blue spectra in
Figure 3C,D).

Most intriguing are the results we recorded with DOTAP
and either PPE-CO,-7 or PPE-CO,-49 (Figure 3E,F,
respectively). At a low repeat unit to lipid ratios (<0.07), the
contribution to emission at 443 nm arising from deaggregated
polymer increased linearly with the addition of increasing
amounts of polymer repeat units for both PPE polymers (see
red spectra in Figure 3E,F). Considering that the slope of the
plot of emission intensity versus repeat unit is the same for
both PPEs (and assuming both polymers have the same
emission quantum yield when deaggregated within the lipid
membrane), it is plausible that the affinity of DOTAP for both
PPE-CO,-7 and PPE-CO,-49 is the same at this low repeat unit
to lipid mole ratio. Saturation was observed at repeat unit to
DOTAP mole ratio values larger than 0.07 and 0.10 for PPE-
CO,-49 and PPE-CO,-7, respectively. Above these concen-
trations, the intensity at 443 nm steadily decreased with
increasing addition of PPE until the emission band from
deaggregated polymer completely disappeared (see green
spectra). Importantly, the drop recorded in the contribution
to the emission spectra from the deaggregated species occurred
concomitantly with an increase in the contribution from the
aggregate species at 530 nm with increasing polymer addition.
Further additions of polymer only resulted in a linear increase
of the aggregate band (see blue spectra in Figure 3E,F). It can
be concluded from the above observations that PPE
incorporation within the DOTAP membrane is the same for
PPE-CO,-7 and PPE-CO,-49 when lipids are in a larger than
10-fold mole excess of PPE repeat unit. Seemingly, the affinity
for PPE-CO,-49 is smaller than that for PPE-CO,-7 as
saturation occurred earlier for the former polymer. Once the
PPE repeat unit to DOTAP mole ratio reached a value of ca.

0.1, continued addition of PPE resulted in the fusion/
precipitation of the liposomes, as can be observed from the
drop in intensity of the deaggregated band (red spectra in
Figure 3). This occurred concomitantly with the growth of the
band at 530 nm arising from aggregates. Note that the intensity
of the aggregated peak appears to plateau in this initial regime
since the contribution from the deaggregated polymer is
removed as the new one from the aggregated PPE appears.

In general, the titration results indicate that favorable
hydrophobic interactions alone (as is the case with DOPC)
are enough to incorporate the polymer into the membrane, but
they are not sufficient to override electrostatic repulsion
(evidenced by lack of interaction for DOPA). Favorable
electrostatic interactions, in turn, increase the amount of
polymer that the membrane is able to accommodate (as seen
with DOTAP). In DOPC, the polymer is split between
membrane and solution even at low repeat unit/lipid ratios,
whereas with DOTAP a higher PPE load is achieved before
polymer starts spilling over into the solution. At this point the
aggregation/fusion of liposome structures becomes apparent.

Liposome Fusion. We were interested in understanding
the mechanism behind the precipitation of DOTAP liposomes
upon the addition of a sufficient amount of PPE-CO,. It was
reasoned that precipitation was preceded by an increase in
liposome—liposome interactions leading to the formation of
larger structures through liposome aggregation and/or fusion.
In order to quantify the amount of liposome-liposome
interactions and to monitor changes over time, a FRET assay
was developed. Liposomes were stained either with a green
emissive dye (Dil, donor) or a red emissive dye (DiD,
acceptor). Aggregation or fusion of liposomes brings donor and
acceptor into close proximity resulting in an increased FRET
efficiency (see SI for a detailed explanation on the calculation of
FRET efficiencies).

Liposomes 200 nm in diameter were prepared with either 2
mol % of Dil or 2 mol % of DiD. Equal amounts of Dil and
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DiD labeled liposomes were then mixed to a final lipid
concentration of 1 X 107> M. The emission spectrum upon
excitation of Dil at 520 nm was obtained immediately, 30 min,
and 60 min after liposome mixing to monitor any increase in
FRET in the absence of PPE-CO,. In this way we could be
confident that any changes observed upon adding PPE-CO,
were directly related to the action of the polymer. For DOPC
liposomes, the emission spectrum and the FRET efficiency
were stable over this 60 min time period (Figure 4A). The
FRET efficiency was 0.01—0.02, indicating only a small amount
of liposome—liposome interaction. For DOTAP liposomes,
however, the emission spectrum was not stable over time, and
the FRET efficiency increased over the 60 min monitoring
period (Figure 4D). After 60 min the FRET efficiency was
between 0.29 and 0.30, which was significantly higher than the
FRET efhiciency of 0.01—0.02 that was observed for DOPC
liposomes. It is proposed that the affinity of positively charged
Dil and DiD for DOTAP may be lower than for DOPC,
leading to increased scrambling of the dyes between liposomes
colliding in solution resulting in a gradual increase in FRET
over time.

To assess the effect of PPE-CO, on the amount of
liposome—liposome interaction, the emission spectrum was
then acquired 0, 30, and 60 min after addition of PPE-CO,-7 or
PPE-CO,-49 at a repeat unit to lipid ratio of 0.05 (0.5 X 107
M lipids). These conditions were chosen following inspection
of Figure 3 to minimize/avoid any effect due to precipitation of
the sample (i.e., trivial loss of fluorescence signal). “Premixed”
control liposomes containing both donor and acceptor dyes
were measured to determine the maximum FRET efficiency
expected upon complete lipid mixing. FRET values greater than
0.90 were found in all cases (see also gray shadow spectra in
Figure 4).

The FRET efliciency increased from 0.02 to 0.11 and from
0.01 to 0.03 for DOPC upon addition of PPE-CO,-7 and PPE-
CO,-49, respectively (see also Figure 4B,C). This result
indicates that both polymers are capable of inducing a small
increase in the amount of liposome-liposome interaction under
these experimental conditions, but that the effect was minor
and did not evolve further within 60 min of polymer addition.
For DOTAP, the FRET efliciency only increased from 0.29 to
0.36 upon addition of PPE-CO,-7, similar to what was observed
with DOPC (Figure 4E). Upon addition of PPE-CO,-49,
however, the FRET efficiency increased within the first 30 min,
going from an initial value of 0.29 to a value of 0.88, close to the
expected maximum value of ca. 0.90 (gray shadow spectrum in
Figure 4F). From this result it can be concluded that PPE-CO,-
49 has a greater ability to induce interaction between DOTAP
liposomes compared to PPE-CO,-7. This result was consistent
with the fact that liposome precipitation was observed at a
lower repeat unit/lipid ratio for PPE-CO,-49 than for PPE-
CO,-7 in the titration experiments.

Although the FRET-based liposome interaction assay
reported on the extent of liposome—liposome interaction
upon addition of PPE-CO,, it failed to provide a clear
mechanistic picture as to whether the liposomes were actually
fusing or rather they were only aggregating. Both phenomena
would bring liposomes in close enough proximity to observe
FRET. To clarify this point, a different FRET-based assay was
designed. In this assay, DOPC or DOTAP liposomes
containing 1% Dil and 1% DiD were mixed (premixed,
characterized by FRET values of ca. 0.9) with liposomes
containing no dyes, in a 1:9 labeled to nonlabeled liposome

ratio. In the event of liposome fusion, one would expect a
recovery of the donor emission as the average distance between
the FRET pair is increased by mixing with the blank liposomes.
The amount of donor recovery anticipated upon complete
mixing was determined from a control sample containing 0.1%
Dil and 0.1% DiD (Figure S, gray shadow). For DOPC,
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Figure S. FRET-based liposome fusion assay, conducted at a lipid
concentration of 1.0 X 107> M and a polymer repeat unit/lipid mole
ratio of 0.0 in a 150 mM NaCl and 10 mM HEPES pH 7.3 buffered
solution. 1 X 107 M DOPC (A,B) (or DOTAP (C,D)) containing 1
mol % Dil and 1 mol % DiD was mixed with 9 X 107 M DOPC (or
DOTAP) containing no dyes, and the emission intensity was
monitored 0, 30, and 60 min after mixing upon exciting Dil at 520
nm (spectra after 60 min shown in black). PPE-CO,-7 (final 0.5 X
107° M concentration, A,C) or PPE-CO,-49 (final 0.5 X 107 M
concentration, B,D) was added, and the emission intensity was
monitored 0, 30, and 60 min after addition. Shown as a gray shadow is
the emission intensity acquired 60 min after addition of 0.5 X 107 M
PPE-CO,-7 (A,C) or 0.5 X 107° M PPE-CO,-49 (B,D) to control
samples containing 0.1% Dil and 0.1% DiD, representing the
maximum amount of donor recovery upon complete lipid mixing.

significant donor recovery was not observed upon addition of
PPE-CO,-7 or PPE-CO,-49 (Figure SA and Figure SB,
respectively). For DOTAP and PPE-CO,-7, donor recovery
was also not observed (Figure SC). These results are consistent
with the low amount of liposome—liposome interaction
observed in the initial FRET experiments reported in Figure
4. For DOTAP and PPE-CO,-49, recovery of the donor
emission was observed upon addition of the polymer, although
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not to the extent predicted by the control sample (Figure SD).
This result indicates that PPE-CO,-49 induces partial fusion of
DOTAP liposomes at a repeat-unit-to-lipid ratio of 0.05, but
that lipid mixing is not complete. One may thus speculate that
hemifusion, i.e., fusion encompassing only the outer leaflet, may
take place under the experimental conditions.

The experimental observation that PPE-CO,-49 but not
PPE-CO,-7 induces liposome fusion at a repeat unit/lipid mole
ratio of 0.0S is intriguing and stimulating. Liposome fusion
follows a complex mechanism that requires for the bilayers to
lie at a close proximity, within a few nanometers from each
other, in order for lipids in opposite leaflets to interact with
each other.*'~* In living systems, this is typically achieved by
the action of recognition elements such as fusion proteins (e.g.,
SNAREs) that hold bilayers at close range.** Merging of the
contiguous outer leaflets next takes place, followed by stalk
formation and hemifusion, which may next evolve to fusion
pore 0pening.4l_43’45 The activation step for the merging is
lowered by Iocallgr dehydrating and mechanically deforming the
membrane.>**"*

It is in this context that we speculate on the molecular role
that PPEs play in facilitating the fusion of oppositely charged
DOTAP liposomes. Both PPE-CO,-7 and PPE-CO,-49 have
favorable electrostatic and hydrophobic interactions with
DOTAP and readily embed within the lipid membrane, with
the shorter polymer embedding to a greater extent than the
longer polymer. The rigidity of these rod-like polymers is likely
to be a key factor in determining the amount of polymer that
the membrane is able to accommodate, which explains why a
larger amount of PPE-CO,-7, with an average contour length of
7 X 1.5 nm, is present in the membrane at saturation than PPE-
CO,-49, with an average contour length of 49 X 1.5 nm. The
difference in average contour length may also explain why PPE-
CO,-49 facilitates liposome fusion more readily than PPE-CO,-
7. The bilayer of the 200 nm diameter liposomes used in this
work has a non-negligible curvature relative to the contour
length of the rigid polymers, so we expect that embedded PPE-
CO,-49 will induce greater strain and membrane deformation
than PPE-CO,-7, ultimately facilitating liposome fusion. One
may even envision that PPE-CO,-49 is able to extend beyond
its host bilayer to bridge two liposomes and create the
necessary proximity for fusion to occur. Cryogenic transmission
electron microscopy (cryo-TEM) studies may help to clarify
this point in that the extent of membrane deformation in the
presence of either polymer could be directly visualized.

We foresee that given their unique spectroscopic signatures
and the synthetic ability to prepare well-defined molecular
structures of varying length and charge, CPEs containing the
PPE backbone can provide suitable systems to gain a molecular
level understanding of liposome fusion in the presence of
polyelectrolytes. It can also be anticipated that liposome fusion
may also play a role in the biocidal activity previously reported
for PPEs, a subject worth further exploration.
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