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The use of conjugated polymers (CPs) in fluorescent sensing
has received increasing attention since the original report by Swager
et al. on CPs amplified fluorescence quenching.1,2 In the past decade,
the availability of conjugated polyelectrolytes (CPEs) has further
allowed incorporating the amplified fluorescence quenching scheme
into fluorescent sensors for small biomolecules,3 DNA,4 and
proteins.5

We describe in this Communication the encapsulation of CPEs
within 100 nm diameter liposomes, their subsequent specific
immobilization onto polyethylene glycol (PEG)-coated glass cov-
erslips and their observation via single molecule spectroscopy
(SMS).6 Our design exploits the efficient exciton migration1,7 along
CPE and a large CPE hydrodynamic radius. We believe that this
novel architecture, a surface tethered liposome beacon, should prove
instrumental in developing high-throughput liposome array8 plat-
forms designed to, for example, monitor membrane binding and
permeation by pharmaceutical drugs capable of quenching the CPE
emission.

Our results were obtained with a negatively charged CPE poly-
[5-methoxy-2-(3-sulfopropoxy)-1,4-phenylenevinylene] (MPS-
PPV) (Figure 1), whose hydrodynamic radius ranges between 10
and 40 nm as determined via dynamic light scattering (DLS). The
lipid fraction consisted of dioleoylphosphatidyl-choline (DOPC) or
up to 1/300 lipophilic dye/DOPC mole ratio mixtures, where the
dye was incorporated for the purpose of liposome visualization.
We chose a zwitterionic lipid to minimize electrostatic interactions
with the negatively charged MPS-PPV; the low phase transition
temperature of DOPC further ensures that under our experimental
conditions the lipids are in the fluid phase. We selected the dye
1,1′-dioctadecyl-3,3,3′,3′-tetra-methylindodicarbocyanine perchlo-
rate (DiD, Figure 1) given its high lipophilicity and its low emission
yield unless membrane embedded.9

To encapsulate MPS-PPV, dry lipid films were prepared and
later hydrated to a final lipid concentration of 20 mM, well above
the DOPC critical micelle concentration (cmc), with buffer solutions
containing MPS-PPV ca. 1.6 mM in monomer units. Following
lipid film hydration, the samples were subjected to freeze-thaw
sonication cycles and, unless otherwise specified, extruded through
a 100 nm pore diameter polycarbonate membrane.10 This yielded
particles of ca. 120 nm diameter, measured by DLS.

We next performed fluorescence quenching studies to evaluate
the extent of MPS-PPV encapsulation, as well as to assess potential
electrostatic/hydrophobic interactions between DOPC molecules and
MPS-PPV. As a quencher we chose methyl viologen (MV2+),3 a
charged molecule unable to cross the lipid bilayer.12 In addition to
the encapsulated MPS-PPV, two control samples were prepared:
free MPS-PPV in buffer and MPS-PPV solution to which
preformed DOPC liposomes had been added. The Stern-Volmer

plot of encapsulated MPS-PPV (red circles) shows a plateau in
the [MV2+]-dependence of the quenched (I) versus unquenched (Io)
fluorescence intensity. The plateau is indicative of an unquenchable
population. We estimated the quencher-inaccessible (encapsulated)
fraction (φ) of MPS-PPV from theI/Io value where the Stern-
Volmer plot exhibits a plateau, that is,φ ) I/Io.13 For encapsulated
MPS-PPV the inaccessible fraction is ca. 9% at [MV2+] g 20
mM (Figure 2, red trace). The 9% value is in close agreement with
expectations.10,14

No plateau is seen in the quenching of MPS-PPV to which
preformed liposomes had been added (green open diamonds). The
latter sample exhibits a linear trace with a 100-fold decrease in
quenching sensitivity compared to free MPS-PPV (black filled
squares), as expressed by the Stern-Volmer quenching constant
(Ksv) obtained from the slope of theIo/I vs [MV2+] plot. A Ksv of
ca. 1.0× 103 M-1 is obtained for MPS-PPV+ preformed DOPC
liposomes.15 For MPS-PPV in buffer solution with no lipids, the
Ksv is ca. 1.0 × 105 M-1. The results from the quenching
experiments point to nonspecific interactions between DOPC and
MPS-PPV, a conclusion further supported by the blue-shift and

Figure 1. Structure of MPS-PPV and of DiD.

Figure 2. Fluorescence quenching upon adding increasing [MV2+] to (9)
an MPS-PPV solution 1.6× 10-5 M in monomer units; (]) an MPS-
PPV solution 1.6× 10-5 M in monomer units to which a suspension of
preformed DOPC liposomes (final [DOPC]) 2 × 10-4 M) is initially
added; (b) a liposome encapsulated MPS-PPV solution (DOPC lipid
films hydrated with MPS-PPV solutions to yield a final 20 mM DOPC
and 1.6 mM MPS-PPV in monomer units solution which is further diluted
100-fold). All experiments are done in 150 mM NaCl and 10 mM
HEPES buffer solutions. The lines connecting the experimental points are
a visual aid.
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14-fold fluorescence increase that occurs upon adding DOPC
liposomes to MPS-PPV solution (Supporting Information). The
100-fold decrease in theKsv of MPS-PPV + preformed DOPC
liposomes, compared to that of free MPS-PPV, suggests that
DOPC may be hindering the association of MV2+ and extending
the polymer backbone.13 Similar results have been reported as
evidence for interaction between MPS-PPV and cationic surfac-
tants such as dodecyltrimethylammonium bromide (DTA) or 1,2-
dioleoyl-3-trimethylammonium propane (DOTAP), where DOTAP
associates with MPS-PPV monomers in a 0.6/1 mole ratio.11,16

Arguably, DOPC/MPS-PPV interactions may be governed by
hydrophobic and electrostatic effects.

We conclude at this point that (a) MPS-PPV interacts with the
lipid molecules and that (b) ca. 9% of the total MPS-PPV is
additionally encapsulated within liposomes. We may further
consider that not all liposomes encapsulate MPS-PPV. Encapsula-
tion being a probabilistic process, we expect that the fraction of
liposomes encapsulating MPS-PPV should be related to the
[MPS-PPV] in the hydrating solution.10,17

We next monitored individual surface-tethered liposomes via
SMS to establish the feasibility of immobilizing liposomes encap-
sulating MPS-PPV and to further assess their sensing poten-
tial.8,17,18Liposomes were prepared as described above, starting from
a 1/100 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(bi-
otinyl) (biotin-DPPE)/DOPC mole ratio lipid film hydrated with
MPS-PPV solution. Liposomes were immobilized on PEG-coated
glass coverslips via biotin-streptavidin interactions.18,19To visualize
all liposomes, that is, liposomes with no MPS-PPV and liposomes
encapsulating MPS-PPV, we incorporated DiD in the lipid fraction
at a mole ratio of 1/300 DiD/DOPC. A stage-scanning inverted
fluorescence microscope was used for imaging purposes. We
employed the 457.9 nm output (450 nW) from an Ar+ laser to
selectively excite MPS-PPV or the 633 nm output (320 nW) from
a HeNe laser to selectively excite the membrane embedded DiD.
Emission was separated into green and red channels by a 640 nm
dichroic beam splitter and was directed to two avalanche photodiode
(APD) detectors.

The total number of surface-tethered liposomes (N633) was
obtained by exciting at 633 nm and monitoring emission in the
red channel (Figure 3C). The number of liposomes that encap-
sulate MPS-PPV (N457) was obtained by exciting at 457.9 nm
and monitoring emission in either channel (Figure 3A,B). Both
excitation wavelengths yield about the same number of lipo-
somes; (N633 ) 104 and N457 ) 99; total from two images), thus
most liposomes contain at least one MPS-PPV molecule (Figure
3C).

The occurrence of Fo¨rster Resonance Energy Transfer (FRET)
was evaluated by comparing the green channel intensity〈Igreen〉
and the average red/green intensity〈Ired/ Igreen〉 for MPS-PPV
encapsulated in surface-tethered liposomes that were prepared with
and without DiD. Samples containing DiD (3/1/300 biotin-DPPE/
DiD/DOPC mole ratio) exhibited comparable intensity in both
channels (Figure 3A and 3B) upon 457.9 nm excitation.〈Igreen〉
was equal to 107( 72, while 〈Ired〉 was equal to 142( 106,
yielding an average red/green intensity value (〈Ired/ Igreen〉) of 1.41
( 0.54.

Liposomes prepared without DiD exhibited higher green-chan-
nel intensity, with〈Igreen〉 ) 196 ( 103. We further observed a
lower 〈Ired/ Igreen〉 ) 0.69 ( 0.18, where all red-channel intensity
was consistent with MPS-PPV emission cross-talk. (N457 ) 527,
total from four images). A control sample, containing 1:300
DiD/DOPC without MPS-PPV exhibited no emission upon 457.9
nm excitation (data not shown). Therefore, the lower〈Igreen〉 and

the higher〈Ired/ Igreen〉 in liposomes with DiD can be attributed to
FRET. Thus the single-molecule fluorescence experiments reveal

Figure 3. Fluorescence intensity images obtained for the green channel
(A) and red channel (B) upon 457.9 nm excitation of MPS-PPV or for
the red channel upon 633 nm excitation of DiD (C). The right bar illu-
strates the counts per millisecond per pixel. Liposomes were prepared
following hydration of lipid films with a solution 1.60 mM MPS-PPV
in monomer units, 150 mM in NaCl, and 10 mM in HEPES buffer
pH 7.4.

Figure 4. Fluorescence intensity images obtained for the green (A andC)
and red (B andD) channels upon 457.9 nm excitation of surface tethered
liposomes with MPS-PPV and no DiD before (A andB) and after (C and
D) flowing 20 mM MV2+. The right bar illustrates the counts per millisecond
per pixel. Liposomes were prepared as described above.
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FRET between lipid-encapsulated MPS-PPV and lipid-embedded
DiD, evident from the twofold drop in MPS-PPV emission
intensity and the enhancement in red-channel emission when DiD
is incorporated into the bilayer. Similar MPS-PPV intensity ratios
are observed in ensemble experiments (Supporting Information),
underscoring the sensing potential of the liposome beacon archi-
tecture.

We furthermore explored whether MPS-PPV would adsorb onto
the liposome walls given the lipid-MPS-PPV interactions ob-
served in ensemble experiments. Consistent with MPS-PPV
adsorption, we see the co-localization of MPS-PPV and surface
tethered liposomes when free MPS-PPV (3.2 mM MPS-PPV in
monomer units) is combined in a 1:1 v:v ratio with preformed
liposomes (3/1/300 biotin-DPPE/DiD/DOPC mole ratio, 40 mM
DOPC), diluted, and flowed over the substrate. Single particle
fluorescence quenching studies performed upon flowing 20 mM
MV2+ completely suppress the MPS-PPV emission (Supporting
Information). Prolonged buffer flowing does not result in in-
tensity decrease; therefore the emission suppression involves the
interaction of MPS-PPV and MV2+ rather than the removal of
MPS-PPV.

For encapsulated MPS-PPV, we observe at most 30% quenching
emission by comparing images before and after flowing MV2+ 20
mM. Without MV2+ 〈Igreen〉 ) 156 ( 114; with MV2+ 〈Igreen〉 )
104 ( 75 (compare Figure 4 parts A and B with C and D,
respectively). This emission quenching arguably arises from the
interaction of MV2+ with MPS-PPV adsorbed on the external
liposome walls. The MV2+ quenching experiments further under-
score the sensing capability of the liposome beacon reported herein.
The vectorial incorporation of MPS-PPV leads to external bilayer
sensitivity, whereas the encapsulation leads to an architecture where
the sensing occurs at the liposome core.

In conclusion, liposomes containing MPS-PPV have been
prepared. The novel architecture described herein provides a new
tool for addressing liposome arrays;8 it will further facilitate SMS
studies on the spectroscopic properties of CPEs, work currently in
progress in our laboratory.
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