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The combination of various experimental techniques with theoretical simulations has allowed elucidation of
the mode of incorporation of fluorene based derivatives into phospholipid bilayers. Molecular dynamics
(MD) simulations on a fully hydrated 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) bilayer,
with benzene (B), biphenyl (BP), fluorene (F) and tri-(9,9-di-n-octylfluorenyl-2,7-diyl), TF, have provided
insights into the topography of these molecules when they are present in the phospholipid bilayer, and
suggest marked differences between the behavior of the small molecules and the oligomer. Further
information on the interaction of neutral fluorenes within the phospholipid bilayer was obtained by an
infrared (IR) spectroscopic study of films of DMPC and of the phospholipid with PFO deuterated
specifically on its alkyl chains (DMPC—-PFO-d34). This was complemented by measurements of the effect
of F, TF and two neutral polymers: polyfluorene poly(9,9-di-n-octylfluorenyl-2,7-diyl), PFO, and
poly(9,9-di-n-dodecylfluorenyl-2,7-diyl), PFD, on the phospholipid phase transition temperature using
differential scanning calorimetry (DSC). Changes in liposome size upon addition of F and PFO were
followed by dynamic light scattering. In addition, the spectroscopic properties of F, TF, PFO and PFD
solubilised in DMPC liposomes (absorption, steady-state and time-resolved fluorescence) were
compared with those of the same probes in typical organic solvents (chloroform, cyclohexane and
ethanol). Combining the insight from MD simulations with the results at the molecular level from the
various experimental techniques suggests that while the small molecules have a tendency to be located
in the phospholipid head group region, the polymers are incorporated within the lipid bilayers, with the
backbone predominantly orthogonal to the phospholipid alkyl chains and with interdigitation of them
and the PFO alkyl chains.
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phase transition, which depends on the lipid alkyl chain
length." In the process of liposome formation, they can entrap

Introduction

Liposomes are synthetic lipid vesicles consisting of phospho-
lipid bilayers. They are normally prepared from hydrated
phospholipid films at temperatures above the gel to liquid
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both water and lipid soluble compounds, while polyelectrolytes
can be adsorbed on their surface through electrostatic interac-
tions." In addition, liposomes, which typically have sizes on the
hundred nanometer scale, can be considered as good carriers
for various molecules, and can solubilize neutral compounds,*
including polymers,*® to form aqueous dispersions.>® The
variety of interactions makes liposomes interesting carriers of
drugs for therapeutic applications,"”~® including photodynamic
therapy.” In addition, their structural relationship to cell
membranes makes liposomes useful models for understanding
membrane biophysics, including the way guest molecules are
incorporated into phospholipid bilayers.' For example, this can
allow us to gain an insight into the interaction of polycyclic
aromatic hydrocarbons with membranes to understand how
such pollutants penetrate and interact with human skin. The
use of fluorescent aromatic compounds, such as fluorene,
allows the sensitivity of methods such as steady-state and time-
resolved fluorescence, and fluorescence anisotropy to probe the
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interaction between these compounds and the phospholipid
bilayer and its effect on membrane properties," ™
plementing the information obtained with techniques such as
differential scanning calorimetry (DSC) on changes in the
phospholipid gel-to-liquid phase transitions.> In the last few
decades of the twentieth century, discrete fluorescent molecules
such as perylene,*” xanthene dyes (fluorescein, eosin, Texas Red
and rhodamine),*® diphenylhexatriene,'*** trans-parinaric acid*®
or fluorenyl-'** and 9-anthroyloxyl-** fatty acids were used and
are still widely used? to label liposomes. In the first two decades
of the twenty-first century the focus has been extended to the
incorporation of conjugated polymers into liposomes.>*?**> As
Nobel Prize winner Alan Heeger pointed out in a recently pub-
lished review: “conducting polymers exhibit the electrical and
optical properties of metals or semiconductors but with the
mechanical and processing advantages of polymer”.>® The
development of conjugated polymers has advanced a long way
since the first generation of polyacetylenes, through the second
generation of the luminescent, soluble poly(alkylthiophenes) or
poly(p-phenylenevinylenes) up to the current generation, having
donor-acceptor co-polymer repeat units, such as bithiophene-
acceptor or polycarbazole-acceptor copolymers.”® Conjugated
polymers have found a wide range of applications in sensing,
cellular imaging and optoelectronic devices> (solar cells,
light-emitting diodes,* photovoltaic devices®*' and organic thin
film transistors).*>*”

The interaction between conjugated polymers and phos-
pholipids is a recently explored field which enhances the
applications of the type of polymers. In biosensing,* cationic
conjugated polyelectrolytes supported on silica microspheres
and overcoated with an anionic phospholipid provide “lip-
obeads” that serve as fluorescent sensors for phospholipase A,
activity.* Similarly, the incubation of the conjugated poly-
electrolyte-lipid complex with the enzyme phospholipase C
causes the decrease of the emission intensity (turnoff sensor)
and results in another lipase assay.*® The mechanism of the
antimicrobial activity of a poly(phenylene ethynylene) based
conjugated polyelectrolyte has been studied, and is based on
the interaction with different phospholipids that are correlated
with the ability of this polymer to selectively target bacteria cells
over human cells.?**

Phospholipids are also used to encapsulate semiconducting
polymer nanospheres® or hybrid nanoparticles (such as
hydrophobic conjugated polymers and iron oxide)*® as non-toxic
fluorescent markers in cell imaging. Moreover ionophore-
phospholipid-polydiacetylene mixed vesicles are cation-selec-
tive color sensors at submillimolar concentrations which show
significant ionic selectivity, in particular towards Na" and K*.** A
cationic fluorene-phenylene polymer has also been used as a
fluorescent membrane marker to visualize and monitor
membrane processes.”

The intercalation of the neutral poly(9,9-dioctylfluorene),
PFO, into the phospholipid bilayer of 1,2-dimyristoyl-sn-glycero-
3-phosphatidylcholine (DMPC) liposomes leads to fluorescent
nanoparticles in solution in which the liposome acts as a carrier
as well as a template controlling the polymer structure.® PFO is
an important blue-emitting polymer which shows a variety of

com-
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secondary structures.*”” In this polymer, random domains (so-
called a-phase) and more planar domains (B-phase) frequently
coexist although an efficient energy migration from the a to -
phase is produced.*>** The latter structure is characterized by an
enhanced luminescence, a characteristic well-defined narrow
absorption band at 438 nm and a well resolved fluorescence.*
PFO B-phase is formed when the polymer is enclosed in
natural®® or synthetic phosphatidylcholines (PCs),*** or in
liposomes with other head groups.*® In general, the phospho-
lipids with either longer alkyl chain lengths or less bulky and
more hydrophobic head groups promote the formation of the f-
phase more effectively. Polymer agglomeration within the
liposome and the establishment of an improved interaction
between the phospholipid alkyl chains seem to be the two
driving forces which promote the phospholipid-polymer inter-
action, and induce the planarization of the PFO structure.*®
With natural lecithins, the reduction of the free volume in the
inter-bilayer, the increase of the density of the bulk fatty acids
and the orientation of double bonds of the phospholipid
towards the bilayer centre, favour the formation of the PFO -
phase in soybean PC (S-PC) in which the linoleic acid chain (18
carbon atoms and two double bonds in the phospholipid alkyl
chain, 18 : 2) is predominant, with respect to the egg PC (E-PC),
where palmitic acid (16 : 0) and oleic acid (18 : 1) chains are
dominant.*

The dependence of the B-phase formation on the alkyl chain
length of the substituent on the 9-carbon atom of fluorene, on
the number of fluorene repeat units in the polymer backbone
and on the defect concentration*” is well-known. The octyl chain
has an optimal side chain length to form the f-phase,*® whilst it
is more difficult to align and interdigitate longer side chains,
even in solid films; this is considered as one of the driving
forces in the planarization of the polyfluorene backbone.*’ In
addition, the B-phase is formed only when there are at least 9
repeat units in the polymer chain.*

In this work, we have combined molecular dynamics (MD)
simulations with a variety of experimental techniques (infrared
and electronic absorption spectroscopy, steady-state and time-
resolved fluorescence emission, dynamic light scattering and
differential scanning calorimetry) to study how oligo- and poly-
fluorenes are incorporated into DMPC liposomes in aqueous
suspensions.

However, no single experimental technique can fully
explain the observed behaviour, and since the overall goal is
to understand the factors that control the formation of the B-
phase, such as the interaction with the phospholipid bilayer,
we have used molecular dynamics (MD) simulations to study
the topography (in-membrane localization, orientation and
conformation) of the compounds within the DMPC
membranes. Because of the complexity of the system, we have
carried out comparative MD simulations with model small
molecules: benzene (B), biphenyl BP, and TF, Fig. 1. This
provides information about how the structure of the
compound affects its topography within the bilayer, and,
therefore, helps us understand both the conformation and
alignment oligomers adopt when enclosed in the liposome.
Whilst extension of this to polymers is not without risk, the

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Structures of benzene (B), biphenyl (BP), fluorene (F), tri-(9,9-di

-n-octylfluorenyl-2,7-diyl) (TF), poly(9,9-di-n-octylfluorenyl-2,7-diyl)

(PFO) poly(9,9-di-n-dodeylfluorenyl-2,7-diyl) (PFD) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC).

orientation of PFO within the phospholipid bilayer is very
likely to be similar to that of the TF trimer, and can be related
to the formation of the B-phase. In addition, the role of the
fluorene alkyl side chain length and of the number of polymer
repeat units in the formation of the p-phase when the polymer
is incorporated into liposomes using tri-(9,9-di-n-octyl-
fluorenyl-2,7-diyl) (TF), PFO and the poly(9,9-di-n-dodecyl-
fluorenyl-2,7-diyl) (PFD) is studied. The validity of this
approach is tested by comparison of the photophysics of these
compounds with that of fluorene (F), in both DMPC and
organic solvents. Although the sensitivity of the different
techniques used and the computer time requirements for MD
simulations have led to different molecular ratios of probe to
phospholipid being used, we believe that this will not
significantly affect the probe-phospholipid interactions,
and the results do provide a reasonable picture of these
systems.

This journal is © The Royal Society of Chemistry 2015

Experimental
Materials and sample preparation

Phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
was purchased from Sigma, fluorene from Fluka, tri-(9,9-di-n-
octylfluorenyl-2,7-diyl) from American Dye Source, and
polyfluorene poly(9,9-di-n-octylfluorenyl-2,7-diyl) (M,, = 58.2
kg mol ") and poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (M, = 9.4
kg mol ') were purchased from Aldrich and used without
further treatment, Fig. 1. Chloroform was purchased from
Sigma-Aldrich and cyclohexane and ethanol were purchased
from Merck. All of them were of spectroscopic grade. Molar
concentrations for the oligomer and polymers are calculated in
terms of the repeat units.

Trizma-HCl (pH = 7.4) buffer solution was prepared with
Trizma base (Sigma) and HCl (37% and d = 1.19 g cm ?,
Panreac).
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The alkyl chain deuterated PFO (PFO-d3,) for IR experiments
was kindly provided by Professor U. Scherf (Bergische Uni-
versitit Wuppertal, Germany) and Dr A. T. Marques. The
synthesis and characterization have been described elsewhere.>*

Liposomes were prepared by the thin film hydration method.
DMPC and DMPC-PFO mixtures in chloroform were evaporated
to dryness by bubbling argon. The resulting films were hydrated
with Trizma-HCI buffer (pH = 7.4) to give a final phospholipid
concentration around 9 x 10> M and PFO concentrations
varying from 1 x 107® to 1 x 107> M (except for DSC
experiments, which require a higher phospholipid concentra-
tion, around 4 x 10~> M, with PFO concentrations varying from
1x107%to4 x 107> M).

To form the liposomes, the samples were kept for 10 minutes
at a temperature (40 °C), well-above the DMPC transition
temperature (23.5 °C), and then were vortexed three times for 1
minute. Subsequently, they were alternately sonicated and
heated at 40 °C to the same temperature, for 5 min each, during
1 h. The samples were then kept at this temperature while
stirring for another hour. Under such conditions, the obtained
liposomes are mainly unilamellar, as confirmed by trans-
mission electron microscopy (TEM).*>

Apparatus and methods

Absorption spectra were recorded on a Shimadzu 2501 PC UV -
visible spectrophotometer. For steady - state luminescence
measurements, a Shimadzu RF-5301 PC spectrofluorimeter was
used. The excitation wavelength was 387 nm, and excitation and
emission slits were 3 and 1.5 nm, respectively. The spectra were
recorded at 25.00°C =+ 0.01 °C, above the gel-liquid crystalline
phase transition temperature of DMPC, which corresponded to
the condition that showed the least background scattering.

Fluorescence quantum yields were calculated using as
standards: tryptophan in aqueous solution (quantum yield 0.15
for a concentration 10~* M at pH 6.1, excitation wavelength 270
nm)* for F and quinine bisulfate (0.546 in 1 N H,SO,, excitation
wavelength around 350 nm)** for TF, PFO and PFD according to
the procedure described by Eaton.*

Time-resolved fluorescence measurements were carried out
using the single photon counting technique with picosecond
time resolution on a home-built apparatus that has been
described elsewhere.> Excitation was at 392 nm and the emis-
sion was recorded at 440, 465 and 500 nm. Fluorescence decays
and the instrumental response function (IRF) were collected
using 4096 channels (with 0.814 ps per ch), until 5 x 10° total
detected counts at maximum were reached. De-convolution of
the fluorescence decay curves was performed using the method
of the modulation functions previously implemented by
Striker.>®

Differential scanning calorimetry (DSC) measurements were
performed on a MDSC Q-200 TA differential scanning calorim-
eter equipped with a refrigerated cooling system (RCS). A 50 mL
min~" nitrogen purging gas flow was used. The samples were
initially cooled to —2 °C and pre-equilibrated at this tempera-
ture for 30 minutes. Three heating-cooling cycles between
—2°C and 80 °C were carried out for each sample with a heating
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rate of 1.5 °C min~'. Very good reproducibility was obtained
between consecutive scans.

Dynamic light scattering (DLS) measurements were carried
out using a Zetasizer Nano ZS90 (Malvern, UK) to determine the
hydrodynamic diameter and the polydispersity index (PI) of the
liposomes.”” The DLS technique measures the Brownian motion
of the particles and correlates it with the hydrodynamic radius,
, of a particle defined by the Stokes-Einstein equation.

kT

~ 3D (1)

n
where D is the translational diffusion coefficient (m* s™%), k is
Boltzmann's constant, T is the absolute temperature (K), and 7
is the coefficient of viscosity (Pa s). A 632 nm He/Ne laser beam
crosses the sample and the scattered light at 90° is analysed
considering the size distribution by intensity and by volume
of scattered light. The DLS measurements were performed at
25 °C.

Infrared measurements were performed on a Bomem
(MB104) Fourier transform spectrometer equipped with a
deuterated triglycine sulphide (DTGS) detector and Zn/Se
optics. Data collection was performed with 2 cm™* spectral
resolution and 128 accumulations.

Simulation details

System. The effect of a number of different aromatic mole-
cules, containing one, two and three rings, in a fully hydrated
DMPC bilayer was studied by molecular dynamics (MD) simu-
lation. The topology for each aromatic residue (benzene,
biphenyl, fluorene, and a 3-ring polyfluorene) was generated by
the PRODRG server,*® while DMPC and Simple Point Charge
(SPC) water were described using the original definitions of the
GROMOS 53a6 force field.>* A DMPC bilayer was used, consist-
ing of 128 phospholipid molecules equally distributed by two
leaflets and 3655 SPC water molecules, as made available by
Kukol.*® It should be noted that, for simplicity, a single mole-
cule of solute was embedded in the DMPC bilayer. Such an
approach is suitable for studying the interaction of each solute
with the surrounding lipids, as well as assessing the respective
conformation and preferential positioning relative to the bilayer
center.

In order to circumvent timescale limitations associated with
a full description of the process of insertion, molecules were
directly incorporated into a pre-equilibrated and fully hydrated
DMPC bilayer. Different positioning alternatives were tested for
the insertion of the relevant molecules into the bilayer, rapidly
converging to the same overall positioning in each case.

Parameters and data analysis. All MD simulations were
carried out in the NpT ensemble and under periodic boundary
conditions, resorting to the GROMACS package, version 4.5.4 *
and the GROMOS 53a6 force field.* A standard time step of 2
fs was used for both the equilibration and production runs. Non-
bonded interactions were computed on the basis of a neighbour
list, updated every 10 steps. Long-range electrostatics was
computed using the particle mesh Ewald (PME) method,
as recommended for charged polymer simulations. For

This journal is © The Royal Society of Chemistry 2015
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Lennard-Jones energies, a cut-off of 1.4 nm was applied.
Temperature and pressure were coupled to the Berendsen
external baths maintained at 314 K and 1 bar, with coupling
constants of 0.1 and 0.5 ps, respectively. To obtain a starting
configuration, each system was firstly subjected to an energy
minimization step. The systems were then left to evolve up to 120
ns, using the LINCS algorithm® to keep bonds containing H
atoms under positional restraint conditions. The first 40 ns were
considered sufficient to attain equilibrated systems, while the last
80 ns of production runs were subsequently subjected to standard
analysis, such as atom-atom (group-group) distance distribu-
tions and radial distribution functions (rdf). MD trajectories
were visualized, and configuration images extracted using the
VMD 1.8.6 software.® It should be noted that for such a system,
considerations based on statistical inefficiency assessment indi-
cate that it takes about 100 ps to renew the overall information of
the system, which makes the total simulation length more than
sufficient for an accurate description of the system.**

Results and discussion

Molecular dynamic simulations give fundamental information
on the location, diffusion and interaction of F, TF, PFO and PFD
within the phospholipid bilayer. The interaction of the probes

View Article Online
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with the phospholipids in the liposome has been further
studied with IR and DSC. The dynamic light scattering results
allow estimation of the effect of these compounds on the size of
liposomes. Moreover, the spectroscopic characteristics
(absorption, steady-state and time-resolved fluorescence) of the
probes incorporated into DMPC liposomes are compared with
the spectroscopic characteristics of the same probes in typical
organic solvents and the results are related to those of the other
experimental techniques and molecular dynamic simulations.

1. Molecular dynamics simulations

MD simulations were carried out with a single molecule of B,
BP, F the trimer (TF) was enclosed in a fully hydrated DMPC
bilayer (Fig. 1), consisting of 128 phospholipid molecules
equally distributed by two leaflets to gain insight into the
topology of these molecules incorporated into the membrane
and of the interaction between these molecules and the
phospholipids.

In Fig. 2B, the normalized probability density profiles are
shown for the centres of mass of the molecules inserted into the
DMPC bilayer relative to the Z-axis (where the Z-coordinate
represents the normal to the bilayer plane) with the origin in the
center of the bilayer, and compared with the normalized density
profiles of the DMPC heads, tails and the water that surrounds

A —— DMPC-Heads B
—— DMPC-tails
1.2 water 1.2
benzene|
----- biphenyl
1.0+ 1.0+ = = - fluorene
trimer
0.8 0.8
N
o 061 o 06
0.4 0.4+
0.2+ j \ 0.2+
00 T T T T T oo T T T T o T 1
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Z, nm
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A —l— biphenyl
\ —QO— fluorene
\ —A— trimer o
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Fig. 2 (A) Probability density profiles for the DMPC heads (solid black line), tails (solid gray line) and water (solid pale gray line) relative to the

Z-axis. Note that the Z-coordinate represents the normal to the bilayer plane (Z = 0 in the centre of the bilayer) and that each distribution was
normalized to unity. (B) Probability density profiles for the centres of mass of the indicated molecules inserted in the DMPC bilayer. (C) Mean
square displacement (MSD) of the molecules under study within the DMPC bilayer. (D) Probability distribution for the angle between the main
axes of the indicated molecules, and the interface plane of the DMPC bilayer (the lines are meant to be a guide to the eye). Fig. 3 indicates the
molecular axes in the situations that are represented.
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the bilayer (Fig. 2A). It is shown that the molecules under study
are embedded in the hydrophobic region of the bilayer, with the
benzene, biphenyl and fluorene displaying a preferential posi-
tioning roughly midway between the center of the bilayer (Z = 0)
and the lipid/water interface. The two smaller molecules
(benzene and biphenyl) are those that more frequently switch
between leaflets, as is confirmed by the solute diffusion esti-
mated from the mean square displacement profiles (MSD)
shown in Fig. 2C. In contrast, the trimer tends to reside in the
center of the bilayer (Fig. 2B) and is the molecule that diffuses
more slowly (Fig. 2C). Fluorene diffusion shows an intermediate
behavior between those of the smaller molecules (B and BP) and
that of the trimer, as expected from its intermediate molecular
size. It is seen that all the molecules span a considerable frac-
tion of the bilayer thickness, covering both leaflets. As such, and
irrespective of some preferential positioning, there is no indi-
cation of either of these molecules, including the trimer, being
trapped or unable to move.

In terms of orientation, it is seen that the main axes of
biphenyl and fluorene molecules are parallel to the lipid chains,
while the trimer backbone remains mostly perpendicular to the
latter as is shown by the probability distribution of the angle
formed between the main axes of the molecules and the inter-
face plane of the DMPC bilayer (Fig. 2D) and also in the snap-
shots (Fig. 3). Moreover, the alkyl side chains on the 9-position
of the trimer have some propensity to extend towards the
interface, being interdigitated with the alkyl chains of the
phospholipid, as illustrated in Fig. 3.

These results are comparable with those found in the liter-
ature for neutral aromatic compounds such as pyrene in the

DMPC/fluorene

DMPC/polyfluorene

Fig.3 Snapshots extracted from the MD simulations illustrating typical
positioning and conformation of the residues embedded in the DMPC
bilayer. The arrows represent schematically the molecular axes in each
case.
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DPPC bilayer.* Pyrene is mainly located in the hydrophobic acyl
chain region close to the glycerol groups of lipid molecules. Its
orientation is dependent on the phase of the membrane. In the
fluid phase (conditions of our study) pyrene stands upright in
parallel to the phospholipid alkyl chains (as we have concluded
with B, BP and F) while in the gel phase, the orientation is
affected by the tilt of lipid acyl chains.®* Pyrene incorporated
into the 1-palmitoyl-2-oleoyl-sn-glycero-3-phophocholine (POPC)
bilayer also prefers to be located in the hydrophobic acyl chain
region close to the glycerol group of the lipid bilayer.®

There are numerous other examples of aromatic molecules,
even with heteroatoms, that tend to be in the hydrophobic part
or the phospholipid bilayers orientated perpendicular to the
membrane interphase. 6-Propionyl-2-(N,N-dimethylamino)
naphthalene (PRODAN) is in the bilayer with the dimethyla-
mino group pointing toward the membrane's center and the
carbonyl oxygen toward the membrane's interface.” With pyr-
roloquinolines in DPPC, it has been found that the hydrophobic
aromatic parts of the probes are located inside a more ordered
hydrophobic lipid chain region of DPPC. The depth of the probe
localization is gradually shifted deeper inside the hydrocarbon
core of the bilayer with the increase of the number of aromatic
rings.®® Kyrychenko and Waluk found that the probe-lipid
hydrogen-bonding contributes weakly to the favorable location
of the azaaromatic probes inside the DPPC bilayer, so that the
probe location is mainly driven by electrostatic dipole-dipole
and van der Waals interactions.®®

Similarly, MD simulations carried out with neutral and
charged lidocaine in the DMPC bilayer above the transition
temperature show that the uncharged form is located down in
the upper part of the lipid tails presumably perpendicular to the
normal orientation while the charged molecules exhibit a
defined position at the lipid head group region with preferential
orientation along the bilayer normal.*® Considering the diffu-
sion behaviour, the MD simulations indicate that charged
lidocaine has a rather restricted motion whereas the uncharged
molecules, as we have observed in our systems, are free to
diffuse in the lateral direction as well as to jump from one side
of the bilayer to the other.*®

Order analysis has been carried out to investigate the influ-
ence of the spectroscopic probes on the bilayer structure
through the alkyl chain order parameter Scp (Fig. 4), which
characterizes the average conformational ordering of lipid
hydrocarbon chains, and is frequently obtained using the
quadrupolar splitting in deuterium NMR spectra. The results
gathered in Fig. 4A show that both the fluorene molecule and
biphenyl induce an increased organization in the hydrophobic
part, towards the interface. For the fluorene molecule, this
effect extends to the interior of the bilayer, probably due to its
rigid character.

Although only one molecule of solute inserted in a 128 lipid
bilayer represents a small effect over the bilayer properties, the
increase in the order found for the DMPC/fluorene system was
responsible for a visible decrease in the area per lipid and a
consequent increase in the bilayer thickness (see Fig. S1 in the
ESIY).

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Alkyl chain order parameter, Scp, estimated along the bilayer
depth for DMPC chains (and averaged over the sn-1and sn-2 chains) in
the presence of the indicated solutes.

Scp also shows that the acyl chains of the DPPCs next to
pyrene molecules are considerably more ordered than the lipids
on average in the fluid phase.®® The same effect is observed on
the POPC acyl chain order parameters upon incorporation of
pyrene with changes which are rather small in global terms, but
with significant local changes; again pyrene induces ordering of
nearby phospholipid chains in disordered phases and
conversely for ordered bilayers.*® However, in the presence of
cholesterol and in the fluid phase, pyrene increases the order of
the bilayer.®® A decrease of the ordering of those hydrocarbon
chains that are closest to the pyrene in the gel phase has also
been observed with DPPC.*

The less significant effect of B and BP compared to F on Scp
is probably a consequence of them being smaller and less rigid
molecules than F. For the trimer, the fact that the majority of
the molecules are in the center of the bilayer and that only the
flexible octyl chains are orientated towards the phospholipid
alkyl changes could justify the small effect observed on the alkyl
chain order parameter.

2. Infrared study

To gain insight into the interaction between DMPC and PFO,
the IR spectra of the films of neat DMPC, the alkyl-chain
deuterated PFO-d;,, and DMPC-PFO-d;, mixture with a molar
ratio 1 : 1 were prepared by drop-casting chloroform solutions
of the compounds onto CaF, windows.

Fig. 5 shows the 1500-1480 cm ™" spectral regions of the IR
spectra of neat DMPC and PFO-d;;, and DMPC-PFO-d3,
mixture. PFO-d,4 gives rise to a single band at 1457 cm™'. On
the other hand, both neat DMPC and DMPC-PFO-d;, mixture,
besides the band at 1457 cm ™, also give rise to a band at higher
wavenumbers, 1467 cm ™.

Wang et al.”® showed that 2-alkyl-7,7,8,8-tetracyanoquinodi-
methane (which belongs to the C,-TCNQ family of compounds,
where n is the length of the alkyl chain), exhibits a stacked
structure in a head-to-head manner across the center of
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Fig. 5 1500-1480 cm™! spectral region of the IR normalized
absorption spectra of cast films of DMPC (from 20 uL of DMPC 5 x
10~ M in chloroform, black solid line), PFO-ds4 (from 40 pL of PFO-
ds4 2.5 x 1073 M in chloroform, light gray solid line) and DMPC—PFO-
dsy4 (from 20 pL of DMPC 5 x 107 M and 40 pL of PFO-dz4 2.5 x 1073
M in chloroform, black dashed line). Inset: structure of the alkyl-chain
deuterated PFO-ds4 with deuterium atoms in blue.

symmetry to form a double layer of -TCNQ groups. The trans-
zig-zag planes of the alkyl chains are parallel to each other,
protrude oppositely from the TCNQ layers and are interdigi-
tated with each other (with the majority of the -CH, groups in
the interdigitated part). For this family of compounds, the
bands around 1470 and 1460 cm™" were assigned to the non-
interdigitated and interdigitated part of the alkyl chains,
respectively. Based on the work of Wang et al.,” the bands that
appear in the IR spectrum of DMPC, as well as those of the
DMPC-PFO-d;, mixture, with maxima at 1467 and 1457 cm ™ ?,
are assigned to the non-interdigitated and interdigitated parts
of the DMPC alkyl chains, respectively.

In the IR spectrum of the DMPC-PFO-d;, mixture, there is a
significant decrease in the intensity of the band at 1467 cm ~*,
compared with the respective band in the IR spectrum of neat
DMPC, assigned to the non-interdigitated part of the DMPC
alkyl chains. It should be mentioned that at this wavenumber
PFO-d;; does not exhibit any band. This observation is
compatible with the interdigitation between the octyl chain of
the polymer and the alkyl chain of the phospholipid into the
bilayer, as indicated by molecular dynamics simulations
(Fig. 3). The topology shown in the snapshots of the DMPC/
polyfluorene system is in good agreement with the increase of
the intensity of the interdigitated -CH, alkyl DMPC group band
(1457 cm ™) shown by the IR results (Fig. 5).

3. Differential scanning calorimetry

The interaction between the fluorescent probes (F, TF, PFO and
PFD) and DMPC has been further studied using DSC through
the changes produced in the main phase transition temperature
of DMPC upon the incorporation of the probes. In this, the
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lipids undergo a transition from the ordered gel-state to a
disordered fluid-state which can be affected by the molecules
dissolved into the lipid bilayer. The transition temperature
variations (AT), presented in Table 1 for three different DMPC to
probe ratios, are calculated as the difference between the main
transition temperature of liposomes in the presence (Ty,) and
absence (7%, of the fluorene derivatives.

In addition, the incorporation of the F, TF, PFO and PFD into
the phospholipid bilayer leads to a decrease of the height and to
an increase of the width of the peak, as is shown in the ther-
mograms (Fig. S2 of the ESIT), confirming experimentally that
all the compounds are incorporated into the phospholipid
bilayer and affect the main DMPC-liposome phase transition,
in agreement with the MD simulations (Fig. 3). The increase of
the peak width (Fig. S2t) indicates a decrease in the coopera-
tivity among the acyl chains of the phospholipids for the tran-
sitions following the probe insertion into the lipid bilayer.>

The shift of the transition varies depending on the structure
of the probe involved, indicating differences in the interaction
with the phospholipid (Table 1). With F, a clear negative shift of
T, is seen, similar to those found in the literature for this
compound enclosed in DMPC liposomes.> Negative shifts are
also described with 2-nitrofluorene and 3-nitrofluoranthene.”
However, with the two polymers studied: PFO and PFD, positive
shifts of Ty, are observed (Table 1, following the order PFD >
PFO) indicating the formation of more ordered structures.”

Shifts of the main transition temperature of dio-
ctadecyldimethylammonium bromide liposomes (DODAB,
45.34 °C) to higher temperatures (45.24 °C) have been observed
upon incorporation of the 18-2-18 cationic gemini surfactant
into DODAB before the vesicles are formed. These gemini
surfactants have identical tetraalkylammonium head groups
connected by a saturated alkyl chain with two carbon (s) atoms
and two symmetric saturated alkyl tails with 18 carbon atoms
(m) and they are generally represented by m-s-m.

However, gemini surfactants with shorter lateral alkyl chain
lengths promote shifts of the main transition to lower temper-
atures (12-2-12 and 16-2-16 to 31.38 and 38.82 °C, respectively).”
In the case of DODAB and 18-2-18, the surfactants have the
same alkyl chain tail length, and MD simulations indicate that
the terminal methyl groups of 18-2-18 reach the central part of
the bilayer, increasing the lateral packing, which is compatible
with the main transition being displaced to a higher

Table 1 Transition temperature variation (AT) with mean standard
deviation (+SD) of DMPC liposomes with various concentrations of
fluorene based probes enclosed. AT = T,, — 79, where T?n is the
transition peak temperature of pure DMPC liposomes and T, that in
the presence of the probe

DMPC : probe

ratio F TF PFO PFD

10:1 —4.02 £ 0.30° —0.22 + 0.36 0.53 £ 0.20 1.41 £ 0.20
2:1 —3.05 +0.33 —0.78 &£ 0.30 0.51 + 0.23 0.66 £ 0.30
1:1 —3.10 £ 0.33 0.16 + 0.40 0.51 £ 0.25 1.25 £ 0.20

“ Ratio 11 : 1 in the case of PFO.
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temperature.”” With the other two gemini surfactants (12-2-12
and 16-2-16), MD simulations indicate the formation of lower
density regions in the core of the bilayer due to the small tails of
the gemini surfactants compared with DODAB, and the pres-
ence of high charge density regions on the surface due to the
two charged heads of gemini separated by a small spacer. Both
factors justify the opposing behaviour observed in the transition
temperature of DODAB depending on the structure of the m-s-m
surfactant.” Similar effects have been observed upon addition
of the same surfactants (12-2-12 and  18-2-18)
to dipalmitoylphosphatidylcholine : cholesterol (DPPC : Chol)
liposomes.” The main transition temperature of DPPC : Chol is
shifted from 40.0 to 28.5 °C by 12-2-12 and from 41.0 to 46 °C by
18-2-18. MD simulations again indicate that 12-2-12 embedded
in the membrane provokes a strong reduction of density close to
the bilayer interleaflet, while no evidence of disruption is seen
with 18-2-18. Moreover, the latter adopts a conformation and a
relative vertical positioning similar to the phospholipids, and a
slight interdigitation between the surfactant and phospholipid
chains is observed by MD, which explains the increase of order
suggested by DSC.” This is in agreement with the MD simula-
tions and IR studies carried out for TF. The snapshots in Fig. 3
show that TF is placed into the core of the DMPC bilayer in the
interleaflet region with the octyl-chain of the polymer orientated
towards the alkyl chain of the phospholipid and partially
interdigitated with them. This is in agreement with the IR
results, and provides a ready explanation for the positive change
in the transition temperature of DMPC liposomes.**® Based on
this discussion, it is plausible that the slightly larger shift of the
main transition temperature induced by PFD than that induced
by PFO is because the alkyl chain length of PFD is closer to that
of DMPC, inducing a higher order into the bilayer core. It is also
reasonable that TF, with a similar location to that of the poly-
mers within the membrane (as shown by MD simulations,
Fig. 3) but with fewer repeat units in the backbone, shows
intermediate thermotropic behaviour on the phase transition
between that of F and of the polymers (Table 1). It is not
expected to induce as much order into the membrane as the
polymers, due to the smaller number of repeat units.

A peak broadening and a significant increase of T, have
been also observed upon addition of very low concentrations of
Pluronic 1-61 (PEO,~PPO3,-PEO,, 0.02 wt%) to DPPC. In the
model proposed, L-61 is aligned with the phospholipids of the
two leaflets of the bilayer.”™

However, when the cationic polyfluorene [9,9-bis(6-N,N,N-
trimethylammonium)hexyl]fluorene-phenylene (HTMA-PFP) is
added to preformed vesicles of 1,2-dimyristoyl-sn-glycero-3-
phospho-rac-(1-glycerol) sodium salt (DMPG) no changes are
observed in the height, width or T}, in the thermograms, which
indicates that the cooperativity of the transition is preserved
and the polymer does not disrupt the overall structure of the
lipid bilayer.”® With the neutral PFO and PFD added in our
systems before vesicle formation with DMPC phospholipids, the
polymers can become incorporated into the inner part of the
bilayer, leading to the effect on the lipid bilayer structure and, in
consequence, on the transition temperature.

This journal is © The Royal Society of Chemistry 2015
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Considering both the thermal behaviour discussed above
with different amphiphiles (DODAB and DPPC) and the gemini
surfactants (12-2-12, 16-2-16 and 18-2-18), and our MD and IR
results, we believe that the increase in the T, induced by PFO
and PFD is due to the fact they are located in the centre of the
bilayer, with their poly(fluorene) backbones orthogonal to the
alkyl chains of the phospholipid and the PF alkyl chains inter-
digitated with the end part of the alkyl chains of the phospho-
lipid, thus increasing bilayer ordering and transition
temperature. In contrast, fluorene is distributed across the
membrane, with a tendency to be close to the headgroup region
(Fig. 2 and 3) which may provoke a reduction of density close to
the bilayer interleaflet (Fig. 4) without increasing ordering of the
alkyl chains of the phospholipid. This leads to the expected
decrease in the transition temperature.

4. Dynamic light scattering

Fluorene and PFO were incorporated into phospholipid bilayers
before vesicle formation, and their effect on the size of DMPC
vesicles was studied through dynamic light scattering. The
main results are summed up in Fig. 6. In both cases, mono-
modal size distribution curves were obtained. These were
broader for PFO, and the average particle radius for vesicles
with F was 77 & 10 nm and for vesicles with PFO was 131 + 31
nm. From the standard deviation, it can be clearly seen that the
samples with PFO show a greater polydispersity than those with
F indicating that the nature of the probe affects both the size of
the vesicles obtained and their distribution. This is corrobo-
rated by the variation of the liposome size upon addition of
various concentrations of F and PFO as shown in Fig. 6A. Data
have been normalized dividing the radius by that of the free
liposomes. In both cases a decrease of liposome size is observed
upon increasing the probe concentration. However, the
decrease is more significant for PFO (slope —67 732 + 8752)
than for F (slope —43 537 £ 3377) showing a larger effect of the
polymer on the vesicle size.
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Fig. 6 (A) Changes of normalized DMPC liposome radius as a function
of F (empty black circles) and PFO (black squares) concentration. (B)

Number of F molecules or PFO chains per liposome (DMPC). In both
cases, the DMPC concentration was 9.38 x 107> M.
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A decrease of vesicle size upon addition of the neutral tri-
block copolymer Pluronic F-127 to r-o phosphatidylcholine (egg
PC, E-PC) and DPPC in a concentration range between 0.1 and
0.5% wt was described and attributed to a solubilisation process
with most of the large unilamellar vesicles destroyed, yielding
many bilayers disks of much smaller sizes in coexistence with
small, but moderately enlarged F-127 modified unilamellar
vesicles.” Johnsson et al. also observed that the Pluronic P105
and P85 added to preformed vesicles tend to promote a reduc-
tion of EPC liposome size upon heating the samples to 55 °C in
an irreversible process, regardless of whether the samples were
prepared by sonication or extrusion.”” However, as Cryo-TEM
also showed smaller liposomes instead of bilayers disks, they
concluded that the higher curvature needed to decrease the
polymer repulsion at a high polymer surface concentration was
achieved by liposomal size reduction. This was only observed at
a temperature for which the interaction between the polymer
and the phospholipid is achieved.” This was supported by
previous mobility studies of the PEO adsorbed on different
sized polystyrene colloids which showed that PEO chain
mobility was higher when the Pluronics were adsorbed on
particles of higher curvature, indicating a decrease in the lateral
interaction between the PEO chains.” The decrease in liposome
size most probably is due to a decrease in lateral interactions
between the PEO chains of the adsorbed Pluronic molecules.”

Since our previous TEM experiments carried out on the
DMPC-PFO system did not show any breakup of the vesicles
with the formation of disk bilayers,® we believe that in the
DMPC : PFO system and, to a lesser extent, in DMPC : F, the
reduction of the liposome size at high concentrations is
compensated by the repulsion between the adsorbed
compounds into the bilayer. Estimations were made of the
changes of the number of fluorene molecules per liposome or
PFO chains per liposome with the increase of the compound
concentrations and are shown in Fig. 6B. Details are given
elsewhere.®* (The number of liposomes formed was calculated
from the liposomal radius and from the assumption of geom-
etry parameters made by Huang and Mason.)””

Our results for DMPC : F are of the same order of magnitude
of the calculations made by Schott et al.** with various perylenes
in S-PC. For liposomes with a diameter of about 70 to 80 nm
about 200 to 300 dye molecules could be incorporated.

The concentrations of fluorophores per liposome is higher in
the case of PFO than in the case of F. This could be related to
their different structures (Fig. 1) and location in the DMPC
bilayer as MD simulation shows (Fig. 3) and can explain the
higher reduction of the DMPC liposome radius induced by PFO
in comparison to F.

5. Photophysical properties of fluorenes in organic solvents
and DMPC

The absorption and emission spectra of the neutral fluorenes
(F, TF, PFO and PFD) incorporated into DMPC liposomes were
registered, and the normalized spectra are shown in Fig. 7A and
B, respectively. While it is possible that a small fraction of the
DMPC system may be present as phospholipid bilayers rather
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than liposomes, this is unlikely to affect the overall photo-
physical behaviour. The main electronic spectroscopic proper-
ties of these compounds (absorption and emission maxima
(A?I?;fx and Aqax), molar absorption coefficients (¢) at the
absorption maxima, and emission quantum yields (¢)) enclosed
in DMPC liposomes and in typical organic solvents (chloroform,
cyclohexane and ethanol) are presented in Table 2. Their
normalized absorption and emission spectra in chloroform,
cyclohexane and ethanol are compared in Fig. S3 to S5 (ESIT),
while the effect of the environment on the spectra of each probe
is shown separately in Fig. S6 to S9 (ESIT).
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Fig. 7 (A) Normalized absorption spectra of F (8.7 x 10™° M, dashed
gray line), TF (8.3 x 107® M, dashed black line), PFO (1.0 x 10> M, solid
black line) and PFD (1.1 x 107> M, solid gray line). (B) Normalized
emission spectra of F (9.7 x 107° M, dashed gray line), TF (8.3 x 107°
M, dashed black line), PFO (5.8 x 107® M, solid black line) and PFD
(6.95 x 107® M, solid gray line).

Aabs 2em

View Article Online

Paper

Although the absorption and emission spectra of F do not
show mirror symmetry, they show a well resolved vibrational
structures, in both organic solvents and the DMPC liposomes
(Fig. 7 and S3 to S6 in the ESIT). In contrast, as is common with
fluorene based oligomers and polymers, the trimer and polymer
absorption spectra in most of the organic solvents and TF and
PFD in DPMC liposomes are broad and structureless and only
the emission spectra show a well resolved vibrational structure
(Fig. 7, and S7 to S9%). This is attributed to the fact that
absorption is an instantaneous process which allows many
possible segments with different conjugation lengths to absorb
while only the lowest energy states emit.”® The high degree of
conformational disorder in the oligomer and polymer implies
an increase in the number of electronic states accessible and, as
a consequence, the broadening of the absorption spectra and
loss of the vibrational structure.

However, with PFO in DMPC, the absorption spectrum
shows a vibrational structure with a new band at 438 nm, which
corresponds to the formation of the PFO B-phase (Fig. 7 and
S8t).? Both the absorption and emission spectra are red-shifted
for PFO in the DMPC bilayer compared with cyclohexane or
chloroform. Moreover, from the comparison of the emission
spectra of PFO in DMPC and ethanol (Fig. S8t), it can be
concluded that a more planar PFO B-phase is formed in both
ethanol and DMPC whereas, in chloroform and cyclohexane, a
PFO a-phase is predominant (Fig. S8%). It is well-known that the
content of the PFO B-phase increases with the degree of aggre-
gation in poor solvents such as a mixture of chloroform/ethanol
with a content of ethanol above 40%.” The macroscopic
aggregates make the content of the B-phase much higher and
stable.”

In contrast, with the absorption and emission spectra of
PFD, there is no evidence for B-phase formation (Fig. S97),
confirming that the length of the alkyl chain substituent on the
polyfluorene is one of the crucial factors which determines the
formation of the B-phase when the polymer is enclosed in the

Table 2 Maxima of the absorption (Ains) and emission (Anm,) spectra, wavelength of the emission spectrum shoulders (AgY"), molar absorption

coefficients at 2225, (¢) and emission quantum yield (¢). Molar concentrations for the oligomer and polymers are calculated in terms of the repeat

units

Solvent Comp. 2258 nm &mol tem 'L A, M S0, nm A0, nm )

Chloroform F 265 18 203 + 838 305 314 — 0.029 £ 0.003
TF 352 25185 + 493 394 415 441 0.82 £+ 0.07
PFD 368 27 210 £ 172 413 436 472 0.56 + 0.05
PFO 386 15 800 + 358 415 441 473 0.59 + 0.06

Cyclohexane F 262 14 616 + 130 302 309 — 0.68 £+ 0.07
TF 350 21 813 £+ 158 390 411 435 0.97 £+ 0.01
PFD 368 33 349 + 467 409 432 467 0.47 £ 0.01
PFO 383 15 865 + 353 410 436 465 0.52 £+ 0.09

Ethanol F 262 14 952 + 375 302 309 — 0.73 £ 0.02
TF 346 23272 £ 52 390 410 435 0.88 £+ 0.06
PFD 344 1479 £ 11 398 419 0.70 £ 0.01
PFO — — 439 464 494 —

DMPC F 262 10 284 + 410 303 310 — 0.63 £+ 0.09
TF 353 16 939 + 1474 396 418 444 0.70 £+ 0.09
PFD 377 9030 + 1147 417 438 467 0.23 £ 0.04
PFO 405 2920 + 330 438 465 498 0.30 £+ 0.08
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phospholipid bilayer. This is fully consistent with the effect of
the side chain length on the behaviour of these polymers
reported for methylcyclohexane.*”* PFO has the optimal alkyl
chain length for the formation of the B-phase because the side
chain interactions are stable and sufficient to overcome steric
repulsion and planarize the polymer backbone. Based on
molecular dynamics and DFT simulations on PFO oligomers,
and NMR and small angle neutron scattering results on polymer
solutions over a wide concentration range, it has been shown
that side-chain interactions play a major role in the association
behaviour of this class of polymer.>

The B-phase is also not observed in the absorption and
emission spectra of the trimer, regardless of the solvent
considered or of the inclusion in DMPC liposomes (Fig. S7 in
the ESI).t This indicates that the same factors that control the
formation of the B-phase in solution are determinant for the
formation of that phase when the fluorophore is enclosed in the
phospholipid bilayer. The B-phase is formed by PFO only in
poor solvents and at low temperatures when more than 9 repeat
units constitute the polymer chain.*

To test the effect of the structure and environment on the
absorption and emission maxima, the spectra of different
compounds in the same media are compared in Fig. 7, S3, S4
and S5 (in the ESI),T while the changes induced by the envi-
ronment on the spectroscopic properties of a particular
compound are shown in Fig. S6 to S9 (ESI). The wavelength of
the maxima of the absorption and emission spectra of these
four compounds (F, TF, PFO and PFD) shows only modest shifts
with the solvent polarity, as expected for typical ® — w*
transitions.

However, a red shift of the absorption and emission maxima
with the increase in conjugation of the probe is observed both
in organic solvents and in DMPC-liposomes, following the
expected order polymer > trimer > monomer, Table 2.*° For the
two polymers, there is also a red shift in absorption, and a
smaller one in emission, with increasing molecular weight,
PFO > PFD. In chloroform and cyclohexane, the red shift of the
maximum of the absorption spectrum of TF with respect to the
F is around 88 nm while those of PFD and PFO with respect to
the trimer are around 17 and 33 nm, respectively. Similar shifts
are observed if the wavelengths of the emission maxima are
considered (around 88 nm when TF is compared with F and
around 20 nm when polymers are compared with the TF). The
difference in the spectral maxima between the monomer and
the oligomer is much larger than between the oligomer to the
polymer in both organic solvents and DMPC, which we believe
justifies the use of the trimer in the MD simulations as a
reasonable model of the polymer.

The shift between the maximum of absorption and emission
(Stokes' shift) is around 42 nm, and is relatively unaffected by
the solvent, for F, TF and PFD in both DMPC and organic
solvents (Table 2), indicating no significant differences in the
photophysical behaviour of probes enclosed in liposomes or in
the bulk organic solvent. A smaller Stokes’ shift is seen with PFO
(around 28 nm in chloroform and cyclohexane and 33 nm in
DMPC).

This journal is © The Royal Society of Chemistry 2015

View Article Online

Soft Matter

The fluorescence quantum yields of F, TF, FPO and PFD
(Table 2) in the organic solvents used are above 0.5, with the
exception of F in chloroform. When data are available, such as
for F** in ethanol,** ¢ values obtained are in a good agreement
with the literature values. The low value in chloroform is
probably due to formation of contact charge transfer species, as
has been reported for various other aromatics and chlorinated
hydrocarbons.*

When the oligomers and polymers are enclosed in the
phospholipid bilayer, the emission is quenched compared with
the average values of ¢ in organic solvents. The reduction of the
fluorescence quantum yield is lower for TF (about 20%) than for
the two polymers (PFD, 60% or PFO, 45%). In addition, the
absorption and emission spectra of the trimer and polymers are
broader and red-shifted (more for PFO due to the formation of
the B-phase) when enclosed in the DMPC bilayer compared with
the spectra in organic solvents (Fig. S7, S8 and S9 in the ESIY).
This suggests a strong inter-chain interaction, characteristic of
aggregated conjugated polymers,* and is compatible with the
fact that the chromophores are not homogeneously distributed
within the liposomes (as in organic solvents), but they are
confined within a reduced region of the phospholipid bilayer.
The “real local” concentration will be higher than the average
calculated from the total volume of the liposomes, leading to
aggregated states which are more significant for oligomers and
polymers due to the steric restrictions imposed by their more
bulky and rigid structures.

The attribution of the stronger quenching of the emission of
PFO (60%) compared with F (10%) to aggregation is in good
agreement with the results of dynamic light scattering (Fig. 6),
which showed a higher concentration of fluorophore per lipo-
some for PFO.

Time-resolved luminescence provides further details on
these interactions. In Table 3, the decay times (z;), pre-expo-
nential factors (a;) and chi-squared values (x*) of F, TF, PFD and
PFO in several solvents and DMPC are shown, together with the
excitation and emission wavelengths used. For DMPC, average
values based on the values obtained at several fluorophore
concentrations are shown. The details are given in Tables S1 to
S4 in the ESL.}

Fluorene shows monoexponential decays in organic solvents
while these become biexponential when enclosed in the
DMPC bilayer, with one lifetime close to that in organic solvents
(=1 ns) and a second one markedly longer (3.2 ns). From Table
2, there is a very modest decrease in the fluorescence quantum
yield, and a more marked decrease in the molar absorption
coefficient of F in DMPC compared with cyclohexane. From the
Strickler-Berg relationship® the decrease in ¢ may reflect an
increase in radiative lifetime. The contribution to the total
emission of each component (f;) can be calculated as f; = (a;7;)/
(Zi(ajt;)).* For fluorene, the average contribution to the total
emission of the species with a lifetime of 1160 ps is 26% and
that one with lifetime of 3220 ps is around 74%. These results
are compatible with the migration of F into the bilayer
described in the MD simulation section (Fig. 2B and C). From
this model and the lifetime data, it is feasible that 3/4 of the
fluorene emission (lifetime 3220 ps) is due to molecules which
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Table 3 Decay times (), pre-exponential factors (a;), and chi-squared (x%) of F, TF, PFD and PFO in several solvents and DMPC. For DMPC,
average values based on the values obtained at several fluorophore concentrations are shown. The details are given in Tables S1 to S4 in the ESI.

Excitation wavelength (Aexc) and emission wavelength (Aep)

Solvent Aexe, NIM Aem, NIM 71, PS T, PS 73, PS a, a, az X
F CHX 282 315 974 1 0.73
Eth 282 315 994 1 0.59
DMPC 282 315 1160 3220 0.500 0.500
TF CHCl, 392 400 720 1 0.99
420 1 1.02
440 1 1.00
CHX 392 400 710 1 1.04
420 1 1.07
440 1 1.01
Eth 392 400 770 60 0.968 0.032 1.02
420 0.961 0.039 1.02
440 0.952 0.045 1.04
DMPC 392 400 479.0 75.0 0.904 0.095
420 0.914 0.085
440 0.946 0.053
PFD CHCl, 378 410 54.7 410.8 595.2 0.213 0.475 0.312 0.97
440 —0.008 0.61 0.39 0.99
475 —0.1 0.553 0.447 1
CHX 378 410 55.8 291.8 480.4 0.058 0.176 0.765 0.99
440 —0.116 0.151 0.849 1.02
475 —0.176 0.102 0.898 1
Eth 378 410 55.7 610.7 773.4 0.016 0.638 0.346 1
440 —0.132 0.601 0.399 0.96
475 —0.191 0.519 0.481 1.01
DMPC 378 440 46.0 209.7 724.9 0.628 0.276 0.096
475 0.582 0.305 0.113
PFO CHCl; 392 400 20 390 1420 0.597 0.403 0 1.21
420 —0.026 1 0 1.3
520 —0.09 0.957 0.043 1.05
CHX 392 400 40 410 0.469 0.531 1.27
420 —0.085 1 1.03
520 —0.137 1 1.22
Eth 392 400 40 220 590 0.332 0.063 0.601 0.99
420 0.118 0.125 0.756 1.03
500 0.163 0.705 0.13 1.03
DMPC 392 440 115.7 252.9 0.246 0.742
500 0.444 0.523

are close to the head groups of the phospholipid in a more
restricted environment, while the rest of the emission comes
from molecules near the centre of the bilayer, where the polarity
is similar to that of cyclohexane. Moreover, the contribution to
the total emission of the fluorene with a lifetime of 1160 ps
increases from 16% to 30% upon increasing the fluorene
concentration from around 10~° M to 10~ M, indicating par-
titioning of the probe from the head group region to the centre
of the bilayer.

To a good approximation, the decays of the trimer TF can be
also considered monoexponential in both organic solvents and
liposomes because the contribution to the total emission of the
short component is less than 1% for TF in ethanol (60 ps) and
less than 2% for TF in DMPC (75 ps) showing only residual
importance. In addition TF lifetime is not dependent on the
concentration of TF within the liposome. The monoexponential
decays are compatible with only one environment for TF in very
good agreement with the MD simulation results, where it is in
the centre of the bilayer (Fig. 3), parallel to the leaflet of the

314 | Soft Matter, 2015, 11, 303-317

bilayer (Fig. 2D) with a very slow diffusion (Fig. 2C). The
explanation for the decrease of TF quantum yield (Table 2) and
lifetime (Table 3) when TF is in the phospholipid bilayer is not
yet clear, but appears to be associated with some enhanced
nonradiative decay pathway. The appearance of the short
component, although only with a minor contribution in ethanol
and DMPC, could be related to energy migration between
adjacent trimers.

In contrast, PFD and PFO show the characteristic complex
decays commonly seen with polyfluorenes.” For PFD, tri-expo-
nential decays are observed both in the organic solvents and
enclosed in DMPC liposomes. The shortest component of
around 55 ps in the organic solvents (Table 3), with a contri-
bution of less than 5% to the total emission, appears as a rise
time (negative amplitude) when the decay is collected in the
emission tails (440 and 475 nm). This is the signature of fast
conformation relaxations of the PFD backbone®** and is not
observed for PFD within the phospholipid bilayer, which indi-
cates that PFD is in a more rigid environment in the liposomes.

This journal is © The Royal Society of Chemistry 2015
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For most of the systems, the intermediate and the longest
components show similar contributions to the total emission,
except for PFD in cyclohexane which has a predominant
contribution of the longest component (480.4 ps).

PFO shows multiexponential decays in chloroform and
cyclohexane (Table 3). In these solvents, the B-phase is not
formed (Fig. S8 in the ESIf) and the shortest component of the
decays has a rise time when the emission is collected at 420 and
520 nm indicating again a fast conformation relaxation of the
PFO backbone” which is not observed when the B-phase is
formed, either in ethanol or DMPC (Fig. S8t).

The characteristic biexponential decays of PFO in DMPC
(Tables 3 and S47) with average lifetimes around 116 and 253
are the signature of the formation of the B-phase as has previ-
ously been discussed.?

PFO in ethanol shows intermediate behaviour between that
observed in better solvents (chloroform and cyclohexane), with
a predominance of the contribution of the longest component
(590 ps, above 90%) when the emission is registered in the main
emission band (400 and 420 nm) and the prevalence of the
intermediate band (220 ps), characteristic of the B-phase
formation, when emission is registered at 500 nm. This indi-
cates that PFO forms the B-phase in ethanol, as indicated in the
steady-state study (Fig. S87), but to a lesser extent than when is
in DMPC liposomes.

Conclusions

The photophysics of neutral fluorenes: F, TF, PFO and PFD has
been studied with these fluorescent probes incorporated into
the bilayer of aqueous suspensions of DMPC liposomes. With
PFO, the formation of the B-phase was observed. However, with
its homologous TF (oligomer) and PFD (polymer with a longer
substituent alkyl chains) this is not observed, indicating both
that a minimum number of backbone repeat units and the octyl
chain as a substituent of the 9-carbon atom in the fluorene
group are needed to form the B-phase efficiently in liposomes.
The same factors are observed in organic solvents, showing that
the polymer-phospholipid interaction does not allow us to
overcome these requirements for the formation of the B-phase.

MD simulations show that all these compounds are incor-
porated into the phospholipid bilayer. However, while the small
molecules B, BP and F are orientated parallel to the phospho-
lipid alkyl chains (and perpendicular and close to the interface),
the trimer and polymers, are located in the centre of the bilayer
parallel to the plane of the head groups and with the alkyl chain
substituents orientated towards the phospholipid alkyl chains.
This result perfectly matches with the decrease of the DMPC IR
band at 1467 cm ™' assigned to the non-interdigitated part of the
DMPC alkyl chains when deuterated PFO is incorporated into
the phospholipid bilayer. The partial interdigitation of the
phospholipid and polymer alkyl chains is suggested to be partly
responsible for the increase of the transition temperature of
DMPC upon addition of PFO and PFD as seen by DSC, while F
induces a decrease of the transition temperature and TF shows
an intermediate behaviour.

This journal is © The Royal Society of Chemistry 2015
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The diffusion of these molecules in the phospholipid bilayer
follows the order B > BP > F > TF, as expected from their
molecular sizes.

According to the alkyl chain order parameter, Scp, F and BP
increase the organization in the hydrophobic part of the bilayer
towards the interface but with F these effects are extended
towards the interior of the bilayer. However, it seems that it is
the order induced in the centre of the bilayer by the incorpo-
ration of polymers (particularly at the end of the phospholipid
alkyl chains) through the interdigitation with the polymer
substituent which determines the increase of the DMPC phase
transition temperature.
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