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Abstract
Conjugated polydiacetylene (PDA) possessing stimuli-responsive properties has been intensively
investigated for developing efficient sensors. We report here fluorescence resonance energy transfer
(FRET) in liposomes synthesized using different molar ratios of dansyl-tagged diacetylene and
diacetylene–carboxylic acid monomers. Photopolymerization of diacetylene resulted in cross-linked
PDA liposomes. We used steady-state electronic absorption, emission, and fluorescence anisotropy
(FA) analysis to characterize the thermal-induced FRET between dansyl fluorophores (donor) and
PDA (acceptor). We found that the monomer ratio of acceptor to donor (Rad) and length of linkers
(functional part that connects dansyl fluorophores to the diacetylene group in the monomer) strongly
affected FRET. For Rad = 10 000, the acceptor emission intensity was amplified by more than 18
times when the liposome solution was heated from 298 to 338 K. A decrease in Rad resulted in
diminished acceptor emission amplification. This was primarily attributed to lower FRET efficiency
between donors and acceptors and a higher background signal. We also found that the FRET
amplification of PDA emissions after heating the solution was much higher when dansyl was linked
to diacetylene through longer and flexible linkers than through shorter linkers. We attributed this to
insertion of dansyl in the bilayer of the liposomes, which led to an increased dansyl quantum yield
and a higher interaction of multiple acceptors with limited available donors. This was not the case
for shorter and more rigid linkers where PDA amplification was much smaller. The present studies
aim at enhancing our understanding of FRET between fluorophores and PDA-based conjugated
liposomes. Furthermore, receptor tagged onto PDA liposomes can interact with ligands present on
proteins, enzymes, and cells, which will produce emission sensing signal. Therefore, using the present
approach, there exist opportunities for designing FRET-based highly sensitive and selective chemical
and biochemical sensors.

Introduction
Conjugated polymers have attracted a lot of attention because of their wide range of
applications in the fields of molecular and ion sensing and detection, organic light emitting
devices, optoelectronic, solar, and photovoltaic devices, and actuators.1–3 Many excellent
reviews on conjugated polymers for sensing applications are available in the literature.2 In
particular, sensors based on FRET between conjugated polymers and fluorophores are
investigated by many groups because conjugated polymers provide signal amplification in
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response to external stimulation.2 Recently, Leclerc and co-workers used polythiophene and
other conjugated polymers for detection of ions such as I− and Na+, protein, and nucleic acids.
4 Leclerc’s group also demonstrated FRET between cationic polythiophene and fluorophore-
tagged anionic DNA molecules for highly sensitive detection of cDNA.4h Similarly, the groups
of Heeger and Bazan used FRET between organic fluorophores and fluorene derivative
conjugative polymers for highly sensitive detection of nucleic acids and pepetides.3a–f
Whitten’s group used conjugated phenylene–vinylene polymers for reversible FRET-based
highly sensitive protein sensing.3j PDA, which is also a conjugated polymer, has been
extensively studied for decades for applications such as the sensing of ions, proteins, bacteria,
and viruses, electronic transport properties in crystals, and optical properties in solution and
solid phases.5 Most of the reported PDA sensors are based on colorimetric changes such that
a change in color is observed when receptors attached to PDA interact with ligands of molecules
or particles to be sensed.5 On the other hand, PDA-based FRET assay which can be more
sensitive than colorimetric-based sensors are less exploited.6

Recently, we6a and others6b–e demonstrated FRET between PDA and organic fluorophores.
Reppy and co-workers detected E. coli using PDA-based FRET assay.6d Similarly, Cheng
used FRET between PDA and BODIPY fluorophores for sensing of amines in solution.6c We
have shown that the FRET efficiency between dansyl (donor) and polydiacetylene (PDA,
acceptor) can be modulated by thermal treatment of the dansyl-tagged PDA liposome solution.
The increase in the FRET efficiency was partially attributed to a large increase in the spectral
overlap between the emission spectrum of dansyl and the absorption spectrum of PDA (Figure
2) and to an increase in the quantum yield (Qy) of the red form PDA after thermal treatment.
6a A detailed systematic study of FRET between donor fluorophores and PDA acceptor is not
yet reported. To further increase our understanding of FRET in the fluorophore–PDA system,
we investigated the effect of different parameters such as donor concentration in the liposomes
and chemical structure of the monomers on FRET efficiency. Specifically, we studied two
major factors: (1) the effect of monomer ratio of acceptor to donor (Rad) and (2) the effect of
length and flexibility of the linkers that connect donor to acceptor. These two factors provided
us with crucial information for optimization of FRET into our system. To accomplish this we
synthesized three donor-tagged monomers which were incorporated in the liposomes. These
monomers were synthesized to systematically study the effect of linker length (L) on FRET.
We show that FRET between dansyl and PDA is highly sensitive to Rad and L and that FRET
can be optimized by controlling Rad and L. We also report the effect of photopolymerization
time, atmosphere (air versus argon in which photopolymerization was performed), and thermal
treatment on the absorption spectroscopy of PDA liposomes. The liposomes presented in this
study can be used for sensors where the receptor-tagged PDA liposomes can interact with
ligands present on proteins, enzymes, and cells which will produce changes in emission sensing
signal.

2. Background
We now discuss some important concepts on FRET since the present study involves extensive
discussion on FRET. In the FRET process the energy is nonradiatively transferred from a donor
molecule(s) to an acceptor molecule(s) through dipole–dipole interactions.7a FRET usually
results in a decrease in the donor emission (and an increase in the acceptor emission if the
acceptor is a fluorophore), quenching and depolarization of donor steady-state fluorescence,
and shortening of the donor excited-state lifetime.7a In general, the kET–r−6 dependence is
derived by assuming point donor and acceptor dipoles. For cases involving conjugated
polymers and small fluorophores, this dependence is less clear. For example, a recent
computation study shows a weaker than usual r−6 dependence at short r, but it recovers to
r−6 dependence at larger r.7c On the other hand, the literature has plenty of examples that have
utilized kET–r−6 dependence for studies involving FRET between conjugated polymer and
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small fluorophores.3c,f,l–o In the absence of a clear kET–r dependence, we believe that kET–
r−6 dependence is more appropriate in our case. The FRET efficiency, E, is defined as
follows7a

(1)

where R0 is Forster’s radius and defined in eq 2 below7a

(2)

which corresponds to a separation distance between donor and acceptor at which FRET
efficiency is 50%. Here k2 is an orientation factor between donor and acceptor molecules and
varies between 0 and 4 for orthogonal and collinear donor–acceptor dipole orientations,
respectively, Qy is the quantum yield of the donor, J is the overlap between the donor emission
spectrum and the acceptor absorption spectrum, and r is the distance between the donor and
acceptor.7a The spectral overlap interal function, J, is defined as follows7a,8

(3)

which is a quantitative measure of the donor–acceptor spectral overlap over all wavelengths
(λ), where F(λ) represents the donor emission (normalized dimensionless spectrum) at
wavelength λ and εA(λ) represents the extinction coefficient of acceptor at λ. When one donor
simultaneously interacts with several acceptors brought in close proximity, the above
efficiency can be expressed as follows8

(4)

where n is the average number of acceptor molecules interacting with one donor. Here, it is
assumed that all the interacting acceptors are equally separated from a central donor. In this
case, the presence of several acceptor fluorophores will increase the FRET efficiency from
donor to acceptors.

Experimental Section
Materials

10,12-Pentacosadiynoic acid was obtained in >95% purity from GFS Chemicals. All organic
solvents for synthesis and purification were purchased from Fisher Scientific and used without
further purification. Water used in the preparation of liposomes was purified and deionized
using standard procedures.

Synthesis of the Fluorescent Lipid Monomers 1
We synthesized three different monomers in the present studies. All three monomers have the
same chemical structure except that the linkers connecting the diacetylene moiety with dansyl
are different (Figure 1). The linkers for three monomers are ethylene (1c), triethylene glycol
(1b), and tetraethylene glycol (1a) moieties. The dansyl–diacetylenes (monomers 1a, 1b, and
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1c) were chosen such that they have the same chemical structures to diacetylenic acids
(monomer 2) except for the chemical moieties that connect the carboxylic acid of 2 and the
dansyl part. Thus, we expect that monomers 1 and 2 will self-assemble in liposomes such that
diacetylene functional groups of 1 and 2 will align with one another and participate in the
photopolymerization. Synthesis of 1 was accomplished using a procedure similar to published
reports (Figure 1).6a,9

Synthesis of 3
To a solution of 10,12-pentacosadiynoic acid (monomer 2, 0.50 g, 1.35 mmol) in 10 mL of
methylene chloride CH2Cl2, N-hydroxysuccinimide (0.174 g, 1.5 mmol) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.299 g, 1.55 mmol) were added
at room temperature. The solution was stirred at room temperature for 2 h, and the solvent was
evaporated under reduced pressure. The residue was extracted with diethyl ether and water
three times. The organic layer was dried with MgSO4 for 0.5 h and filtered, and the solvent
was removed by rotary evaporation to give 0.45 g of white solid 3.

Synthesis of 5
Dansyl chloride (0.40 g, 1.49 mmol) was added dropwise to a solution of 4 (11.12 mmol)
(4a, α,ω-diamino-tetraethylene glycol; 4b, 2,2′-(ethanedioxy)diethylene amine; 4c,
ethylenediamine) in 50 mL of dry THF followed by triethylamine (0.19 g). After stirring
overnight, the solvent was removed by rotary evaporation and the residue subjected to silica
gel column chromatography (ethyl acetate:methanol 3:1) to give a highly fluorescent
intermediate 5 (0.39 g for 5a, 0.33 g for 5b; 0.29 g for 5c).

Synthesis of 1
To a solution of 3 (0.30 g, 0.6 mmol) in 20 mL of dry CH2Cl2 was added a solution of
fluorescent intermediate 5 (0.6 mmol) in dry CH2Cl2. After stirring overnight at room
temperature, the mixture was concentrated by rotary evaporation and the residue subjected to
silica gel column chromatography (from ethyl acetate:hexane 2:1 to 10% chloroform–90%
methanol) to yield the desired fluorescent monomer 1.

1a, 1H NMR (300 MHz, CDCl3) δ 0.84 (t, 3H), 1.10–1.32 (m, 26H), 1.34–1.52 (m, 4H), 1.52–
1.58 (m, 2H), 2.08 (t,2H), 2.15 (m, 4H), 2.89 (s, 6H), 3.00–3.08 (m, 2H), 3.32–3.58 (m, 14H),
5.75 (b, 1H), 6.35 (b, 1H), 7.19–8.61 (6H). Yield of 1a ~ 52%.

1b, 1H NMR (300 MHz, CDCl3) δ 0.84 (t, 3H), 1.10–1.32 (m, 26H), 1.34–1.52 (m, 4H), 1.52–
1.58 (m, 2H), 2.08 (t,2H), 2.15 (m, 4H), 2.89 (s, 6H), 3.00–3.08 (m, 2H), 3.32–3.58 (m, 10H),
6.35 (b, 1H), 7.19–8.61 (6H). Yield of 1b ~ 53%.

1c, 1H NMR (300 MHz, CDCl3), δ: 0.84 (t, 3H), 1.10–1.32 (m, 26H), 1.34–1.52 (m, 4H), 1.52–
1.58 (m, 2H), 2.08 (t,2H), 2.15 (m, 4H), 2.89 (s, 6H), 3.00–3.08 (m, 2H), 3.28 (m, 2H), 5.5 (b,
1H), 5.85 (b, 1H), 7.19–8.61 (6H). Yield of 1c ~ 56%.

Liposome Preparation
The liposomes were synthesized according to a published literature procedure.5k,6a A desired
ratio of mixture containing 1 and 2 was dissolved in chloroform in a round-bottom flask, and
the solvent was evaporated completely to yield a thin film of monomers. The film was hydrated
with either deionized water or PBS (5 mM, pH 7.4) to make a liposome solution of a desired
concentration. The resultant suspension was sonicated at 76 °C for ~15 min. The solution was
then passed through a 0.8 μm nylon filter to remove the lipid aggregates and cooled at 4 °C
overnight to promote self-assembling of the monomers. The resultant solution was optically
clear. The diacetylene monomers were polymerized by irradiation with 254 nm of UV
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irradiation for ~2–5 min using a Pen Ray UV source (4.5 mW/cm2) in either air or argon
atmosphere. Photodegradation of dansyl was found to be minimal (<10%). The resulting blue
liposome solution was stored in the dark at 4 °C. In our investigations the molar ratio of
diacetylene acids and dansyl-tagged diacetylene is extremely small (ranges from 200 to 10
000), and we expect the affect of the dansyl group on diacetylene polymerization should be
minimal. Our UV–vis analysis did not show any significant differences in the diacetylene
polymerization for different concentrations of dansyl in the liposome mixtures. Furthermore,
the dialysis data on liposomes using a membrane with Mw cutoff of 10 000 against deionized
water indicated that >95% of 1 remains incorporated in the liposomes after polymerization.

Optical Spectroscopy Measurements
UV absorption spectra of all the samples were recorded with a Perkin-Elmer Lambda 25 UV/
vis spectrophotometer. The emission spectra were measured with a Photon Technology
International spectrofluorometer. For all emission spectra, the excitation wavelength was set
at 337 nm and the slit widths (excitation and emission) were 6–8 nm.

To investigate the local environment in which the dansyl fluorophores reside in the liposomes,
steady-state fluorescence anisotropy (FA) measurements were carried out using a Photon
Technology International spectrofluorometer interfaced with a Peltier cell and fitted with thin
film polarizers. FA is defined in eq 5, 7a,10

(5)

where Iv and Ih are the vertically polarized and horizontally polarized fluorescence intensities,
respectively. All samples were excited at 337 nm, and the polarized emissions were detected
at wavelengths of 464 and 560 nm, respectively. The contribution of light scattering to
fluorescence intensity was confirmed to be less than 5%. The anisotropy values were corrected
for FRET contribution to calculated anisotropy (see below and Supporting Information).7b
The temperature was gradually increased from 298 to 370 K and maintained at a desired
temperature for 10 min before fluorescence measurements were taken at that temperature. The
reported anisotropy values are an average of five independent measurements. The contribution
of direct excitation to total PDA emission at 560 nm peak is extremely low.6a

Fourier-Transform Infrared (FTIR) Measurements
External reflection–absorption FTIR spectra was performed on liposome films coated on gold
substrates using a Nicolet Nexus 670 FT-IR fitted with a nitrogen-cooled MCT-B detector and
a Velma II variable-angle specular-reflectance accessory operating at a beam incidence angle
of 80° with respect to surface normal. The samples were averaged at 1000 scans at 2 cm−1

against a background of bare gold substrate. The spectrometer was purged continuously with
dry nitrogen gas to minimize water vapor in the sample.

Results and Discussions
PDA is known for chromatic transition when stress is applied to it.5h–k,6 Following application
of stress on the conjugated ene–yne backbone, PDA-based systems exhibit blue to red
chromatic transition.5h–l,m,6 The applied stress reduces the effective conjugated length of the
PDA backbone chains and effectively shifts the electronic absorption band to shorter
wavelengths.5k,6a

Recently, we demonstrated a dansyl–PDA liposome system where dansyl fluorophores were
donors and PDA was the energy acceptor.6a We showed that the energy transfer efficiency
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from dansyl to PDA was high following heating of the PDA liposome system. We attributed
the acceptor emission amplification due to changes in J and donor Qy after thermal treatment
of the liposome solution. In this paper, we investigate the effect of polymerization time and
environment on the electronic absorption spectrum of the liposomes. We demonstrate here that
the FRET efficiency is highly dependent on both Rad and L. A model is also proposed to
qualitatively explain the effect of L on FRET between donors and acceptors.

A. Electronic Absorption Spectroscopy of PDA Liposomes
Figure 2A presents a schematic presentation of polymerized liposomes which were composed
of monomers 1 and 2 ([monomer]total = 1 mM). The average particle size was between 50 and
150 nm.6a

A.1. Effect of Polymerization Time and Polymerization Environment—The rate of
PDA polymerization under two different atmospheres (argon and air) was studied by measuring
the absorption peak intensity of PDA liposome solution (Figure 3A). The blue PDA (liposome
solution at 298 K) shows a very broad peak with λab at ~640 nm and a less intense shoulder at
~590 nm. These peaks are attributed to 0–0′ and 0–n′ electronic π–π* transitions, respectively,
of the conjugated polymer backbone.12 The shape of the electronic absorption spectra
remained the same (Figure 1S, Supporting Information) without significant broadening of these
two absorption peaks for both air- and argon-polymerized liposomes. This suggested that the
number of polymer chains (with an effective conjugation length equivalent to an energy
difference of 550–630 nm) increased with polymerization time. The rate of PDA
polymerization in argon atmosphere was found to be ~7 times faster than that performed in the
air atmosphere (Figure 3A). This significant difference in the polymerization rate is attributed
to the presence of oxygen molecules in air which can affect the growing PDA chains.11 Due
to extremely fast PDA polymerization in the inert argon atmosphere, all liposomes used in
these studies were prepared in the air atmosphere (polymerization time ≈ 2–5 min).
Interestingly, polymerization performed in argon also showed slightly red shifted electronic
absorption peak maxima (λab) at 648 (for blue phase) and 556 nm (for red phase) compared to
λab at 640 and 540 nm, respectively, for air-polymerized PDA liposomes (Figure 3A). It is not
entirely clear at this point why liposomes polymerized in argon atmosphere showed slightly
longer λab than those polymerized in air. In general, the growing PDA chains are thought to be
either bicarbene or biradical in nature.11c It is suggested that the biradical form of the
propagating chains is more stable when the degree of conjugation ≤ 4, and the bicarbene form
is more stable for longer conjugated PDA chains.11c It is, however, not known if the singlet
or triplet excited state of bicarbene is involved in the growing polymer chains. In any case, it
is possible that both biradical and bicarbene (in fact, bicarbene in the triple excited state will
be of radical form) polymer chains can be affected by the presence of oxygen solution. Thus,
the presence of oxygen in solution may result in a shortening of the conjugated polymer chains
and can result in a slight blue shift in λab. From these studies we found that not only was
polymerization in argon much faster compared to those in the air atmosphere but they also
contained slightly longer effective conjugation length polymer chains.

Figure 3B shows the UV–vis spectra of air-polymerized PDA liposome solution heated to
different temperatures. The spectra were taken after the solution was equilibrated for 10 min
at a desired temperature. As the temperature of the solution was increased, the peaks centered
at ~640 and ~590 nm were decreased in intensity. The intensities of two new peaks centered
at ~540 and ~490 nm were observed to increase with temperature (Figure 3B). The blue- to
red-phase shift is attributed to decrease in the effective conjugation length of PDA backbone
that results in an increase in the energy level of π–π* transitions. We also observed an isosbestic
point at 549 nm (Figure 3B) for polymerized liposomes when the solution was heated. The
isosbestic point clearly indicates that there are two phases (blue and red) present in the solution
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at elevated temperature and that the blue phase converted into red phase without any
intermediate phase after thermal treatment of the solution.13 These thermochromatic changes
were irreversible because the red PDA phase is thermodynamically more stable than the blue
PDA phase. It is at present, however, not clear if both blue and red PDA phases are present on
the same chain or on different PDA chains.

B. IR Spectroscopy on Liposomes
We performed IR spectroscopic analysis to investigate organization of the alkyl portion in the
PDA. IR spectroscopy has been used extensively for probing the conformation of self-
assembled layers (SAMs) on surfaces, PDA films, and liposomes.6e,16,17a,b Previously, using
FTIR studies on pH-induced chromic shifts in the PDA materials it was shown that the color
change is due to changes in headgroup Hvbonding and its geometry.6e

The symmetric (νs) and asymmetric (νas) stretching of trans-CH2 bands in the crystalline alkane
are known to exist at 2848 and 2915 cm−1, whereas symmetric and asymmetric bands in liquid
n-alkane (which contains gauche-CH2) appear at 2856 and 2924 cm−1.16,17a,b In our
experiments the symmetric and asymmetric CH2 stretching bands of the alkyl side chains in
the liposomes at 298 K (blue phase) were observed at 2849 and 2921 cm−1, respectively. This
suggested that the alkyl side chains in the liposomes are somewhat less packed and may contain
some gauche configurations. The IR spectrum of the liposomes in the red PDA form (νs ≈ 2850
cm−1 and νas ≈ 2921 cm−1) also indicated less than crystalline-like alkyl side chain packing in
the liposomes (Figure 4S, Supporting Information). Furthermore, we also observed a slight
increase in the bandwidths of CH stretching peaks after thermal treatment of the solution, which
is consistent with less organized packing of the alkyl part in the liposomes.17c,d In fact,
insertion of EG and dansyl in the bilayers after heating the solution is attributed to less ordering
of the alkyl chains in the bilayers. This is consistent with steady-state emission and fluorescence
anisotropy measurements (see below).

C. Emission Spectra of Dansyl-Tagged Liposomes
The steady-state emission spectroscopy of dansyl was found to be very valuable to obtain
important information on the FRET between dansyl and PDA and on local bilayers
environment. The dansyl emission maxima (λem), full-width at half-maxima (fwhm), and
quantum yield (Qy) are highly sensitive to its local environment in the liposomes, and the
solvent-sensitive dansyl emission provides useful information on structure and polarity of the
local bilayer environment.14 For example, with an increase in the polarity of a solvent in which
dansyl probes reside we observed that the dansyl Qy decreased, λem red shifted to longer
wavelengths, and the emission peak broadened (i.e., fwhm of dansyl emission increased). Table
1 provides Qy, λem, and fwhm characteristics of dansyl fluorophore 5a (with chemical structure
similar to 1a, Figure 2S, Supporting Information) in solvents of varying polarities.

Figure 4 shows a typical emission spectra of dansyl-tagged PDA liposomes at different
temperatures with Rad,1a = 10 000 (Rad denotes the ratio of diacetylenic acid (2) to dansyl-
tagged diacetylene (1a) monomers, and 1a denotes that the donor is 1a). It is well known that
the blue PDA form is nonemissive due to an extremely short excited state lifetime regardless
of the presence or absence of energy transfer processes. At T = 298 K, the emission spectrum
of the liposome solution at 298 K showed an extremely broad and featureless emission peak
(λem at 459 nm and fwhm ≈ 105 nm, Figure 4). The location of the dansyl fluorophores in the
bilayers is known to vary depending on different factors such as the polarity and viscosity of
the local microenvironment and the length of the linking groups that join dansyl with the alkyl
portion of the lipid.15 It is reported that the polar dansyl fluorophores were present at a shallow
location near the polar region of the bilayer when the dansyl probes were attached to
phospholipids, whereas two different populations (polar and highly hydrophobic part of the
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bilayer) were observed when it is attached to dialkylated-C16 hydrophobic chains.15 The
presence of a dansyl fluorophore population in a microenvironment of different polarity will
increase fwhm because of its polarity-sensitive emission. In our case, the dansyl fluorophores
appeared to be present in a range of micropolarities within less organized bilayers of the
liposomes (see FTIR below). This is consistent with the steady-state broad and featureless
emission spectrum of the liposome solution for dansyl donors 1b (λex = 337 nm; Table 1 and
Figure 3S, Supporting Information). With a rise in solution temperature the intensity of broad
dansyl emission peak centered at 459 nm decreased and there was a concomitant increase in
the PDA emission peak centered at 560 nm. The latter peak is due to PDA emission following
FRET from dansyl to PDA.6a In our previous studies we observed two PDA emission peaks
at 560 and 610 nm.6a However, in the present case we did not observe a peak at 610 nm in our
emission spectrum. We believe that this peak is buried under a much more intense emission
peak at 560 nm which has an unsymmtric peak shape, probably due to the presence of a less
intense peak at 610 nm.

In our studies the dansyl fluorophores were attached to conjugated polymer main chains in the
liposomes through either ethylene oxide oligomers (1a and 1b) or ethylene (1c) linkers. These
linkers (1a and 1b) are flexible, water soluble, and have sufficient mobility to insert themselves
into the bilayer at various depths. The mechanism between water and polyethylene glycol
(PEG) or oligoethylene glycol (OEG) involves formation of hydrogen bonds between water
molecules and oxygen atoms of OEG or PEG. When heated these bonds will be broken, which
will cause a decrease in the OEG/PEG solubility.18 In our case the increase in the solution
temperature has four major effects on the dansyl emission. First, the solubility of EG linking
units was decreased, and this resulted in insertion of EG portions and dansyl of 1a and 1b into
the bilayer to reduce the free energy of the system. This is reflected in a more featured emission
spectrum from a featureless emission spectrum and increased FA of the dansyl (vide infra)
after heating of liposome solution. Second, migration of some dansyl fluorophores to a
hydrophobic environment in the bilayers led to increased dansyl Qy (2–7 times depending upon
local polarity in which the dansyl resided)19 and J values, which increased FRET from dansyl
donors present in the hydrophobic region to PDA acceptors. Third, the conformational changes
in the bilayer structure of the liposomes upon heating the solution can affect the local dielectric
constant of the bilayer and the solubility of both EG and dansyl molecules. Fourth, insertion
of the EG and dansyl also resulted in increased stress on the PDA backbone, which significantly
increased Qy of PDA and hence a PDA emission peak centered at 560 nm.

Interestingly, there was large a drop in the dansyl emission peak in 400–500 nm region (this
emission is from the dansyl population present in the hydrophobic environment) and almost
little or no decrease in the 500–540 nm peak intensity (emission peak resulting from dansyl
population present in the hydrophilic environment). We believe that this emission characteristic
is related to respective environmental donor Qy dependence on E (eq 2). Since E is linearly
related to dansyl Qy (eq 2), which was much higher for dansyl probes present in the hydrophobic
environment than those present in the hydrophilic environment, E was also larger from the
dansyl population present in the hydrophobic region.

D. Fluorescence Anisotropy Measurements of Liposomes
We performed steady-state FA experiments to obtain useful information on the emission
depolarization of dansyl. There are two opposite factors that affect dansyl FA in our system:
The dansyl insertion in the bilayer will increase FA because it will experience reduced
rotational freedom and increased bilayer viscosity. On the other hand, FRET will have a
diminishing effect on FA because FRET is an additional angular pathway displacement of the
emission oscillator.7a The steady-state FA for liposome samples composed of 1a and 2 (Rad
= 1000 and [monomer]total = 1 mM) was 0.216 ± 0.002 and 0.162 ± 0.002 at 298 and 328 K,

Li et al. Page 8

J Phys Chem B. Author manuscript; available in PMC 2009 May 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



respectively, for the dansyl emission peak at 459 nm. We estimated the anisotropy values for
dansyl probes in nonanoic acid (a solvent of similar viscosity to that of the alkyl portion of our
bilayer liposomes where dansyl resides) to be ~0.018 and 0.0014 at 298 and 328 K (correction
due to FRET was incorporated in the calculated FA values, see Supporting Information). The
observed experimental steady-state FA values of dansyl in our liposomes are significantly
larger than those calculated values in a comparable viscosity solvent. This clearly suggested
that the dansyl probes feel a highly viscous microenvironment and that the rotational
depolarization of dansyl is restricted in our system.

We also performed FA experiments on unpolymerized diacetylene liposomes at different
temperatures to get FA information without involvement of FRET factor in the analysis. We
found that heating of the unpolymerized diacetylene liposome solution resulted in some
polymerization of diacetylene which will again have a FRET component in FA analysis.
Therefore, as a control experiment we synthesized nonpolymerized liposomes composed of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 1 mM) and dansyl-tagged diacetylene
(1a, 1 μM) which has a very small value of expected degree of polymerization (polymerizable
monomer is 1 out 1000). A Perrin plot of (FA)− 1 versus (T/η) does not increase linearly, but
we found that (FA)− 1 is not sensitive to (T/η) (Figure 5S, Supporting Information). This data
is consistent with our FA data on polymerizable liposomes and suggests that on heating the
solution the dansyl fluorophores feel a viscous bilayer atmosphere. In these calculations we
assumed that the dansyl lifetime did not change after thermal treatment of the liposomes.
Therefore, FA data presented here should be treated as a qualitative analysis. We are now
performing more extensive transient lifetime measurements which will provide more accurate
FA analysis of our system.

It is noted that the effect of the dansyl attachment of liposomes on dansyl FA is minimum
because the dansyl probes are attached to liposomes through flexible chains (tetraethylene
glycol, 1a) and have sufficient rotational freedom. The estimated rotation correlation time for
liposomes of 50–200 nm in diameter in water of viscosity 1 cP at 298 K is 0.14 and 0.13 ms,
respectively (see Supporting Information) which is many orders of magnitude higher than the
dansyl excited-state lifetime. Thus, for all practical purposes the liposome nanostructures are
considered stationary with respect to dansyl probes (rotational correlation time is 0.73 and 0.27
ns at 298 and 328 K, respectively).

E. Effect of Thermal Treatment on FRET between Dansyl and PDA
It has been shown previously that heating of dansyl–PDA liposome solution resulted in efficient
FRET from dansyl to PDA.6a The decrease in the dansyl emission intensity and concomitant
appearance of a new emission peak ~560 nm is due to energy transfer from dansyl to PDA
(Figure 4).6a As the temperature of the solution increases, there is a significant increase in J
(Table 1). Moreover, some of the dansyl migrates deeper into the hydrophobic region of the
bilayers after heating, which resulted in a many times increase in dansyl Qy

7a,19 and many
orders of increase in Qy of PDA.20 Table 1 shows some estimated FRET parameters for the
PDA–dansyl system. The estimated apparent Forster’s radius (app-R0) and FRET efficiency
for the dansyl–PDA pair are also reported for the dansyl donors situated in solvents of different
dielectric constants (Table 1). For our system, app-R0 for the dansyl–PDA pair in a solvent is
defined as the Forster radius for the dansyl–PDA system when the whole dansyl population is
solely present in a solvent equivalent to a solvent with a particular dielectric constant. For
example, when all the dansyl population is situated in solvent with a dielectric constant of 2
(equivalent to a dielectric constant of hexane), we estimated that the ΔJ (=Jmin − Jmax) value
increased more than 100% when the solution was heated from 298 (J at 298 K is called Jmin,
minimum spectral overlap function in blue PDA form) to 333 K (J at 298 K is called Jmax,
maximum spectral overlap function in red PDA form). With all other parameters remaining
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the same, corresponding app-R0 values were 1.99 and 2.28 nm for ε = 2 and 1.66 and 2.31 nm
for ε = 5.5, respectively. As shown in Table 1,ΔR0 (=app-Rmax − app-Rmin) is minimum for
dansyl occupied in the polar environment, but the opposite is true for nonpolar solvents. We
would like to emphasize that ΔR0 is a measure of the change in FRET efficiency following a
thermal transition from the blue to red PDA form. From the data in Figure 4 we estimate a
FRET efficiency (E) of ~30–40% for Rad,1a = 10 000 using E = (1 − Fda/Fd),7a where Fad and
Fd are donor emission intensities in the presence and absence of acceptors. With the assumption
that FRET is only affective by ΔJ and ΔQy due to heating of the solution from 298 to 333 K
and keeping all other parameters in eq 1 the same, our simple calculation suggests that the
FRET efficiency (E) for Rad = 10 000 is ~30–60%, which is within the observed E value of
30%. The large uncertainty in the estimated E values is because ΔJ, Qy, and ΔR0 are convoluted
over a wide range due to the presence of dansyl probes in different polarity microenvironments
in the liposomes.

F. Effect of the Acceptor to Donor Monomer (Rad) Ratio on FRET
We conducted a series of experiments to investigate the effect of Rad on the FRET between
dansyl donors and PDA acceptors. Rad strongly affects E; large Rad implies that multiple
acceptors can interact with one excited donor, whereas the opposite is true for low Rad.
Therefore, studies of the effect of Rad on E provide important information on the FRET for our
system. Figure 5 shows Rf dependence on temperature for different Rad. We define Rf = FT/
F298 (Figures 5 and 6), where FT and F298 are the emission intensities of the PDA peak (λem
≈ 560 nm) at temperature T and 298 K, respectively. Rf (PDA emission amplification factor)
indicates the amplification of PDA emission as a result of FRET response between dansyl
fluorophores and PDA backbone chains. Figure 5 systematically shows Rf versus T for three
different Rad. For T < 328 K, Rf was similar for three Rad values, presumably due to similar
ΔJ values. When T > 328 K, the maximum value of Rf (denoted by Rf,max) was observed to
decrease with a decrease in Rad. For example, Rf,max ≈ 18, 10, and 7 for Rad = 10 000, 1000,
and 200, respectively. The increase in Rf with larger Rad is consistent with the argument that
a larger number of acceptors interacted with an excited donor present within the donor–acceptor
Forster’s radius, resulting in an increase in FRET from donor to acceptors.

We now present an estimation of effective number of acceptors that are statistically present
per each donor in our system. A single diacetylene unit is not an acceptor, but the effective
oligomer diacetylene unit (ODA) in the red PDA form that acts as an acceptor is composed of
~20–30 diacetylene monomer units.21 For Rad = 10 000 (the diacetylene monomer to dansyl
ratio is 10 000) and assuming Qy of dansyl and PDA are 0.30 and 0.01, respectively (dansyl
Qy is 0.06–0.67 depending upon the environment it resides in19 and Qy of PDA is ~10−4 and
0.02 in the blue and red form, respectively20), we estimate an effective Rad between 20 and
30 for liposomes Rda = 10 000. That is, statistically ~20–30 ODA units have the opportunity
to interact and accept energy from each excited dansyl present in the liposomes. This is feasible
considering that the ODA acceptor units are delocalized along two planes (one for the outer
layer and another for the inner layer in the liposome, Figure 7). On the other hand, for Rad =
200, there we roughly estimated four excited dansyl present for every ODA unit. This leads us
to argue that for liposomal systems of Rad = 200 and 1000 there is more than one excited dansyl
donor present per ODA and that the excited dansyl fluorophores will compete with one another
for energy transfer to PDA. Some of the excited donors in the liposomes for Rad = 200 and
1000 will relax to their ground state by emitting photons without having their energy transferred
to acceptor units. This donor emission has also contributed to an increased fluorescence
background (i.e., F298) and decreased Rf value (because F298 is the dominator in the Rf
equation). Collectively, we believe that the increased interactions between dansyl and PDA
through the larger number of acceptors per donor molecule and reduced fluorescence
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background contributed to a large PDA emission amplification for larger Rad compared to
smaller Rad values.

G. Effect of Linker Chain Length (L)
FRET efficiency is highly dependent on donor–acceptor interdistance, r (eq 1). According to
eq 1, with all parameters being the same, an increase in r would exponentially decrease E.
Therefore, investigations involving a linker chain length on E are crucial for optimization of
FRET between the dansyl and PDA system.

We performed a detailed study to investigate the effect of the chain linker length (L) on FRET
between dansyl and PDA. The chain linker connects dansyl and diacetylene monomers. We
designed dansyl-tagged diacetylene monomers 1a, 1b, and 1c to change L systematically for
investigating its effect on the energy transfer from dansyl to PDA. L is tetraethylene glycol and
triethylene glycol for 1a and 1b, respectively, and they were longer, more flexible, and have
higher solubility than for 1c (which is ethylene, Figure 1). Figure 6 shows the relationship
between Rf and T for three different linkers: 1a, 1b, and 1c at constant Rad. For thermal treatment
of the liposome solutions below 318 K, Rf is almost the same for all three linkers at a given
Rad but Rf values were larger for liposomes composed with longer linkers 1a and 1b than those
containing 1c for the same Rad at T > 328 K.

Figure 7 schematically shows a proposed model to explain the observed phenomenon regarding
the affect of the linker length on energy transfer in our liposomal system. In Figure 7A the blue
PDA liposomes are composed of 1c and 2. The dotted and solid lines represent the inner and
outer PDA backbone chains of the bilayer, respectively. We propose that the dansyl probes,
1c, are located closer to the bilayer–water interface in the blue PDA form. Heating the solution
resulted in an increase in J but without significant changes in either r or dansyl Qy (Figure 7B)
since 1c is relatively short and less flexible and the donors were located closer to the bilayer–
water interface. On the other hand, for liposomes composed of 2 and 1a (or 1b), the solubility
of the linking chain EG in water decreases when heating the liposomes17 (Figures 7C and 7D).
Moreover, heating of the liposomes may also result in disordering of the bilayer, which may
affect the local dielectric constant of the bilayer and hence the solubility of the dansyl donors
and EG in the bilayer. After heating the solution we propose that the flexible and longer EG
linkers 1a and 1b bent and some of the dansyl were inserted into the hydrophobic layer of the
liposomes (Figure 7D). Inclusion of dansyl into bilayers at different depths is also supported
by our high dansyl FA and very broad steady-state emission spectra. Dansyl insertion into
bilayers had three major affects on donor–acceptor pairs present in solution. First, after
insertion of dansyl fluorophores in the bilayers, the excited dansyl for 1a and 1b are much
closer to the PDA chains than that of 1c probes. They can interact with multiple PDA chains
present in the two layers of the liposomes. This is depicted in the proposed model in Figure
7D in which after thermal treatment (at T > 328 K) a larger number of PDA chains are shown
to interact with dansyl for 1a and 1b than for 1c. Second, dansyl Qy after insertion into the
bilayers is significantly increased (>2–7 times), which in turn resulted in an increase in E (eq
2). Third, insertion of dansyl into the bilayers can further increase the stress onto PDA chains,
which would further increase PDA Qy

5h–l,m,6a and hence PDA emission. Taking all these
factors into account, a higher E and lower background signal were observed for liposomes
synthesized with longer linkers 1a and 1b than those synthesized with shorter linker 1c.

Finally, we would like to comment on the advantage of using the FRET process over direct
excitation of PDA. As discussed in the text, the emission of PDA is dependent on the red phase
PDA fraction present in the polymer since Qy of blue phase PDA is extremely small and does
not contribute to the overall emission of PDA. Figure 8 shows the ratio (IFRET/IDirect) as a
function of concentration of 1a monomer in the liposome (at 70°C). Here, IFRET represents the
emission intensity of the 560 nm PDA peak following FRET from dansyl to PDA (λex = 337
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nm) and IDirect represents the emission intensity of the 560 nm peak with direct excitation
(λex = 470 nm). In all experiments the total concentration of 1a and 2 is 1 mM. Higher IFRET/
IDirect means that the emission intensity of the 560 nm peak from the FRET process is much
larger than that from the direct excitation process. We observed that the IFRET/IDirect ratio is
highly dependent on [1a]. For example, the IFRET/IDirect ratio is ~0.6 for [1a] = 1 μM but
increases drastically to ~18 for [1a] = 200 μM in the liposomes. These experiments clearly
suggest that there is much larger emission amplification for the FRET process as compared to
direct excitation. We will report in the future protein and bacteria sensing based on FRET–
PDA sensors which we found are more sensitive than those based on direct excitation and
colorimetric sensors.22

Conclusions
We investigated the photophysical and FRET properties for photopolymerized liposomes
composed with diacetylenic acid and dansyl-tagged diacetylene monomers.
Photopolymerization of diacetylene monomers in argon was ~7 times faster than in air. Thermal
treatment of the dansyl–PDA solution showed an isosbestic point at 549 nm, which suggested
the coexistence of blue and red PDA phases in solution during thermo-chromatic transition.
FRET efficiency was found to depend upon the acceptor to donor ratio (Rad) and the chemical
linker that connected the dansyl with the diacetylene moiety. For Rad = 10 000, PDA emission
intensity amplified more than 18 times after heating the liposome solution from room
temperature to 333 K; however, the increase in PDA emission intensity for Rad = 200 and 1000
was only ~7 and 10 times, respectively. The emission amplification for higher Rad was
attributed to interactions of multiple acceptor units with a single excited dansyl probe present
within R0, which resulted in a high FRET efficiency and a lower fluorescence background. On
the other hand, in the case of liposomes composed with a low Rad value a reduced FRET
efficiency and increased background emission was found. This is because multiple excited
donors compete for energy transfer to limited available acceptors. We also proposed a model
to explain the observed larger amplification of the acceptor emission for longer linkers than
that for shorter linkers following thermal treatment of the solution. We attributed this increased
FRET to an increase in Qy of dansyl and PDA and multiple donor–acceptor interactions.
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Figure 1.
Synthetic procedures for preparation of the fluorescent diacetylene monomers 1a, 1b, and
1c.
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Figure 2.
(A) Schematic representation of a polydiacetylene liposome prepared with a mixture of the
fluorescent diacetylene 1 and PDA. The “Off” state represents when FRET efficiency (E) from
dansyl to PDA is low, and the “On” state represents when E is large. (B) Normalized absorption
spectra of blue (blue curve) and red forms (red curve) PDA and emission spectrum of dansyl
fluorophores (green curve) attached to PDA liposomes (λex = 337 nm). The contribution of
PDA direct excitation to the total PDA emission for λex = 337 nm is extremely small.6a
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Figure 3.
(A) Comparison of polymerization atmosphere (air versus argon) on the UV–vis absorption
spectrum of PDA. Two vertical dotted lines in A show the absorption maxima of blue phase
for liposomes polymerized in two different air and argon atmospheres. (B) UV–vis spectra of
PDA liposome solution polymerized in air at different temperatures. The peaks centered at 640
and 590 nm of blue phase PDA are attributed to 0–0′ and 0–n′ electronic π–π* transitions,
respectively. The corresponding peaks in the red phase are centered at 490 and 540 nm,
respectively. The arrow marked at 549 nm represents the isosbestic point for two phases (blue
and red) in the electronic absorption spectra where the absorptivity of the two PDA phases are
same.
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Figure 4.
Emission spectra of dansyl-tagged PDA at different temperatures for R1a = 1000, subscript
1a represents that the donor is 1a. The peaks centered at 459 and 560 nm are, respectively,
dansyl emission and PDA emission following FRET (λex = 337 nm). The lowest emission
intensity spectrum denoted by PDA represents the emission spectrum of 1 mM PDA liposome
solution without any dansyl donor molecules in the liposomes (λex = 337 nm).
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Figure 5.
Rf –temperature dependence for liposomes composed of 2 and (A) 1a, (B) 1b, and (C) 1c with
three different Rad. In all cases, [monomer]total is 1 mM in the final liposome solution. Rf =
FT/F298, where FT and F298 are the emission intensities of the PDA peak (λem ≈ 560 nm) at
temperatures T and 298 K, respectively. Rf (PDA emission amplification factor) indicates
amplification of PDA emission as a result of FRET response between dansyl fluorophores and
PDA backbone chains.
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Figure 6.
Rf –temperature dependence for liposomes composed of Rad: (A) 10000, (B) 1000, and (C)
200. In all cases, [monomer]total is 1 mM in the final liposome solution.

Li et al. Page 20

J Phys Chem B. Author manuscript; available in PMC 2009 May 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Proposed FRET model for dansyl–PDA liposomes composed with three different linkers of
varying length and rigidity. The schematic presentation of bilayer structures in the liposomes
composed of dansyl connected with diacetylene through shorter and less flexible groups
(ethylene (1c)) and 2 before (A) and after (B) thermal treatment. A similar schematic
presentation of bilayer structures of the liposomes composed of donor probes that are connected
with diacetylene through longer and flexible groups (triethylene glycol (1b) or tetraethylene
glycol (1a)) and 2 before (C) and after (D) thermal treatment. Note that the probes connected
through longer linkers to diacetylene functional groups are depicted inserted deeper into
bilayers after heating of the liposome solution.
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Figure 8.
Ratio IFRET/IDirect as a function of concentration of 1a monomer in the liposome (at 70 °C).
IFRET represents the emission intensity of the 560 nm PDA peak following FRET from dansyl
to PDA (λex = 337 nm), and IDirect represents the emission intensity of the 560 nm peak
following direct excitation (λex = 470 nm). The total concentration of 1a and 2 is 1 mM. Note
that IFRET/IDirect is ~0.6 for [1a] = 1 μM but increases drastically for higher concentrations of
1a in the liposomes.
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