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bstract

A photochromic dithienylethene, 1,2-bis(2-methyl-5-phenylthien-3-yl)perfluorocyclopentene (1), was synthesized and incorporated into the
ipid bilayer of liposomes as a strategy for demonstrating the potential for complete photocontrol over the permeability of a lipid membrane.
bsorption spectroscopy and differential scanning calorimetry (DSC) were used to characterize the photochromism and inclusion of 1 in dipalmi-

oylphosphatidylcholine (DPPC) large unilamellar liposomes (LUVs), respectively. Absorption studies confirm that the photoisomerization of 1
n DPPC LUVs is completely reversible, although hindered due to the more restrictive and rigid environment posed by the lipid bilayer. DSC
tudies strongly suggest that 1 is partially buried in the hydrocarbon core of the bilayer, interacting primarily with the C2–C8 methylene region
f the acyl chains of DPPC. Photoinduced changes in the membrane permeability of DPPC LUVs were assessed by monitoring changes in the

uorescence of an encapsulated fluorophore, 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS), upon photocycling 1 between the two photoisomers
sing ultraviolet and visible light. The fluorescence studies show that release of encapsulated HPTS is not observed following the irradiations.
hus, the photoisomerization of 1 does not lead to a large disruption in the local lipid order within the bilayer.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The design of drug delivery systems with controls (e.g.
osage, targeting) is an ambitious goal for many pharmaceuti-
al and academic research laboratories. The formulation of new
nd more efficient ways to administer therapeutics to specific
reas of the body is in constant development. Liposomes, or
ipid vesicles, are spherical self-enclosed structures composed
f biodegradable, nontoxic phospholipids. These supramolecu-
ar assemblies have been recognized for their potential utility
s drug delivery vehicles since the 1970s [1]. However, only
ecent developments in this field have finally produced liposomal
roducts that are either in advanced clinical trials, or have been
pproved for clinical use [1–3]. In spite of this, their delivery

trategies with respect to controlling the amount of encapsulated
rug that is released over a specific time interval (i.e. dosage)
emains extremely limited and passive. As a result, slow release

∗ Corresponding author. Tel.: +1 306 585 4247; fax: +1 306 337 2409.
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inetics can significantly reduce the efficacy of the drug delivery
ethodology.
An active triggering mechanism such as the use of light as a

timulus to induce changes in the permeability of a lipid mem-
rane (i.e. permeable versus nonpermeable) is a dynamic area of
esearch [4]. Phototriggering can significantly enhance control
ver release kinetics from liposomes with high spatial and tem-
oral resolution through the use of modern laser systems coupled
o optical fibers so that in vivo excitation is not limited to sur-
ace tissues. Thus, far, much of the focus has been on the study
f irreversible phototriggers such as photopolymerization [5,6]
hich are unable to regulate dosage. Reversible photocontrols
ased on the isomerization of photochromic azobenzene [7,8],
piropyran [9–11], and spirooxazine [12] derivatives have been
tudied in lipid membranes. However, a disadvantage with many
zobenzene systems is the overlapping absorption of isomers
n the ultraviolet (UV) region, which hinders selective excita-

ion especially in systems containing multiple chromophores.
lthough this drawback is less problematic for the spiropy-

an and spirooxazine systems, thermal reversibility and low
atigue resistance limits the application of these photochromic

mailto:scott.murphy@uregina.ca
dx.doi.org/10.1016/j.jphotochem.2007.05.016
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ystems in drug delivery. To achieve complete photocontrol
ver the release of encapsulated compounds from liposomes,
hese limitations will have to be addressed. A thermally irre-
ersible system will allow for improved photoregulation of
he delivered dosage. As a first step towards this goal the
hotochromic dithienylethene, 1,2-bis(2-methyl-5-phenylthien-
-yl)perfluorocyclopentene (1), has been chosen. In addition to
he thermal irreversibility and high fatigue resistance of 1, the
bsorption spectra for the open- (1o) and closed-ring (1c) iso-
ers are well separated (Chart 1). This family of photochromic

ompounds is well known for their optoelectronic properties
13–15] and has been studied in various matrices [16–18], but
hey have never been characterized in liposomes.

We have synthesized and incorporated 1 into the lipid bilayer
f a liposome as a strategy for demonstrating the potential
or complete photocontrol over the permeability of a lipid
embrane. Before employing synthetically more challenging

ithienylethene derivatives with complementary lipid-like struc-
ures that will potentially cause a greater disruption to the lipid
ilayer, it is important to establish that 1 is included in the lipid
ilayer, determine its relative location within the membrane,
nd show that its photochromism is conserved. In this study,
e have characterized the inclusion and photoisomerization of
in liposomes. In addition, we have evaluated the effect of the

hotoisomerization of 1 on membrane permeability and show
hat release of encapsulated compounds is not observed follow-
ng UV and visible irradiations. This supports our hypothesis
hat the photoisomerization of 1 does not lead to a large disrup-
ion in the local lipid order within the bilayer. To conclude, the
rospect of using more complementary dithienylethene deriva-
ives to photoregulate the permeability of a lipid membrane in
iposomes is discussed.

. Experimental

.1. Synthesis

.1.1. Instrumentation
1H NMR spectra were obtained at 200 MHz on a Bruker

C200 QNP spectrometer (Milton, ON, Canada). Mass spec-
ra were recorded on a Finnigan Mat Incos 50 quadrupole mass
pectrometer (Waltham, MA, USA) interfaced via a heated trans-
er line/capillary to a Hewlett-Packard 5890 gas chromatograph

Palo Alto, CA, USA). The gas chromatograph was configured
ith a splitless injection port and a DB-5MS fused-silica cap-

llary column coated with a 0.25 �m film of stationary phase
15 m, 0.25 mm i.d.). The mass spectrometer was operated in

2
L
a
o
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he electron impact ionization mode with an electron energy of
0 eV. The ion source temperature was maintained at 180 ◦C for
ll analyses, and the capillary interface transfer line was held
t 250 ◦C. All analyses were performed using a full scan mode
esulting from 2 �L injections.

.1.2. Materials
All reactants (>99%, Aldrich, Oakville, ON, Canada),

euterated solvents (99.9 atom %D, Aldrich), tetrakis(triphenyl
phosphine)palladium(0) ([Pd0(PPh3)4]) (>99.9%, Strem
hemicals, Newburyport, MA, USA), and octafluorocyclopen-

ene (>99%, SynQuest Laboratories, Alachua, FL, USA) were
sed as received. Diethyl ether and tetrahydrofuran were
istilled prior to use. Preparative thin-layer chromatography
TLC) was carried out on aluminum-backed ALUGRAM SIL
/UV254 plates (Rose Scientific, Edmonton, AB, Canada)

nd visualized by a 6 W UVAC-18 dual wave (365/254 nm)
V handheld lamp from UltraLum (Claremont, CA, USA).
lash column chromatography was performed on silica gel
200–400 mesh, 60 Å, Aldrich).

.1.3. Synthetic methods

.1.3.1. 3,5-Dibromo-2-methylthiophene (3). The bromination
f 2-methylthiophene (2) was adapted from known procedures
13,16,19] as shown (Scheme 1). To an ice cooled solution of 2
8.53 g, 87 mmol) in acetic acid (35 mL, 142 mmol), a solution of
romine (10 mL, 195 mmol) in acetic acid (150 mL, 610 mmol)
as added dropwise over a period of 45 min. The reaction mix-

ure was stirred for a further 16 h at room temperature, and
hen poured into water (100 mL). It should be noted that ini-
ial attempts following literature procedures resulted in reaction

ixtures that quickly turned dark brown and eventually to a
lack thick oil. We believe this polymerized product was due to
he high concentration of bromine suggested from earlier reports.

e modified these procedures by reducing the reported bromine
oncentration by two-fold. The brown oil was separated and the
ater phase was extracted with ether. The combined organic
hases were washed with 0.1 M sodium bicarbonate solution
nd dried over calcium chloride. Upon reduced pressure distil-
ation (bp 98.5 ◦C, 10 mmHg) [19], 3 was obtained in a 70%
ield (15.12 g). 1H NMR (CDCl3, δ): 6.8 (s, 1H, ArH), 2.3 (s,
H, CH3).
.1.3.2. 3-Bromo-2-methyl-5-thiopheneboronic acid (4).
ithiation and subsequent electrophilic substitution of 3 was
dapted from known procedures [13,16,19]. To a stirred mixture
f 3 (7.22 g, 28 mmol) in anhydrous diethyl ether (200 mL)
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ooled in a dry ice–acetone bath (−78 ◦C), n-butyllithium
12 mL, 30 mmol, 2.5 M in hexane) was added under a nitrogen
tmosphere. After 30 min, tri-n-butyl borate (11 mL, 42 mmol)
as added. The reaction was stirred at −78 ◦C for 4 h and then

llowed to warm to room temperature. After 15 h, the reaction
ixture was quenched with diluted hydrochloric acid (100 mL,

.2 M) and the organic phase was extracted with sodium
ydroxide (4 × 28 mL, 1.0 M). The combined aqueous phases
ere filtered to remove traces of solid, and then acidified to pH
at 0 ◦C with concentrated hydrochloric acid. The resulting

recipitate was filtered, washed with diluted hydrochloric acid
10 mM), and dried under vacuum. Compound 4 was obtained
n a 40% yield (2.40 g) as a white powder. 1H NMR (DMSO-d6,
): 2.4 (s, 3H, CH3), 7.48 (s, 1H, ArH), 8.33 (s, 2H, OH).

.1.3.3. 3-Bromo-2-methyl-5-phenylthiophene (5). The
alladium-catalyzed Suzuki coupling of 4 and iodobenzene was
dapted from known procedures [13,16,19,20]. In a glove bag,
mixture of 4 (1.33 g, 6.0 mmol) with iodobenzene (1.22 g,

.0 mmol) was added to mixture of [Pd0(PPh3)4] (0.21 g,

.18 mmol) and sodium bicarbonate solution (5 mL, 0.30 M) in
nhydrous tetrahydrofuran (45 mL). The reaction mixture was
tirred at 70 ◦C for 6 h under a nitrogen atmosphere. The crude
roduct was purified by column chromatography (hexanes).
ompound 5 was obtained in a 50% yield (1.14 g) as a white
owder. 1H NMR (CDCl3, δ): 2.41 (s, 3H, CH3), 7.10 (s, 1H,
rH), 7.33–7.51 (m, 5H, ArH).

.1.3.4. 1,2-bis(2-Methyl-5-phenylthien-3-
l)perfluorocyclopentene (1). The coupling of 5 to
erfluorocyclopentene was adapted from known procedures
13,16,19]. To a stirred solution of 5 (1.01 g, 4 mmol) in 15 mL
nhydrous tetrahydrofuran, n-butyllithium (1.7 mL, 4 mmol,
.5 M in hexane,) was added dropwise in a dry ice–acetone
ath (−78 ◦C) under a nitrogen atmosphere. Stirring was
ontinued for 20 min and then perfluorocyclopentene (0.42 g,

mmol) was slowly added. The reaction mixture was stirred

or another 3 h and then quenched by the addition of methanol.
he product was extracted with ether, and the organic layer was
ashed with both 1 M hydrochloric acid and water. The organic

2

m

.

ayer was dried over magnesium sulfate, filtered, and solvent
as removed under reduced pressure. The crude product was
urified by column chromatography (1:3 toluene:hexanes) and
ecrystallized from hexane three times. Compound 1o was
btained in a 23% yield (0.23 g) as a colorless powder. 1H NMR
CDCl3, δ): 1o: 1.97 (s, 6H, CH3), 7.28 (s, 2H, ArH), 7.2–7.6
m, 10H, ArH); 1c: 2.18 (s, 6H, CH3), 6.68 (s, 2H, ArH),
.3–7.7 (m, 10H, ArH). GC–MS m/z (% relative intensity, ion):
20 (100, M+), 521 (31.1, M+1), 522 (13.4, M+2), 523 (3,
+3), 524 (0.5, M+4). UV (CHCl3) λmax (nm): 1o: 280; 1c:

10, 380, 580.

.2. Liposome studies

.2.1. General
A SB20 pH meter with a saturated calomel electrode from

WR (Edmonton, AB, Canada) was used to measure the pH of
uffer stock solutions at constant temperature (20.0 ± 0.5 ◦C).
he Mini-Extruder, 1 mL gas-tight syringes, 0.4, 0.2, and 0.1 �m
olycarbonate membrane filters, and filter supports used for
iposome extrusion were purchased from Avanti Polar Lipids
Alabaster, AL, USA). PD-10 desalting columns containing
ephadex G-25 M medium, purchased from Amersham Bio-
ciences (Baie d’Urfe, QC, Canada), were used to remove
nencapsulated and unincorporated compounds. A Rayonet
PR-100 photochemical reactor (Southern New England Ultra-
iolet Company, Branford, CT, USA) equipped with eight 8 W
VA lamps from Luzchem (Ottawa, ON, Canada) was used

s the UV irradiation source. These broadband lamps have an
mission maximum at 350 nm with a FWHM of ca. 30 nm.
he visible (vis) irradiation source was a 100 W incandescent
ulb. Infrared radiation was filtered with a Pyrex beaker contain-
ng cool water. All samples were irradiated in Pyrex test tubes
rom Fisher Scientific (Ottawa, ON, Canada) and measured in
0 mm × 10 mm quartz SUPRASIL absorbance or fluorescence
ells from Hellma (Concord, ON, Canada).
.2.2. Instrumentation
The phase transition temperatures of the liposomes were

easured using a differential scanning calorimeter (DSC) Q-
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0 from TA Instruments (New Castle, DE, USA). The radii
f the liposomes were measured using a DAWN EOS multi-
ngle laser light scattering instrument from Wyatt Technology
orporation (Santa Barbara, CA, USA). Steady-state absorption

pectra were obtained at constant temperature (20.0 ± 0.2 ◦C) on
Cary 100 Bio UV–vis spectrophotometer (Mississauga, Ont.,
anada) equipped with a dual cell Peltier circulator accessory.
he absorption spectra were corrected for the baseline spectrum
f HEPES buffer and recorded at a scan rate and step size of
00 nm/min and 0.5 nm, respectively. Steady-state fluorescence
pectra were obtained at constant temperature (20.0 ± 0.2 ◦C)
sing a PTI QM-2 spectrofluorimeter (London, ON, Canada).
he excitation and emission slits were set to optimize the
mission intensity, typically with a bandpass of 2 nm, and the
xcitation wavelength and integration time were set to 413 nm
nd 0.25 s, respectively.

.2.3. Materials
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (>

9%, Avanti Polar Lipids), melittin (95%, Aldrich), p-
ylene-bis-pyridinium dibromide (DPX) (>99%, Invitrogen,
urlington, Ont., Canada), 4-(2-hydroxyethyl)piperazine-1-
thanesulfonic acid (HEPES) (>99.5%, Aldrich), ethylenedia-
inetetraacetic acid, disodium salt (EDTA) (>99%, Aldrich),

henanthroline (>99%, Aldrich), sodium chloride (NaCl) (99%,
MD Chemicals, Gibbstown, NJ, USA), and Triton X-100

scintillation grade, Eastman Kodak Company, Rochester, NY,
SA) were used as received. 8-Hydroxypyrene-1,3,6-trisulfonic

cid trisodium salt (HPTS) (dye content ≈ 75%, Aldrich) was
ecrystallized from ethanol three times. All aqueous solutions
ere prepared in pH 7.25 HEPES buffer (10 mM HEPES,
45 mM NaCl, 0.1 mM EDTA, NaHCO3), and deoxygenated
ith argon (UHP grade, Praxair, Mississauga, Ont., Canada)

or at least 15 min. Potassium ferrioxalate was synthesized fol-
owing known procedures [21], and was recrystallized from
ater three times prior to use. Deionized water was obtained

rom a D8991 NANOpure Infinity water system from Barnstead
Dubuque, IA, USA). All organic solvents were of the highest
vailable commercial grade.

.2.4. Preparation of large unilamellar vesicles (LUVs)
The preparation of LUVs for membrane permeability studies

as adapted from known procedures [1,22]. Four separate stock
olutions of DPPC and 1 in chloroform (1.36 mM and 1.92 mM,
espectively) and HPTS and DPX in HEPES buffer (10 mM and
00 mM, respectively) were prepared. The HPTS–DPX (10 mL)
tock solution to be encapsulated in LUVs was prepared by
ombining HPTS (3.0 mL) DPX (1.8 mL), and HEPES buffer
5.2 mL) to give a HPTS:DPX mole ratio of 1:6. The prepara-
ion of DPPC LUVs (sample A) and those containing 1 (sample
), HPTS–DPX (sample C), or both (sample D) followed simi-

ar procedures varying only in the addition of these compounds
n the appropriate amounts. To prepare sample A (ca. 3 mL,

a. 0.4 mM), DPPC stock solution (1.10 mL) was added to a
0 mL round bottom flask and then the chloroform was evap-
rated under reduced pressure to deposit a dry lipid film. The
ample was dried under vacuum overnight and then hydrated

2

p
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ith HEPES buffer (0.60 mL). Both buffer and the flask contain-
ng the dry lipid film were preheated at 50 ◦C. The sample was
llowed to hydrate for at least 3 h at 50 ◦C and then overnight at
◦C. The hydrated lipid suspension underwent 3–5 freeze and

haw cycles by placing the sample in a dry ice–acetone bath
ollowed by a warm water bath. Extrusion was preformed at
onstant temperature (50.0 ± 0.5 ◦C) using 0.4 �m membrane
lters. The gas-tight syringes were prewetted with buffer solu-

ion and the sample was extruded 10 times to give ca. 0.5 mL
f sample. The preparation of sample B differs from sample A
nly in the addition of 1 (0.23 mL) to DPPC (1.10 mL) prior to
eposition of the lipid film to give a 1:DPPC mole ratio of 1:3.
imilarly, sample C differs only in the addition of HPTS–DPX
0.60 mL) instead of HEPES buffer during hydration. Sample D
ncludes both of these changes. Following extrusion, all samples
2.5 mL, 0.5 mM) were diluted with buffer loaded onto buffered
esalting columns, and eluted with 3.5 mL of buffer to remove
nencapsulated HPTS–DPX. The first 10 drops of eluent were
iscarded to give a purified LUV sample (ca. 3 mL, ca. 0.4 mM).

.2.5. Preparation of multilamellar vesicles (MLVs)
The preparation of MLVs for DSC studies was adapted from

nown procedures [1,22]. DPPC MLVs and those containing 1
t mole ratios of 1:4, 1:3 and 1:2 (1:DPPC) followed similar
rocedures varying only in the addition of 1 in the appropri-
te amounts. To prepare pure DPPC MLVs (0.20 mL, 27 mM),
PPC stock solution (4.0 mL) was added to a 10 mL round
ottom flask and then the chloroform was evaporated under
educed pressure to deposit a dry lipid film. The sample was
ried under vacuum overnight and then hydrated with HEPES
uffer (0.20 mL). Both buffer and the flask containing the dry
ipid film were preheated to 50 ◦C. The sample was allowed
o hydrate for at least 2 h at 50 ◦C and occasionally vortexed.
he preparation of DPPC MLVs containing 1 differs only in the
ddition of 1 (0.7, 1.0 and 1.3 mL) with DPPC (4.0 mL) prior to
eposition of the lipid film to give a 1:DPPC mole ratio of 1:4,
:3 and 1:2, respectively.

.2.6. Lamellarity studies
A melittin stock solution (100 �M) was prepared by dissolv-

ng melittin (0.07 mg) in methanol (250 �L). Following LUV
reparation protocols, a DPPC LUV sample encapsulated with
PTS–DPX was prepared (ca. 3 mL, ca. 0.7 mM). Two aliquots

0.75 mL, samples A and B) of this sample were transferred
nto two identical fluorescence cells. Aliquots of the melittin
tock solution (10 �L) were transferred to sample A and fluores-
ence spectra were recorded before and after each addition. This
as repeated until the fluorescence intensity at 510 nm (ITotal)

eached a plateau. Then the total volume of melittin required
o reach this plateau was added to sample B in one aliquot, the
uorescence spectrum was recorded, and the emission intensity
ILUV) was obtained. The ratio of LUVs to the total liposome
ixture was calculated as ILUV/ITotal.
.2.7. Multi-angle light scattering (MALS) studies
Following LUV preparation protocols, two DPPC LUV sam-

les were prepared (12 and 15 ppm). The 12 and 15 ppm samples
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ere extruded through 0.2 and 0.4 �m membrane filters, respec-
ively. Serial dilution of these samples with HEPES buffer was
erformed to give two sets of six samples (4.0 mL each) with
range of DPPC concentrations (0.2 �m = 2, 4, 6, 8, 10, and

2 ppm; 0.4 �m = 2.5, 5, 7.5, 10, 12.5, and 15 ppm). Each sam-
le within one set was individually analyzed starting with the
owest concentration of DPPC. The samples were loaded into the
ow cell of the MALS instrument using a syringe pump set at
0 mL/h and measured at constant temperature (25.0 ± 0.1 ◦C).

.2.8. Quantum efficiency studies
The relative quantum efficiency for the ring-closing reaction

f 1 in DPPC LUVs was determined by comparing its quantum
fficiency to 1 in hexane. The quantum efficiency of a reaction
s defined as the ratio of the number of molecules of product
ormed to the total number of photons absorbed, in the spec-
ral region used, during the reaction period [23]. To determine
he photon rate for our experimental setup that includes a poly-
hromatic UV source (Rayonet RPR-100 photochemical reactor
ontaining eight 8 W UVA lamps with an emission maximum
t 350 nm with a FWHM of ca. 30 nm) a chemical actinome-
er, potassium ferrioxalate, was employed. The preparation of
olutions and procedures for determining the photon rate have
een well described [24]. Briefly, a 3 mL aliquot of a 0.012 M
olution of ferrioxalate (6 g of potassium ferrioxalate in 1 L
f 0.05 M sulfuric acid) was transferred to a 10 mm × 10 mm
uartz cell and irradiated for 30 s, whereas an identical sample
as placed in the dark. Following the irradiation, 0.05 mL of a
uffered phenanthroline solution (0.1%: 225 g sodium acetate,
g of phenanthroline in 1 L of 0.5 M sulfuric acid) was added to
oth cells and the absorbance of the tris–phenanthroline com-
lex at 510 nm was measured immediately. The moles of ferrous
ons formed during the irradiation interval was determined using
q. (1),

oles Fe2+ = V1 × V3 × �A (510 nm)

V2 × l × ε (510 nm)
(1)

here V1 is the irradiated volume, V2 the aliquot of the irradi-
ted solution taken for the determination of the ferrous ions, V3
he final volume after complexation with phenanthroline, l the
ptical pathlength of the quartz cell, �A (510 nm) the difference
n absorbance between the irradiated and dark samples, and ε

510 nm) is the molar absorptivity of the Fe(phen)3
2+ complex

ε = 11100 M−1 cm−1). Further, the photon rate or moles of pho-
ons absorbed by the irradiated solution per unit time (Nhν/t) was
etermined using Eq. (2),

Nhν

t
= moles Fe2+

φ × t
(2)

here φ is the quantum yield of ferrous ion production for
he irradiation wavelengths used (φ = 1.21), and t is the irra-
iation time (30 s). For our experimental setup, a photon rate
f (2.096 ± 0.056) × 10−8 mol/s was obtained from six inde-

endent experiments. To determine the moles of 1 that were
onverted to the ring-closed form upon irradiation with UV light,
amples of 1 in hexane and 100 nm DPPC LUVs of equivalent
oncentration were prepared and irradiated with UV light. In

A
i
fl
a
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ddition, a ferrioxalate sample was always irradiated under iden-
ical experimental conditions. The quantum efficiency (η) of 1
n hexane and DPPC LUVs was determined using Eq. (3),

= �A (575 nm) × V

(Nhν/t) × ε (575 nm) × t
(3)

here �A (575 nm) is the difference in absorbance between
he irradiated and dark samples, V the irradiated volume, Nhν/t
he photon rate ((2.096 ± 0.056) × 10−8 mol/s), ε (575 nm) the

olar absorptivity of the ring-closed form of 1 in hexane
ε = 15600 M−1 cm−1 [16]), and t is the irradiation time (30 s).
he quantum efficiency of 1 in DPPC LUVs was then com-
ared with that obtained for 1 in hexane to determine the relative
uantum efficiency for the ring-closing reaction of 1 in DPPC
UVs. Note that this ratio represents a lower limit for the relative
uantum efficiency because a proportion of the total number of
hotons incident on the quartz cell are scattered by the LUVs.
o obtain an upper limit for the relative quantum efficiency the
roportion of incident light scattered by LUVs was determined.
10 mm × 5 mm quartz cell containing a sample of LUVs was

ositioned between the UV light source and a 10 mm × 10 mm
uartz cell containing ferrioxalate solution, whereas an identical
errioxalate sample was placed in the dark. In this way, the 5 mm
ell was used as a filter to determine the average proportion of
ncident light that is scattered by DPPC LUVs during UV irra-
iation. To account for losses due to the reflection of incident
ight at cell surfaces, and differences in the refractive indicies
f the solvents, measurements were also performed with hex-
ne in the 5 mm cell under identical experimental conditions. A
omparison of the photon rates from four independent sets of
xperiments shows that <5% of the incident light is scattered by
PPC LUVs. As a result, an upper limit was determined to give
range for the relative quantum efficiency of 1 in DPPC LUVs.

.2.9. Differential scanning calorimetry (DSC) studies
Following MLV preparation protocols, DPPC MLVs and

hose containing 1 were prepared. Samples (7 �L) were her-
etically sealed in 40 �L aluminum pans. Sample mass (pan,

id, and sample) was recorded before and after pressing to ensure
o sample loss in the sealed pan. All samples were referenced
o pans containing HEPES buffer. The scan rate employed was
◦C/min and the temperature range was 10–60 ◦C.

.2.10. Irradiation studies
LUV samples (A, B, C, and D) were diluted with buffer (ca.

5 mL, ca. 0.08 mM) and deoxygenated with argon for at least
5 min before being transferred to Pyrex test tubes. The tubes
ere loaded onto a rotating sample rack that was placed into a 2 L
yrex beaker containing a cupric sulfate solution (100 mM) at
onstant temperature (20 ± 2 ◦C) to absorb shorter wavelengths
f light (<320 nm) [24]. This assembly was then positioned into
he photochemical reactor. Irradiations were performed in the
ollowing order: 30 s UV, 10 min vis, 30 s UV, and 10 min vis.

liquots of the samples (1.5 mL) were separately transferred

nto the same quartz fluorescence cell, and their absorbance and
uorescence spectra were recorded before and after each irradi-
tion. After the measurements, aliquots were discarded and the
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at 510 nm was measured after each addition (Fig. 1) until the
fluorescence intensity reached a plateau (ITotal). This intensity
represents the release of HPTS from the total liposome mixture,
which may include both LUVs and MLVs. The total volume of
Y. Bai et al. / Journal of Photochemistry and

ell was thoroughly cleaned with water and methanol, and then
ried under a stream of argon before transferring the next aliquot.
ll measurements were performed in the dark and samples were

overed during transport. To the final aliquots, 25 �L of a 10%
riton X-100 solution (v/v in buffer) was added to solubilize

he LUVs to determine the fluorescence intensity representing
00% release of HPTS–DPX.

.2.11. Data analysis
All recorded absorption and fluorescence spectra were base-

ine corrected to zero in a region where no absorbance or
mission was observed (696–700 nm). The observed emission
ntensities (Iobs) for the spectra of samples C and D were
orrected for primary (fp[A(λ413 nm)], Eq. (4)), and secondary
fs[A(λ510 nm)], Eq. (5)) inner filter effects (IFEs) from known
rocedures [25–27] using Eq. (6),

p[A(λex)]=10−A(λex)lp (10A(λex)�lp/2 − 10−A(λex)�lp/2)

2.303A(λex)�lp
(4)

s[A(λem)]=10−A(λem)ls (10A(λem)�ls/2 − 10−A(λem)�ls/2)

2.303A(λem)�ls
(5)

cor = Iobs

fp[A(λex)]fs[A(λem)]
(6)

here the distance from the point inside the cell at which fluo-
escence is observed to the entry and exit cell walls are assigned
s lp and ls, respectively (0.5 cm), and �lp and �ls are the
idth of the emission and excitation light beams (ca. 0.35 cm).
he absorbance of samples A and B at 413 nm and 510 nm

A(λ413 nm), and A(λ510 nm)) were obtained from their respective
bsorption spectra. It should be noted that errors associated with
he determination of �lp and �ls had little effect on the IFEs
nd the resulting corrected fluorescence intensities (Icor). Fol-
owing these corrections, the fluorescence intensity due solely
o HPTS was determined for samples C and D, ensuring that
rtifacts, such as Raman emission of the solvent, light scatter-
ng, liposome photodegradation, and weak fluorescence from
he isomers of 1, were subtracted from the fluorescence spectra.
his was obtained by subtracting the fluorescence spectrum of
ample A from that of sample C (C–A) obtained before and after
ach irradiation. Similarly, the fluorescence spectrum for sample

was subtracted from that of sample D (D–B). Subsequently,
he resulting subtracted spectra, C–A and D–B, were normal-
zed to the spectrum recorded prior to irradiation at 510 nm to
ive spectra E and F, respectively. Finally, the net change due
o the photoisomerization of 1 was calculated by subtracting the
uorescence spectra E from spectra F.

In addition, the percent release of HPTS from LUVs was
alculated by comparing the fluorescence intensities observed
rom the subtracted spectra C–A, and D–B to that for the fluo-
escence intensity of the respective sample prior to irradiation
nd following the addition of Triton X-100 using Eq. (7),
Release = I − I0

I1 0 0 − I0
× 100 (7)

here I is the corrected fluorescence intensity at 510 nm fol-
owing a given irradiation, I0 the corrected fluorescence prior

F
fl
o
(
p
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o irradiation, and I1 0 0 is the corrected fluorescence intensity
ollowing the addition of Triton X-100.

. Results

.1. Liposome characterization

The size and lamellarity of the DPPC liposomes were
etermined by multi-angle laser light scattering (MALS) and
uorescence spectroscopy, respectively. In the MALS studies,

wo sets of DPPC LUV samples were prepared and measured
o characterize LUV size and demonstrate the reproducibility of
ur preparation protocols for producing LUVs with relatively
niform size. The first set of samples was extruded through
embrane filters with a pore size of 0.2 �m, and a second set
as extruded through 0.4 �m filters. From our measurements

nd analysis, Zimm plots obtained using a spherical model gave
adii for the 200 and 400 nm DPPC LUVs of 103.1 ± 4.9 nm and
07.2 ± 4.4 nm, respectively.

To measure the liposome lamellarity, melittin, an amphiphilic
eptide from bee venom, was used as a lytic agent to induce
elease of encapsulated compounds from the liposomes [28–30].
his peptide has been shown to only disrupt the outermost

amella of liposomes, such that it will remove successive lamella
f MLVs with multiple additions. To a sample of 400 nm DPPC
iposomes encapsulating HPTS–DPX, melittin was added in
equential 10 �L aliquots. The fluorescence intensity of HPTS
ig. 1. Determining the lamellarity of 400 nm DPPC liposomes. Changes in the
uorescence intensity of HPTS at 510 nm were recorded following the addition
f 10 �L aliquots of a 100 �M melittin stock solution to the liposome mixture
i.e. LUVs and MLVs). The dashed line represents an extrapolation from the
lateau region used to determine the value of ITotal.
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Fig. 2. Normalized absorption spectra of 1 in 100 nm DPPC LUVs prior to
irradiation (a) and after irradiation with UV or visible light in the following
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equence: (b) 30 s of UV, (c) 2 min of UV, (d) 90 s of vis, (e) 3 min of vis, (f)
min of vis, (g) 10 min of vis and (h) 15 min of vis. The inset is normalized
bsorption spectra of 1 in chloroform under identical experimental conditions.

elittin required to reach this plateau was then added to an iden-
ical sample in one aliquot and the fluorescence intensity (ILUV)
as recorded. This intensity represents the release of HPTS from
nly LUVs. The ratio of these intensities (ILUV/ITotal) gives the
atio of LUVs in the total liposome mixture and was found to be
.987 ± 0.005.

.2. Absorption studies

Absorption spectra were recorded to characterize the inclu-
ion and photochromism of 1 in DPPC LUVs. Compound 1,
redominantly as the photoisomer 1o, was included in the lipid
ilayer of LUVs with a diameter of 100 nm. LUVs of this size
ere prepared to reduce background absorbance due to light

cattered by these supramolecular assemblies. Upon irradiation
ith broadband UV light, the colorless sample turned blue and

n increase in absorbance was observed at 380 and 580 nm with
slight, concomitant decrease in the 280 nm region (Fig. 2).

urther, the isosbestic point observed at 310 nm is a strong
ndication that only two interconverting species are present in
olution [31]. Similar results were also observed for 1 in chlo-
oform (inset of Fig. 2) and are consistent with the formation of
c [14,16]. The deconvolution of a broad shoulder at 280 nm,
learly observed in chloroform, was not resolvable in DPPC
UVs due to light scattering. Upon irradiation of the DPPC
UVs with visible light, the absorption bands due to the for-
ation of 1c reverted back to those of 1o, demonstrating that
hotoisomerization is completely reversible. In addition, the
onger irradiation times required for the conversion of 1c to 1o
n both DPPC LUVs and chloroform are consistent with the fact
hat the quantum yield for the ring-closing reaction is 45-fold

w
(
f
o

ig. 3. DSC curves of DPPC MLVs in the absence (©) and presence of 1 with
arious mole ratios (1:DPPC): 1:4 (�), 1:3 (♦), 1:2 (×). The inset is an expansion
f the pretransitional region.

reater than the ring-opening reaction in hexane (0.58 versus
.013 [16], respectively).

The relative quantum efficiency for the ring-closing reaction
f 1 in DPPC LUVs was determined by comparing its quan-
um efficiency with 1 in hexane. The quantum efficiency of 1
n LUVs was found to be (22 ± 7)-fold smaller than in hexane.
he large standard deviation calculated for this result was pri-
arily due to errors associated with measuring small changes

n absorbance that were observed for 1 in DPPC LUVs. Fur-
her, this ratio represents a lower limit for the relative quantum
fficiency because a proportion of the total number of incident
hotons are scattered by the LUVs. To obtain an upper limit for
he relative quantum efficiency the proportion of incident light
cattered by LUVs was quantified. Our results show that <5%
f the incident UV light is scattered by DPPC LUVs. Given that
he standard deviation for the lower limit of the relative quantum
fficiency is larger than 5% of the mean, the upper and lower
imits are best expressed as a standard deviation of the mean.

.3. Differential scanning calorimetry studies

The thermotropic phase behavior of MLVs composed of pure
PPC and in mole ratios of 1:4, 1:3 and 1:2 (1:DPPC) were

ecorded using DSC to determine the relative inclusion and loca-
ion of 1 in the lipid bilayer. Initially, similar LUV samples were

easured, however, no clear phase transitions were observed due
o the relatively low concentration of DPPC. The DSC curve for
ure DPPC MLVs (Fig. 3) shows its signature main phase tran-
ition temperature (Tm) with a narrow temperature range at half
ts maximum (�T1/2). A small shift to lower temperature and
roadening of the main phase transition is observed for MLVs

ith increasing mole ratios of 1 relative to pure DPPC MLVs

Table 1). These observations are consistent with those observed
rom similar studies that have investigated the effect of additives
n the thermotropic phase behavior of DPPC MLVs [32,33].
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Table 1
The main phase transition temperature (Tm) and temperature difference at half
maximum (�T1/2) for DPPC MLVs with various mole ratios of 1

Mole ratio (1:DPPC) Tm (◦C) �T1/2 (◦C)

0:1 40.28 ± 0.03 0.59 ± 0.11
1:4 39.99 ± 0.04 1.18 ± 0.23
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Fig. 4. Corrected and normalized fluorescence spectra of HPTS for 400 nm
DPPC LUVs in the absence of 1 prior to irradiation (©), after irradiation with
UV or visible light in the following sequence: 30 s of UV (�), 10 min of vis (♦),
3
1
m

a
a
a
t
s
ple C and then normalized to the spectrum prior to irradiation
at 510 nm to give spectra E (Fig. 4). Similarly, the fluorescence
spectra of sample B were subtracted from the fluorescence spec-

Fig. 5. Corrected and normalized fluorescence spectra of HPTS for 400 nm
:3 39.95 ± 0.03 1.26 ± 0.10
:2 39.88 ± 0.04 1.37 ± 0.08

ess noticeable is a weak yet signature pretransition at ca. 34 ◦C
or pure DPPC MLVs (inset of Fig. 3). This pretransition also
hifts to lower temperature and virtually disappears with increas-
ng mole ratios of 1. The difference in Tm and �T1/2 for samples
ith a 1:DPPC from 1:4 to 1:2 is relatively small compared with

he difference observed between pure DPPC and 1:4.

.4. Irradiation studies

HPTS–DPX was chosen as probe system to monitor the
hanges in the permeability of 400 nm LUVs incorporating 1,
ince HPTS undergoes efficient self-quenching at moderate con-
entrations and in the presence of the collisional quencher DPX
34,35]. To minimize any experimental artifacts that may affect
he observed fluorescence intensity, three controls were prepared
i.e. DPPC LUVs (sample A), and those containing 1 (sample
) or HPTS–DPX (sample C)) in addition to LUVs incorporat-

ng 1 and encapsulating HPTS–DPX (sample D). These artifacts
ay include but are not limited to the leakage of HPTS from the
UVs, fluorescence of 1o, Raman emission of the solvent, and

ight scattered by the LUVs. Photoinduced changes in mem-
rane permeability were assessed by monitoring changes in the
uorescence of HPTS upon photocycling 1 between the two pho-

oisomers using UV and visible light. The mole ratio employed
as 1:3 (1:DPPC) as increasing the concentration of 1 in our
reparations did not significantly enhance the concentration of
included in the liposomes as demonstrated from the DSC stud-

es. To be certain that the LUVs prepared were stable throughout
he irradiation studies, a 25 �L aliquot of 10% (v/v) Triton X-100
as added to lyse the LUVs after the irradiations were finished.
riton X-100 is a lipid soluble surfactant that will effectively lyse

he liposome membrane resulting in complete release of encap-
ulated HPTS and relief from the quenching of its fluorescence.
s a result, this procedure also allowed for the determination of

he total fluorescence so that the percentage of HPTS released
ould be calculated. It is important to note that we intentionally
erformed these studies below the Tm of DPPC (ca. 41 ◦C [33])
or three important reasons. First, similar studies [4,7,11] have
hown that photorelease is generally limited to the gel phase
ince bilayers in the liquid-crystalline phase are better able to
dapt to changes in the molecular geometry of the photochrome
rising from their isomerization. Second, liposomes around Tm
re significantly more permeable and substantial HPTS leak-

ge from DPPC LUVs was observed when these samples were
laced in the dark. Third, liposomes used in biomedical appli-
ations such as drug delivery are predominantly administered in
he gel phase [1,2].

D
t
s
a
i

0 s of UV (×), 10 min of vis (+), and following addition of a 25 �L aliquot of
0% (v/v) Triton X-100 (�). The inset is an expansion of the spectra near the
axima.

Fluorescence spectra were recorded for all samples before
nd after each irradiation interval. The spectra for samples A
nd B served as controls for the spectra recorded for samples C
nd D, respectively. After the necessary baseline and IFE correc-
ions were applied to all the spectra, the fluorescence spectra of
ample A were subtracted from the fluorescence spectra of sam-
PPC LUVs in the presence of 1 with a mole ratio of 1:3 (1:DPPC) prior
o irradiation (©), after irradiation with UV or visible light in the following
equence: 30 s of UV (�), 10 min of vis (♦), 30 s of UV (×), 10 min of vis (+),
nd following addition of a 25 �L aliquot of 10% (v/v) Triton X-100 (�). The
nset is an expansion of the spectra near the maxima.
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Fig. 6. The net change in the fluorescence spectra of HPTS due to the photoiso-
merization of 1 in 400 nm DPPC LUVs. The normalized fluorescence spectra of
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Fig. 8. The percent release of HPTS from 400 nm DPPC LUVs in the absence
(©) and presence of 1 (�) prior to and after irradiation with UV or visible light.
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n

PPC LUVs in the absence of 1 (Fig. 4) were subtracted from those in the pres-
nce of 1 with a mole ratio of 1:3 (1:DPPC) (Fig. 5). The dashed line represents
o net change.

ra of sample D and then normalized to give spectra F (Fig. 5).
net change in the fluorescence intensity of HPTS due solely

o the photoisomerization of 1 was obtained by subtracting the
uorescence spectra of E from the fluorescence spectra of F
Fig. 6). From repetitive experiments, significant changes in the
uorescence spectra of HPTS for DPPC LUVs containing 1
ere not observed following the irradiation intervals. Conse-
uently, an average net change of −0.019 ± 0.012 was obtained
Fig. 7).
As an alternative method of analysis, the percent release of
PTS for samples C and D following irradiations were also

alculated by comparing these changes in fluorescence inten-
ity at 510 nm to that following the addition of Triton X-100

ig. 7. The net change in the fluorescence of HPTS at 510 nm due to the pho-
oisomerization of 1 in 400 nm DPPC LUVs with a mole ratio of 1:3 (1:DPPC)
rior to and after irradiation with UV or visible light. The error bars represent
he standard deviations of the calculated means.
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he error bars represent the standard deviations of the calculated means. The
nset includes the maximal release which was determined following the addition
f a 25 �L aliquot of 10% (v/v) Triton X-100.

Fig. 8). LUVs not incorporating 1 showed a slight increase
n HPTS emission (0.23 ± 0.31%) following the various irradi-
tion intervals whereas those incorporating 1 showed a slight
ecrease (−0.72 ± 0.49%). As a result, an apparent release was
ot observed following the irradiation of LUVs incorporating 1.

. Discussion

The main objectives in this study are to establish that 1
s included in the lipid bilayer, determine its relative loca-
ion within the membrane, and show that its photochromism
s conserved. These characteristics are important to the develop-

ent of a photochromic liposomal system in which membrane
ermeability can be completely controlled with light. The
se of photochromic compounds to affect the permeabil-
ty of a lipid bilayer has been shown for azobenzene [7,8]
nd spiropyran [9–11] systems. However, in all cases these
ompounds were thermally reversible which limits complete
hotocontrol over the release of encapsulated compounds. A
hermally irreversible system will allow for improved regula-
ion of the delivered dosage. Before employing synthetically

ore challenging dithienylethene derivatives with complemen-
ary lipid-like structures that will potentially cause a greater
isruption to the lipid bilayer, it is important that we estab-
ish our primary objectives with the analogous parent system,
ncluding the development of protocols for determining quantum
fficiencies in LUVs and assessing membrane permeability.
To establish the inclusion of 1 in the bilayer of LUVs and
onservation of its photochromism, absorption spectra were
ecorded for DPPC LUVs containing 1 (Fig. 2). LUVs with
diameter of 100 nm were prepared since LUVs with smaller
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iameters scatter light in the UV–vis region less efficiently
esulting in lower background absorbance [1]. Similar to stud-
es in organic solvents, 1 was predominantly in the 1o form
rior to irradiation since no absorption due to 1c was detected.
pon irradiation with UV light, an increase in absorbance at 380

nd 580 nm, and a slight, concomitant decrease at 280 nm was
bserved, confirming the presence of 1c in LUVs. Following
he conversion of 1c to 1o with visible irradiation, absorption
t 380 and 580 nm decreased, and absorption in the 280 nm
egion increased, which clearly demonstrates that the photoi-
omerization of 1 in the gel phase of DPPC LUVs is completely
eversible. As 1 is unlikely located in the aqueous compartment
f liposomes due to its low solubility in water, we have con-
luded that 1 is incorporated in the lipid bilayer of a liposome
nd have shown that its photochromism is conserved.

In general, the determination of reaction quantum yields in
eterogeneous systems has been challenging primarily because
he number of photons scattered by the suspended particulates
as been experimentally difficult to quantify [36,37]. Unfortu-
ately, in some cases the reported quantum yields are in reality
pparent quantum yields and effectively lower limits of the true
uantum yield. To circumvent these uncertainties, methods have
een developed that employ standard secondary actinometers.
or example, in the area of heterogeneous photocatalysis, the
elative photonic efficiencies for the degradation of organic pol-
utants in aqueous suspensions of titanium dioxide are often
ompared with the degradation of phenol under identical exper-
mental conditions [36]. In contrast, few methods have been
eveloped for the determination of photoisomerization quan-
um yields in organized systems [38]. Time-resolved absorption
pectroscopy has been used to qualitatively estimate photoi-
omerization efficiencies for cyanine dyes in LUVs and thin
olymer films when correlated with the quantum yields for
ompetitive deactivation pathways, such as fluorescence and
ntersystem crossing [39]. In this study, we have developed a new

ethod to determine a range for the relative quantum efficiency
or the ring-closing reaction of 1 in DPPC LUVs by comparing
ts quantum efficiency to 1 in hexane. The quantum efficiency
f 1 in LUVs was found to be (22 ± 7)-fold smaller than in hex-
ne. This result is consistent with the report on cyanine dyes
n LUVs, which concluded that the photoisomerization process
as hindered by the more viscous nature of the lipid bilayer

ompared with organic solvent [39]. As well, the rigid medium
f a thin polymer film was shown to completely inhibit photoi-
omerization such that the only observable intermediate was the
riplet state of the cyanine dye [39]. In a similar study, the effect
f solvent viscosity on the photoisomerization quantum yield of
diarylethene derivative was examined [40]. These studies also

howed that cyclization yields decreased with an increase in the
iscosity of the local environment. Consequently, the smaller
uantum efficiency observed for the ring-closing reaction of
in DPPC LUVs compared with hexane is due to the more

estrictive and rigid environment posed by the lipid bilayer in

he gel phase. We are currently developing a separation pro-
ocol to isolate the photoisomers of 1 from the lipid matrix
o that high-performance liquid chromatography can be used
o determine quantum efficiencies in DPPC LUVs with better

o
s
s
t

obiology A: Chemistry 192 (2007) 130–141 139

recision, analogous to protocols reported for the separation of
rylstilbazolium ligands from DNA [38].

To obtain a better understanding on the relative location of
within the lipid bilayer, DSC was employed to investigate

hanges in the phase transition temperatures of pure DPPC
LVs compared with those containing 1. Surprisingly, previ-

us reports on the inclusion of photochromic compounds in
iposomes have not investigated thermotropic phase behaviors.

LVs were prepared to increase the concentration of the lipids
nd additives, thus enhancing the signal to noise ratio of the DSC
urves. In addition, the thermotropic phase behavior of DPPC
LVs are similar to LUVs [33,41,42]. When additives are incor-

orated into the lipid bilayer of a liposome, the phase behavior
f the liposome is altered. This effect on the gel-to-liquid crys-
alline phase transition has been studied in DPPC liposomes
or over 100 hydrophobic small molecules using DSC [32,33].
our distinctive profiles have been assigned to the interaction
f these molecules within specific regions of the bilayer. In par-
icular, the type A profile is characterized by a shift in Tm to a
ower temperature and an increase in the �T1/2 upon the addi-
ion of small molecules. More specifically, this profile suggests
hat the additives are partially buried in the hydrocarbon core
f the bilayer, interacting primarily with the C2–C8 methylene
egion of the acyl chains of DPPC. Using this analysis, the rel-
tive location of 1 in the lipid bilayer can be determined by
onitoring changes in the DSC curves with increasing con-

entrations of the photochrome. In our studies, DPPC MLVs
ontaining 1 were prepared at mole ratios of 1:4, 1:3 and 1:2
1:DPPC). A comparison of the DSC curves for pure DPPC
nd those containing 1 with increasing mole ratios showed a
ecrease in Tm and an increase in �T1/2. Although the changes
n Tm were relatively small between pure DPPC with those con-
aining 1, a highly reproducible decrease was observed. Also, a
ignificant broadening of the transition shown by the increase
n �T1/2 was observed when comparing pure DPPC with 1:4.
hese observations best represent the type A profile, which sug-
ests that 1 is primarily interacting with the C2–C8 methylene
egion of the phospholipid hydrocarbon chains of DPPC LUVs.
n addition, the DSC curve for pure DPPC showed a signature
retransition at ca. 34 ◦C, for the transition between two specific
el phases (i.e. lamellar gel-to-ripple phase [33]). This transi-
ion shifted to lower temperatures and practically disappeared
ith the inclusion of 1. This disappearance in the pretransi-

ion upon the inclusion of additives has been reported by others
32,33,43,44] and clearly indicates that 1 is interacting with the
ipid bilayer.

Having established the relative location of 1 within the lipid
ilayer, the effect of its photochromism on the permeability of
he bilayer was investigated. Our initial hypothesis was that the
hotoisomerization of 1 would not lead to a significant disrup-
ion in the local lipid order within the bilayer. This hypothesis
as based primarily on the noncomplementary nature of 1 when

ompared with DPPC. Also, changes in the molecular geometry

f 1 are potentially too small to disrupt lipid organization con-
idering the photoisomerization of 1 has been established in the
ingle-crystalline phase [16]. As a result, no significant effect on
he permeability of the membrane was anticipated. Nevertheless,
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efore using synthetically more challenging dithienylethene
nalogs, it was important to develop our protocols for evalu-
ting the effect of the photoisomerization of 1 on membrane
ermeability.

Membrane permeability studies were performed by mon-
toring changes in the fluorescence intensity of HPTS upon
witching between the photoisomers 1o and 1c. An increase in
uorescence intensity would indicate that HPTS was released
rom the LUVs into the bulk aqueous phase where its fluores-
ence is relatively free from collisional quenching. As a result,
PTS release would suggest that the increase in membrane per-
eability is due to a significant disruption in the local lipid

rder resulting from changes in the molecular geometry of 1
ccompanying photoisomerization. Our results clearly show that
significant change in fluorescence intensity was not observed

ollowing sequential irradiations of 1 with UV and visible light.
large increase in HPTS fluorescence was observed upon the

ddition of Triton X-100, which indicates that the liposomes
ere stable during the study. Upon closer inspection of the data

nd after applying necessary baseline and IFE corrections, a net
hange in the fluorescence intensity of HPTS induced by the
hotoisomerization of 1 was slightly negative (−0.019 ± 0.012)
hich initially suggested that the controls were more permeable

han the sample containing 1. To confirm this result, an alterna-
ive method of analysis was also performed by determining the
ercent release of HPTS from LUVs. LUVs not incorporating
showed a slight increase in HPTS emission (0.23 ± 0.31%)

ollowing the various irradiation intervals whereas those incor-
orating 1 showed a slight decrease (−0.72 ± 0.49%). As the
hanges in the fluorescence intensity of HPTS induced by the
hotoisomerization of 1 were small and negative, we carefully
onsidered all possible sources of experimental error to deter-
ine if these changes were due to inherent experiment artifacts.
lthough these experiments were repeated multiple times to
inimize random errors, we were unable to determine the rea-

oning for the slight decrease. In any case, these results with
heir associated errors clearly illustrate that we are very close to
ero and most likely at the detection limits of our experimen-
al setup. Consequently, the release of encapsulated HPTS was
ot observed following the irradiation of LUVs incorporating 1,
hich supports our hypothesis that the photoisomerization of 1
oes not lead to a large disruption in the local lipid order within
he bilayer.

A possible explanation for the lack of significant increases
n membrane permeability may be the nonamphiphilic nature
f 1. Previously reported azobenzene [7] and spiropyran [11]
erivatives that did show modest levels of fluorophore release
ossessed a typical lipid-like amphiphilic structure. The for-
er derivative covalently incorporated the azobenzene moiety

nto the acyl chains of a DPPC lipid whereas the latter con-
ugated the photochromic moiety to a long alkyl chain with a
erminal, charged triethylammonium substituent. Presumably,
hese derivatives were better able to organize themselves within

he lipid bilayer through significant intermolecular interactions
ith the hydrophobic acyl chains and hydrophilic zwitterionic
ead groups of the DPPC lipids. Hence, photoisomerization
ikely produced a larger disruption in the local lipid order. Even

[

[
[
[

obiology A: Chemistry 192 (2007) 130–141

hough the relative concentrations of 1 in the LUVs were high,
nother possible reason may be that the changes in the molec-
lar geometry of 1 accompanying photoisomerization are not
arge enough to significantly disrupt lipid organization within
he bilayer. To improve photocontrol over membrane perme-
bility, derivatives of 1 that undergo much larger changes in
olecular geometry will be essential, such as a recently reported

erivative containing bulky phenylethynyl substituents in place
f the methyl groups of 1 [45]. We are currently developing new
ithienylethene derivatives that will address these key issues.

In summary, we have shown that photochrome 1 is included
n the lipid bilayer of DPPC liposomes, primarily located within
he C2–C8 methylene region of the lipid acyl chains, and its pho-
oisomerization is completely reversible, although hindered due
o the more restrictive and rigid environment posed by the lipid
ilayer. The release of encapsulated HPTS is not observed fol-
owing the irradiation of LUVs incorporating 1, which strongly
uggests that the photoisomerization of 1 does not lead to a
ignificant disruption in the local lipid order within the bilayer.
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