
Wavelength-Programmed Solute Release
f

R
D
U

R

t
t
d
m
r
t
r
s
a
s
F
l
i
s
m
“

l

a
t
c
e
l
s
v
s
m
a
r
s
d
s
t

B
4

Biochemical and Biophysical Research Communications 276, 169–173 (2000)

doi:10.1006/bbrc.2000.3456, available online at http://www.idealibrary.com on
rom Photosensitive Liposomes

oger H. Bisby,1 Carole Mead, and Christopher G. Morgan
ivision of Biological Sciences, School of Environmental and Life Sciences,
niversity of Salford, Salford M5 4WT, United Kingdom

eceived August 10, 2000
(5–7) photosensitive liposomes were described based on
a
s
b
c
t
l
u
s
m
w
n
m
s
l
c
w
(
o
b
B
t
o
i
c
i
t
n
s
t
t
f
z

t
c
e
i
u
i
s

Liposomes of dipalmitoylphosphatidylcholine con-
aining a photochromic lipid “Bis-Azo PC” release en-
rapped solutes on exposure to UV light. We have now
emonstrated that on addition of cholesterol (up to 25
ol%) to the liposomal membrane the liposomes also

elease their contents in response to visible light in
he region of 470 nm, to which liposomes lacking ste-
oid are insensitive. In a mixed population of lipo-
omes prepared with and without cholesterol, this en-
bles wavelength-dependent release of entrapped
olutes on sequential exposure to visible and UV light.
urthermore, the cholesterol-containing liposomes al-

ow stepped partial release of entrapped solute follow-
ng multiple periods of short visible illumination. It is
uggested that the cholesterol-containing liposomes
ay be potentially useful for drug delivery and for

caging” of reagents. © 2000 Academic Press

Key Words: azobenzene; caged reagents; cholesterol;
iposome; photoisomerization.

Liposomes have been investigated extensively both
s models for biological membrane structure and func-
ion and as potential vehicles for targeted delivery and
ontrolled release of drugs. In the latter area, much
ffort has been directed towards the development of
iposomes that can be destabilized particularly in re-
ponse to light (1). The most common approaches in-
olve light-sensitized production of reactive species
uch as singlet oxygen (2), photopolymerization of
embrane components (3) and photoisomerization of

gents within the bilayer (4). Photoisomerization is a
eversible process in some cases, with the isomerizable
pecies reaching a photostationary-state equilibrium
ependent on the wavelengths of illumination. Lipo-
ome properties might thus be controlled according to
his photostationary state composition. In earlier work
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iological Sciences, Peel Building, University of Salford, Salford M5
WT, UK. Fax: 1(44) 161 295 5210. E-mail: r.h.bisby@salford.ac.uk.
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host matrix of gel-phase phospholipid incorporating a
ynthetic phospholipid with acyl chains bearing azo-
enzene moieties. The lipid “Bis-Azo PC” (Fig. 1) is a
ompact molecule that exists as the stable E-isomer
hat is sterically compatible with a close-packed stable
ipid bilayer. Liposomes of gel-phase lipid containing
p to 10% (mol:mol) of this photosensitive lipid are
table in the dark and retain trapped solutes for
onths at room temperature. On photoisomerization
ith ultraviolet light a photostationary state domi-
ated by the more bulky Z-isomer of the azobenzene
oieties is formed. Solute release rates after UV expo-

ure are markedly sensitive to temperature, and mil-
isecond release kinetics can be achieved (8, 9) espe-
ially when the bilayer membrane contains cholesterol
hich enhances the release rate of trapped marker dye

10). Liposomes containing Bis-Azo PC in the absence
f cholesterol show a threshold of photoisomerization
elow which leakage of trapped marker dye is not seen.
elow about 3% of Bis-Azo PC (mol:mol), no leakage of

rapped marker is seen on UV photolysis. The thresh-
ld effect has been studied by pulsed laser experiments
n our earlier work (8). It was shown that samples
ontaining Bis-Azo PC could be exposed to several low-
ntensity UV pulses without significant leakage of con-
ents, but that rapid leakage ensued after a sufficient
umber of such exposures or above a threshold inten-
ity. Inclusion of cholesterol has the effect of reducing
he extent of photoisomerization necessary for leakage
o occur, effectively increasing the sensitivity to light
or liposomes having a given concentration of azoben-
ene derivative.
The influence of cholesterol on the properties of pho-

osensitive liposomes suggested a possible means to
ontrol their permeability selectively. Control of the
xtent of photoisomerization can be achieved by limit-
ng exposure to light, or more conveniently by manip-
lation of the photostationary state composition of the

somerizable species. The photostationary state compo-
ition of azobenzene derivatives depends on the wave-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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ength of light used for isomerization (11) and the
bsorption spectrum of Bis-Azo PC in liposomes has
een previously reported (6). Excitation at around 360
m produces a photostationary state composition
here the Z-isomer of azobenzene predominates. This
bsorbs more strongly around 420 nm than does the
-isomer, so that illumination with blue light causes
artial reversion to the E-isomer. Coillumination by
lue light and UV light can thus be used to determine
he photostationary state composition of azobenzene
erivatives according to the relative intensities of the
wo sources. Alternatively, an intermediate wave-
ength can be chosen to produce the desired photosta-
ionary state mixture of isomers.

In view of the observation that cholesterol reduces
he threshold for UV-induced solute release, it was
easoned that solutes might be released from
holesterol-containing liposomes by light of a wave-
ength that has little or no effect on liposomes in ab-
ence of cholesterol.

ATERIALS AND METHODS

Bis-Azo PC was prepared as previously described (5). All other
hemicals used were purchased from Sigma/Aldrich and used with-
ut further purification. Liposomes containing trapped marker dyes
ere prepared by extrusion under nitrogen pressure followed by
el-filtration as described previously (9). A blue LED (Nichia,
70-nm peak) was focused to give a fluence of approximately 20 mW
m22 and was employed both to provide photolysis at 470 nm and to
xcite calcein fluorescence. Sulforhodamine-B fluorescence was ex-
ited by a filtered quartz-halogen source which was modulated with
square wave at 4 kHz using a liquid-crystal shutter (Meadowlark
ptics Ltd, U.S.A.) and detected selectively using an SR830DSP

ock-in amplifier from Stanford Instruments. UV excitation from a
pectron SL401 laser was provided as a 8 ns, 15 mJ pulse at 355 nm
s described previously (9). Other experimental conditions are given
n the figure legends.

FIG. 1. Structures of the photochromic lipids, Bis-Azo PC and Pa
n illumination with UV light (;360 nm) is illustrated.
170
ESULTS AND DISCUSSION

Figure 2 shows leakage of the impermeable fluorescent
arker calcein from liposomes prepared from a mix-

ure of 1,2-(dihexadecanoyl)-sn-glycerophosphocholine
dipalmitoyl-L-a-phosphatidylcholine, DPPC) and vary-
ng levels of cholesterol, containing a fixed level of 6%
mol:mol relative to total lipid) Bis-Azo PC. The samples
ere exposed to blue light from a light-emitting diode

LED) with emission centered at 470 nm, which also
erved to excite fluorescence from the calcein. Liposomes
ontaining up to about 5% cholesterol (mol:mol relative to

PC described in this work. The E 3 Z isomerization of Bis-Azo PC

FIG. 2. Increase in fluorescence intensity at 510 nm (arbitrary
nits) indicating leakage at 25°C of entrapped calcein dye from

iposomes containing increasing amounts of cholesterol. Exposure to
lue light centered at 470 nm, which was also used to excite fluores-
ence, began at the point A. The liposomes were composed of DPPC
ith 6 mole% Bis-Azo PC and the indicated amounts of cholesterol
etween 0 and 25 mole%. The overall lipid concentration was 0.1 mg
m23.
zo
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otal lipid) are not sensitive to light of this wavelength,
nd no release of trapped dye is seen, even on prolonged
xposure to light. Very rapid release of trapped marker is
owever seen at higher cholesterol levels.
Previous work has shown that liposomes of DPPC

ontaining Bis-Azo PC at the concentration used in this
xperiment release trapped marker dye rapidly on ex-
osure to near-UV light, whether or not cholesterol is
resent. Consequently, using the same photosensitive
gent at the same concentration, it is possible to pre-
are two sets of liposomes, both of which leak contents
n light exposure, but which have different wave-
engths of activation. Figure 3 shows how a mixture of
iposomes prepared with and without inclusion of cho-
esterol can be used to release two different marker
pecies rapidly and sequentially in response to illumi-
ation with different wavelengths of light. Liposomes
f DPPC containing 20% cholesterol (mol:mol relative
o total lipid) were prepared with the trapped marker
ye calcein, while DPPC liposomes without cholesterol
ere prepared similarly, but containing trapped

ulforhodamine-B. Both sets of liposomes contained 6%
is-Azo PC (mol:mol, relative to total lipid). At the
oint marked A in Fig. 3, a mixture of equal amounts of
he liposomes was exposed at 25°C to blue (470 nm)
ight from an LED source which also excited fluores-
ence from calcein as it was released from the
holesterol-containing liposomes. The increase in fluo-
escence at 510 nm (curve marked F–C) indicates re-
ease of entrapped calcein from the DPPC-cholesterol
iposomes. There was no increase in fluorescence from

FIG. 3. Selective release by UV and visible light of entrapped
yes from a mixture of liposomes with and without cholesterol. One
et of liposomes of DPPC with 6 mole% Bis-Azo PC (no cholesterol)
ontained entrapped sulforhodamine-B. The second population of
iposomes of DPPC with 6 mole% Bis-Azo PC and 20 mol% choles-
erol contained entrapped calcein. A mixture of equal amounts of the
iposomes was exposed at 25°C to blue (470 nm) light from an LED
ource at the point marked A. After a short delay, the sample was
xposed to a single UV laser pulse (355 nm, 15 mJ) at the point
arked B. The experimental method used to discriminate between

alcein and sulforhodamine-B fluorescence is described in Fig. 4. The
otal lipid concentration in the sample was 1 mg cm23.
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econd population of liposomes (without cholesterol)
ntil the sample was exposed to a single UV laser pulse
355 nm, 15 mJ) at the point marked B.
ulforhodamine-B fluorescence was excited by green

ight at 550 nm that has little effect on the photosta-
ionary state of Bis-Azo PC. To perform this experi-
ent, a lock-in detection scheme was used (Fig. 4).
his was necessary to allow the emission of
ulforhodamine-B (which was of relatively low inten-
ity) to be distinguished from the long-wavelength
tail” of the calcein fluorescence.

In the course of these experiments another interest-
ng difference was observed between photosensitive
iposomes prepared with- and without cholesterol. In
ig. 5A the time course of calcein release from lipo-
omes of DPPC containing Bis-Azo PC is shown after
rief exposure to 365 nm UV light. After a rapid “burst”
f release, the liposomes continue to release trapped
arker slowly in the dark over a period of up to 2 h. A

ontrasting result is seen in Fig. 5B for liposomes con-
aining 20% cholesterol (mol:mol, relative to total lipid)
nd the same level of Bis-Azo PC as used in Fig. 5A.
ere the release of calcein is seen to occur only during

he period of light exposure. Liposome contents can be
eleased as a series of “pulses” by intermittent expo-

FIG. 4. Apparatus used for the simultaneous and separate mea-
urement of fluorescence from calcein (lmax 510 nm) and
ulforhodamine-B (lmax 590 nm). Calcein fluorescence from the sam-
le in thermostated quartz tube (s) was excited by a blue LED (a) in
onjunction with a 470 nm interference filter (d) which also consti-
uted the blue light photolysis source. A photodiode (h) detected
alcein fluorescence through a 510 nm interference filter (f).
ulforhodamine-B was excited using a quartz-halogen lamp (b),
queous copper sulfate solution heat filter (c) and 550 nm interfer-
nce filter (e). This beam was subject to square-wave modulation at
kHz using a liquid crystal light valve (m) driven by an oscillator (p).
second photodiode (h9) detected sulforhodamine-B fluorescence

hrough a 590 nm interference filter (g). The sulforhodamine-B flu-
rescence signal modulated at 4 kHz is separated from the interfer-
ng unmodulated calcein fluorescence by use of the lock-in amplifier
n). The processed signals were recorded on a transient recorder (TR)
inked to a PC. The sample was also irradiated with a UV pulse from
he Nd:YAG laser (k).
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ure to UV light for brief periods as shown in Fig. 5B.
hese results were achieved with very low exposure to
V light. Leakage during exposure to light is likely to
e due to bilayer disorder resulting from the continu-
us cycling of azobenzene units between isomeric
orms. Such cycling continues, even when the photo-
tationary state composition has been reached. After
llumination ceases the photostationary state composi-
ion provides a residual level of disorder that has ef-
ects on permeability dependent on membrane compo-
ition. In gel-phase lipids where diffusion is relatively
low, isomer distribution might not be at equilibrium
fter photolysis, and this might also have time-
ependent effects on membrane permeability.
It is suggested that, at least in part, the effects of

holesterol in sensitizing the liposomes to blue light arise
rom cholesterol-induced phase separations in the bi-
ayer. Recent work has suggested that lipid domain for-

ation is promoted by cholesterol in bilayer membranes
f saturated gel-phase lipids (12), such as were used in
ur experiments. Further support for this proposal has
een obtained from our previous experiments (10) involv-
ng photoisomerization of lipids containing a single azo-
enzene moiety (“Pazo PC,” see Fig. 1). In the absence of
holesterol, isomerization of Pazo PC has little effect on
iposome permeability, even at high concentration of the
hotochromic species. Liposomes containing cholesterol,
owever, release trapped marker rapidly on isomeriza-
ion of single-chain azobenzene derivatives. This sug-

FIG. 5. Increase in calcein fluorescence on release from DPPC
iposomes containing 6 mole% Bis-AzoPC at 22°C. Illumination with
65 nm light from a UVG-58 (UVP Ltd) handlamp (incident light
ntensity ;4 mW cm22 is indicated by arrows). (A) Liposomes in the
bsence of cholesterol were exposed to a single brief (25 s) period of
llumination; (B) liposomes of DPPC containing both 6 mole% Bis-
zoPC and 20 mole% cholesterol were illuminated with repeated
ery brief (;1 s) exposures. For these experiments the liposomes
ere diluted to a lipid concentration of 1022 mg cm23.
172
ddition of cholesterol giving rise to sites with a lower
hreshold for light-induced solute leakage. The possible
ole of phase-separation in the leakage process needs
urther investigation and calorimetric measurements,
MR data and freeze-fracture electron microscopy would
e useful in this respect.
The results presented demonstrate that a controlled

elease of solutes in a programmed fashion is easily
chieved using photosensitive liposomes. These find-
ngs could have practical application both in scientific
reas, such as sequential release of “caged” reagents,
nd in technological areas such as photo-stimulated
rug delivery. Although blue light and UV light do not
enetrate deeply into tissues, liposomes such as de-
cribed might find use as adjuncts to photodynamic
herapy in accessible areas such as skin, eyes and
ucous membranes. It is noteworthy that photostimu-

ated release from liposomes can be achieved with very
ow exposure to light, for example in seconds or less
sing the light intensity and wavelengths associated
ith cosmetic “sun-tanning” apparatus. Photo-release

nduced by blue light might be particularly useful for
cular drug delivery, since the relatively low illumina-
ion intensity is unlikely to be hazardous.

We believe that this is the first attempt to use control
f photostationary state composition of a sensitizing
pecies to achieve selective solute delivery, although
ueller et al. (13) have very recently demonstrated

isible light-induced destabilization of liposomes sen-
itized with a cyanine dye.
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