Laser-Induced Dye Release

LASER

from Liposomes
A Model for Drug Delivery and Laser Damage

Lipid vesicles, because of their structural
similarities to membranes of biolagical
cells, were used as a model system to in-
vestigate the effects of laser radiation at
the microscaopic level. Quantitative stud-
ies assisted in understanding selectiva
phatoinduced biological madifications,
laser surgery, and release mechanisms
far liposomes as potential carriers of
therapeutic agents. The contents of lipo-
sames containing high concentrations of
encapsulated dyes [sulforhodamine) were
efficiently released by laser excitation of
dye absorbed during a single pulse. Re-
sults with nanosecond and picosecond
iaser puises were consistent wich those

obtained from a photoinduced localized

thermal mechanism for liposame disinte-
gration. Liposame release was even mare
efficient when a suitable dye (methylena
biue) was localized within the bilayer
membrane. The properties of dye male-
cules that might be optimal for such ap-
plications are discussed.
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iposomes — vesicles formed by
phospholipid bilayers dispersed in
agueous media — are being used in a
wide variely of biomedical research
projects, including liposome-based
therap.es now in clinical tmals (1). Li-
posomes can serve as a model system because
of structural similanities to the membranes of
biological vesicles and cells. However, few
quantitative studies exist that relate the action
of lasers on biological tissues 1o adequate

mechanistic models (2-4), including laser.

surgery (5.6). In this anicle we will examine
the use of lasers and spectroscopic techniques
with liposomes containing encapsulated or
membrane-associated dyes o investigate, for
example, mechanisms of photoinduced release
of liposomal contents. A few reporis support
the selective modification or inactivation in bi-
ological systems as a result of laser irradiation
of dyes (7.8). Studies with liposomes could
further develop selective techniques that target
specific receptors or tumor sites or that deliver
anticancer, antibiotic, antifungal, antiviral, or
other therapeutic and diagnostic agents.

Before liposomes can be considered clini-

cally useful as camriers, however, a few obsta-

cles must be overcome. These include prob-
lems associated with encapsulation, stability
and clearance, targeting, and release of con-
tents (1.9-11). Approaches under develop-
ment for efficiently delivering liposomal con-
tents include mechunisms that rely on

| an endocytotic pathway (12)

B pH sensitivity (13,14)

B hcal sensitivily, requiring several minutes
of exposure (0 lemperatures greater than the
transition temperature uf the composite
lipids (13,15,16)

B photosensitivity, in which light is the pri-
mary activator of release (ulthough other
properties such as heat sensitivity could be
operative).

A variety of photoinduced and laser-relu-
ted approaches 1o vesicle lysis have been used
with liposomes (17-34). Advantages of a
photoinduced mechanism include
8 controlled timing; for example, in critical
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stages of surgical or clinical procedures
& controlled dosage (duration and strength)
= differential dosage; for example, site speci-

ficity or spatial localization of 1 preselected

cellulur subset or affected arget area

® lack of critical dependence on endocytosis
of the carrier, a property cither not exhib-
ited or well controlled in all tarpet cells.

We have been developing a technique for
controlled release using laser excitation and
heating of carriers such as liposomes that in-
corporate dyes. Advantages of this technique
compared with other photoinduced methods
include
B much <hurer exposure times, in many cases

requiring onc or a few laser pulses (com-

pared 1o irradiation periods of minutes or
hours for ather techniques), which would
minimize any time-dependent instabilities,
diffusion, or clearunce-related drawbacks

but also enhunce this form of treatment in u

surgical or clinical environment where

much longer periods may be unacceptable

® the fuct that no ultraviolet (UV) radiation is
required, thus eliminating unwaated side
effects

® the ubility Lo use longer-wavelength visible
or near-infrared (near-[R) light, which al-
lows greater penctration depths than does
uv.

Recently we were able 1o show for the fiest
time that the contents of liposomes with en-
capsulated dyes could be released by direet, 1i-
pasome-focalized heuting, which was induced
by single laser pulses of nunoscednd or pico-
second duration (35). We now present resuls
extending our studies with encapsulated dyes.
especially comparing data obtained with mem-
brune-associated dyes.

EXPERIMENTAL

Diphosphatidyl choline (DPPC), dicetyl phos-
phate (DCP), cholesterol, and Triton X- 1(X)
were obtained from Sigma Chemical Ca. (St
Louis, MO); sulforhodamine 640 (cquivalent
o SR 101} was obtained from Exciton {Day-
ton, OH). Liposomes were prepared by :t -
ilied solvent evaporation-rehydration tech.



atque (36) using a mixture of DPPC/DCP
(10 mol %) dissolved in chlorolorm. Afler
rehydration in a4 55 °C water bath with buf-
lered dye solution followed by cooling to 25
“C. excess unincorporated dye was removed
with Sephadex G-25 (Pharmacia PD-10. Phar-
macia LKB Biotechnology. Piscataway, NJ)
cyuilibruted with the same buller (20 mM (ns,
aH 7.7).

Liposonie size distribution was determined
by laser-based dynamic (quasi-elastic) light
scattering (Nicomp model 370 particle sizing
system, Santa Barbara, CA). Soliware for daia
processing included both Gaussian and multi-
mode distributional analyses. The average di-
ameter of unliliered vesicles was 2.2 pm.
Palycarbonate membranes (Costar/Nucleo-
pore, Cambridge, MA) filtered smaller-diame-
ter liposomes. Larger-diameter vesicles were
selected by low-speed (<1000X ¢) centrifu-
gation, Typical standard deviations were *0.5
pm for 2-pm vesicles and = 1.0 wm for 4=5-
pan diameter samples,

Abhsorption spectra were measured with a
Perkin-Elmer 330 UV/Vis spectrophotometer
{Norwalk, CT). Emission intensities were
measured with a fluorescence spectrometer as-
sembled in our laboratory and interfaced 1o a
micracomputer tor signal processing and data
anulysis

Sampies for luser excittion were diluted
with bulfer in order to maintain the ab-
sochunee at 332 am ad levels below ~0.06 lor
an arradiation pathlength of 1 em. Samples of
Sk were placed in eylindrical quanz tubes
(- ide 3-ma oudo) which were then in-
serted into a custom-designed holder fiting
entoastandard 1-cm Nuoreseence eell. The se-
ametrs ol the systent allowed either pulsed
Laser iradiation wong the long axis of the wbe
ur transverse excitition with 907 Nuorescence
detection. The space surounding the whbe in
the T-em cell was filled with deionized water
W iz any scattering losses due 1o sur-
tace relructive index mismaiches.,

Calibration of the ~ystem has shown tha
the sane hinear response rnge wis obtiined
s lor g sandard Muonimeter cell. Temperature
ol the sample wis controlled by o virculating
water buth connected w an insulined metal
housing surrounding the sample cell, The
crystal-deubled vutput of @ Q-switched
Quanta-Ray DCR NA:YAG luser (Spectra
Physics, Mountan View sCA) provided K-ns
pulses at 532w with maxanum energy of
75 ml: feases were used to focus the beam o
atypical spat size ol 2.5-mm diameter, For
irrudiation with w single 25-ps pulse at
S12 am from a Q-switched Quantel/Contin-
uuin Corp. Nd:YAG laser (Santa Clara, CA),
20 pl ol scunple was placed in oo l-mm-diam-
cler tube, The preosecond pulse energy was

varied from (.75 1o 7.80 aJ foc a typical spot
size of 1.6 mm.

Because the fluorescence yreld of sulforho-
damine (SR) incrcases from 1% w0 2% when
encapsulated a 20=50 mM 1w Y0% i [ree so-
lution alter vesicle breakage, the percentage
release of liposome contents was quantitated
by monuoring this large increase in cmission
intensity. The maxinum (100%) release was
determined by heating the entire tube ino wa-
ter buth at >55 °C, which produced similar re-
sults to that of disruption by addition of (.05%
surfactant (Triton X-100). Absorhance
chunges of methylene blue (MB) samples
were measured by dilution of single or pouled
irmadiated samples with bulfer into micro- or
semi-microcells.

A frequency-doubled. continuous-wave,
mode-locked Nd:YAG luser was used to pump
a Spectra Physics model 3500 dye laser o pro-
vide the excitation beam for time-correlated
photon counting measurements. The remain-
der of the apparatus was similar to that de-
scribed previously (37) except that an ITT
4129 microchannel plate detector (Roanoke,

VA) with u laster constant (raction diserinuina-
tor (Tennelee TCA54, Ouk Ridge. TN) was
used.

RESULTS AND DISCUSSION

We have been developing methods lor prepar-
ing liposomes with dyes encapsulated in (he
internal volume or intercalated in the hilayer
membrine (Figure 1), One goal of these stud-
1es hias been o release the intemal contents by
pulsed laser excitation. Demonstration of ghis
elfect depends on the controlled preparation of
liposomes. We have shown that this prepara-
tion depends on severul interdependent vari-
ables of the liposome-dye-laser system, in-
cluding composition and size of lipid bilayer,
type and concentration of dye, and defivery of
laser pulses. As shown in Figure 1. phospho-
lipids form ordered liposome structures in
agueous solutions as the hydrophilic heads act
to sequester the hydrophobic tails from water
molecules. Depending on tleir chemical char-
acteristics, dyes or other compounds become
encapsuluted in the aqueous interior space (for
example, sulforhodamine) or intercalated

Figurs 1. Sullorhodamine (SR) is encapsulated in the aqueous intarior space; mathylene
blue (MB) Is intercalated within the membrane bilayer. The figura is not to scale: the width of
the bllayer membrane is ~100-fold thinner than the diameter of the micron-sized vesicles.




within the membrane bilayer (for example,
methylene blue).

Encapsulated dyaes. Cilective releuse of
lipasome contents was achicved by direetly
exciting dyes encapsulated in the intemal vol-
ume, O many cundidates tested., sulforho-
damine has proven w be among the most ef-
fective, in part due tw a reasanably good maich
between dye absorption and laser excitation
wavelengths, When encupsalated in liposomes
at high locul concentration (5-50 mM), the
Nuorescence was largely sell-quenched, and
an ubsorpuion band near 540 nm due o dimer
formation increased dramatically compared o
the S90-am transition (Figure 2). This change
was seen in the ubsorption spectrum but not in
the excitation spectrum, indicating that a non-
fluorescing complex was formed (38,39).

Disruption of vesicles by detergent or heat
treatment above the critical gel-liquid crystal
transition emperature (T,) resulted in dilution
of dye. loss of dimer absorption, and a large
iacrease in [uorescence intensity. This pro-
vided us with u sensitive method for detecting
tae laser-induced disruption of liposomes over
a4 wide dynumic range. Our hypothesis is that
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Figura 2. Absorption spectra of sulforho-
damine (20 mM) encapsulated in liposomes
(solid curve) and the dye after thermal re-
leasa (dashed curve).

lipusomes can also be released by loculized
heating upon dye absorption ol a laser pulse
where most ol the excitativn encrgy becomes
deactivated by nonrudiative pathways (Figure
). due cither o dimee-related quenching (loc
example. sullorhoduming) or w low intrinsic
Muorescence yield (for example, methylene
bluc).

We made Nuorescence lifetime neasure-
mients to g insight on the distnbution of sul-
forhodunuine molecules in the interior ol the li-
posome and membrane bilayer (35,38.39).
The time-correlated nhuton counting tech-
nique (585- or 532-nm excittion) provided
data on guenched (encapsuluted) and un-
quenched (released) dye. Some results were
corroborated independently by nmicasurements
using the phuse-resulved Nuorescence method
for the free dye litetime (4.2 ns) and the mem-
brane-bound component (3.2 ns).

Fluoreacence decays for liposomes were
complex, requiring at least three exponential
least-squares component fiting lor solutions
containing 20-50 mM sulforhodamine inside
2-pn liposomes. Figure 4 compures the per-
centages of the components for 0.05, 20, 35,
and 50 mM dyc in liposumes, with measured
values for the comresponding lifetimes also dis-
played. These data reflect the relative contri-
butivns from weak membrune-associated com-
plexes (longest lifetime T component), partial
quencnug arteamediate Ty coriponestl, and
complete quenching (shorest Ty component).
The T, component is the major lractional com-
ponent at higher dye concentrations. More de-
tailed interpretation of the liposome—dye life-
times has been presented, in which quenching
is assumed 10 be due 1o Forster energy transler
(35.39). The combined data, including results
for thennul breskage with picosecond pulses
(discussed below), are consistent with the
shortest decay arsing lrom elficient quench-
ing at picusccond or even sub-picosecond

Figura 3. Energy diagram illustrating po-
tential sources of localized healing upon
absorplion of laser pulse by dye. K; = ob-
sarved lluorescence decay rate, K, = radia-
tive decay rale, and K, = K, (nonradiative)
+ K, [Q] (quenching).

rales,

Excitation by pulsed laser radiation at 532
nm was pruacily within the nontluorescent
dimer band ol sullochodamine resulting in fo-
calized hewting (Figures 2.3) Resulis in Figure
S show thut a single B-ns laser pulse at 532 n
produced signilicant releuse ol liposome con-
tents, dependent on size, itermal dye coneen-
teation, and pulse energy densuy;, nearly [00%
release was achieved with 4.5 diameter
vesicles contaiing S0 mM dye when the en-
ergy density exceeded 0.5 Jem?®,

Diflusion losses of thermal cncrpy de-
posited by laser excitation were signilicant
within the widih of the pulse. Because the rute
ol thermal diffusion at 25 °C i water was
close 1o the rate of phonon propagation (1.5 X
10* nvs), energy could diffuse about 12 pm in
8 ns. Dilfusion losses were thus substantiul for
micron or submicron particles, which was
consistent with the clear enhancement in elli-
ciency of release observed as the diameter was
increased (with 20 mM dye, for example; 25%
for 2-jem and 50% lor 5-pm vesicles).

Il the mechanistic basis [or the data is in-
deed thut of thermal releuse, delivery of laser
excitation energy with shorter pulses should
significintly decrease the ellect ol diffusion.
In fuct, we found that at feast live times lower
enerpy density was required 1o produce the
same extent of release in 2-pm liposomes (20
M cncapsuiated dye) with 25-ps pulses {013
Jiem?) compared to $-ns pulses (1.6 Jem?).

The elfect of varying the ambient lempera-
ture on single luser pulse-induced release of
liposomes was tested. Reducing the initial
temperature trom 25 °C to 8 °C in 2-pm vesi-
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Figurs 4. Comparison al lhe relative per-
centages of the three lifelime components
for 0.05, 20, 35, and 50 mM sulforho-
damine dye encapsulaled in liposomes.
Yalues for the fluorescence liletimes 0D~
tainad from a three exponential leas!-
squares fitting are given far each respeclive
component. ]
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within the membrane bilayer (for example,
methylene blue).

Encapsulated dyes. Cilective releuse of
liposome contents was achicved by dircctly
exciting dyes encapsuluted in the intemal vol-
ume. OF many candidutes tested, sulforho-
diinine has proven o be among the most el
Lective, in part due 1o 3 reasanably good match
between dye absorpuon and laser excitation
wiavelenpths, When encapsulated 1n liposomes
at high local concentration (5-50 mM), the
fluorescence was largely sell-quenched, and
an absorpuion band near 540 nm due to dimer
Formistion increased dramatically compured w
the S9O-mm transition (Figure 2). This change
wais seen in the absorption spectrum but not in
the excitation spectrum, indicating that a non-
fluorescing complex was formed (38,39).

Disruption of vesicles by detergent or heat
treatment above the critical gel-liquid crystal
transition temperture (T,) resulted in dilution
of dye, loss of dimer absorption, and a large
increase in Nuorescence intensity. This pro-
vided us with a sensitive method for detecting
tae laser-induced disruption of liposomes over
a wide dynamic range. Our hypothesis is thut
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Figurs 2. Absorption spectra of sulforho-
damine (20 mM) encapsulaled in fiposomes
(solid curve) and the dye after thermal re-

lease (dashed curva).

lipusomes can alsg be released by loculized
heating upon dye absorption ol a laser pulse
where most of the excitation encrgy becomes
deactivated by nonradiative pathwuys (Figure
3). due cither o dimer-related quenching (lor
example, sullorhodamine) or w low intrinsic
Muorescence yield (for example, methylene
blue).

We made Nuorescence hifetime meusure-
ments (o gan insight on the distnbution ol sul-
forhodunime mulecules in the mtenor ol the li-
posume and membrane bilayer (35.38.39).
The time-correlated photon counting tech-
nigue (S85- or 532-0m excitution) provided
duty on guenched (encapsulated) and un-
quenched (released) dye. Some results were
corroborated independently by measurements
using the phuse-resolved Huorescence method
for the free dye lifetime (4.2 ns) und the mem-
brane-bound component (3.2 ns).

Fluorescence decays for liposomes were
complex, requiring at least-three exponential
least-squares component fitting for solutions
containing 20-50 mM sulforhodamine inside
2-pn liposomes. Figure 4 compares the per-
cenlages of the components for 0.05, 20, 35,
and SO0 mM dye in liposomes, with meusured
values for the comesponding litetimes also dis-
played. These data reflect the relative contri-
butivns from weak membrune-ussociated com-
plexes (longest lifetime T, component), partial
yuenciing nitcmediate T, componest), atid
complete quenching (shortest Ty conponent).
The T, component is the major [ructionul com-
ponent at higher dye concentrations. More de-
tailed interpretation of the liposome—dye life-
limes has been presented, in which quenching
is assumed 10 be due 10 Forster energy transfer
(353.39). The combimed data, including results
for thermal breakage with picosecond pulses
(discussed below), are consistent with the
shortest decay ansing [rom eflicient quench-
ing ul picusccond or ¢ven sub-picosecond

Figure 3. Energy diagram illustrating po-
tential sources of localized heating upon
absorption of laser pulse by dye. K; = ob-
served fluorescence decay rate, K, = radia-
tive decay rale, and K, = K, (nonradialive)
+ K5 (Q) (quenching).

rules.

Excitation by pulsed laser cudiation ac 532
am was prinvacily within the nonfluoreseent
dimer band ol sullorhodamine resulting in lo-
calized heating (Figures 2.3) Resulis in Figure
S show that a single 8-ns laser pulse at 532 nm
produced signilicant celease ol Liposome con-
tents, dependent on size, tntemal dye coneen-
teation, and pulse energy density: ncarly [00%
release was achieved with 4.5-po diameter
vesicles contining 50 mM dye when the en-
crpy density exceeded 0.5 Mew™.

Diffusion losses of thermal cnergy de-
posited by laser excitation were significant
within the widih of the pulse, Because the rule
ol thermal diffusion at 25 °C in waler was
close to the rate of phonon propagation (1.5 X
10" nv/s), encrgy could diffuse about 12 pm in
8 ns. Dilfusion losses were thus substantial for
micron or submicron particles, which was
consistent with the clear enhuncement in effi-
ciency of release observed as the diumeter wis
increased (with 20 mM dye, lor example; 25%
for 2-pm and 50% [or 5-pm vesicles).

If the mechanistic basis for the data is in-
deed that of thermul release, delivery ol laser
excitation cnerpy with shorter pulses shuuld
sipnilicandy decrease the effect of diffusion.
In fact, we found that at least five times lower
energy density was required Lo produce the
saime extent of release in 2-pwm liposomes (20
MM encapsuiaiced dye) with 25-ps pulses (0.3
Jlem?) compared 1 8-ns pulses (1.6 Jem).

The eftect of varying the sanbient temperi-
ture on single laser pulse-induced release of
liposomes was tested. Reducing the initial
temperature from 25 °C 10 8 °C in 2-pm vesi-
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Figure 4. Comparison ol lhe relative per-
centages of the three lifelime components
for 0.05, 20, 35, and 50 mM sulforho-
damine dye encapsulalad in liposomas.
Values lor the fluorescence liletimes ob-
tained from a lhree exponential least-
squares fitting are given lor each respeclive
component. ]




cles containing 50 mM dye produced a down-
ward shift in the curve similar o that obtained
by reducing the internal dye from 50 10 20
mM (Figure S, open squares and open circles).
lo addition, we also tested the effect of choles-
terol, because i1y known to “stahilize” phos-
pholipid membrancs. producing broadened
melting curves and shifting the effective T,
toward higher winperature with low (<33%)
levels of incorporation (36). We used lipo-
somes containing 16 mM encapsulated sui-
forhodamine with excitation conditions that
produced at least 90% release for DPPC/DCP
membranes (88: 12 mol/mol). The extent of re-
lease was reduced to 30% when 15% choles-
terol (mol/mol) was incorporated into the bi-
layer (not shown),

Model for vesicle release. A study of
malachite green linked to antibody carriers
provided suppont for alteration of proteins by
dye-mediated localized heating (3). The heat-
ing of myocardial cclls stained with Janus
green B was blocked by pulsed laser excita-
tion at 530 nm, which was accounted for by
thermal photoinactivation (2). In order to test
the feasibility of a localized heating mecha-
aism in our system and tking into account the
experimental data, we initiated the develop-
ment of a quantitative madel for the conver-
son ot faser excilation energy o heat through
dye absorption. Because excitation at 532 nm
15 within the absomption band of the dimer,
which is sell-quenched at a nominal rate of |
ps ur faster, multiphoton cycling per dimer is
casily possible, provided the laser power and
the cross-section lor absorption by the dye are
lurge enough. The nominal maximum number

of absorpiion cycles is estimated by dividing
the pulse duration by the relaxation rate; for
cxample, in i 25-ps pulse with a 1-px relax-
ation rate, one could cycle 25 photons if the
power were sullicient.

The minimum power density necessary (0
achieve the maximum number of absorption
cycles can be approximated by caleulating the
power needed 1o saturate the absorption event
dunng the lifetime of the transition. Thermal
diffusion during the laser pulse can reduce the
temperature nise for as pulses. Caleulations for
these quantities have been presented in detail
(35). They indicate that both picosecond and
nanosecond pulses can provide about 25 ab-
sorption events in some of these experiments,
explaining the high efficiency of liposome dis-
ruption we observed lor single laser pulses.
Even without a complete mathematical model
incorporating detailed Jilfusion terms, our es-
timates showed that a photoinduced heating
mechanism is the most likely ‘explanation for
liposome breakage and release of contents.

Membrane-associated dyes. The usc of
membrane-associated dyes may be advanta-
geous because they require a smaller dye:lipid
ratio, potentially resulting in less intererence
with the internal volume useful for encapsula-
tion of the molecular cargo Initially, the non-
Nuorescent tnpaenyimethane dyes were se-
lected because they have a high efficiency for
converting the absorbed excitation energy Lo
heat (3); typically, we have measured the {luo-
rescent lifetime to be ~20 ps or less for dyes
of this type. The brlliant blue G (or R) tri-
phenylmethane dyes were intercalated in the
bilayer membrane, apparently facilitated by

the nonpaolar “tul™ portion of the structure, but l
the level of binding (10 amol/mmaol lipid, or
100: 1 [mwl lipid[/[mol dyel) was insuflicient
to produce significunt localized heatng and li-
pasame release. Terbium oc calcium was were
encapsulated ax internal markers (0 monitor
release of contents as measured hy [onmation
of lumimescent complexes with dipicolinic
acid (for Th) or with Quin-2 (for Ca).
However, methylene blue proved to be the
most successful candidate to date and is espe-
ciully favorable because it has a history of ap-
proved human applications (40-43). More-
over, MB can be incorporated into liposomes
at levels as high as ~10:1 (mol lipid)/{mol
dye). A major shift in MB absorbance occurs
when the hydrophobicity of the solvent is in-
creased (655 am in CHCl,, 560 nm in CCly;
sce Figure 6). When MB is associated with the
liposome membrane, there is a similar shift in
the maximum of absorption from 665 nm
{buffer) to 580 nm (Figure 7). Thesc results
are consistent with the introduction of MB
into liposomes primarily in membranc-associ-
ated form. The release of MB from the vesicle
can be quantitatively monitored by the release
of an intemal marker or by the changes in MB
absorbance. For example, we were able to
construct standard curves based an the lve-
fold linear increase in absorbance at 665 mn
for liposome mixtures prepared to yield
0% 100% net release (not shown). Laser exci-
tation of MB-liposomes at 532 nm resulted in
a very effective release (Figure 7). Thus, with
at least an order of magnitude less dye than
that used with encapsulated SR (comparing
[mol dye}/[mol lipid]}, photoinduced release

% telease
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Figure 5. Laser irradiation of 2-um (open
symbols) and 4.5-um (solid symbols) lipo-
somas containing 20 mM (circles) or 50
mM (squares) sulfarhodamine, with single
8-ns laser pulsas al 532 nm, showing the
dependenca of percent release of vesicla
contenls on incident enargy density.
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Figura B. Absomtion spactra of melhylene
blue in carbon letrachloride (solid curve)

L&nd in chloroform (dashed curva).

Absorbance

Wavalength (nm}

Figure 7. Absomption spectra of melhylene
blue-liposome preparations with dye 100%
intarcalatad (dashed curve 1), 100% re-
leased by heating in water bath (solid curve
2), and B0% releasad by two laser pulses
(~1.7 Jem?) at 532 am (curve 3).




ol M Lposanes by Tocatized thermal dest
Inlesation ol the vesicle bilayver was very ctli-
cient. Clealy the elfectiveness af g ~single
pulse depends on not anly the degree of dye
incorpaation, bat alsa the malar eadinction
that wancleneth (332,

I ocder o understand why TOOS dye re-
Icine was ot abtamed Trom bposomes ex-
pesed Lo a single Laser pulse. we rrradiated e
prosernes contanmne 20 mh SKOwah muluple,
sequentil pulses at sullicient mtervals o al-
low terpulse conling. Two sepuarate coerpy
densities of the luser pulse provided wwo dil-
lerent starung values Tor the efficiency ol dye
release produced by a single puise. Despite the
preater dye release with additional pulses. the
percentage release tended to level off alter ap-
proximately live pulses; a similar response
was produced upon sequeatial pulsing of MB-
liposomes (Figure 8). For example, the effi-
ciency per pulse decreased from 25% to 7%
for irudiation of SR-liposomes with 1.7 Jfem?
pulses, and frum 7.5% 1o 2% for 0.8 Jem?
pulses. Liposume preparation used in these
studies exhibited a distribution of sizes, and
thermal diffusion ellects could be used to in-
terpret this data. According 10 our hyputhesis,
the only populution of liposomes undergoing
breakupe were those vesicles exceeding a cer-
tain minimum size; themal ditfusion was ex-
pected o cool smaller sizes.

SUMMARY AND FUTURE DIRECTIONS
Our studics ol laser irradiation ol liposomes
have demonstrated the feasibility of rupidly re-
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Figure B. Effects of irradiating 2.2-pm di-
ameter liposomes prepared with 20 mM
sullorhodamine (circles) or methylene blue
(squares) with multiple 8-ns laser pulses at
532 nm. Open and solid symbols refer to
0.8 Jicm? and 1.7 Jlcm? pulses, respec-
uvely, with a delay ol ~1 s belween se-
quential pulses. MB-liposomes in this ex-
periment have ~40% higher mol lipid/mol

dye ratio compared to Figure 7.

leastng therandaly the mitcraad coments atb the

vesweles by excitation ol wcorpocated dyes,

Potential applications range from targeted

release of drugs o localized photothermal

release of photasensitizers Tollowed by
photacheiucal destruction of twmor tssuc.

e oy be feastble wo establish u protocal that

mcludes the nnal release ol sensiizing dye

(lor example, mcthylene blue) feom the tar-

peted hiposome ae the sue by pulsed laser ex-

citation, lollowed by subsequent actine -
diativn to produce photochencal tumor
destruction.

Of special concern is the extent to which
the excitution parameters of this technique are
compatible with practical usuge in areas of
biomedical interest. For example. although ob-
served effects were strictly dependent on the
presence of a specilic (exogenous dye) ub-
sorber, in most of the experiments reported
thus far, transient heating by single luser
pulses was achieved with relatively high laser
power density (near | Jiem?). Although this
may be compatible with certain applications
(such as climination of undesirable tissue in
well-defined exposed areas), in general, poten-
tiul interference Dy nonzero background ab-
sorption will have to be taken into account.

However, even simple analysis of the data
obtained thus fur with a nonoptimized system
suugests that a reduction in laser power den-
sity of at least -2 urders of magnitude would
provide adequate release through 1) better
matching ol laser output and dye absorbunce
and 2) use ol a protocol of statistically graded
release. This estimate is based on the meth-
ylene blue experiments, in which the ubsor-
bance at 532 am was approximately eight-fold
lower than at the peak and where laser power
was reduced, but significant release was mea-
sured with approximately five times less laser
power than the maximum used (and thus, five
limes grealer sensitivity),

We recognize that many factors contribute
o an elfective release mechanism, and it
would seem prudent o systematically estab-
lish the optimum limits ol the method by con-
sidering the most eritical parameters. The
yuantitative basis of these parumeters renains
to be determined by
u developing u more extensive thermal model

that accounts lor absorption kinetics, acti-

vation energics, and thermal diffusion,
which can also be related 1o general yuanti-

tative models for the thenmal response o

taser immadiation of tssue (5,6)

m meusuring the kinetics of decomposition
and release. hecause the most sigailicant
Factors affecting release by transient heating
are nal well undenstood. For example, the
activation cnergy (£ can be obtained {rom
measurements of the rute (k) at dilferent

i '{%@W i
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temperatures (where k = Ae #57)
= monuacing the bilayer temperature during
teansient heating using spectroscopic tech-

mgues (HA5)0 because 1t has not been di-

rectly determined how ar the temperature

must be clevated above the lipid transition
temperiture {or effective release with
nianosccund or preaseeond excitation pulses
m esting ol alternative dyes: lor example,
those allowing excitation farher in the red
or acar-visihle cange for lower tissue ub-
sorbance and impraved optical penctration.

Fxamples inciude pthalacyanines and naph-

thalacyanine. which absorb in the 700-800-

nm repion, and have excellent optical sta-

bitity charucteristics (46). A dye serving as

a "molecular heater™ (Cyabsorh IR-165,

American Cyananud. Wayne, NJ) had peak

absorption matching the 1.06-um output of

the Nd:YAG luser and was shown to pro-
duce molecular hot spots with heating rates
as high us 10'? deg/s and bulk temperature
jump AT = 140 °C by multiphonon up-
pumiping (47). Dyes considered optimal
candidates on the basis of their photophysi-
cul characteristics may nol possess a high
intrinsic coefficient for membrane partition-
ing, but can nevenheless be attached cova-
ety 1ot sl head group mgueous in-

tertace) region and afso incorporated as a

{atty acid analoy in the acyl (lipid) portion.

In summary. dyes that have strong absorp-
tion and fast reluxuation rales can provide a
means for very localized heating and con-
tralled release ol fiposome contents with a sin-
vl faser pulse. Che localized heating and
single-pulse ellect allow very selective laser
action without injuring the surrounding com-
ponents that do not have dye absomption. This
methodology muy complement and extend
other luser techniyues in biology: for example,
in luser microsurgical studies of cell develop-
ment and cell signaling, researchers used fo-
cused luser beum pulses of 0.5-pm diameter to
cause selective cell death without apparent
damage (o other cells (48),

The power densities used in these experi-
ments were rather high, but increasing the ef-
fective dye concentrition (as with membrane-
assaciated dyes) or starting with a higher
temperature (which would require less of a
rise in temperature) could reduce the required
power density. Focused laser applications in
which cellulur dimensions are 2 nominal 10
pm require only | to ereate power densitics
greater than 1 Jfem=. 11 picosecond laser pulses
are used (thus lessening the diffusion prob-
lem), then these power densitics can be at-
tained 10 even sinadler foeal spots approaching
the dilfraction linuess this could make leasible
a wuder range of Liser applications at the sub-
cellulae level.
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