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Ahatract—Lipawomes made from phosphalipids und coataining sulforhodamine dye (1~30 mM) have
heen irradiated with nanosecond and picosecond laser pulses. Individual liposomes were locally heated
by laser absorption of dye dimers during a single faser pulsc, and heating was sufficient to release the
liposome contents. The extent of dve release produced by a single laser pulse was shown to be
quantuiatively dependent on several interdependent variables. including dye concentration. liposome
size, laser excitation parameters and initial temperature of the dye-liposome system. Fluarescence
lifctime data having three components have been obtained and analyzed in terms of three dye
environments. Quantitative estimates support a photo-induced thermal mechanism for liposome lysis

v and releasc of its contents. These results may be useful {or laser induced delivery of therapeutic agents
or other applications of lasers in biological systems.

INTRODUCTION

[n this work we provide mechanistic details of laser
heating effects on model liposomes that have struc-
tural similarities to membranes of biological vesicles
and cells. The application of laser photochemistry
or laser heating to selective modification or inact:-
vation of biological systems has been studied by
Salet (1972) and Jay (1988).

Liposomes have been used as therapeutic agents
and as research tools. and they have been emploved
both in vitro and in vivo as a drug and dve delivery
vehicle as discussed by Zeimer er al. (1989),
Khoobehi er af. (19892) and Ostro (1987). Appli-
cations have included argeted delivery of antibiotic
and antiviral drugs as discussed by Koff and Fidler
(1985) and Price er al. (1989), ana the selective
modification or destruction of specific receptor and
tumor sites as discussed by Poznansky and Juliano
(1984). Genetic material has been delivered inside
bactenria and cells using liposomes as carriers in the
study of Straubing~. and Papahadjopoulos (1983).
Liposome carriers were used by Zeimer er al. (1988)
in ophthailmology, by Adria~. and Huang (1979) in
enzyme repiacement thérupy and by Manninc and
Gould-Fogerite (1988) in gene transfer studies. A
number of applications as well as techniques for

preparation have been described for unilamellar and -

multilamellar liposomes in the monographs of Gre-
goriadis (1984) and Ostro (1987).

Several non-laser approaches have been
employed for efficient delivery of liposome contents
to a specific cell site, which include, among others,
the study of Dijkstra er af, (1985) on the endocytosis
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of target cells, a study by Huang et al. (1987) on
pH-sensitivity involving a lower interstitial pH. a
study by Weinstein ef al. (1980) on heat-sensitivity
1o tzmperatures above the transition temperature
of the composite lipid(s) and the work of Pidgeen
and Hunt (1987) on light-sensitivity. The light-sensi-
tive techniques allow for controlled timing and dif-
ferential dosage.

Photosensitizers can render an organism suscep-
tible to damage by exposure to light. and organic
dves are commonly used as photosensitizers. The
site of action of a particular photosensitizer within
a bhiological system is largely governed by its intra-
cellular behavior. For example, a lipid soluble
photosensitizer would likely result in membrane
damage. [n the case of liposomes, the dye molecules
can either be encapsulated within the interior cavity
of the lipasomes or be bound to their membrane
bilayer. [.. the work of Grossweiner and Gross-
weiner (1982) and Muller-Runkel er af. (1981) the
well-known photosensitizer methylene blue was
relatively ineffective in mediating photosensitized
lysis of phosphatidylcholine liposomes without hy-
drodynamic agitation for oxygenation and long (ca
1 h) irradiatior: periods. _

A study by Magin and Niesman (1984) has shown
that internalized substances can be released upon
heating the liposome environment.” The indirect
heating method of micrdwave heating was used by

- Khoobehi er al. (1988) to study the eye. Indirect

heating with lasers, such as Ar~ laser heating of
hemoglobin in the surrounding enviroament, has
been studied by Khoobehi er al. (1990). Liposomes
containing photosensitive dyes have been heated by
laser absorption over s time long compared with
thermal diffusion times of the liposome. and the
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hecating of the extended liposome environsaent was
used by Khoobehi et al. (1989b) to relea : the lipo-
somc contents at an appropnate site. This type of
laser heating is directed. but not localized, to an
individual liposome. Heating of liposomes by laser
excitation combines the &ffects of light and heat
sensitivities, and provides a new method for con-
trolled release of liposome contents.

In this study we show for the first ime that the
contents of liposomes with encapsulated dye cun
be released by direct, liposome localized heating,
induced by single laser pulses of nanosecond or
picosecond duration. We have demonstrated the
dependence of such dye release on laser pulse
energy density, pulse width and sequence, dye con-
centration, liposome size and ambient temperature.
Time-correlated photon counting and phase-
resolved fluorescence spectroscopy techniques have
been employed to determine multicompoaent flu-
orescence lifetimes for dye-liposome complexes.
Calculations based on an approximate quantitative
model indicate a photo-induced thermal mechanism
for release of liposome contents.

MATERIALS AND METHODS

L-alpha-phosphatidylcholine (DPPC)", dicetyl phos-
pnate (DCP) and cholesterol were purchased from Sigma
Chemical Co. (St. Lows. MO). Sulforhodamine 63
(equivalent to sulforhodamine 101) was obtained [rom the
Exciton Chemical Co. (Dayton. OH) The liposome-dye
complexes were prepared by a modified solvent-rehy-
dration technique as described by Szoka and Papahad-
jopoulos (1980). A mixture of DPPC/DCP (90:10. mol %)
was dissolved in chloroform and methanol (90:10. vol %).
Tris buffer (20 mM. pH 7.7) was used as a solvent [0
preparc cqual volumes of the lipid and dye solutions. The
lipid and dye solutions were mixed and rehydrated in a
water bath at 55°C. The mixture was subsequently cooled
10 room temperature and the excess dye unincorporated in
the liposomes was removed with Sephadex G-25 columns
(Pharmacia PD-10) equilibrated with Tris bulfer. A Ni-
comp (Model 370) particle sizing system with 2 He-Ne
laser was used :0 determine the size distributions of the
liposomes by employing dynamic. quasi-elastic light scat-
tering measurements. Software for data analysis provided
both Gaussian and multimode distributions. Unfiltered
lipovomes were found to have an averuge size of about
2.2 um. Polycarbonate membrane flters (Nucleopore
Corp.) were uscful for sclecting liposomes of smaller dia-
meten. whereas low speed (<10* g) centrifugation yiclded
linosomes of larger diameters. Typical standard deviations
of the liposome sies made by such techniques ranged
from =0.5 pm for 2.0 um liposomes to =1.0 um lor
4.0~5.0 pm liposomes.

A Perkin-Elmer (Model 330) UV-VIS Speciraphoto-
meter was used 10 measure the absorption spectra of the
liposome-dye system. For dilute solutions of sulforhoda-
mine dye ia the liposomes, the specira consistently showed
an absorption peak at 585 nm due to the monomer to-
gether with a shoulder at 545 nm due to the dimer.

Tns buffer (20 mM, pH 7.7) was used to dilute the
liposome samples before laser excitation 30 that the

* Abbreviations: DCP, dicetyl phosphate: DPPC, v-alpha-
phosphatidyleholine; FWHM. full width halfl maximum:
i.d.. inside diameter; 0.d. outside diameter.

absorbance ar $12 am was nu lurger thaa § = 107 fur an
iradiatoa path length of sbuut | ¢m, which maintains a
comstant flux throughout the wrradisted sample. For
irradiation with 4 single B nv pulse frum a frequency
doubled vutput of 4 Q-switched Nd: YAG luser at 532 nm
(Quunta Ray DCRI). 3wl of sample was placed a2
quartz cupillary wbe (1d. = I mm: od. = } mm) uand
inserted nto 4 custom-designed holder that lits nto a
standard | cm fluorescence cell. A telescupic combination
of lenses focused the laser beam w 4 typical spot size of
0.25 cm diamcter. while the ¢nergy per pulse was vaid
typically between 20 and 75 mJ. For wrradiation wath o
single 25 py pulse at 532 am from a Q-switched Quuntel/
Conunuum Corp Nd:YAG luser, 20 ul of sumple was
placed 1n a smaller | mm diumcter yuaniz capillary tube
that was centered within the carlier 3 mm diameter tube
lor stability. The ps pulse energy was vaned in the range
0.75-7.80 mJ for a typical spot size of U.16 em. The filtered
aad diluted liposomes were irrudigted with both § ns and
15 ps pulses along the loag axis of the capillary tubes.

After pulsed laser irradiation. irradiated liposomes were
analyzed by Huorescence. The capillary was placed truns-
versely in the path of an excitaioa beam (585 nm) selecred
by a monochromator from a vontinuous white light source.
Fluurescence frum the disrupted liposomes pussed ortho-
gounally through a sevond monochromator (620 am) and
way detected by u phutomuluplie tube und a picoummeter
combinstion. The picoammeler vulpul wis INput W an
Analog Digital converter and microcomputer lor signal
processing and Jata analyss.

The Auurescence yield of sulforhodumine dye increases
from about 1-2% when encupsulated n liposomes at
20-50 mM concentration W clmost W% a free solution
[ollowing liposume breakage. For cach irradiated sample,
the percentage releuse of dye was yuantitatively Jdeter-
mined by compuring the Auurescence enhancement follow-
ing lipoyome breakage with the maximum (10U%) releuse
obtuined after udditionul heating of the entire tube in 2
water bath maintained at temperastures above 55°C. From
Figure |, the ubsorbance at 532 nm 1 coincidentully similar
alter thermal release 0 that relative yicld measurements
c0 not need a large absorbunce correctuon. The muximum
release from luser excitation was idenncal 10 that produced
by addition of U.05% Triton X-10U surfactant to the hpo-
some-dye complex. %,

Time-corrclated photon countiag  cxperiments 4y
described by O'Connor and Phillips {1984) were used 0
obtain fluorescence liletimes for encapsulated and sobion
phase dye solutions. A (requency-doubled. CW mixde-
locked, Nd:YAG laser at 532 nm was used directl - to
excite fluorescence in some expenments and to pun.p 3
Spectra Physics (Model 3500) dye lascr for wnatle exci-
tation with shorter pulse durativns, Detuils of the appar-
alus have been described in prior work of Spoury and
Steinmetz (1985). cxcept that In “he preyent srrungement
¥ fuster ITT 4129 microchunnel plute detector wus used
with an optimized constant [action Jducriminalor
(Tennelec TCi54). The 79 p» FWHM response function
of the photon-counting system was abtained by detecting
light from a scattering solution. Independent measure-
ments were ulw performed ut the Laborutory for Fluor-
escence Dynamics st the University of lllinvis, Urbana
with the phase-resolved fluorescence method of Gratt
¢t al. (1984). where we confirmed the slightly shorter
tifetime of membreane associated dye than solution (rec
dye. Membranc bound dye is the dye/lipid complex created
by thermal release of liposome contents and removal of
{ree solution dyc by Scphadex chromatography. The
2ycle of heating and purification was repcated 2-] times,
and we have estimated that about 1 dye per 125 lipid
molecules is bound in a dye/lipid complex, which is
about 0.2-0.4% of the total dye concentration in the
original hiposome.
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Suppliers. Lipids and bullers, Sigma Chemical Co.. St
Louts MO 6317X: lascr dves, Exciton Chemical Co., Day-
ton, OH 45431; sephadex columns (PD-10). Pharmacia
LKB Biotechnology. Inc.. Piscataway, NJ OHRS4; Nucleo-
pore  polycarhonate  mcmbrancs.  CostarfNuclcopore
Corp.. Cambridge, MA 02140; Nicomp particic sizer,
Berdovich and Aswac., Wheeling [L 60090, UV-VIS
spectrophotometer. Perkin-Elmer Corp.. Norwalk. CT
0ARS9: dve laser. Spectra Physics. Mountain View, CA
94019: Nd:YAG. nanosccond. Spectra Physics. Mountain
View, CA 94019 Nd:YAG. picosecond, Continuum Corp
{Quantel), Santa Clara, CA.

RFSULTS AND DISCUSSION

Phaotophvsics and energy relaxation kinetics

For dye cancentrations abave | mM, sulforhoda-
minc cncapsulated in liposomes shows a new
absorption band at S45 nm duec to dimerization.
This absorption feature can be compared with the
monomer peak at 585 nm in Fig. 1. The dimer
hand exhibits strong quenching of fluorescence. as
described by Plant (1986) and Chen and Knutson
(1988). The ratio of the dimer to monomer
absorbance increases with rising internal dye con-
centrations from about 0.33 for dilute solutions to
0.7 for 1 mM sulforhodamine in liposomes. In Fig. 2
we show that this ratio becomes essentially constant
between 20 and 50 mM with a value of about 0.9.
The relative constancy in the proportion of the
dimers to the monomers over the range of encapsu-
lated dye concentrations (20-30 mAf) becomes an
important parnmeter, because the irradiation wave-
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Figure |. Absorption spectrum of 20 mM sulforhodamine

encapsulated in liposomes (solid curve): spectrum of the

dye after thermal release (dashed curve): spectrum of

released dye normalized at the point of mazimum
absorbance (dash-dot curve).
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Figure 2. Ratio of dimer to monomer absorption as a
function of the encapsulated dye concentration in the lipo-
some.

length (532 nm) for the dye-liposome complexes
falls in the dimer absorbance region with only slight
overlap with the wings of the monomer band at
585 nm.

In liposomes having 20-50 mM dye. the fluor-
escence spectrura from dimer excitation is ideinical
to that from monome«r excitation, and the quantum
yield is 0.036 = 0.04 from monomer excitation at
585 nm. The spectrum and quantum yield from
532 nm excitation is as expected from the wings of
the monomer band. As a result, most of the exci-
tation energy at 532 nm is deactivated by non-radi-
ative pathways of the dimer. Since both dimer and
the monomer have low quantum yields. laser
ahsorption is expected to produce localized heating
in the liposomes following irradiation. The net
efficiency of non-radiative conversion of absorbed
laser excitation energy to thermal energy is esti-
mated to be about 98%.

Heat treatment above the critical gel-liquid crystal
transition temperature (T, = 41°C) or treatment
with a detergent brings about a dramatic disruption
of the liposomes accompanied by a large increase
in emission intensity. This sharp increase in fluor-
escence yield due to released dye provides a sensi-
tive method for detecting the laser disription of
liposomes over a large dynamic range. ;

Fluorescence lifetime measurements wer: made
to study the distribution of dye molecales in the
bilayer membrane and within the interior of the
liposome. Time-correlated photan counting with
585 nm excitation proaded data un quenched
(encapsulated) and unquenvhed (released dye). The
free sulforhodamine dye ir. buffer solution had 2
fluorescence lifetime (T,) of 4.2 = 0.1 ns, The flu-
orescence time decays were complex for liposomes
and required 3 exponential least-squares fitting for
the solutions containing 20, 35 and 50 mAf sulforho-
damine in 2.2 um liposomes. A comparison of the
percentages of the three lifetime components for 20,
35 and 50 mM dye in liposomes yields the relative
contributions from weak membrane-bound come
plexes (longest lifetime T, component), partial-
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quenching (intermediate lifetimes of about T,) and
full quenching (shortest lifetime T,) processes
involving the dye molecules. At higher dye concen-
trations, the shortest lifetime component is the
major fractional component. Table 1 summarizes
the fluorescence lifetimg data for 2.2 um liposomes
containing different concentrations of sulforhoda-
mine Jye. Similar lifetimes and percentages were
obtained with 532 nm excitation. The errors in the
lifetimes of the three component fit are larger than
the single component fit of free dye, although a
three component fit is only expected to be an
approximation to a more complex decay. The long-
«st xcmponent is estimated (o be accurate to 5%,
the middle component 10 20% and the shorest com-
ponent (0 about 20-50%. The fitting procedure
provides a more accurate relative percentage for
each component since the coefficient and lifetime
tend to be correlated in such a way to preserve
the total intensity of each time domain (product of
lifetime and coefficient). The fluorescence lifetimes
for free sulforhodamine dye in buffer and the mem-
brane-bound component in liposomes (3.2 ns) were
confirmed by independent measurements employing
the phase-resolved fluorescence technique.

The interpretation of these liposome lifetimes is
similar 1o the prior work of Chen and Knutson
(1988), where the quenching is assumed to be typical
of Frster energy transfer. The assignment of the
long lifetime component to membrane-bound dye
molecules is consistent with lifetimes found for our
thermal release procedure that isolated membrane
bound dye. The intermediate component, that is
likely to be a complex decay oaly approximately
modeled by a single value, is assumed to be fiom
those molecules not having geometric distances or
orientations saitable for the most efficient energy
transfer. The shortest decay is from efficient
quenching and not from dimer fluorescence. The
shortest fluorescence lifetime cannot be from dimer
since from the lifetime data it would contribute
about 10-12% of the total emission, which would
have been detected as a unique spectral feature in
the fluorescence spectrum. Furthermore, from the
lifetime fitting we could infer that any dimer emis-
sion that was present may have been detectable in

the lifetime distribution if it had a lifetime greater
than about 10 ps. Consequently, we believe that the
dimer electronic state is rapidly quenched at ps or
sub-ps rates. The observations discussed below on
thermal breakage with ps pulses suggest u dimer
relaxation rate faster than 1 ps.

Liposome disruption

The extent of dye release cuused by liposome
disruption produced by a single laser pulse is quanti-
tatively dependent on three major parumeters,
namely liposome size, dye concentration and laser
energy density. Figure 3 displays the percentage
releuse of liposome contents as a function of the
energy density of an 8 ns luser pulse ut 532 nm.
The data are for three different sulforhodamine dye
concentrations, 20, 35 and 50 mM. [n all of these
data the error bars represent standard deviations
from 3 or more measurements. It is apparent from
this graph that a single 8 ns laser pulse at 532 nm
produces significant release of lipusome contents for
pulse energy densities exceeding 0.5 Jiem®. Indeed,
one obtains nearly 100% release for 4.5 um diam-
eter liposomes containing 50 mM dye for pulsed
energy density greater than 0.5 J/em?® (Fig. 3). Simi-
lar measurements also were done with individual
532 nm pulses o1 25 ps width. Figure 4 shows a
comparison of the ¢s laser-activated release of sul-
forhodamine dye from the liposomes at three differ-
ent concentraticns (20, 30 and 50 mM). With
increasing dye concentration, it s cleur that there
is an increase in the amount of laser energy depo-
sition; i.e. for a given energy density of the laser
pulse, the percentage release of dye was greater for
higher dye concentration.

Diffusion loss of the thermal energy deposited Dy
the laser excitation was probably significant during
the 8 ns laser pulse. The effects of diffusion cun
be better understood by assuming that the rate of
thermal diffusion in water at 25°C has a maximu
speed of 1.5 x 10° m/s for phonon propagation.
Therelore, it is expected that diffusion of energy
occurs over a distance of 12 pm in 8 ns. Thus,
substantial diffusion losses could occur within the
8 ns laser pulse for micron or sub-micron liposomes,

D ———
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Figure ). Effects of a single R na laser pulse at §32 nm on
release of sulforhodamine dye from liposomes as a func-
tion of energy density. Open and solid symbols refer to
2 wm and 4.5 um diameter liposomes. respectively. (3)
20 mM (b) 35 mA and (c) 50 mM sullorhodamine dye.

which is corroborated by our experimental data
showing significant enhancement in efficiency of
dye release as the average diameter of liposomes is

increased from [ to 5 pm. For example, with an.

incident 8 as pulse of energy density 1.7 Jlem?,
4.5 pm lipcsomes showed 85% release of sulforhod-
amine as compared with 3.5 pm liposomes that
yielded 68% release. The effects of thermal dif-
fusion would be expected to be substantially
reduced for our experiments with picosecond laser
pulses. Table 2 shows a comparison of the extent
of liposome breakage using ns and ps laser pulses.
For 20 mM sulforhodamine in 2 um diameter lipo-
somes, 29% dye release was obtained with 25 ps
pulses of energy density 0.32 J/em? as compared
with 8 ns pulses of energy density 1,60 J/em?. This
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Figure 4. Effects of a single 25 ps laser pulse at 532 nm
on release of sulforhodamine dye from 2.2 pm diameter

liposomes as a (uaction of energy density. {(a) 20 mAM (b)
30 mAM ard (c) 50 mM sulforhodamine dye.

S-fold reduction in energy density required for a
25 ps pulse 10 obtain a.given percentage release of
dye as comp:rred with the 8 ns pulse was corrobor-
ated by mer.uring releases for 50 mM dye in 2 pm
liposomes (Table 2). These results qualitatively con-
firra the notion that ps pulses deposit therma! energy

Table 2. A comparisoa of the extent of liposome tweakage
with nanosccond snd picosccond pulses

Dyc

concintration density

(mM) Pulsc-width (Jlem?) % Release
20 8 ns 1.60 o'l

20 5 ps 0.32 29

5 R as 1.40 73

(] Bm 0.28 n
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Figure 5. Elfest of initial temperature on the single 8 ns
laser pulse induced release of contents 2 wm diameter
liposomes with 50 mAM sulforhodamine.

with negligible diffusion loss during the pulse, and
thereby less total energy is required for achieving
thermul release of liposome contents following
pulsed laser irradiation.

Additional support for a heating mechanism being
asyociuted with dye release is provided by studying
the lasr-mediated disruption of liposomes for dif-
ferent initial temperatures of the dye-liposome sys-
tem. Figures 5 and 6 summarize the effects of vary-
ing the ambient temperature of 2 pm and 4.5 pm
size liposomes, respectively. These figurr.s show the
onset of sulforhodamine release as a tu..ction of the
energy density of a single 8 ns pulse. It is clear from
the data that the perceniage release of dye for a
given energy density increases for larger initial tem-
peratures. Such data farther support a heating
mechanism as being respoasible for liposome rup-
ture, since breakage can occur only if the tempera-
ture exceeds the characteristic melting \emperature
of the bilayer membrane (T, = 41°C).

Effects of cholesterol on the phospholipid mem-
brane system were also exuwmined. Cholesterol is
known to "stabilize™ nhospholipid membranes by
producing broadened ‘nelting curves and shifting
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Figire 6. Effect of initial temperature on the single & ns
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Figure 7. Effects of irradiating 2.2 wm diumcter liposomes

containing 20 mM sullorhodamine with multiple ¥ ny laser

pulses at 532 nm. Open and solid symbols refer to

0.8 Jiem* and 1.7 Jlem® pulses, respectively. There was
about | » delay between sequential pulses.

the effective melting temperature T, towards a
higher value with low (<33%) levels of incorpor-
ation. For excitation conditions that produced about
90Y% release for DPPC/DCP membranes (85:12.
mol/mol) from 16 mM sulforhodumine encapsulated
liposomes. a4 15% cholesterol (molmol) incurpor-
atton in the bilayer reduced the amount of dye
release to 30%.

In order to understand why 10U% dye releuse is
nut obtained from liposomes exposed to a single
laser pulse, 2.2 pm liposomes containing 20 mAM
sulforhodamine dye were irradiated with multiple,
sequential pulses at nominal 1 s intervals (o allow
inter-pulse cooling. Two separate choices for the
energy density of the 8 ns pulse, i.e. 0.8 Jicm® and
1.7 Jiem?®, provided two different starting valtg:s for

‘the efficiency of dye release induced by a single

pulse. It was observed that despite greater dye
release with additional pulses. the percentage
release tends to level off after about $ pulses (Fig.
7). Analysis of the data for sequential pulses indi-
cated that the efficiency per pulse decreased from
25% to 7% for irrudiation with 1.7 Jicm? pulses,
and from 7.5% 10 2% for 0.8 J/cm® pulses. Becuuse
a given liposome preparution exhibits a distribution
of sizes, the precezding data can be interpreted (for
a given dye concentration and specified laser energy
density) in terms of thermal diffusion effects. We
hypothesize that the oaly population of liposomes
undergoing breakage are those exceeding a certain
minimum size, since thermal diffusion will cqol
smaller sizes. This will be true for ns and ps pulses.
However, the ps pulses will not have diffusion cool-
ing during the excitation so that diffusion cooling
competes with the kinetics of liposome breakuge.

Moadel of single pulse laser breakage of liposomes

A preliminary quantitative model based on the
experimental data has been developed 1o explain
the relecase of liposome contents following pulsed

L L p— itk
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the dimer absorption band and the dimer is self-
quenched at a rate that is nomunally | ps or faster,
multi-photon cvcling per dimer 1s casily possible
provided the laser power and the cross-section for
absorption by the dve arc adequately large. The
nominal maximum number of ahsorption cvcles is
cstimated by dividing the pulse duration by the
relaxation riate: e.p. o a 25 ps pulse with a 1 ps
relaxation rate one could cycle 25 photons if the
power is sufficient. A rough estimate of minimum
power density nccessary to achieve the maximum
numher of absarption cvcles can be obtained by
calculating the power needed to saturate the absorp-
tion event Juring the lifetime of the transition. Ther-
mal diffusion during the laser pulse can reduce the
temperature rise for pulses having ns lifetimes. Cal-
culations for these quantities are presented below,
and thcy indicate that both ps and ns pulses can
provide about 25 absorption events in some of our
experiments, which explains the observed high
efficiendy of liposomie disruption for single laser
pulscs, -

In order to estimate the laser heating effects we
first compute the number of photon absorptions
needed to disrupt a single liposome, and then con-
sider the laser power dependence for both ps and
ns pulses, For 532 nm laser excitation, cach photon
carries an energy of 3.7 x 10~" J. Taking m to be
the mass of intravascular water. C,. = 4.18 J/(g)(°C)
as thz specific heat of water and AT giving the
change of temperature caused by photon absorp-
tion, the thermal encrgy deposited is E = m C, AT.
For an absorption of one photon per dve molecule
- in a 50 mM vesicle solution, there would be a tem-
perature rise of AT = 2.7°C for a 2 um diameter
liposome containing m = 4,19 x 10-'3 g of water.
Thus, to raise the local temperature of the liposome
by 27 to 52°C (starting at 25°C). which would be
above the membrane transition temperature of T,
= 41°C. there is 2 need for cycling about 10 photons
per dye molecule (20 photons per dimer) in one
laser pulse for 50 mM sulforhodamine in liposomes.
A similar computation for 20 mM dye in liposomes
requires cycling 25 photons per dye molecule.

For a dimer relaxation rate r = | ps. using an
absorption cross-section ¢ = | x 107" cm*® and a
photon energy E = 3.7 x 10=' J, the anticipated
saturation power density E/e 7 is 3.7 x [0¥ Wrem?.
For a 0.25 Yem? and a 25 ps pulse the power density
is 1 x 10" Wiem? which is capable of saturating the
dimer absorption if the lifetime is from 0.37 to | ps.
Therefore, we can expect that 20-50 absorption
cycles are passible for the picosecond pulse,
depending on the dimer lifetime. The data in Fig.
4 for the 25 ps pulse duration show that efficient
liposome breakage occurred for both 30 and 50 mM
liposomes. which is consistent with having sufficient
power density 10 take advantage of the fast dimer
relaxation rate. ’

In the case of the 8 ns pulse the 1.0 Jiem® trans.

L 1T 2 ]

lates to a power density of 1.25 x 10" W/em?, which
is too small to saturate the dimer absorption. How-
ever. an cnergy density of 1.0 J/iem? is sufficient to
allow 25-30 absorption events per dye molecule
with a2 mean time between events of 0.3 ns. Thermal
diffusion during the 8 ns pulse reduces the heating
cffect per absorbed photon.

A more complete description of the dye-liposome
svstem plus laser pulse duration requires a non-
linear absorptica/relaxation rate model that alsu
includes thermal diffusion. Assuming a maximum
encrgy diffusion rate given by phonon propagation
with speed 1.5 x 10 em/s and a representative lipo-
some diameter of 3.0 um. one estimates a maximum
cnergy transport time of 2 x 107", Thus, an 8 ns
pulsc is long enough that a detailed diffusion model
is required to estimate the heating efficiency. Even
without a very detailed mathematical model. our
estimates have shown that a photo-induced heating
mechanism is the most likely explanation for lipo-
some breakage and release of contents.

The dye concentration and energy density van-
ations in Figs. 3 and 4 are qualitatively consistent
with the above estimates of photon cvcling. In par-
ticular. only for the 50 mM concentrations is the
required number of cycles per dve molecule signifi-
cantly less than the available cycles, which correlates
with the observed high percentage release in one
puise. For lower concentrations mcre cycles are
required and therefore the efficiency of release is
less. Smaller liposomes have greater diffusion
losses. The sensitivity of the percentage release to
starting temperature is consistent with the idea that
the increased temperature from laser heating is not
greatly abave the transition temperature for the
liposome. [n Fig. 3 the percent release vs energy
density has a rate of rise to a saturation point that
depends on the concentration. According to the
prior analysis ne expects a single sized liposome
to have a spe.ific threshold for breakage. and only
in the case of 4.5 um liposomes at 50 mAf do we
observe a fairly abrupt threshold for breakage. Since
the laser paramcters do not provide a great excess
of energy dcposition, the percent release should
be very sensitive to the distribution of sizes for a
liposome preparation. This was noted in Fig. 7.
which confirmed the idea of a threshold size. A
more detailed kinetic model that also included size
distributions would be required to fit the precise
shapes found in Figs, 3 and 4.

These experiments have demonstrated that dyes
having strong absorption and fast relaxation rates
can pravide 8 means for very localized heating and
controlled release of liposome contents with a single
laser-pulse. The localized heating and single pulse
effect allows very selective laser action without
injury to surrounding components that do not have
dve absorption. The power densities used in these
experiments are qQuite large, but increased dye con-
centration or starting temperatures requiring less
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lemperature nse can reduce the required power
" density. For focussed laser applications of a nominal
ccllular dimension of 10 pm one requires only | pJ
to create power densitics >1 Jem?. Far ps laser
pulses, where diffusion is less of an issue, these
power densities can be ~achieved in smaller focal
spots approaching the diffraction limits, which could
have applications requiring laser effects on small
vesicles inside of cells.
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