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n emerging concept in liposome re-

search is the design of hybrid lipo-

somes containing functional nano-
particles as nanoscale therapeutics.' 3
Liposomes, which consist of an ~5 nm
thick lipid bilayer shell surrounding an
aqueous core, can provide a means of dis-
persing and concentrating nanoparticles via
encapsulation or binding, shielding them
from biomolecular adsorption, and deliver-
ing them through established liposome tar-
geting strategies. When loaded with drugs
and nanoparticles, they resemble a classic
liposome—drug formulation with addi-
tional functionality owing to the nanoparti-
cles. This functionality could be related to
imaging,>~® biosensing,’ or heating through
external activation using lasers'® '3 or alter-
nating current electromagnetic fields (AC
EMFs)."4~17

A challenge to liposomal drug delivery
is designing a liposome that is stable and
long-circulating in vivo yet can be destabi-
lized in a controlled fashion to facilitate
drug release at the target site.'® Drug re-
lease is controlled by diffusion through the
lipid bilayer, which is greatest when the bi-
layer is disrupted or phase separated (e.g., at
the lipid main phase transition or melting
temperature). Liposomes can lose a signifi-
cant portion of their drug cargo in circula-
tion, and upon arriving at a target site, the
ability to control release can be poor. Deco-
rating liposomes with bound nanoparticles
and then supplying selective and local heat-
ing to the bilayer could, in principle, be
used to control liposomal drug delivery.
Magnetoliposomes (MLs) were the first

multifunctional hybrid liposome/nanoparti-
cle assembly and have received consider-
able attention since being introduced in
1988."° Common strategies to ML design in-
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ABSTRACT Nanoscale assemblies that can be activated and controlled through external stimuli represent a
next stage in multifunctional therapeutics. We report the formation, characterization, and release properties of
bilayer-decorated magnetoliposomes (dMLs) that were prepared by embedding small hydrophobic SPIO
nanoparticles at different lipid molecule to nanoparticle ratios within dipalmitoylphosphatidylcholine (DPPC)
bilayers. The dML structure was examined by cryogenic transmission electron microscopy and differential scanning
calorimetry, and release was examined by carboxyfluorescein leakage. Nanoparticle heating using alternating
current electromagnetic fields (EMFs) operating at radio frequencies provided selective release of the encapsulated
molecule at low nanoparticle concentrations and under physiologically acceptable EMF conditions. Without radio
frequency heating, spontaneous leakage from the dMLs decreased with increasing nanoparticle loading, consistent
with greater bilayer stability and a decrease in the effective dML surface area due to aggregation. With radio
frequency heating, the initial rate and extent of leakage increased significantly as a function of nanoparticle
loading and electromagnetic field strength. The mechanism of release is attributed to a combination of bilayer
permeabilization and partial dML rupture.

KEYWORDS: magnetoliposome - SPIO nanoparticle - self-assembly - lipid
bilayer - drug delivery

clude (i) adsorbing a lipid bilayer onto the
surface of a “large” superparamagnetic iron
oxide (SPIO) nanoparticle or (2) encapsulat-
ing many “small” SPIO nanoparticles within
the aqueous liposome core.>414717.2021 Their
multifunctionality stems from the nature of
SPIO nanoparticles. Magnets can be used to
guide MLs in vivo, and the nanoparticles en-
hance contrast for MRI imaging.?2~2> MLs
can also be heated in AC EMFs operating
at radio frequency (RF) to provide localized
hyperthermia treatment if delivered to a tar-
get site. RF heating is achieved via mag-
netic losses of the SPIO nanoparticles
through Néel and Brown relaxation.?® The
advantage of RF energy is that it can easily
penetrate the body and is non-invasive for
up to 1 h if the product, Hf, where H is the
field amplitude (current X number of coils
per length) and f is the frequency, is below
485X 10°kAm~'s 1%

To improve on the sensitivity and re-
sponsiveness of MLs, we have formed
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Figure 1. Digital images of (1) DPPC and dMLs prepared at
L/N ratios of (2) 25000:1, (3) 10000:1, and (4) 5000:1. The lipid
concentration was 10 mM.

bilayer-decorated MLs (dMLs) containing small hydro-
phobic SPIO nanoparticles, 5 nm maghemite (Fe,05)
capped with oleic acid (OA), embedded within lipid bi-
layers. We hypothesized that focused heating of em-
bedded nanoparticles could be used to control and
maximize leakage with minimal nanoparticle loading
and EMF strengths. The embedment strategy employed
is based on previous observations that hydrophobic
Ceo fullerene, 2% gold,>°3! silver,*2% silicon,** and quan-
tum dot®>~83° nanoparticles can be embedded within
lipid bilayers without significantly compromising lipo-
some structure. This approach compliments previous
studies on embedding hydrophobic nanoparticles into
polymersomes,*>3¢ which are more stable than lipo-
somes but do not offer the same level of biocompatibil-
ity. In this article, we report the formation of dMLs us-
ing dipalmitoylphosphatidylcholine (DPPC) as a model
lipid at different nanoparticle loadings, expressed as the
lipid molecule to nanoparticle ratio (L/N). The effect of
loading on dML structure, lipid phase behavior, and li-
posomal release with and without RF heating is
demonstrated.

Figure 2. Cryo-TEM images and EDS maps of (A,E) DPPC lipo

RESULTS AND DISCUSSION

Sample Preparation. A detailed description of dML for-
mation is provided in Methods. The dMLs were loaded
with SPIO nanoparticles at L/N ratios of 25000:1,
10000:1, and 5000:1. These ratios corresponded to to-
tal Fe,O5; molar concentrations of 0.48, 1.20, and 2.40
mM, mass concentrations of 0.08, 0.19, and 0.38 mg/
mL, and nanoparticle volume fractions within the bilay-
ers of 0.002, 0.005, and 0.011, respectively (based on
the molecular volume of DPPC at 50 °C¥). Excess or un-
bound OA present in the as-received nanoparticle dis-
persions led to DPPC to OA mole ratios of 45.5, 18.2, and
9.1 with increased nanoparticle loading. Digital images
of DPPC and dML samples are shown in Figure 1. With
as-received dispersions, the dMLs exhibited the same
settling behavior as DPPC liposomes at room tempera-
ture based on visual observation. Hence, nanoparticle
embedding did not alter their relative stability.

Structural Characterization. Cryogenic transmission elec-
tron microscopy (cryo-TEM) was used to verify nanopar-
ticle loading and its effect on dML structure (Figure 2).
DPPC formed primarily unilamellar liposomes with an
average diameter of 101 = 22 nm (Figure 2A). Little
change in liposome size, 102 = 12 nm, was observed
for dMLs prepared at a L/N of 25000:1 relative to DPPC.
At higher nanoparticle loadings or lower L/N ratios, the
dMLs were larger than DPPC liposomes and contained
smaller liposomes encapsulated within larger liposomes
(Figure 3B—D). The size of the dMLs increased with the
L/N ratio from an average diameter of 156 * 30 nm at
10000:1 to 198 = 46 nm at 5000:1. Dark regions preva-
lent within the dMLs prepared at the two higher

omes and dMLs prepared at L/N ratios of (B,F) 25000:1, (C,G),

10000:1, and (D,H) 5000:1. The black scale bars are 200 nm. For imaging, the samples were incubated in the chamber at 25
°C under 100% humidity before vitrifying in liquid ethane. Iron (Fe) from the SPIO nanoparticles and copper (Cu) from the
TEM grids are denoted in the EDS maps of the respective square regions.
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Figure 3. DSC thermographs of (1) DPPC and dMLs formed
at L/N ratios of (2) 25000:1, (3) 10000:1, and (4) 5000:1. The
samples were subjected to three consecutive heating/cool-
ing cycles between 15 and 50 at 1 °C min~". The third heat-
ing scan is shown.

loadings depict SPIO nanoparticle aggregates associ-
ated with the bilayer. Neither SPIO nanoparticles nor
nanoparticle aggregates were observed outside of the
dMLs.

Nanoparticle loading was further verified by measur-
ing elemental iron using energy-dispersive X-ray spec-
troscopy (EDS). It is important to note that the measure-
ments were taken of sample regions where dMLs
existed, and SPIO nanoparticle aggregates were not
prevalent. Iron was not observed in DPPC liposomes
(Figure 2E), while clear peaks were measured in each
dML sample (Figure 2F—H). Nanoparticles were not de-
tected outside of the dMLs based on random EDS map-
ping (results not shown). Hence, all SPIO nanoparticles
appear to have existed within the liposomal bilayers as
either individual nanoparticles or encapsulated
aggregates.

Lipid Phase Behavior. Lipid phase behavior is sensitive
to the presence of exogenous compounds or surfaces.
Without embedded nanoparticles, DPPC exhibited a
characteristic pretransition (Tp) at 35.2 °C and main tran-
sition at 41.2 °C (Figure 3). The pretransition describes
the ordered gel (L) to rippled gel (P,) phase transition,
and the main transition or melting temperature de-
scribes the Py, to disordered fluid phase (L,) transition.
Two events were observed when SPIO nanoparticles
were embedded; the pretransitions were suppressed
and merged with lipid melting at higher temperatures,
and the melting regions were broadened and also
shifted to higher temperatures. These events were
more pronounced with increasing nanoparticle load-
ing. Deconvoluting the thermographs further indicated
that the melting regions were composed of multiple
overlapping peaks, which was clearly evident at the
highest L/N ratio of 5000:1 (R? = 0.997; peakfit results
not shown). At L/N ratios of 25000:1 and 10000:1, three
overlapping peaks were resolved at 39.5, 42.2, 44.4 °C
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and 41.9, 42.7, and 44.4 °C, respectively. At a L/N ratio
of 5000:1, peaks at 40.8, 42.7, 46.0, and 47.3 °C were re-
solved. Results were reproducible over four consecu-
tive increasing and decreasing temperature scans with
three different samples at a given L/N ratio (results not
shown). These changes were not caused by the pres-
ence of excess oleic acid, which has been shown to de-
crease DPPC melting temperature.®

The first peak in the thermographs is attributed to
higher temperature pretransitions and the remaining
peaks to mixed DPPC/nanoparticle regions with in-
creasing nanoparticle concentrations. Increases in melt-
ing temperature indicate that the nanoparticles pre-
ferred to mix with lipids in the gel phase rather than
the fluid phase. The steric thickness of gel phase DPPC
bilayers (5.2 nm at 20 °C*’) is greater than that of fluid
phase bilayers (4.7 nm at 50 °C*’) and may have better
accommodated the 5 nm SPIO nanoparticles. This phe-
nomenon has been observed for transmembrane pro-
teins with hydrophobic core lengths that better
“match” the thicker hydrocarbon regions offered by
gel phases.®

Fluorescence Leakage via RF Heating. CF leakage with and
without RF heating was nearly identical for DPPC lipo-
somes, which shows that RF heating without embed-
ded nanoparticles cannot induce leakage under the
conditions employed. Furthermore, the spontaneous
leakage of DPPC liposomes was considerably high af-
ter 2400 s. Without RF heating, spontaneous CF leak-
age decreased substantially with decreasing L/N ratio
(Figure 4A, black curves). The initial leakage rate, taken
as the initial slope from Figure 4A, decreased linearly
with increasing nanoparticle concentration (Figure 4D),
which suggests that the liposomes became more stable
and yielded less spontaneous leakage with increasing
nanoparticle loading. For example, at a L/N of 5000:1,
the total leakage was minimal over 2400 s (3.7%) rela-
tive to DPPC. These results are consistent with DSC re-
sults and further demonstrate that nanoparticle embed-
ment within the dML bilayers increased stability relative
to DPPC liposomes.

When RF heating was applied, clear increases in the
initial rates and extents of leakage from the dMLs were
observed. The dMLs with a L/N ratio of 10000:1 showed
the greatest initial rate and total leakage at 80% rela-
tive fluorescence intensity after 2400 s of RF heating at
250 A and 281 kHz, which yielded Hf = 5.9 X 10°kAm™’
s~1 (Figure 4D,E). The initial rate and total leakage at
L/N ratios of 25000:1 and 5000:1 were similar. On the
basis of the L/N ratios examined, this indicated that an
optimal nanoparticle loading was achieved for initial
and total leakage at 10000:1. While an optimal loading
was observed for initial and total leakage, the increase
in leakage relative to no RF heating (%nheating — %no heating)
increased linearly with nanoparticle loading (Figure 4D).

CF release was also examined from dMLs at a L/N ra-
tio of 10000:1 as a function of AC current from 50 to
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Figure 4. CF leakage from dMLs. (A) Percent CF leakage with (red) and without (black) RF heating at 250 A and 281 kHz for
(1) DPPC and dMLs formed at L/N ratios of (2) 25000:1, (3) 10000:1, and (4) 5000:1. The inset schematics (not to scale) in (A) de-
pict dML heating with or without RF heating. Cryo-TEM images are shown at 10 mM lipid for (B) DPPC liposomes and (C)
dMLs formed at a L/N ratio of 10000:1 (200 nm scale bars). (D) Initial rate of leakage from (A) as a function of nanoparticle con-
centration with (red) and without (black) RF heating. (E) Total leakage and increase in leakage (%neating — %no heating) from
(A) after 2400 s of RF heating. (F) CF leakage for dMLs at a L/N ratio of 10000:1 as a function of current after 2400 s of RF heat-
ing. The errors bars in (F) represent the standard deviation of duplicate experiments.

250 A, which correspond to Hf values from 1.0 X 10°
to 5.9 X 10° kA m~" s7, respectively. Increasing cur-
rent led to greater total CF leakage, a 2-fold increase
from 50 to 250 A, after 2400 s of RF heating (Figure 4E).
Hence, the total leakage and increase in leakage in
dMLs can be controlled by the extent of SPIO nanopar-
ticle loading and the strength and duration of RF
heating.

Bulk Heating Effects. The adiabatic temperature in-
crease of samples containing ferromagnetic nanoparti-
cles subjected to RF heating can be estimated as d7/dt
= SAR myp X (¢, my)~", where SAR is the specific ab-
sorption rate of the nanoparticles (W g~'), myp is the
mass of nanoparticles (g), ¢, is the average heat capac-
ity of the sample (J g~' °C", essentially that of water
at dilute nanoparticle concentrations), and my is the
mass of volume to be heated (g). To address the pos-
sible effects of bulk heating on CF leakage, calculations
were performed using a SAR value of 21.5 W g™, which
was measured for hydrophilic (carboxylic acid surface
groups) analogues of the 5 nm SPIO nanoparticles.
Temperature increases of 0.01, 0.03, and 0.06 °C were
estimated for the sample after 2400 s of RF heating at
250 A and 281 kHz and nanoparticle concentrations cor-
responding to L/N ratios of 25000:1, 10000:1, and
5000:1, respectively. From ambient temperature, these
increases in temperature are negligible and could not
yield changes in DPPC phase behavior or permeability.
Given that the system was not adiabatic, it should be

%\K) VOL. 4 = NO.6 * CHEN ET AL

noted that the calculated temperature increases repre-
sent an upper limit.

Solution temperature was monitored during RF
heating experiments. In all cases, the temperature
increase was approximately 6 °C and independent
of SPIO nanoparticle concentration, which suggests
that conductive heat transfer from the coil heated
the sample. Again, this temperature increase from
ambient could not alter DPPC phase behavior or per-
meability. Finally, to address temperature effects on
CF emission intensity, measurements were per-
formed in a dilute solution of CF in PBS from 20 to
80 °C. Only a 10.1% decrease in emission intensity
was observed over this range, which confirms that
bulk heating did not affect fluorescence intensity (re-
sults not shown).

Effect of RF Heating on dML Structure. Bilayer-embedded
SPIO nanoparticles led to clear changes in dML struc-
ture, lipid phase behavior, and transbilayer leakage.
Cryo-TEM analysis was conducted to determine if RF
heating led to apparent and potentially irreversible
changes in dML structure. Images of dMLs at a L/N ra-
tio of 10000:1 can be seen in Figure 5, as well as in Fig-
ures 2 and 4. After being subjected to 2400 s of RF heat-
ing at 250 A and 281 kHz, partial dML fusion was
observed along with the presence of bilayer sheets.
The sheets were observed throughout the sample and
were not found in unheated dML samples. The polygo-
nal shape of the dMLs was due to cryogenic
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preparation of the samples equilibrated at 25 °C, where
the lipids were in a gel phase.*°

Structural Features and Release Mechanisms. Nanoparticle
embedment led to structural changes in the liposomes,
notably the merging of neighboring bilayers. The po-
tential role that the nanoparticles may have played in
influencing bilayer structure is depicted in Figure 6. Bi-
layer merging observed by cryo-TEM was likely driven
by the interfacial activity of the nanoparticles, the en-
ergy gain by a hydrophobic surface partitioning from
water into a hydrophobic environment (bilayer), 34!
and/or the energy penalty associated with embedding
a “large defect” within a bilayer. By bridging two bilay-
ers, neighboring (Figure 6A) or concentric liposomes
(Figure 6B) appear to have fused bilayers. Both struc-
tures were observed in the cryo-TEM images (Figure
2C,D and Figure 4C), and they may account for the ap-
parent bilayer-embedded aggregates. However, while
the results support the formation of bilayer-embedded
and bilayer-associated aggregates, we cannot at this
time rule out the possibility that lipid-coated nanoparti-
cles were present as encapsulated micelles.

The observation that total leakage is not propor-
tional to nanoparticle loading may be attributed to
nanoparticle aggregation within dMLs, changes in dML
structure, and increased bilayer stability. Cryo-TEM
analysis showed that at a L/N ratio of 5000:1 the lipo-
somes were aggregated and contained smaller lipo-
somes encapsulated within larger ones. This reduced
the number of dMLs and the effective total surface area
for leakage. The lipid phase transition was also shifted
to higher temperatures, which means that more heat-
ing would be needed to surpass the phase transition
temperature. In contrast, at a L/N ratio of 10000:1, the
dMLs were predominantly unaggregated and yielded
the greatest total leakage.

CONCLUSION

Embedding functional hydrophobic nanoparticles
within lipid bilayers provides a means of controlling bi-
layer permeabilization and liposomal release. We have
shown that 5 nm oleic acid capped SPIO nanoparticles
can be embedded into DPPC bilayers to control liposo-

METHODS

Chemicals and Materials. SPIO maghemite nanoparticles (5 nm,
30 mg/mL or 187.9 mM Fe,05) dispersed in chloroform were pur-
chased from Ocean Nanotech (Springdale, AR). On the basis of
the density of maghemite (4.9 g/cm?), 30 mg/mL is equivalent to
9.4 X 10 particles/mL. An excess or unbound oleic acid concen-
tration of 81.5 mM was determined in the dispersions by a gas
chromatograph (GC 6870, Agilent). DPPC in chloroform (20 mg/
mL) was purchased from Avanti Polar Lipids (Alabaster, AL), and
acetone and chloroform (>99%) were from Fisher Scientific (Su-
wanee, GA). 5,6-Carboxyfluorescein (CF) and Triton X-100 were
purchased from Sigma Aldrich (St. Louis, MO). Phosphate buff-
ered saline (PBS, pH 7.4) was prepared at 149 mM electrolyte
concentration. Sterile deionized ultrafiltered (DI) water at 18.2

www.acsnano.org

Figure 5. Cryo-TEM images of dML structure at a L/N ratio of
10000:1 (A) without and (B) with 2400 s of RF heating at 250 A
and 281 kHz. The arrows in (B) denote fusion and bilayer sheets
that formed after heating.

mal release under physiologically acceptable EMF con-
ditions as a function of nanoparticle loading and RF
heating conditions. In turn, the ability to stabilize lipo-
somes by nanoparticle embedment (no RF heating)
provides an interesting approach to suppressing spon-
taneous leakage. At this stage, connections have been
observed between dML structure, bilayer stability, and
leakage. The presence of an optimal nanoparticle load-
ing for controlled release depicts a trade-off between
structural changes and aggregation, which reduce the
effective liposome surface area, bilayer stabilization,
which reduces bilayer permeability, and the localized
heating in an EMF. Counterintuitively, higher nanoparticle
loadings do not strictly translate into greater release. As
with any therapeutic delivery system, additional experi-
ments are needed to determine the structure, stability,
and leakage characteristics of dMLs in serum and in vivo.

Figure 6. Proposed role of embedded SPIO nanoparticles
on dML structure based on cryo-TEM analysis. Nanoparti-
cles or nanoparticle aggregates within the bilayer led to the
fusion of (A) neighboring or (B) concentric dMLs.

m{) was used from a Millipore Direct-Q3 UV purification system
(Billerica, MA).

dML Preparation. The dMLs were formed at 10 mM DPPC and
lipid molecule to nanoparticle (L/N) ratios of 25000:1, 10000:1,
and 5000:1. To prepare the samples, DPPC in chloroform (367 L)
was mixed with OA-capped SPIO nanoparticles (as received; dis-
persed in chloroform) in a 25 mL round-bottom flask. The vol-
umes of the nanoparticle dispersion were 27, 67, and 135 L for
L/N ratios of 25000:1, 10000:1, and 5000:1, respectively. DI wa-
ter was then added at 1 mL. Chloroform was removed by rotary
evaporation at 50 °C (above the DPPC melting temperature)
starting at 450 mbar for 30 min, then decreased to 300 mbar
for 30 min, and finally 200 mbar for 30 min. The resulting lipo-
somes were then bath sonicated for 1 h at 50 °C. The final sample
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volume was 1 mL. For the release studies, Dulbecco’s phos-
phate buffered saline (PBS, pH 7.4) containing 50 mM CF was
used instead of DI water. CF, an anionic fluorescent dye at pH
7.4, was used as a model small molecule drug. Unencapsulated
CF was removed by centrifuging the samples at 3000 rpm for 30
min, removing the supernatant by pipet, and washing with fresh
PBS (repeated 3 times).

Cryogenic Transmission Electron Microscopy (Cryo-TEM). The dML
samples were prepared for cryo-TEM at 25 °C using a Vitrobot
(FEI Company), which is a PC-controlled robot for sample vitrifi-
cation. Quantifoil grids were used with 2 wm carbon holes on
200 square mesh copper grids (Electron Microscopy Sciences,
Hatfield, PA). The grid was immersed in the sample, blotted to re-
duce film thickness, and vitrified in liquid ethane. The sample
was then transferred to liquid nitrogen for storage. Imaging was
performed in a cooled stage (Model 915, Gatan Inc., Pleason-
ton, CA) at 200 kV using a JEOL JEM-2100F TEM (Peabody, MA).
The dML size analysis was performed using ImageJ software.*?
The average size reported was based on 50 randomly selected
dMLs. Energy-dispersive X-ray spectroscopy or EDS (Model
INCAXx-act, Oxford Instrument, UK) was used to detect elemen-
tal iron from the SPIO nanoparticles within the dMLs. EDS was
conducted during cryogenic imaging with 158 s of live time and
92 s of dead time.

Differential Scanning calorimetry (DSC). Lipid phase behavior was
analyzed using a TA Instruments Nano DSC (New Castle, DE).
The dML samples prepared with DI water were diluted to 0.1
mM and degassed for 30 min before loading into a 0.6 mL capil-
lary cell. The loaded samples were equilibrated at 15 °C, and se-
quential heat/cool cycles were performed from 15 to 50 °C at a
scan rate of 1 °C min~".

Fluorescence Leakage Studies. CF leakage experiments were con-
ducted within a fluorescence spectrometer (Model LS 55, Perki-
nElmer, Waltham, MA) by placing a copper heating coil (3 turns
at 4.5 cm mean diameter) around a custom-designed polycar-
bonate cuvette holder and base. Heating was conducted as a
function of time and electromagnetic field strength using a 1 kW
Hotshot (Ameritherm Inc., Scottsville, NY) operating up to 250 A
and 281 kHz. The samples were prepared by gently pipet mixing
5 L of a dML sample with 2.95 mL of PBS in a quartz cuvette. Ex-
periments were also conducted with DPPC liposomes. Once a
sample was placed in the cuvette, RF heating was applied at a
constant current and frequency. Triton X-100 was added after
2400 s of RF heating to solubilize the liposomes and release all
CF. Fluorescence measurements were taken at excitation and
emission wavelengths of 490 and 520 nm, respectively. The per-
cent CF leakage was calculated as 100 X [F(t) — Fol/[Final — Fol,
where F(t) was the intensity as a function of time, F, was the ini-
tial intensity, and Fgn, Was the final intensity after the addition
of Triton X-100. Experiments were conducted at room tempera-
ture (20 °C), which was below the DPPC gel to fluid main phase
transition or melting temperature.
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