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A thermally triggered liposome-based mineralization system is described that is metastable
at ambient temperature but rapidly forms calcium phosphate mineral upon warming to
physiologic temperature. Mixing of a calcium-loaded lipid vesicle suspension with aqueous
inorganic phosphate resulted in a stable liposome suspension whose bulk ionic concentration
was highly supersaturated with respect to hydroxyapatite and other calcium phosphate
minerals. The mineralization activity of metastable liposome suspensions was found to be
strongly dependent both on temperature and on the composition of the phospholipids that
comprise the vesicle membrane. No detectable mineral formation occurred in the metastable
liposome suspensions during storage for several weeks at room temperature. However, when
the liposome suspensions were heated to near the lipid chain melting transition (T,), Ca?*
was released from the lipid vesicles and reacted with extravesicular phosphate to form
calcium phosphate mineral. Infrared spectroscopy and powder X-ray diffraction analysis of
the reaction products indicated the formation of both apatite and brushite minerals, a finding
that is consistent with the changing pH conditions of thermally triggered mineralization.
Mixtures of miscible phospholipids (dipalmitoylphosphatidylcholine and dimyristoylphos-
phatidylcholine) were used to tailor T,, to physiologic temperature. This strategy was
employed for the preparation of metastable liposome suspensions that were stable for long
periods of time at room temperature but that mineralized rapidly when heated to 37 °C.
The potential medical and dental significance of thermally triggered liposomal mineralization
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is discussed.

Introduction

Liposomes, spherical vesicles consisting of one or more
phospholipid bilayers enclosing an aqueous phase, have
been extensively investigated as pharmaceutical carrier/
delivery systems for the administration of drugs, genetic
material, enzymes, and contrast agents.12 The major
functional characteristic of liposomes that makes them
useful for this purpose is their ability to isolate, protect,
and deliver reagents entrapped within the enclosed vol-
ume of the vesicle. The membrane of the liposome, com-
posed of one or more phospholipid bilayers, serves as
an effective barrier to prevent drug release during trans-
port to a targeted site. The ability to target liposomal
drug delivery to a specific organ or tissue has been a
major goal of liposome research over the past decade.?

While the concept of utilizing lipid vesicles for the
synthesis of inorganic solids of controlled shape and/or
size is well-established,® 8 to the best of our knowl-
edge the use of liposomes for delivery or in situ forma-

tion of biomaterials remains relatively unexplored. We
have recently embarked on a series of studies whose aim
is to take advantage of lipid vesicles to compartmental-
ize reactive species for the purposes of inducing the
rapid in situ formation of polymer hydrogels, inorganic
solids, and other materials for medical and dental
applications.”® In a previous report,® we described the
preparation of Ca-loaded lipid vesicles and their use in
forming calcium phosphate minerals. Our general
strategy for liposome-mediated mineralization is to
exploit the lipid bilayer membrane of calcium-loaded
phospholipid vesicles to physically isolate concentrated
calcium (intravesicular) and phosphate (extravesicular)
solutions. Although highly supersaturated with respect
to hydroxyapatite (HAP) and other calcium phosphate
phases, the resulting liposome suspensions do not
immediately mineralize due to the compartmentaliza-
tion provided by the liposome membrane, which physi-
cally segregates calcium and phosphate ions. Previously
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we utilized a surfactant-induced bilayer-to-micelle me-
sophase transition to release encapsulated calcium,
which reacted with extravesicular phosphate to form
calcium phosphate mineral.® In this paper we describe
the preparation of thermally sensitive calcium-loaded
liposomes designed to rapidly release Ca?* at the lipid
chain melting transition and the use of these liposomes
for thermally triggered calcium phosphate mineral
formation. Ultimately, our goal is to develop a liposome-
containing gel, paste, or solution that is stable at or
below room temperature but that deposits mineral at a
controlled rate (rapid or slow as needed for a particular
application) upon warming from ambient to body tem-
perature. Such a material may be useful for the repair
of skeletal tissues such as bone, enamel, and dentin.

Materials and Methods

Materials. 1,2-bis(palmitoyl)-sn-glycero-3-phosphocholine
(DPPC, >99%) and 1,2-bis(myristoyl)-sn-glycero-3-phospho-
choline (DMPC, >99%) were obtained from Avanti Polar
Lipids and used as received. The purity of the lipids was con-
firmed by thin-layer chromatography, yielding a single spot
on silica gel plates (Merck) developed using a mobile phase of
CHCI3:CH3;0H:H,0 (65:25:4). Reagent grade CaCl,-2H,0 and
Na,HPO, were obtained from Fisher Scientific and used as
received.

Liposome Preparation. Calcium-loaded phospholipid
vesicles were prepared by the interdigitation-fusion (IF) ap-
proach,® as described previously.2 A 0.2 M CaCl; solution was
used for preparation of the IF vesicles (IFVs). Unless other-
wise noted, the lipid concentration of the IFV suspensions was
20 mg/mL. Unencapsulated Ca?"™ was removed from the
extravesicular fluid by washing the IFV suspension with
excess aqueous NaCl (300 mM), centrifuging (16000g for 3
min), and decanting the supernatant. This procedure was
repeated a minimum of five times to ensure complete removal
of unencapsulated CaCl,. After the final wash, the superna-
tant was tested by atomic absorption spectroscopy (AAS, see
below) to confirm the removal of Ca?* from the extravesicular
space. The amount of Ca?" remaining in the liposome suspen-
sion was then determined by AAS using an Instrumentation
Laboratory Video 22 spectrophotometer. Aliquots (1—10 uL)
of the liposome suspensions were diluted with deionized water
to within the linear range of the instrument (0—5 u#g/mL), and
absorbance was measured in the presence of 1% La®" to eli-
minate phosphate interference. A calibration curve for ab-
sorbance versus [Ca?"] was obtained using standard solutions
of known calcium concentration. Calcium encapsulation ef-
ficiency ranged from approximately 60—75% of available
Ca2+'10

Determination of Lipid Chain Melting Temperature.
The chain melting transition (T,,) of DPPC/DMPC vesicles
were determined by hydrating vacuum-dried thin films of the
lipid mixtures at 50 °C for 30 min. The resulting lipid
suspensions (approximately 50 mg lipid/mL) were analyzed on
a TA Instruments 910 dynamic scanning calorimeter (DSC)
by heating at 2 °C/min. The DSC instrument was calibrated
using Gallium metal (T, = 29.91 °C).

Calcium Release Assay. Temperature-dependent release
of Ca?* from liposomes was detected using the Ca?*-sensitive
dye arsenazo 111 (Alll, Aldrich), which undergoes a striking
change in color from red to blue upon complexation with Ca?*.1!
After removal of unencapsulated Ca?" from the vesicle suspen-
sion, a 10 uL aliquot was transferred to 3 mL of an Alll

(9) Ahl, P. L.; et al. Biochim. Biophys. Acta 1994, 1195, 237.

(10) Some batch-to-batch variation in Ca?* encapsulation efficiency
was observed for liposome preparations; typical calcium concentrations
of the liposome suspensions ranged from 135 to 150 mM.

(11) (a) Sokolove, P. M.; Kester, M. B. Anal. Biochem. 1989, 177,
402. (b) Weissmann, G.; Collins, T.; Evers, A.; Dunham, P. Proc. Natl.
Acad. Sci. U.S.A. 1976, 73, 510.
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Figure 1. Temperature rise profiles of metastable liposome
suspensions immersed in isothermal water baths equilibrated
at 37, 39, and 41 °C. Suspensions were unstirred during
measurement.

solution (10 uM Alll in 300 mM NacCl) buffered to pH 7.0 with
HEPES (5 mM). Release of Ca?" from the liposomes was
followed by measuring the absorption intensity of the 650 nm
band as a function of temperature. A circulating water bath
and a jacketed quartz cuvette were used to heat the suspen-
sions at a rate of 1 °C/min during measurement.

Mineralization Experiments. Temperature-activated min-
eral formation was detected by measuring time-dependent pH
changes of phosphate-containing IFV suspensions held iso-
thermally at various temperatures. 200 uL each of a Ca-loaded
IFV suspension (20 mg of lipid/mL) and a Na;HPO, solution
(67 mM; pH 8.9) were combined in a glass vial at 25 °C. Initial
pH values of the metastable suspensions (prior to heating)
ranged from 8.4 to 8.6. After equilibrating the phosphate-
containing suspensions at 25 °C for 30 min, they were
immersed in an isothermal water bath at temperatures
between 33 and 45 °C. Measurement of the sample temper-
ature after immersion yielded temperature rise profiles as
shown in Figure 1; approximately 1—2 min elapsed before
equilibration at the bath temperature.

Sample temperature, bath temperature, and the voltage
output from a calomel pH electrode were simultaneously
recorded versus time on a computer data acquisition system.
Since the sample temperature was changing during the course
of the experiment it was necessary to calculate temperature-
corrected pH values, which was accomplished using the
following form of the Nernst equation:

E =E, — 0.186T,(pH) (1)

where E is the electrode output in mV, E is an electrode con-
stant (determined at pH 7.0), and T is the sample temperature
in kelvin. The slope of the equation (—0.186) was determined
by two-point calibration using standardized buffer solutions.

Mineral Recovery/Characterization. Mineral was re-
covered from the liposome suspensions by centrifuging at
16000g for 5 min, after which the supernatant was poured off,
and the pellet washed twice with NaCl (0.3 M) and twice with
distilled water. Following this, the pellet was dispersed in
ethanol and centrifuged at 16000g for 5 min, and the super-
natant poured off. This process was repeated once more with
ethanol and twice with chloroform before drying the pellet in
vacuo. Infrared spectra of the recovered minerals were
obtained as KBr pellets using a Perkin-Elmer Paragon 1000
FT-IR spectrometer. Wide-angle powder X-ray diffraction
(XRD) was performed using a Siemens D5000 diffractometer
with Cu Ka radiation (1 = 1.54 A).

Results

The thermotropic phase behavior of liposomes con-
structed from mixtures of DPPC and DMPC were



Thermally Triggered Calcium Phosphate Formation

50% DMPC

M\/\//\/—NV\/\/\/V

40% DMPC

20% DMPC

10% DMPC

Heat Flow (W/g)

DPPC

jI:OSW/g

15 20 25 30 35 40 45 50 55

Temperature (C)

Figure 2. DSC scans of liposome suspensions prepared from
mixtures of DMPC and DPPC. Spectra are displaced vertically
for clarity.
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Figure 3. Lipid chain melting temperature (Tr,) versus mole
fraction DPPC of DPPC/DMPC liposome suspensions.

investigated by DSC, and scans of DPPC-rich vesicle
suspensions (>50% DPPC) are shown in Figure 2.
Although considerably broadened in DMPC-containing
mixtures, a single endothermic event corresponding to
the phase transition from gel (<Tn,) to liquid crystalline
(> Tm) was observed, suggestive of lipid miscibility.12 The
Tm onset temperatures extrapolated from the DSC scans
are plotted versus mole fraction DPPC in Figure 3. As
expected, the addition of DMPC to DPPC resulted in
lowering of T, from that of pure DPPC (41 °C), with a
nearly linear relationship between DMPC content and
Tm. Since our main goal was to design vesicle systems
that release calcium for mineral formation at or near
body temperature (37 °C), only DPPC/DMPC mixtures
containing 0—20 mol % DMPC were selected for further
study.

Ca?" release from the liposomes was detected using
Alll, which in the absence of Ca2* was found to have a
broad absorbance between 450 and 610 nm with a peak
maximum of 543 nm, along with a small shoulder peak
centered at 630 nm (Figure 4). At room temperature,
a dilute suspension of Ca-loaded DPPC liposomes in
Alll solution exhibited an absorbance spectrum similar
to that of Alll. However, when this suspension was

(12) Mabrey, S.; Sturtevant, J. M. Proc. Natl. Acad. Sci. U.S.A.
1976, 73, 3862.
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Figure 4. Room-temperature UV—vis spectra of Alll, an Alll/
calcium-loaded DPPC liposome suspension, and an Alll/
calcium-loaded DPPC liposome suspension after heating to 41
°C for 10 min.
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Figure 5. Absorbance at 650 nm of Alll suspensions contain-
ing DPPC, 10 mol % DMPC, and 20 mol % DMPC liposomes
during heating from room temperature to 50 °C. Suspensions
were unstirred during measurement. Plots are displaced
vertically for clarity.

heated at the T, of DPPC (41 °C) for 10 min a
substantial change in the absorbance spectrum was
noted. The Alll absorbance at 543 nm was significantly
attenuated, while new peaks centered at 572 and 611
nm emerged, corresponding to the formation of Ca?™—
Alll complex.1!? This result shows that Ca?* is released
from DPPC vesicles when heated at the lipid chain
melting temperature.

To more fully investigate the correlation between lipid
composition, T, and Ca?* release, Ca?*-loaded liposome
suspensions (0, 10, or 20 mol % DMPC) containing
extravesicular Alll were heated from room temperature
to 50 °C at 1 °C/min to determine the temperature of
Ca?" release. Release of encapsulated Ca?" was de-
tected by an increase in the absorbance at 650 nm
corresponding to formation of the Ca2*—Alll complex.
As shown in Figure 5, the absorbance of the Ca?"-loaded
DPPC liposome suspension remained relatively constant
above room temperature, increased dramatically at
approximately 39 °C, and remained relatively constant
above 40 °C.13 Several changes in Ca?* release behavior
were noted for liposomes constructed from DPPC/DMPC
mixtures. For example, the onset of Ca?" release (as
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Figure 6. pH of metastable liposome suspensions containing 0, 10, and 20 mol % DMPC immersed in isothermal water baths
equilibrated at (A) 35 °C, (B) 37 °C, (C) 39 °C, and (D) 41 °C. Suspensions were equilibrated at 25 °C for 30 min and then immersed
in water bath at time = 0. Samples were unstirred during measurement.

detected by the temperature at which the absorbance
increases dramatically) was found to be 36 and 34.5 °C
for liposomes containing 10 and 20 mol % DMPC, re-
spectively. Furthermore, the DMPC-containing lipo-
somes exhibited a secondary absorbance increase at 38—
39 °C. The secondary absorbance increase was of
smaller magnitude than the primary increase, but was
found to increase in intensity with increasing DMPC
content.

In the presence of extravesicular phosphate (and
provided the calcium concentration within the vesicles
is high enough), release of Ca2"t from vesicles will
culminate in the formation of hydroxyapatite (HAP,
Ca;0(P0O4)s(OH),) and/or brushite (CaHPO,4:2H,0) ac-
cording to the following idealized equations:

10CaCl, + 6Na,HPO, + 2H,0 —
Ca,(PO,)s(OH), + 12NaCl + 8HCI (2)

CaCl, + NaH,PO, + 2H,0 —
CaHPO,-2H,0 + NaCl + HCI (3)

(13) Some minor changes in the absorbance at 650 nm were detected
in DPPC suspensions at approximately 34 and 43 °C, which are
believed to be due to temperature-induced changes in DPPC vesicles.
The former is believed to be related to structural changes occurring at
the DPPC pretransition, while the origin of the latter is unknown.
These minor changes in absorbance are believed to be independent of
Ca?* release, as they were observed in control experiments of Ca-loaded
DPPC suspensions performed in the absence of Alll (data not shown).

Formation of either HAP (eq 2) or brushite (eq 3) will
result in liberation of acid and a drop in pH, which we
used as an indicator of mineral formation in phosphate-
containing liposome suspensions. Equal volumes of a
Ca-loaded liposome suspension!® and a sodium phos-
phate solution (67 mM) were combined, with the result-
ing mixtures having initial pH values of 8.4—8.6, which
is nearly that of the measured pH of the sodium
phosphate solution. Although highly supersaturated
with respect to apatite and other calcium phosphate
phases,'#15 the pH of the Ca-loaded vesicle/phosphate
suspensions changed only very slowly with time. After
30 min of equilibration at room temperature, the lipo-
some suspensions were immersed (time = 0) in an
isothermal water bath equilibrated at various temper-
atures, and the pH recorded for 30 min. Measurement
of the sample temperature during the experiment
yielded temperature rise profiles such as those shown
in Figure 1. Approximately 2 min was required to fully
heat the sample to the bath temperature.

Shown in Figure 6 are plots of pH versus time at 35,
37, 39, and 41 °C for Ca-loaded vesicles made from O,
10, and 20 mol % DMPC. At 35 °C, the pH of the 20%
DMPC suspension dropped nearly 3 pH units within the

(14) Driessens, F. C. M.; Verbeeck, R. M. H. Biominerals; CRC
Press: Boca Raton, FL, 1990; pp 37—59.

(15) Nancollas, G. H. In Biomineralization: Chemical and Bio-
chemical Perspectives; Mann, S., Webb, J., Williams, R. J. P., Eds.;
VCH Publishers: New York, 1989; pp 157—187.
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Table 1. Experimental Values of ApHzp and tgoy for
Ca?"-Loaded Liposome/Na;HPO, Suspensions Reacted
for 30 min at Various Temperatures®

DPPC 10% DMPC 20% DMPC
temp (°C) ApHso tsow(S) ApHszo tsow(S) ApHszo  taon (S)
35 0.03 NAP 0.21 780 3.04 118
37 0.06 NAP 2.88 172 3.08 76
39 0.43 670 2.81 84 3.09 98
41 3.22 84 2.91 66 3.17 40

a3 ApHszo = total pH change after 30 min of reaction at the
temperature indicated. tgoy, = elapsed time at which 80% of the
pH change occurred.  Calculation of tgoy Was not possible due to
the small total pH change.
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Figure 7. pH of metastable liposome suspensions containing
0, 10, and 20 mol % DMPC during storage at room tempera-
ture. Samples were left unstirred during storage but were
gently vortexed just prior to pH measurement.

first 2 min, whereas the 10% DMPC suspension fell only
0.2 pH units during the 30 min of the experiment. In
contrast, the pH of the DPPC suspension remained
virtually unchanged during the same time period. At
37 °C the pH of both the DMPC-containing suspensions
dropped nearly 3 pH units during the first 5 min,
although the pH of the 20% DMPC suspension fell at a
noticeably faster rate than the 10% DMPC suspension.
Again however, the pH of the DPPC suspension changed
only slightly during the experiment. At 39 °C the pH
of both DMPC-containing suspensions dropped rapidly
within the first 2 min, whereas the pH of the DPPC
suspension dropped approximately 0.4 pH units in 30
min. Finally, at 41 °C the pH of all liposome suspen-
sions studied dropped to less than 6.0 within 2 min of
immersion. For comparison purposes, the elapsed time
required to reach 80% of the total pH change (tso%) was
calculated from each of the curves shown in Figure 6.
These values are listed in Table 1.

Long-term pH experiments were also employed to
assess the room-temperature stability of the metastable
liposome suspensions. Suspensions were prepared as
described above and the pH monitored for up to 40 days
at room temperature without stirring (Figure 7). Dur-
ing the first 2 days at room temperature there were only
minor changes in pH, although between day 2 and day
4 there was a drop in pH of about 0.5 units for all
suspensions. Following this initial drop in pH, the
suspensions remained relatively stable over a period of
several weeks, dropping by an average of only 0.1-0.2
pH units more during this time. No major differences
were observed in the behavior of liposome suspensions

Chem. Mater., Vol. 10, No. 1, 1998 121

37C

pH
~

Time (min)

Figure 8. pH of a metastable DPPC/DMPC liposome suspen-
sion containing 10 mol % DMPC. Suspension was stored at
room temperature for 2 days and then immersed in a 37 °C
water bath at time = 0. Sample was unstirred during
measurement.
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Figure 9. Infrared spectrum of mineral recovered from a

metastable liposome suspension (20 mol % DMPC) after
isothermal reaction at 37 °C for 30 min.

with respect to lipid composition. Furthermore, when
liposome suspensions were aged for long periods of time
at room temperature and then heated to Tn, they
reacted in a manner identical with that of freshly
prepared suspensions in that the pH dropped rapidly
within the first few minutes of heating (Figure 8).
Mineral recovered from liposome suspensions after
reaction at T, for 30 min was characterized using
infrared spectroscopy (Figure 9) and powder XRD
(Figure 10). The infrared spectrum exhibited features
characteristic of both apatite and brushite minerals.16
The spectrum contained the absorption bands typical
of a poorly crystalline apatite (absorption bands at 3418,
1032, 600, and 562 cm™1), upon which were superim-
posed a number of weaker bands characteristic of
brushite (absorption bands at 3484, 1651, 875, and 530
cm™1). The presence of both brushite and poorly crys-
talline apatite was also apparent in the XRD pattern
(Figure 10). Although dominated by the crystalline
peaks of brushite, the XRD pattern contains a pair of
broad, low intensity reflections at approximately 26 and
32° 26 corresponding to the 002 and 211 reflections of

(16) Bailey, R. T.; Holt, C. In Calcified Tissue; Hukins, D. W. L.,
Ed.; CRC Press: Boca Raton, FL, 1989; pp 93—120.
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Figure 10. Powder XRD scan of mineral recovered from a
metastable liposome suspension (20 mol % DMPC) after
isothermal reaction at 37 °C for 30 min.

apatite, respectively. Thus, it is concluded that thermal
treatment of metastable liposome suspensions for 30
min at T, resulted in formation of a mixture of poorly
crystalline apatite and brushite.

Discussion

Numerous strategies have been devised to trigger
release of encapsulated reagents from liposomes upon
exposure to an applied physical or chemical stimulus.”
Stimuli-sensitive liposomes have been reported in the
literature that utilize temperature, pH, or light to effect
release of entrapped reagents.'’8-22 Many of these
systems exploit an increase in membrane permeability
associated with a physical or chemical change in the
phospholipids as a result of the applied stimulus. An
example of this approach is the release of entrapped
substances from liposomes at temperatures near the
lipid chain melting transition (T), a temperature at
which bilayer permeability is known to be significantly
enhanced.?2?2 This characteristic of lipid bilayers allows
the design of drug-filled liposomes that are relatively
impermeable to encapsulated molecules at one temper-
ature but highly permeable at another temperature.
Liposomes formulated to selectively release their con-
tents a few degrees above physiologic temperature have
been used in conjunction with local hyperthermia for
targeted drug delivery to tumors.?2

Our temperature-activated liposome mineralization
system (Figure 11) is a variation of this approach that
exploits two well-known properties of phospholipid bi-
layers: (1) the low permeability of lipid bilayers to mul-

(17) For arecent review, see: Gerasimov, O. V.; Rui, Y.; Thompson,
D. H. In Vesicles; Rosoff, M. Ed.; Marcell Dekker: New York, 1996; pp
679—746.

(18) Thomas, J. L.; Tou, H.; Tirrell, D. A. 3. Am. Chem. Soc. 1995,
117, 2949.

(19) Frankel, D. A.; Lamparski, H.; Liman, U.; O'Brien, D. F. J.
Am. Chem. Soc. 1989, 111, 9262.

(20) (a) Anderson, V. C.; Thompson, D. H. Biochim. Biophys. Acta
1992, 1109, 33. (b) Thompson, D. H.; et al. Biochim. Biophys. Acta 1996,
1279, 25.

(21) Papahadjopoulos, D.; Jacobsen, K.; Nir, S.; Isac, T. Biochim.
Biophys. Acta 1973, 311, 330.
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Figure 11. Schematic illustration of thermally triggered
liposome mineralization. At temperatures below the lipid chain
melting temperature (Tn), the liposome membrane effectively
isolates encapsulated calcium from extravesicular phosphate
ions. At T, ion transport permits mixing of calcium and
phosphate, which ultimately react to form calcium phosphate
mineral.

tivalent ions in the gel state (i.e., <Tp),2272° and (2) the
high permeability of lipid bilayers to small molecules
and ions that occurs at T1,.26728 These two properties
of phospholipid bilayers made it possible for us to
construct liposome suspensions that were highly super-
saturated with respect to HAP and exhibited two
distinct reactivity regimes: a low-temperature (T < Ty)
“metastable” state in which little or no mineral forma-
tion occurs, and a high-temperature (T = T,,) reactive
state in which mineralization occurs rapidly.

Metastable State at Temperatures Below Tp.
When Ca-loaded liposomes are combined with extrave-
sicular phosphate the high CaZ* and phosphate ion
concentrations render the suspension supersaturated
with respect to HAP, brushite, and other calcium
phosphates.141> Because they do not immediately min-
eralize, we consider the room-temperature liposome
suspensions to be functionally metastable, since release
of Ca?* from the vesicles will result in mineral formation
according to egs 2 and 3. The stability exhibited by the
room-temperature suspensions against calcium phos-
phate formation can be understood by considering the
nature of the ionic species present, their concentrations
both inside and outside of the vesicles, and the perme-
abilities of the individual ionic species across the lipid
bilayer.?® In the present case the relevant ions include
Ca?", Na*, HT, Cl-, OH~, and the various orthophos-
phate species PO43~, HPO42~, and H,PO4~. When the
Ca-loaded liposome suspension is initially combined
with the Na;HPO, solution due to the high pH (>8),
HPO42~ is the predominant phosphate species, and
concentration gradients are established for each species
across the liposome membrane (e.g., [CaZt]in > [Ca2*]out,
[HPO42]out > [HPO,427]", etc.).

Under conditions of constant temperature and pres-
sure the electrochemical potential difference for a spe-
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cies i (Af;) existing across a membrane separating two
compartments which have a common solvent, is given

by
Aji; = z;F(Ap) + RT In(c;*"/c;") (4)

where F = the Faraday constant, z; = the valence of
species i, T = temperature, R = the universal gas
constant, Ay is the electrical potential difference across
the membrane, and ¢;™ and c;°"t are the concentrations
of species i inside and outside of the membrane,
respectively.30

To a first approximation, Ca?* and HPO4?~ ions can
be considered relatively impermeable compared to the
other species.23-2529 However, diffusion of the more
permeable ions such as H*, Na*, OH~, and CI~ can occur
over time, resulting in compositional changes in both
the intra- and extravesicular solution. For example, to
equalize the difference between intravesicular pH (ini-
tially that of 0.2 M CaCl,, approximately 6.3) and
extravesicular pH (initially 8.4—8.6) OH™ ions can
diffuse down the concentration gradient (i.e., [OH~]out
> [OH~]" and into the vesicle. However, to preserve
charge neutrality this movement must be balanced by
counter-diffusion of anions, presumably ClI~. Alterna-
tively, a similar type of exchange between H+ ([H]" >
[H*]euty and Na* ([Nat]eut > [Na*]") ions could occur.
Either mechanism will give rise to a reduction in pH of
the extravesicular suspension, which is observed during
the early stages of room-temperature storage of the
liposome suspensions (Figure 7). Eventually an equi-
librium will be reached when the electrical potential
difference balances the chemical potential difference
(i.e., concentration gradient) existing across the mem-
brane so that the total driving force is zero and net
diffusion of species across the membrane ceases. In
reality, however, Ca?" and HPO42~ species slowly
permeate through the liposome membrane over time,
contributing to long-term compositional changes in the
intra- and extravesicular compartments. Ultimately,
this could lead to supersaturation of the intra- or
extravesicular space and mineral formation during
storage at room temperature. Other mechanisms that
may contribute to mineral formation during storage
include liposome rupture as a result of osmotic pressure
gradients, hydrolysis of the phospholipids, and room-
temperature fluctuations that may increase the perme-
ability of the liposome membrane.

Reactive State at Tn,. Lipid bilayer permeability
has been observed to be several orders of magnitude
higher at T, than even a few degrees above or below, a
phenomenon that has been attributed to the presence
of highly permeable interfacial regions between coexist-
ing “solid” (<Tm) and “fluid” (>Tm) bilayer regions.?8
Although permeability at T, apparently depends on
solute characteristics such as molecular weight and
charge,?” rapid release kinetics (1-2 min to reach
equilibrium) have been observed at T, for small mo-
lecular weight solutes.?127

The data shown in Figures 4 and 5 demonstrate that
heating Ca-loaded liposomes to Ty, results in release of
encapsulated Ca2". For DPPC liposomes, at tempera-
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tures well below T, (for DPPC, T, = 41 °C) Ca?"
leakage was minimal, reflecting the relative imperme-
ability of lipid bilayers to Ca?* ions below T,. The rate
of CaZ" release became significant a few degrees below
Tm (39 °C), peaked at approximately 40 °C, and then
decreased again above 42 °C. Temperature-dependent
Ca?™ release was qualitatively similar for DMPC-
containing liposomes except that the onset of Ca?"
release was lower than pure DPPC, with the magnitude
of the drop being related to the mol % DMPC in the lipid
mixture. For example, liposomes containing 10 mol %
DMPC began releasing Ca2* at 36 °C, or 3 °C less than
that of pure DPPC. Likewise, for liposomes containing
20 mol % DMPC the onset of Ca?* release was further
reduced to 34.5 °C.

Like Ca?* release, mineral formation in metastable
liposome suspensions was found to be strongly depend-
ent on both lipid composition and reaction temperature.
For the isothermal mineralization experiments we
selected liposomes containing 0, 10, and 20% DMPC
because these compositions yielded Ca?* release tem-
peratures near 37 °C. Comparison of the DSC thermal
transition data (Figures 2 and 3) with the mineraliza-
tion data (Figure 6 and Table 1) reveals that, in general,
mineral formation occurred to a significant extent only
in suspensions whose lipid T, was at or below that of
the reaction temperature. For example, at 35 °C the
20% DMPC suspension rapidly mineralized, whereas
the 10% DMPC and pure DPPC suspensions exhibited
little evidence of mineralization. However, at 37 and
39 °C rapid mineralization of both DMPC-containing
suspensions occurred. Rapid mineralization of the
DPPC suspension did not occur until 41 °C, the highest
temperature studied. The data suggest that a temper-
ature-induced increase in permeability of the phospho-
lipid bilayer near Tn, leads to release of Ca?*, which
reacts with extravesicular phosphate to form mineral.
Good agreement between the onset of Ca?" release
(Figure 5), rapid drop in pH (Figure 6), and the Ty, of
each lipid composition (Figures 2 and 3) supports this
interpretation.

The formation of a mixture of apatite and brushite
minerals upon heating of liposome suspensions to Tn,
is in agreement with the known pH dependence of
calcium phosphate crystallization'41> and with our
earlier findings on the effect of pH on surfactant-induced
mineral formation from metastable liposome suspen-
sions.® During the initial stages of mineral formation
from metastable liposome suspensions, the high pH
value (approximately 8.5 initially) and high concentra-
tion of calcium and phosphate ions are most likely to
lead to the formation of apatite mineral, probably
through a precursor phase such as amorphous calcium
phosphate (ACP) and possibly octacalcium phosphate
(OCP). However, as CaZ" release and mineral formation
progresses, acid is liberated as a byproduct of the
reaction between calcium chloride and sodium phos-
phate (egs 2 and 3), eventually reducing the pH below
7. Under these acidic conditions, the prevalence of the
H,PO,~ species in solution increases, favoring formation
of more acidic calcium phosphates such as brushite.1415
Thus, it is likely that under the changing pH conditions
of the liposome mineralization experiment, formation
of apatite mineral occurs during the initial (alkaline)
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stages, followed by brushite formation during the later
(acidic) stages. Although these experiments were not
buffered, we have shown in our earlier experiments that
the use of buffer can provide more control over the type
of mineral formed from metastable liposome suspen-
sions.8 More detailed experiments are being planned
to fully investigate the type, quantity, and sequence of
mineral formation occurring during thermally triggered
liposome mineralization.

It is apparent from inspection of the data in Figure 6
and Table 1 that Ca?' release and mineral formation
from pure DPPC suspensions becomes significant only
above approximately 39 °C; consequently, vesicles com-
posed of pure DPPC may not be useful for rapid
mineralization at body temperature (37 °C). However,
tailoring the composition of the lipid vesicles (by addi-
tion of DMPC) to adjust T, could be adopted as a
strategy to trigger mineralization at body temperature.
Furthermore, control of lipid composition could be
utilized to adjust the mineralization rate, which is likely
to depend on the rate of ion transport through the lipid
bilayer, which in turn should depend on the proximity
of the reaction temperature to Tr,. For lipid composi-
tions with Ty, at or near the reaction temperature, rapid
mineralization can be achieved due to the high perme-
ability of lipid bilayers at Tr,. For example, examination
of the data in Figure 6 and Table 1 reveals that the
mineralization reaction (as indicated by tggy,) was nearly
complete in just over 1 min for the liposomes containing
20 mol % DMPC. In contrast, it should also be possible
to produce a slowly mineralizing
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system by adjusting the lipid composition so that Ty, is
a few degrees above body temperature.

An important outcome of this study is the demonstra-
tion that metastable liposome suspensions can be pre-
pared, stored at room temperature for long periods of
time, and rapidly mineralized when subsequently heated
to body temperature. From a clinical perspective, im-
plementing thermally triggered mineralization could be
as simple as allowing a liposome-containing paste, gel,
or solution to warm to body temperature after being
applied (e.g., via syringe). Such an approach has many
potential applications in medicine and dentistry. For
example, a liposome-based remineralizing solution ap-
plied topically or as a mouth rinse might be useful for
depositing apatite mineral as a treatment for dentin
hypersensitivity or for remineralizing incipient caries.
For orthopedic and maxillofacial applications, thermally
triggered in situ mineral formation could be used to de-
posit a mineral or mineral/polymer composite bone sub-
stitute material to repair diseased or traumatized bone
defects. If the amount of mineral formed could be in-
creased or if the liposome suspension were to be used
in combination with a polymer to form a mineral/poly-
mer composite, in situ mineralization might provide the
mechanical properties necessary for these applications.
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