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Purpose. An innovative, noninvasive, low-frequency electron spin
resonance (ESR) spectroscopy method was applied and adapted to
investigate the integrity of multilamellar liposomes from hydrogenat-
ed phospholipids after subcutaneous injection in living mice. More-
over, the fate of the injected liposomal preparations was examined, as
well as the possibility to achieve a depot effect.

Methods. Highly concentrated solutions of the spin probe 2,2,6,6-
tetramethyl-4-trimethylammoniumpiperidine-1-oxyl-iodide (CAT-1;
138 mM) were encapsulated in liposomes. They were characterized
by laser diffraction, and the liberation of spin probe was investigated
by ESR spectroscopy.

Results. Line shape changes allowed the differentiation between en-
capsulated and released CAT-1 after subcutaneous injection of lipo-
somes. Multilamellar liposomes form a local depot at the site of in-
jection. A sustained release of the spin probe from the depot was
monitored by means of ESR. Whereas 40% of the spin probe was
released within the first 96 h after administration, 60% remained in
intact liposomes under the skin. No depot formation could be ob-
served after injection of CAT-1 solutions, but a fast signal decrease
due to systemic distribution and bioreduction of the nitroxide spin
probe.

Conclusions. Noninvasive analysis of liposomal integrity in living ani-
mals was successfully accomplished using a new L-Band ESR spec-
troscopy method. The liberation of CAT-1 from liposomes in vitro
and in vivo was monitored by changes in the lineshape of ESR spectra
and Heisenberg spin exchange. The significance of liposomal integ-
rity for the formation of a localized drug depot effect was proved.

KEY WORDS: in vivo ESR; liposomes; spin exchange, subcutane-
ous.

INTRODUCTION

Following former in vivo electron spin resonance (ESR)
studies on pharmacokinetics and metabolism of parenteral
lipid emulsions in living mice (1), low frequency ESR spec-
troscopy was applied and adapted to investigate the integrity
of multilamellar liposomes after subcutaneous injection in
mice. Liposomes have received considerable interest as ve-
hicles for drug targeting to the lymphatic system (2). Subcu-
taneous injection has been the route of administration most
extensively investigated for this purpose (3). The targeting of
the lymph nodes is of particular interest for the treatment
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with antitumor, antibacterial, and antiviral drugs (4). Further-
more, the use of subcutaneously administered liposomes in
the field of vaccination and rheumatism, with the aim of a
prolonged release of antigenes and the formation of a local
drug depot, is also in the focus of interest (5,6). However,
many drugs have severe tissue damaging effects, (i.e., the vesi-
cant properties of antineoplastics). Therefore, the local ad-
ministration of the free drugs is not feasible. An advantage of
liposomes relates to the observation that the entrapment of
highly irritating drugs in liposomes protects surrounding tis-
sue from the direct cytotoxic effect of the drug after s.c., i.d.,
i.p., and i.m. injection (7). This effect is related to the reduced
amount of the free drug at the site of injection. Compared to
other formulations, the encapsulation of drugs in multilamel-
lar or multivesicular liposomes leads to a sustained release of
the drugs, which can cover days or weeks if the liposomes are
administered subcutaneously (8,9,10). The drug release can
be modified by the composition of the membrane and is sig-
nificantly enhanced from liposomes with membranes in the
“fluid-state” compared to those in the “gel-state” (11). On the
other hand, the size of the liposomes decides on their uptake
to the lymphatic system and therefore the distribution in the
body (4). Depot formulations on the basis of liposomes
proved to be especially suitable for the administration of
highly potent drugs such as cytostatics, peptides (i.e., inter-
ferone) and analgesics. Corresponding formulations have
been already tested in clinical trials or have been permitted
for usage (12).

Previous reports have shown that ESR spectroscopy pro-
vides information about the physical properties of liposomes;
that is, membrane fluidity (13,14) and the pharmacokinetics
of drug delivery systems administered to living animals (1,15),
respectively. Therefore, in the current report, an ESR spec-
troscopy method has been described for the noninvasive
study of liposomal integrity after their subcutaneous injection
in living mice. It will be shown that this method can be used
to distinguish between encapsulated spin probes and those
released from the liposomes after administration. Further-
more, it was investigated if the multilamellar liposomes used
led to the formation of a local depot at the site of injection.
The importance of liposomal integrity for the depot effect of
liposomes was another subject of interest. Finally, the influ-
ence of back-up materials in the hydrogenated egg lecithin
Presome C1 on the release of the spin probe CAT-1 from the
aqueous interior was investigated.

MATERIALS AND METHODS

Materials

The liposomal lipid systems Presome C1 (hydrogenated
egg yolk lecithin/cholesterol; 1 mol:1 mol) and Presome
PPG-I (dipalmitoylphosphatidylcholin/cholesterol/dipal-
mitoylphosphatidylglycerol; 1 mol:0.2 mol) were donated by
Nippon Fine Chemical Co., Ltd. (Osaka, Japan). The spin
probe 2,2,6,6-tetramethyl-4-trimethylammoniumpiperidin-1-
oxyl-iodide (CAT-1) was purchased from Aldrich (Gilling-
ham, UK). 1,1-Diphenyl-2-picrylhydrazyl (DPPH) was pur-
chased from Sigma (Poole, UK), sodium ascorbate from
Fluka (Seelze, Germany), halothane Hoechst, used for anes-
thesia from Hoechst (Frankfurt, Germany), and potassium
hydrogenphosphate, disodium hydrogenphosphate, and so-
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dium chloride from Sigma (Seelze, Germany). Female hair-
less mice (HR-1) were purchased from Kyudo Animal Co.
Ltd. (Kumamoto, Japan).

Liposome Preparation

Multilamellar vesicles (MLV) were prepared from the
lipid mixtures Presome C1 or Presome PPG-I. The final lipid
concentration was 100 mg/ml. An isoosmolar solution of the
spin probe CAT-1 (138 mM), which does not penetrate the
liposomal membrane easily due to its charge, was incorpo-
rated into the vesicles during hydration (1 h). Before and after
hydration, the lipids were dispersed in the aqueous media by
using a minishaker. The liposomes were precipitated by cen-
trifugation at 3500 rpm. Non-encapsulated spin probe was
removed by washing with isoosmolar phosphate buffer (pH
7.4) until the concentration was below 2%.

Liposome Characterisation

The size of the liposomes was characterised by laser dif-
fraction on a Coulter 230 (Coulter Electronics, Buckingham-
shire, UK) with a measuring range from 40 nm to 2000 pm,
thus giving the volume distribution, and the frequency distri-
bution of the vesicle diameter was determined.

In Vitro ESR Measurement by X- and L-Band
ESR Spectroscopy

In order to determine the concentration-depending line-
shape of the ESR-spectra of the spin probe CAT-1, 50 pl of
12 solutions with concentrations in the range between 1 and
250 mM were transferred to disposable capillary tubes and
their X-band ESR-spectra were recorded at 32°C with a ESR
300 (ZWG Adlershof, Berlin, Germany) with the following
parameters: 9.5 GHz microwave frequency, 2 mW microwave
power, 0.1 mT modulation width, 337 mT B-field, 8.0 mT
sweep, 1 min sweep time.

Encapsulation efficiency was determined by reducing the
non entrapped spin probe with sodium ascorbate and com-
paring the ESR signal intensity after double integration with
the one of the original preparation.

The liberation rate of the spin probe was determined by
transferring 100 pl of the liposomal preparation to 150 pl of
an iso-osmolar sodium ascorbate solution (pH 7.4) and phos-
phate buffer (pH 7.4), respectively. Both solutions were 139
mM. Fifty microliters of the resulting mixtures were trans-
ferred to disposable capillary tubes, and X-band ESR spectra
were recorded. Signal intensities were determined after
double integration. The share of the spin probe liberated into
the buffer has been computed from spectra.

In Vivo ESR Measurement by L-Band ESR Spectroscopy

Female hairless mice (HR-1) weighing about 20 g were
anesthetized with halothane, and 60 pl of the liposomal
preparations and a CAT-1 solution were injected in the back,
respectively. The still anesthetized mice were placed in a
loop-gap resonator of an L-band ESR spectrometer, and
spectra were recorded either over the injection site or the
chest of the animals with a JES-RE-1L (JEOL, Tokyo, Japan)
using the following parameters: 1.1 GHz microwave fre-
quency, 3 mW microwave power, 0.2 mT modulation, 44.0 mT
B-field, 12.0 mT B-scan, 120 s sweep time. DPPH served as
standard and was fixed under the body of the animals at the
site of injection and the chest, respectively.
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Analysis of in Vitro and in Vivo ESR Measurements

The obtained spectra were assessed concerning their dy-
namic parameters. In addition to any of the diffusional mod-
els, as represented by the rotational correlation time Ty, it is
possible to account approximately for the effects of isotropic
Heisenberg spin exchange between probe molecules with a
rate specified by wgg (16-18). The integral share and the lin-
ewidth (AH) of ESR spectra were determined with a com-
puter program for the calculation of ESR spectra (19). Quan-
titative analysis was performed by double integration of ESR
spectra. The rate constants of reduction and spin probe lib-
eration were determined by fitting procedures.

RESULTS

Lineshape of ESR Spectra

If high concentrations of the spin probe CAT-1 are en-
capsulated in liposomes and the nonencapsulated parts are
removed from the preparation, one can distinguish between
encapsulated spin probe and that released from the lipo-
somes. This is possible because ESR spectra of solutions with
high concentrations of nitroxyl spin probes are broad single
line signals, whereas free nitroxyl spin probes released from
liposomes are detected as sharp triplet lines due to their low
concentration in the surrounding media. Figure 1A shows the
ESR spectra of six different CAT-1 concentrations. The tran-
sition of the spectrum from a sharp triplet line to a broad
single line signal with increasing concentrations of CAT-1 is
due to dipol-dipol interactions and increasing spin exchange
between the molecules. The spin exchange has been deter-
mined ranging from 2.00 x 1077 s at a concentration of 1 mM
to 1.35 x 107 s at a concentration of 250 mM (Fig. 1B).
Simultaneously, the rotational correlation times increase
from 4.21 x 107° s to 1.10 x 10~® s due to the increasing
viscosity of the solutions.

At low concentrations of CAT-1, the typical three-line
signal of a spin probe can be observed. Increasing the con-
centration up to 50 mM still gives a three-line signal but with
increasing linewidths. Above that concentration the signal
shape changes gradually to a one-line signal due to spin ex-
change. Further increase in concentration exceeding 138 mM
now shows a decrease in linewidth of the one-line signal.
Therefore not only a dilution of the spin probe solution can
be monitored by analyzing the linewidth but also the loss of
water from the inside of the liposomes. General consider-
ations of spin exchange are described in (20).

Liposome Characteristics

The commercially available liposomal systems Presome
C1 and Presome PPG-I allow a fast production of multilamel-
lar vesicles by hydrating the phospholipids under stirring with
the solute that is supposed to be entrapped. Laser diffraction
data of liposomes that were obtained out of the production
process are presented in Table I. The distribution of liposome
sizes made from Presome PPG-I shows two maxima at 0.432
pm and 1.919 pwm, respectively. The majority of the particles
(99%) were smaller than 2.540 wm. The size of liposomes
from Presome C1 also showed a bimodal distribution but with
their maxima at 0.755 wm and 1.919 pm, respectively. Ninety-
nine percent of the particles had diameters below 2.933 pm.
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Fig. 1. X-Band ESR spectra of the spin probe CAT-1 (A), Heisenberg spin exchange and rotational correlation
times (B), depending on the concentration of the spin probe CAT-1.

According to the laser diffraction data 40% of the liposomes
made from Presome PPG-I have diameters below 0.452 pm.
According to Oussoren et al. (4), liposomes with diameters
between 0.04 um and 0.40 wm are gradually taken up into the
lymphatic system and therefore distributed in the body. The
uptake rate to the lymphatic system depends on the particle
size. Only 10% of the liposomes made from Presome C1 have
diameters below 0.40 wm, thus only a small amount of those
particles will be distributed by the lymphatic system.

Even though that there are differences in the particle
sizes between liposomes made from Presome C1 and Presome
PPG-I, the encapsulation efficiency of the spin probe CAT-1
in the multilamellar liposomes (i.e., the fraction of the spin
probe that is localized inside the liposomes, related to the
overall amount of spin probe used for the preparation; that is
53% in case of Presome C1 and 52% in case of Presome
PPG-I), which was determined after reduction of the non-
entrapped spin probe with sodium ascorbate, is almost the
same.

Table I. Selected Properties of Liposomes Made from Presome C1
and Presome PPG-I

Presome C1 Presome PPG-I

Diameter of liposomes (um) and frequency distribution

5% 0.343+£0.230  0.111 £ 0.011

10% 0.452£0.141  0.154 £ 0.019

50% 1.051 £0.023  0.602 + 0.050

90% 2.331+£0.384  2.053+0.012

95% 2.576 £ 0.438  2.225+0.010

99% 2933 +£0.523  2.540 +0.007
Encapsulation efficiency (%) 51.8+0.9 528 +0.1
First-order rate constant of

liberation
In sodium ascorbate buffer (h™') 0.010 0.012
In phosphate buffer (h™') 446 x 107 6.61 x 107

Liberation of CAT-1 from Liposomes

The liberation process of CAT-1 from the liposomes to
the outer medium has been investigated at 32°C, in order to
obtain information on the changes that the lineshape of ESR
spectra undergoes while the spin probe is released. Because
nitroxides are reduced to the corresponding diamagnetic hy-
droxylamines inside the body by reducing agents such as
ascorbic acid and thioredoxin reductase (21,22), the liberation
process was investigated both in sodium ascorbate solution
and phosphate buffer, respectively.

The addition of sodium ascorbate to the liposomal for-
mulations leads to a reduction of the released CAT-1. Due to
the decreasing radical concentrations in the inner phase of the
liposomes, the spin-spin interactions between the nitroxide
radicals are also decreasing. As an effect a transition of the
corresponding ESR spectra from a broad single line signal
(AH 1.60 mT) to a triplet line signal (AH 0.18 mT) occurs (Fig.
2A). The intensity of the latter one decreases until only 1%
of the initial concentration remains in the formulation after
168 h.

Due to the liberation of the spin probe a concentration
gradient inside of the liposomes occurs. This can be proved by
the simulation of the experimental spectra recorded after 10
and 24 h, respectively. The simulation indicates that the re-
corded spectra consist of a superimposition of three single
spectra namely a singlet (AH 1.62 mT), a triplet with broad
(AH 0.81 mT), and a triplet with narrow single lines (AH 0.34
mT), respectively. These spectra are assigned to three differ-
ent concentrations inside the liposomes. While the originally
encapsulated solution leads to a single broad line, the triplet
with sharp narrow lines proves the existence of areas with low
concentrations of the spin probe within. The third spectrum
contributing to the experimental spectrum can be assigned to
an intermediate concentration. The result makes clear that
CAT-1is released from the liposomes by permeation through
the liposomal membrane and not by the disintegration of the
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Fig. 2. L-band ESR spectra of CAT-1 encapsulated in Presome
PPG-I liposomes depending on the time after the addition of sodium
ascorbate (A) and phosphate buffer (B) to the liposome prepara-
tions, respectively.
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particles. Otherwise the signal intensity would decrease with-
out a transition of the lineshape.

Spectra of CAT-1 encapsulated in liposomes that were
incubated in phosphate buffer are presented in Fig. 2B. The
spectra prove the possibility to distinguish between encapsu-
lated CAT-1 (singlet, AH 1.62 mT) and the spin probe re-
leased to the dispersion media of the liposomes (triplet, AH
0.17 mT). In the course of the liberation, the amplitude of the
triplet signal is increasing. In contrast to the liposomes, that
were incubated in sodium ascorbate solution, the lineshape of
the originally recorded ESR spectra largely remains un-
changed throughout the experiment. The analysis of the lib-
eration constant shows, that the liberation of the spin probe
from liposomes that were incubated in sodium ascorbate so-
lution is accelerated, in comparison to those that were incu-
bated in phosphate buffer (Table I). This can be explained by
an elevated concentration gradient which is due to the con-
tinuous reduction of the spin probe outside of the liposomes.
Contrary the spin probe molecules, which were released from
liposomes in phosphate buffer, they remain at the surface of
the liposomes due to their opposite charge. Therefore the
concentration gradient as well as the liberation constant de-
crease.

The results show that encapsulated and non encapsulated
CAT-1 can be distinguished due to the lineshape of the ESR
spectra. Furthermore, the method gives evidence whether the
spin probe is liberated by diffusion or by disintegration of the
liposomes. The enhanced liberation of CAT-1 in sodium
ascorbate solution indicates that its liberation will also be
accelerated if reducing factors (i.e., enzymes) interact with
subcutaneously administered liposomes.

In Vivo ESR Measurements

After the subcutaneous injection of the liposomally en-
capsulated spin probe in hairless mice, the ESR spectra re-
corded over the site of injection were a superimposition of
three single components, namely a triplet with a low signal
intensity (AH 0.24 mT), a signal with a narrow single line (AH
0.21 mT), and a broad singlet (AH 1.54 mT) with a small
amplitude (Fig. 3). While the narrow single line was assigned
to DPPH, which was used as a standard in order to calibrate
the accuracy of the signal intensity, the encapsulated parts of
the spin probe CAT-1 were detected as a broad single line. In
the course of 96 h, ESR spectra could be recorded over the
site of injection showing these two components and therefore
prove the integrity of the liposomes under the skin. The third
component of the ESR spectra recorded at the beginning of
the investigation, namely the three-line signal, was assigned to
the nonencapsulated parts of the spin probe and to the parts
released during the subcutaneous injection, respectively. The
transition to a three-line signal is caused by the dilution of the
spin probe and therefore by the reduction of spin-spin and
dipole-dipole interactions when it is released from the lipo-
somes. Within the first hours after injection, the small shares
of the nonencapsulated spin probe were reduced to such an
extent that a differentiation between the signal and the noise
of the ESR spectra was difficult. In one of the investigated
formulations, no triplet compound could be observed already
after 2 h (Fig. 3A). The fast reduction due to bioreduction of
the nonencapsulated parts of the spin probe gives evidence
for the importance of the vesicle structure for the depot effect
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Fig. 3. Two L-band in vivo ESR experiments (A and B) involving
CAT-1 (138 mM) encapsulated in Presome PPG-I liposomes after
subcutaneous injection in hairless mice with DPPH as external stan-
dard, in dependency on the time. The low and high field peaks of the
three-line signal from released CAT-1 are indicated by arrows.
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of liposomes. On the other hand, the triplet signal was clearly
detectable in the ESR spectra which were recorded in the
time between 24 and 96 h after the subcutaneous injection of
the liposomal formulations (Fig. 3B). This proves that there is
still a continuous release of the spin probe from the liposomes
after 24 h.

After the subcutaneous injection, there were no ESR
spectra of CAT-1 recordable over the chest of the animals,
that is, we could not observe an uptake of liposomes into the
lymphatic system and the systemic distribution of the spin
probe.

The determined linewidths and the integral shares of the
single components of the recorded ESR spectra remain nearly
unchanged over 96 h (Fig. 4).

After the subcutaneous injection of CAT-1 solutions, a
fast decrease of the spin probe concentration at the site of
injection was registered by the changes of the ESR lineshape
(Fig. 5). The ESR spectra recorded directly after the injection
were a superimposition of the DPPH signal (AH 0.20 mT), a
broad single line of the CAT-1 solution (AH 1.69 mT), and a
three-line signal (AH 0.37 mT). The three-line signal could be
assigned to the spin probe, which was distributed in the sur-
rounding tissue and therefore underlying a dilution. Within 30
min, the triplet signal became the most dominant component
of the recorded spectra (Fig. SA). The existence of the two
singlet components could only be proved by fitting of a cal-
culated spectrum to the recorded spectrum. The contribution
of the three-line signal to the experimental spectra increases
from 9% directly after the injection to 88% after 60 min (Fig.
6). Simultaneously, the amplitude of the three-line signal in-
creased due to the decreasing spin-spin interactions and the
ongoing decrease of the linewidth of the signal. Further on the
contribution of the three-line signal decreases until after 180
min, the three-line signal disappears at the injection site. The
increase of the relative share of the DPPH signal in the re-
corded spectra to 100% after 180 min proved the reduction
and the systemic distribution of the spin probe, respectively.
The systemic distribution could also be observed by means of
the ESR spectra, which were recorded over the chest of the
animals (Fig. 5B). A three-line signal was detected 15 min
after the injection of the spin probe solution next to the single
line signal of the DPPH standard. Up to 45 min the amplitude
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Fig. 4. Relative integral share of the singlet and triplet component of
ESR spectra depending on the time after subcutaneous injection of
encapsulated CAT-1 in hairless mice (¥ + range, n = 3).
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of the three-line signal increased, then remained nearly un-
changed in the spectra recorded after 45 and 80 min. After
that, the amplitude decreased until after 170 min, the three-
line signal diminished. These results prove a fast distribution
and reduction of the injected spin probe CAT-1 inside of the
animals.

Quantitative Analysis of in Vivo ESR Spectra

By means of the quantitative analysis of the in vivo ESR
spectra, which were recorded over the site of injection, dif-
ferences between liposomes and solutions can be shown as far
as the depot effect and the systemic distribution of the lipo-
somes are concerned. After the injection of the CAT-1 solu-
tions the signal intensity decreased by a first order kinetic
(Fig. 7). The rate constant was 'k = 0.011 h™". The formation
of an edema at the site of injection resulted in a decrease of
the rate constant of the spin probe reduction (‘k = 0.004 h™).
Therefore, CAT-1 ESR signals were detectable over 300 min.
On the other hand the period, while ESR signals were detect-
able over the chest of the animals, was not influenced.

In contrast to solutions the reduction of the signal inten-
sity in liposomal preparations did not decrease exponentially
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Fig. 7. Signal intensity of CAT-1 depending on the time after subcu-
taneous injection of Presome C1 liposomes, Presome PPG liposomes,
and phosphate buffer in hairless mice, with (solution A) and without
(solution B) formation of an edema at the site of injection, respec-
tively (¥ + range, n = 3).
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but linear. The rate constant of the zero order kinetic was
% = 0.478% h! for Presome C1 liposomes and °k = 0.441%
h~! for Presome PPG-I liposomes, respectively. According to
the rate constants, the spin probe is not released faster from
hydrogenated egg lipids than from hydrogenated semisyn-
thetic lipids. Within 96 h, that were monitored during this
study, the signal intensity of the spin probe decreased by 40%.
This means that the main part of the spin probe was available
over a longer period of time.

DISCUSSION

In this study, the integrity of subcutaneously adminis-
tered liposomes in living mice was analyzed noninvasively by
an innovative method using in vivo low-frequency ESR spec-
troscopy (1,23). The method is based on the possibility to
differentiate CAT-1 solutions with high and low concentra-
tions by means of the shape of their ESR signals. Whereas the
ESR signals of solutions with high concentrations of CAT-1
are broad single lines due to spin exchange, the diluted solu-
tions of the spin probe show a three-line ESR signal. There-
fore, it was possible to observe the release of the spin probe
by the change of the lineshape in vitro and in vivo, respec-
tively. The change of the spectrum from a broad single line
into a three-line signal, that occurs in the moment the spin
probe is liberated, is caused by a decrease of the Heisenberg
spin exchange (Fig. 1). The current method is quite unique
and completely different from radioactive tracer methods.
The currently applied radioactive tracer methods, which are
commonly used for such examinations, are characterized by
the enclosure of radioactively marked drug in liposomal
preparations and/or marking constituents of the membrane,
followed by tracking the distribution process in the body (23).
But contrary to the newly developed ESR method, the radio-
active signal of the tracers is not inevitably bound to the
integrity of the liposomes. The method differs from previ-
ously used ESR methods, where solutions with low concen-
trations of the spin probe are encapsulated, and the existence
of an ESR signal in the skin is supposed to indicate the in-
tegrity of the particles. By means of the current method, we
were able to show that not only an ESR signal remains until
96 h after the subcutaneous injection of the liposomes, but
also by the lineshape of the signal that its existence is bound
to the integrity of the injected liposomes. These results un-
derline the importance of the liposome integrity for the depot
effect. It is also substantiated by the fact that nonencapsulated
parts of the spin probe, which were liberated during the in-
jection, are reduced within a few hours before a continuous
release of CAT-1 from the spin probe depot starts. The ex-
tent, by which liposomes can prolong the presence of the spin
probe and therefore of potential drugs at the site of injection,
was shown by comparison of the signal intensities after the
injection of liposomes and solution, respectively. According
to that about 60% of the spin probe remains at the site of
injection up to 96 h after the injection when applied in form
of liposomes. Whereas a complete distribution in the body
and reduction takes place when a spin probe solution was
injected.

When liposomes are introduced into any body compart-
ment, essentially two things can happen: 1) liposomal con-
tents may be released, with or without disintegration of the
vesicles under the influence of factors in the biologic environ-
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ment and/or 2) vesicles can be transported through the tissues
in circulating lymph fluid or blood where some or all of the
dose may be taken up by cells (24). The linewidths and line
shapes of the singlet components of the ESR spectra of the
liposomal preparations does not alter after injection. This is a
hint that the concentration of the CAT-1 solution inside the
liposomes under the skin does not significantly change
throughout the study. Moreover, a loss of water from the
liposomes can be excluded as well as a partial release of the
spin probe from the liposomes to the surrounding. The per-
meation of the spin probe through the liposomal membrane
can be also excluded because the analysis of the experimental
ESR spectra gives rise to only two species, namely the spec-
trum of the encapsulated and the spectrum of the released
spin probe. A concentration gradient, as it was discussed
above for the liberation experiment with ascorbic acid, could
not be observed. Thus from the analysis of the experimental
spectra, the conclusion can be drawn that the decrease of the
spin probe concentration at the site of injection is not related
to a release under maintenance of the liposomal integrity. It
could be rather related to an uptake and removal of the li-
posomes by the lymphatic system or a disintegration of the
particles due to phagocytosis, adsorption, or fusion of the
liposomes with the cells of the surrounding tissue. The signal
decrease for formulations made from Presome C1 and Pre-
some PPG-I is nearly identical, which does not speak for a
removal of the liposomes from the place of injection. In case
of a massive removal of the liposomes by the lymphatic sys-
tem the rate constants should have been significantly different
since in formulations made from Presome PPG-I 40%, and in
formulations from Presome C1 only 10% are available for a
potential uptake into the lymphatic system, due to particle
size as it was discussed by Oussoren et al. (3). The typical
spectrum of the spin probe CAT-1 cannot be observed in the
spectra that were recorded over the chest of the animals,
which confirms that the injected liposomes remain at the site
of injection. Thus, the decrease of the signal intensity is most
probably related to a disintegration of the liposomes in the
local depot. Under the given conditions, no differences were
detected between the liposomes made from semisynthetic lip-
ids and those from egg lipids concerning the disintegration of
the vesicles and spin probe reduction, respectively.

As a conclusion, it can be stated that we successfully
accomplished the noninvasive analysis of liposomal integrity
in living animals by using a new L-Band ESR spectroscopy
method. The liberation of CAT-1 from liposomes in vitro and
in vivo was monitored by changes in the lineshape of ESR
spectra and Heisenberg spin exchange. The significance of
liposomal integrity for the formation of a localized drug depot
effect was proved.
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