
Along with the development and improvement of in vivo
magnetic resonance imaging systems such as ESR imaging
system and Overhauser enhanced magnetic resonance imag-
ing (OMRI) system, durable organic radicals have been used
as imaging agents to probe various physiological status and
to trace drugs with these imaging systems. The paramagnet-
ism of durable nitroxyl radicals responds to their redox reac-
tions, and some of them are commercially available. For
these reasons, nitroxyl radicals have been conventionally
used as labels of drug carriers and probes for in vivo
redox status including the generation of reactive oxygen
species.1—7) However, the disadvantage of nitroxyl radicals is
the loss of their paramagnetism by enzymatic and nonenzy-
matic reduction in the body.8—11)

Triphenylmethyl radicals (trityl radicals) are another fam-
ily of durable organic radicals. These radicals are resistant to
various reducing and oxidizing agents such as ascorbic acid,
glutathione, hydrogen peroxide, and iron.12) Some water-sol-
uble trityl radicals such as Oxo63 gave a long ESR relaxation
time giving a singlet, a very narrow ESR signal, and the re-
laxation time relating to the line width was sensitive to the
partial pressure of oxygen. Toxicities of the radicals were re-
portedly low (LD50, 8 mmol/kg in mice).13) Therefore, they
have been injected intravenously into experimental animals,
and in vivo oxygen maps have been imaged with OMRI14)

and ESR imaging.15) Furthermore, water-soluble trityl radi-
cals were also utilized as probes of superoxide generation12)

and pH16) for ESR spectroscopy and its imaging. In contrast
to hydrophilic trityl radicals, only a few reports have de-
scribed the application of hydrophobic ones. Although per-
chlorotriphenylmethyl triethylester radical (PTM-TE; Chart
1), one of the hydrophobic trityl radicals, also showed a sin-
glet ESR signal, its oxygen response was solvent-depend-
ent.17) The oxygen response of its ESR line width was high in

a highly hydrophobic environment. Therefore, the radical
was doped in oxygen-permeable resin chips made of polydi-
methyl siloxane18) or encapsulated into microspheres of hexa-
methyldisiloxane.19)

For the hydrophobic property and stability of PTM-TE,
this radical is a potential label to trace drug carriers such as
liposomes and lipid microspheres in live animals without
using a radioisotope. In order to use PTM-TE as a label of li-
posomes, knowledge about its manner of incorporation into
liposomal membranes is necessary. In this study, multilamel-
lar liposomes composed of either egg yolk phosphatidyl-
choline (egg-PC) or egg-PC and cholesterol were prepared
with PTM-TE. The lateral distribution of PTM-TE in the
membranes and the effect of cholesterol on the distribution
were analyzed with ESR spectroscopy.

Experimental
Reagents PTM-TE was synthesized in our laboratory following meth-

ods reported in the literature.17) Egg yolk L-a-phosphatidylcholine (egg-PC)
was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, U.S.A.), cho-
lesterol and dicetyl phosphate (DCP) from Sigma-Aldrich Chemical Co. (St.
Louis, MO, U.S.A.), and mineral oil (aliphatic hydrocarbon; average mole-
cular weight, 385; Ultragrade 15) from BOC Edwards Vacuum Technology
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Perchlorotriphenylmethyl triethylester radical (PTM-TE) is a hydrophobic, stable radical giving a narrow
singlet ESR signal with a small satellite signal for 13C in organic solvents. In order to use PTM-TE as a label of
liposomal membranes, its manner of incorporation into liposomal membranes was studied. Two components,
broad and narrow signals, were observed on the ESR spectrum of PTM-TE incorporated into liposomal mem-
branes composed of egg yolk phosphatidylcholine (egg-PC). The broad signal was increased by the presence of
cholesterol in the membranes. The spectral anisotropy of the broad signal was very small as analyzed with ori-
ented planar multilamellar membranes. The narrow signal increased with an increase in temperature in the ab-
sence of cholesterol, whereas only a small increase in the signal was observed in the presence of cholesterol. The
g-value and line width of the narrow signal were very close to those of PTM-TE in mineral oil, whose viscosity is
close to the microviscosity in the hydrophobic region of egg-PC membranes. On the other hand, the g-value and
line width of the broad signal were close to those of solid PTM-TE. These observations indicate that the broad
signal observed in liposomes originates from PTM-TE clusters in the membranes. The clusters were dissolved in
egg-PC membranes at a PTM-TE/egg-PC molar ratio of less than 0.017. However, the clusters were hardly dis-
solved in the presence of cholesterol.
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Chart 1. Structure of PTM-TE



(Wilmington, MA, U.S.A.).
Preparations of Liposomes and Planar Membranes Multilamellar li-

posomes were prepared as described by Bangham et al.20) Chloroform solu-
tions of egg-PC (1.5 mmol), DCP (0.1 mmol), and various amounts of PTM-
TE or the solutions of egg-PC (1 mmol), cholesterol (0.5 mmol), DCP
(0.1 mmol), and various amounts of PTM-TE were mixed separately, and
chloroform was evaporated. The lipid films were evacuated and then hy-
drated with 100 m l of Dulbecco’s phosphate buffered saline (PBS) without
Mg2� and Ca2� (Life Technologies, Invitrogen; PBS).

Planar multilamellar membranes were prepared as described previously.21)

Chloroform solutions of lipids containing PTM-TE were mixed, and the so-
lution was transferred onto a glass plate (18 mm�3 mm, 0.15 mm thick).
After evaporation of chloroform, lipid films were hydrated with a drop of
PBS and covered with another glass plate.

ESR Measurement ESR spectra for liposomes and oriented planar
multilamellar membranes were recorded as described previously.21) Liposo-
mal suspension (14 m l) was taken into a 100 m l disposable micropipette
(Drummond Scientific Co., Broomall, PA, U.S.A.), placed in an ESR sample
tube, and set in an ESR cavity. Planar multilamellar membranes were placed
in an ESR sample tube and set in an ESR cavity so that the orientation of the
membrane plane was parallel or perpendicular to the magnetic field. X-Band
ESR spectra were recorded at 100 kHz field modulation with a JEOL FX-
100 spectrometer equipped with a temperature controller. Mn2� was used as
an internal standard of the ESR cavity. Spectral simulation was performed
with an isotropic simulation system IsoSim/FA ver. 2.10 (JEOL).

Results
ESR Spectra of PTM-TE Incorporated in Liposomal

Membranes Multilamellar liposomes composed of egg-
PC/DCP/PTM-TE (1.5 : 0.1 : 0.05 molar ratio; egg-PC lipo-
somes) and egg-PC/cholesterol/DCP/PTM-TE (1 : 0.5 : 0.1 :
0.05 molar ratio; egg-PC/cholesterol liposomes) were pre-
pared, and ESR spectra for the liposomes were recorded at
room temperature (about 28 °C). As shown in Fig. 1a, ESR
spectrum for egg-PC liposomes showed a narrow singlet sig-
nal with shoulders as indicated with arrowheads. The peak-
to-peak line width (DHmsl) for the narrow signal was
0.151 mT. The shoulder was large in the presence of chole-
sterol in liposomal membranes (Fig. 1b), and the spectrum
showed an apparently broad singlet line (DHmsl�0.444 mT).
This suggests that the shoulder is not mainly originated from
13C nuclei, but rather from 12C-PTM-TE in the state other
than that of the radical giving a narrow signal.

To examine whether or not orientation of PTM-TE in
membranes gives rise to the broad ESR signal, planar multi-
lamellar membranes composed of egg-PC/cholesterol/DCP
(1 : 0.5 : 0.1 molar ratio) were prepared and the spectra were
recorded under a magnetic field perpendicular and parallel to
the plane of the membrane. As shown in Fig. 2, only a small
difference was observed in the shape of these spectra, indi-
cating that the orientation of PTM-TE does not affect the line
width of ESR spectrum.

ESR Spectra of PTM-TE in Solutions and Solid PTM-
TE To characterize ESR spectra of PTM-TE in the liposo-
mal membranes, the ESR spectra of the radical in various
solvents were examined. PTM-TE was soluble in organic sol-
vents such as chloroform, n-hexane, n-octanol, methanol,
and mineral oil. The ESR spectra of PTM-TE dissolved in
these solvents were composed of narrow singlet line with a
small satellite doublet signal that originated from 13C nuclei
(Figs. 3a, b), in accordance with the ESR spectrum in the lit-
erature in which PTM-TE had been dissolved in dimethylsul-
foxide.17) The line widths were 0.149 mT for the chloroform
solution and 0.144 mT for the mineral oil solution. These line
widths were very close to the value of narrow component of
ESR signal for the egg-PC liposomes (0.151 mT). PTM-TE
was nearly insoluble in water as demonstrated in Fig. 3c,
where no signal was observed in its PBS solution even under
saturation.

In contrast to ESR signal for PTM-TE solutions, the signal
of solid PTM-TE was composed of a single broad line in ac-
cordance with the literature (Fig. 3d, thick line).17) The broad
signal for egg-PC/cholesterol liposomes was similar to this
signal, although the line width of signal for egg-PC/choles-
terol liposomes (0.444 mT) was slightly smaller than that of
the signal for solid PTM-TE (0.503 mT). This suggests the
possibility that the broad signal for the liposomes results
from cluster formation of PTM-TE in the membranes. It is
noteworthy that the g-value of the broad signal for the solid
(2.00234) was slightly larger than that of the narrow signal
for the mineral oil solution (2.00218), as observed in the su-
perposition of both spectra (Fig. 3d).

Temperature Dependence of ESR Spectra of PTM-TE
in Liposomal Membranes It has been reported that in-
creased temperature increased membrane fluidity, and that
the increased fluidity, in turn, dissolved phase separation
within the membranes.22,23) To examine whether or not for-
mation of PTM-TE clusters are involved in the line-broaden-
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Fig. 1. ESR Spectra of PTM-TE in Egg-PC (a) and Egg-PC/Cholesterol
Liposomes (b) at Room Temperature

The egg-PC liposomes composed of 0.05 mmol PTM-TE, 1.5 mmol egg-PC, and
0.1 mmol DCP and the egg-PC/cholesterol liposomes composed of 0.05 mmol PTM-TE,
1.0 mmol egg-PC, 0.5 mmol cholesterol, and 0.1 mmol DCP were prepared in 100 m l of
PBS. The ESR spectra were recorded at room temperature (about 28 °C). Amplitude of
the field modulation was 0.08 mT. Arrowheads indicate the broad component of the
PTM-TE signal.

Fig. 2. ESR Spectra of PTM-TE Incorporated into Planar Multilamellar
Membranes

Planar multilamellar membranes composed of egg-PC/cholesterol/DCP/PTM-TE
(1 : 0.5 : 0.1 : 0.05 molar ratio) were prepared and ESR spectra were recorded at room
temperature (about 28 °C) with the external magnetic field parallel (black line) and per-
pendicular (gray line) to the membranes. Amplitude of the field modulation was
0.08 mT.



ing, the temperature for ESR measurement was increased. As
shown in Fig. 4a and b, the narrow signal was separated and
increased in both egg-PC and egg-PC/cholesterol liposomes
with an increase in temperature. The increase of the narrow
signal was more remarkable in egg-PC liposomes. Those
temperature-dependent alterations of the spectra were re-
versible. The spectrum for egg-PC/cholesterol liposomes was
composed of at least two signals at 55 °C as distinguished by
the difference in the line width. As shown in Fig. 5a, the sep-
aration of the narrow signal from the broad one was clearer
on the shoulder of half-peak at lower field (open arrowhead)
than on that of half-peak at higher field (filled arrowhead),
indicating that the g-value of the broad signal is slightly
larger than that of the narrow one. The difference in the g-
value was confirmed with spectral simulation with a singlet
narrow signal (g�2.0022) accompanied by doublet narrow
signal and two singlet broad signals (g�2.0023) with differ-
ence in their line width (Fig. 5b). These observations support
the formation of PTM-TE clusters in the liposomal mem-
branes.

Effects of Molar Ratio of PTM-TE to Lipids on ESR
Spectra of PTM-TE When molar ratio of PTM-TE to egg-
PC was reduced to one-tenth of the liposomes indicated in
Fig. 1a, no broad component was observed in egg-PC lipo-
somes (Fig. 6a). Therefore, effect of molar ratio of PTM-

TE/lipids on the appearance of broad component was exam-
ined. Intensity of ESR signal was plotted as a function of
concentration of PTM-TE under constant concentration of
lipids in the liposomal suspensions (Fig. 6b). The height of
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Fig. 3. ESR Spectra of PTM-TE Solutions and Solid PTM-TE

PTM-TE was dissolved in chloroform (a) or mineral oil (b) at a concentration of
0.1 mmol/l, and ESR spectra were recorded. PTM-TE was vigorously mixed with PBS
and the aqueous phase was removed. ESR spectrum for the aqueous phase was
recorded (b). ESR spectrum for solid PTM-TE (thick line) was superposed on the spec-
trum for PTM-TE dissolved in mineral oil (thin line) (d). These spectra were recorded
at room temperature (about 28 °C). Amplitude of the field modulation was 0.016 mT for
a—c and 0.08 mT for d.

Fig. 4. ESR Spectra of PTM-TE in Egg-PC (a) and Egg-PC/Cholesterol
Liposomes (b) at Various Temperatures

The egg-PC and egg-PC/cholesterol liposomes were prepared as mentioned in the
legend to Fig. 1. ESR spectra for the liposomes were recorded at various temperatures
as indicated at the left hand side of each spectrum. Amplitude of the field modulation
was 0.08 mT. Temperature for ESR measurement was increased from 21 to 55 °C and
then returned to 21 °C.

Fig. 5. Experimental and Simulated ESR Spectra for Egg-PC/Cholesterol
Liposomes Recorded at 55 °C

Experimental spectrum (a) is the same as that for egg-PC/cholesterol liposomes
recorded at 55 °C in Fig. 4. The broad component on half-peak at lower field (open ar-
rowhead) was clearer than the component on half-peak at higher field (filled arrow-
head). The simulated spectrum (b) was composed of four components; a narrow singlet
signal (g�2.0022, DHmsl�0.129 mT, 70% Lorentzian/30% Gaussian, intensity 20.0), a
doublet signal (g�2.0022, aC13�1.081 mT, DHmsl�0.129 mT, 70% Lorentzian/30%
Gaussian, intensity 1.0), a broad singlet signal (g�2.0023, DHmsl�0.403 mT, 100%
Lorentzian, intensity 180.0), and a broad singlet signal (g�2.0023, DHmsl�1.000 mT,
30% Lorentzian/70% Gaussian, intensity 150.0).



the ESR signal for egg-PC liposomes was on the straight line
passing through original point up to 0.25 mmol/l of PTM-TE.
However, the height was lower than this line at 0.5 mmol/l of
PTM-TE because of appearance of broad signal component
as observed in Fig. 1a. The observation suggests that clusters
of PTM-TE were formed at higher molar ratio of PTM-TE to
lipids. The critical concentration of PTM-TE was approxi-
mately 0.25 mmol/ml in the liposomal suspensions, which
corresponds to PTM-TE/egg-PC molar ratio�0.017. In con-
trast to egg-PC liposomes, nearly no narrow component was
appeared in egg-PC/cholesterol liposomes at any PTM-TE
concentrations. The signal height for egg-PC/cholesterol li-
posomes was lower than that for egg-PC liposomes while the
signal increased in proportion to the concentration of PTM-
TE (Fig. 6b). This may indicate that clusters of PTM-TE are
hardly dissolved in the presence of cholesterol in the mem-
branes.

Discussion
The ESR signal of PTM-TE incorporated in egg-PC lipo-

somal membranes were composed of the narrow and broad
components. The presence of cholesterol in the membranes
increased the broad component. Both signal components
should originate from PTM-TE within the membranes be-
cause PTM-TE was nearly insoluble in water. The question
was why the broad component appeared in the ESR spectra
of PTM-TE in the liposomes. In general, line-broadening of
an ESR signal of paramagnetic molecules results from in-

complete averaging of g-tensor and hyperfine-tensor
anisotropies by restricted tumbling motion of the molecules
in a viscous environment and from spin-spin interaction with
another paramagnetic molecule as usually observed in con-
centrated solutions of paramagnetic molecules. The line
width of the broad component (0.444 mT) was close to that
for solid PTM-TE (0.503 mT). An increase in temperature re-
duced the broad component of the ESR signal for the lipo-
somes. The spectral simulation clarified that the g-value for
the broad component was slightly larger than that for the nar-
row component as observed in the ESR spectra of the PTM-
TE solid and the PTM-TE solution. The broad component
was disappeared in egg-PC liposomes, when PTM-TE was
diluted in the membranes. These observations strongly sug-
gest that the formation of PTM-TE clusters (PTM-TE-rich
domain) in membranes is the origin of the broad signal.

The viscosities of chloroform and the mineral oil are
0.57 mPa · s and 89 mPa · s, respectively, at 20 °C (product in-
formation of BOC Edwards, Israel). On the other hand, the
microviscosity of the hydrophobic region of egg-PC lipo-
somes has been reported to be approximately 80 mPa · s at
25 °C,24,25) implying that the molecular motion of PTM-TE in
mineral oil should be restricted as well as in the hydrophobic
region of egg-PC liposomes. The similar spectral line widths
for the chloroform solution (0.149 mT) to that for the mineral
oil solution (0.144 mT) indicate that the broad component of
the ESR signal of PTM-TE in the liposomes (DHmsl�0.4 mT)
does not result from restricted molecular motion of the radi-
cal in the membranes. This conclusion was supported by the
observation that the narrow and broad components coexisted
even at higher temperature (Fig. 4), because increased tem-
perature should increase the molecular motion of PTM-TE
uniformly unless phase separation exists.

The egg-PC membranes are known to be in a liquid crys-
talline phase at room temperature. It is also known that the
hydrophobic molecules are usually distributed homoge-
neously in phospholipid membranes in liquid crystalline
phase. For example, it was reported that spin-labeled an-
drostanol mixed homogeneously with phosphatidylcholine
above the gel–liquid crystalline phase transition temperature
of the membrane lipid (in liquid crystalline phase) while the
spin-labeled sterol formed clusters below this temperature (in
gel phase).26) The unusual behavior of PTM-TE is probably
attributable to Cl · · ·Cl and p · · · p interactions between aro-
matic rings of neighboring radicals.15) Aggregate formations
of the derivatives of perchlorotriphenylmethyl radical have
been observed in dichloromethane/toluene (1 : 1 v/v) and ex-
plained by the above interactions, which had always been ob-
served in crystal structures of the radical derivatives.27) The
molecular shape of PTM-TE may also contribute to the phase
separation. The derivatives of triarylmethyl radicals includ-
ing perchlorotriphenylmethyl radicals were reported to be
bulky and propeller-shaped.28—30) PTM-TE with such a bulky
structure may be excluded from membranes to form PTM-
TE clusters.

In contrast to egg-PC liposomes, PTM-TE easily formed
clusters in egg-PC/cholesterol liposomes. PTM-TE clusters
were hardly dissolved in egg-PC/cholesterol liposomes, even
if the concentration of PTM-TE was decreased in the mem-
branes. Cholesterol is known to harden egg-PC mem-
branes.31) It was reported that cholesterol increased molecu-
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Fig. 6. Effects of PTM-TE/Lipid Ratio on the ESR Spectrum for the Lipo-
somes

(a) Liposomes composed of 0.005 mmol PTM-TE, 1.5 mmol egg-PC, and 0.1 mmol
DCP were prepared in 100 m l of PBS. ESR spectrum for the liposomes was recorded at
room temperature (about 21 °C). Amplitude of the field modulation was 0.08 mT. (b)
The egg-PC liposomes (open circle) and egg-PC/cholesterol liposomes (filled circle)
were prepared at various molar ratios of PTM-TE/lipids. The amounts of lipids in the
liposomal suspensions were kept constant: 1.5 mmol egg-PC and 0.1 mmol DCP in
100 m l of PBS for egg-PC liposomes and 1.0 mmol egg-PC, 0.5 mmol cholesterol, and
0.1 mmol DCP in 100 m l of PBS for egg-PC/cholesterol liposomes. The height of the
overall spectrum was plotted against concentration of PTM-TE in the liposomal sus-
pension.



lar packing in egg-PC/cholesterol monolayer at the air-water
interface.32) The exclusion of bulky PTM-TE molecules from
ordered fatty acyl chains of egg-PC is probably liable to
occur in lipid membranes. The p · · · p interaction between
aromatic rings of PTM-TE and cholesterol might also con-
tribute to the formation of a PTM-TE-rich domain.

Because the height of the ESR signal is inversely propor-
tional to the square of the peak-to-peak line width of the sig-
nal, the line-broadening caused by clustering of PTM-TE in-
terferes with the sensitive detection of the radical by ESR
spectroscopy/imaging and OMRI. Furthermore, phase sepa-
ration sometimes causes leakage of drugs entrapped in lipo-
somes.33) Therefore, formation of PTM-TE clusters should
be avoided when PTM-TE is used as a label to trace drug-
carrier liposomes in the body. The present study demon-
strated that PTM-TE clusters decreased with a decrease in
the molar ratio of PTM-TE to lipids and apparently disap-
peared at a PTM-TE/egg-PC ratio of ca. 0.017, indicating
that this ratio should be optimum for labeling. In the present
study, DCP was incorporated in the liposomal membranes to
stabilize the membranes. It was also confirmed that DCP did
not affect distribution of PTM-TE in the membranes (data
not shown). Toxicity of PTM-TE is, at present, unclear al-
though toxicity of water-soluble trityl radicals has been re-
ported to be low.13) Transfer of hydrophobic molecules to
bio-membranes may induce some effects on the cell func-
tions. Therefore, toxicity also should be examined before ap-
plication of the liposomes labeled with PTM-TE to pharma-
cokinetic study of the liposomes.

The conclusion was summarized in Chart 2. PTM-TE was
easily incorporated into egg-PC liposomal membranes re-
gardless of the inclusion of cholesterol in the membranes.
PTM-TE distributed homogeneously in egg-PC liposomes up
to PTM-TE/egg-PC molar ratio of at least 0.017, while the
radical formed clusters at higher PTM-TE/egg-PC molar
ratio. On the other hand, PTM-TE apparently existed as only
its clusters in the presence of cholesterol in the membranes at
room temperature.
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Chart 2. Schematic Illustration of the Effects of Cholesterol and PTM-TE
Concentration in Egg-PC Liposomal Membranes on the Distribution of
PTM-TE in the Membranes

PTM-TE formed clusters in egg-PC liposomes at high PTM-TE/egg-PC molar ratio,
whereas the radical formed clusters in egg-PC/cholesterol liposomes regardless of the
molar ratio. The critical PTM-TE/egg-PC molar ratio for the formation of PTM-TE
clusters was ca. 0.017 in egg-PC liposomes.


