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The partitioning, rotational correlation times (�R), and electron spin–lattice relaxation times (T1e) of various small
spin probes in dispersions of a triglyceride membrane were investigated using CW-ESR (continuous wave-electron spin
resonance) and SR (saturation recovery) spectroscopies. The partitioning of small spin probes, DTBN and TEMPO, in the
aqueous and vesicle phases was determined by an ESR linewidth simulation. The results suggest that DTBN and TEMPO
have a similar partitioning in the vesicle phase throughout the temperatures studied. The simulation results were quite
different from those of conventional intensity analysis. In addition, the rotational correlation times of the vesicle phase
for both probes varied from 1:2� 10�10 to 4:9� 10�10 s. The activation energy (Ea) calculated from the �R values in
the phase was �29 [kJ/mol] for the probes. The thermal behavior based on the Ea value is that in between the 12-doxyl-
stearic acid (12-DSA) and 16-DSA moieties of the membrane. The longer �R and shorter T1e (�0:33 ms) values of DTBN
in the vesicle phase were obtained, and could be attributed to the probe environment in the membrane. Thus, the present
experimental evidence has provided a qualitative understanding of the probe dynamics as well as the membrane proper-
ties.

The ESR (Electron Spin Resonance) spin probe methodolo-
gy is advantageous for studying molecular dynamics in biolog-
ical membranes on time scales from nanoseconds to millisec-
onds.1,2 Changes in the probe motion are reflected in the ESR
linewidth because of anisotropy in the g-value and in the nitro-
gen hyperfine structure. The lineshape of the ESR signal can be
analyzed to determine the rotational correlation time (�R). The
�R of a small spin probe in aqueous dispersions of lipid mole-
cules is difficult to calculate. The spin probe exists at two sites:
the aqueous and vesicle phases; conventional 9 GHz ESR can
not differentiate between the two phases. Advanced ESR tech-
niques, such as saturation recovery (SR), can be used to extract
information about each phase separately. The electron spin–lat-
tice relaxation time (T1e) obtained by SR provides insight con-
cerning the processes by which spin probes exchange energy
with their surrounding membrane chains. That is, the T1e values
provide the overall tumbling mobility of the probe in the mem-
brane. The combination of ESR and SR spectroscopic tech-
niques could lead to descriptions of the membrane fluidity, dy-
namics, and translational diffusion.3–7 However, limited studies
of the advanced techniques used in biological membranes have
been made.

Triglycerides are one of the three principal foodstuffs, to-
gether with carbohydrates and proteins. Poly(oxyethylene) hy-
drogenated castor oil (termed HCO), derived from one of the
lipids and related natural products, has a unique chemical struc-
ture of triglyceride. It consists of a uniform fat structure em-
bodying oxyethylene groups unlike most naturally occurring
triglycerides, which are composed of three mixed fatty por-
tions. Thus, HCO is an ideal amphiphilic membrane used to in-
vestigate membrane dynamics. Conventional and advanced
ESR investigations of the membrane can provide a detailed un-
derstanding of the bilayer behavior as well as its dynamic struc-

ture. Moreover, the thermal behavior is one of the central roles
of the bilayer to understand the membrane properties.

In a previous investigation, HCO was found to be a natural
nonionic (amphiphilic) surfactant that forms vesicles.8 A stable
multi-lamellar vesicle with an average diameter of �500 nm
was observed. Furthermore, detailed motions including chain
ordering of aliphatic spin probes in the membrane were inves-
tigated.9–11 Chain ordering obtained by a slow-tumbling com-
putational analysis for various spin probes in the membrane re-
vealed that the probe moiety of 12-doxylstearic acid (12-DSA)
(doxyl: 4,4-dimethyl-3-oxazolidinyloxyl) is relatively flexible.
The terminal region of the membrane has very high fluidity,
which is supported by a shorter T1e. The T1e values become
shorter when the position of the probe moves toward the inner
membrane. ESR and SR studies also provided dynamic infor-
mation regarding the different types and rates of motion in
the membrane.

In this investigation, the physicochemical properties, such as
the partitioning, rotational correlation times (�R), and electron
spin–lattice relaxation times (T1e) of various small spin probes
in aqueous solution containing a dispersion of HCO, were in-
vestigated. Overlapped and linewidth altering ESR signals of
the aqueous and vesicle phases were analyzed using a line-
width-calculated program to determine the partitioning. The ac-
tivation energy calculated using the �R values can be associated
with the segmental micro-viscosity around the spin probes in
the membrane. Further molecular dynamics of the spin probes
was studied by SR. The correlation times of the probes are also
discussed in relation to T1e.

Materials and Methods

Materials. Poly(oxyethylene) (10) hydrogenated castor oil
(termed HCO) of the highest grade was donated by Nikko Chem-
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icals Co. Ltd. (Tokyo, Japan) and used as received. The HCO had
about 10 moles of oxyethylene moieties per mole of the compound.
The spin probes, di-t-butyl nitroxide (DTBN), 2,2,6,6-tetramethyl-
piperidin-1-oxyl (TEMPO), 4-hydroxy-2,2,6,6-tetramethylpiperi-
din-1-oxyl (TEMPOL), 4-oxo-2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPONE), and 3-(aminomethyl)-proxyl (CTPO) (proxyl:
2,2,5,5-tetramethyl-1-pyrolidinyloxyl), were obtained from Al-
drich Chemical Co. and used as received. The chemical structures
of the HCO and the spin probes used in this study are depicted in
Fig. 1.

Sample Preparations. Two sample preparations were used at
ambient temperature. Method one: A weighed amount of HCO was
dissolved in a few milliliters of chloroform.12 The weighed spin
probe was dissolved in �0:3 mL of chloroform and mixed with
the HCO chloroform solution. After evaporation of the chloroform
in a rotary evaporator, a 10 wt % dispersion of the HCO/spin probe
in distilled water (HPLC grade, Nacalai tesque, Japan) was pre-
pared. One aliquot of the dispersion solution was used for the
ESR measurements. The final concentration of the spin probe
was approximately 10 mmol dm�3 for the CW (continuous wave)
ESR and 100 mmol dm�3 for the saturation recovery (SR) measure-
ments. It is noted that slightly different doping concentrations of
the small spin probes did not change the HCO properties.

Method two: HCO was dispersed in water to �10 wt %, and a
spin probe was added to the solution. A test tube containing the dis-
persion solution was agitated on a vortex mixer until completely
dispersed. The final concentration of the spin probe was the same
as that in method one. For CW ESR measurements, the dispersion
solution was placed in a glass capillary (i.d. 0.9 mm) and one end
was sealed.

Deoxygenation. For CW ESR, the sample solution (�0:15
mL) was deoxygenated for about 15 min in an AtmosBag (Aldrich,
U.S.A.), and the solution was put into a capillary (i.d., 0.9 mm;
o.d., 1.4 mm; Nippon Rikagaku Kikai Co. Ltd., Japan). The sample
capillary was inserted into a 3-mm ESR tube (JEOL Datum) in the

AtmosBag.
Degassing of the previous SR measurements was carried out us-

ing a gas-permeable plastic capillary, known as TPX.6,7,13 For this
investigation, Teflon tubes to achieve degassing were used in the
following manner. Two Teflon tubes were inserted side-by-side
in a 4-mm ESR tube. One Teflon tube (i.d., 0.96 mm; o.d., 1.56
mm) contained the sample solution. Nitrogen was passed through
the second Teflon tube (i.d., 1.5 mm; o.d., 2 mm) to purge oxygen
from the solution. Detailed descriptions are given elsewhere.9

CWESRMeasurements. ESRmeasurements were made with
a 9 GHz JEOL FE 1XG spectrometer with a TE011 cylindrical cav-
ity. The sample temperature was controlled by nitrogen gas flow
through the Dewar vessel using a JEOL ES-DVT system. The
ESR signals were digitized using a Scientific Software Services da-
ta-acquisition system (Illinois, U.S.A.). The microwave frequency
was measured using an EMC-14 X-band microwave frequency
counter (Echo Electronics Co., Ltd., Japan). Typical conditions
were as follows: microwave frequency, 9.185 GHz; microwave
power, 10 mW; modulation amplitude, 0.08 mT; time constant,
0.1 s; sweep rate, 0.312 mT per minute.

CW ESR Linewidth Simulation. The overlapped ESR signal
from different environments was simulated by the linewidth calcu-
lation. The linewidth can vary under certain probe environments.
When line broadening arises from incomplete averaging of the g-
factor and the hyperfine coupling interactions in the limit of rapid
tumbling in solution, the linewidth varies with the magnetic quan-
tum number (M) from one component to the next across the spec-
trum. The dependence of the linewidth of an individual hyperfine
line is given in the motional narrowing region by the following ex-
pression:14,15

� ¼ Aþ BMI þ CMI
2; ð1Þ

where � is the linewidth, MI is the nuclear spin quantum number,
and A, B, and C are the functions of nitrogen g-factor and hyperfine
tensor. It is noted that the A term contributes to the overall spec-
trum, the B term causes an anisotropy in the spectrum, and the C

term broadens the spectrum symmetrically. In the simulation, pa-
rameters (A, B, and C) were changed to obtain the best-fit simulat-
ed spectra. The best-fit spectra were chosen based on minimization
of the residual between the experimental and simulated spectra.
Based on the simulated spectra of the two phases, aqueous and
vesicle, the partitioning of spin probes at each temperature was de-
termined.

Rotational Correlation Time. Various methods have been de-
veloped for determining the correlation time for the molecular mo-
tion based on changes in the amplitude, position, and widths of the
ESR lines.14,15 A small molecule in an aqueous dispersion general-
ly has a rotational correlation time (�R) on the order of �10�10 s.
The time scale of �R can be estimated from the spectra of a nitro-
xide spin probe using the following expression:16–19

�R ¼
2
ffiffiffi
3

p
giso�e
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 ! ffiffiffiffiffiffiffi
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where �e is the electron Bohr magneton, h� is Plank’s constant, I is
amplitude of a peak, and subscripts þ1, 0, and �1 are the nuclear
quantum numbers for 14N. �Hpp0 is the peak-to-peak linewidth of
the centerline. The values of giso and b are calculated from the
parameters for immobilized spin probe:

giso ¼
1

3
ðgxx þ gyy þ gzzÞ; ð3Þ

Fig. 1. Chemical structures of poly(oxyethylene) hydrogen-
ated castor oil (HCO) and various nitroxide spin probes.
The number of oxyethylene groups in the HCO used in this
investigation was approximately 10.
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Calculations of �R for the spin probes were made using the magnet-
ic principal values.20 The parameters Iþ1, I0, I�1, and �Hpp0 ob-
tained from the experimental spectra were used to calculate �R.
It is noted that Eq. 2 is used for the relatively fast motion of small
spin probes, but not for the slower motion of various aliphatic spin
probes.

Saturation Recovery Measurements. The electron spin–lat-
tice relaxation time (T1e) was measured by a home-built saturation
recovery (SR) spectrometer at the University of Denver.21 A 5-
loop-4-gap resonator (LGR) was used.22 The sample temperature
was monitored with a thermocouple positioned immediately above
the resonator. The magnetic field for recording the recovery signal
was set on the high-field nitrogen hyperfine line for the probe in the
vesicle or aqueous phase. Artifacts were removed by subtracting an
instrumental background response that was measured with the
magnetic field set 10 mT higher than for the signal. The data were
collected with a pump time of 5 ms, which was long relative to the
recovery time constants and relative to the tumbling correlation
times. Under these conditions, the contribution to the recovery
due to spectral diffusion is minimized and the time constant is as-
signed as T1e. The detailed experimental settings are also given
elsewhere.9,19

Results and Discussion

CW ESR of Spin Probes. The CW ESR spectrum of the
spin probe (DTBN) in aqueous dispersions consists of two
overlapping signals, as presented in Fig. 2(A). The contribu-
tions from the two triplets are best resolved for the high-field
hyperfine line. The ESR lines from the probe in the vesicle
phase are broader than those from the aqueous phase. The mo-
lecular motions of the spin probe in the vesicle are somewhat
restricted. In addition, the ESR spectrum obtained from

DTBN/HCO/H2O shows relatively sharp ESR lines. The spec-
tral difference between the aqueous and vesicle phases is more
noticeable than that for TEMPO (Fig. 2).

Figure 3 shows the ESR spectra of the TEMPO/HCO/H2O
system. ESR signals of spin probes between the aqueous and
vesicle phases were measured as a function of the temperature.
Focusing on the high-field lines, the signal amplitude of the
vesicle phase increases as the temperature increases. The vesi-
cle intensity becomes dominant above �40 �C. Similar ESR
observations were obtained for the DTBN/HCO/H2O system.

The ESR spectra of the probe partitioning between the two
phases were analyzed using the simulation program (Eq. 1),
which takes into account the linewidth change. The percent
of the partitioning was determined by calculating the aqueous
and vesicle signals. The representative best-fit spectra along
with the experimental spectra are presented in Fig. 4. The ob-
tained partitioning of the spin probes is plotted as a function
of the temperature in Fig. 5. The error mainly comes from
the sample preparations at ambient temperature as well as a
slight difference between the observed and calculated spectra.
The simulation results suggest that the partitioning of DTBN
and TEMPO in the vesicle phase is similar. The partitioning
(�50%) of the probe at 15 �C increases to 74% at the higher
temperature, and shows no abrupt change (Fig. 5). Moreover,
the partitioning for both probes shows a similar temperature be-
havior, and can be in direct relation to the membrane properties.
These results are quite different from the previously reported
values, which were calculated using the peak intensities.8b

There are two main reasons for the discrepancy. First, the true
vesicle intensity is not the same for the overlapped resultant
signal. Second, the linewidths of the probe in the vesicle vary

Fig. 2. The ESR spectra of (A) DTBN and (B) TEMPO in
aqueous dispersions of HCO. Schematic description re-
garding the ESR spectra comprising the two triplets: a part
of the probe is in the vesicle phase and the remaining is in
the aqueous phase. The two sets of hyperfine lines, which
are resolved for the high-field hyperfine line, are marked
in (A).

Fig. 3. Temperature dependence of the ESR spectra for the
spin probe (TEMPO) in aqueous dispersions of HCO. The
temperatures at which the spectra were obtained are indi-
cated.
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when the tumbling motion changes.
When TEMPONE and TEMPOL in the dispersions were ex-

amined in a similar manner to those for DTBN and TEMPO, no
distinguishable vesicle peak for both at different temperatures
was found. Only the nitrogen triplet was observed. The ESR hy-
perfine splitting suggests that both TEMPONE and TEMPOL
might remain in the aqueous phase, or might have very small
g-value and hyperfine differences in the two phases.

In order to analyze the tumbling motion of the spin probes in
the vesicle phase, the rotational correlation time (�R) was cal-
culated using Eq. 2. The molecular tumbling time in the slightly
slow fluctuation regime (�10�10 s) can be estimated by the ex-
pression. The equation can be used to evaluate the motional be-
havior of spin probes in the membrane. The ESR spectra of the
vesicle phase were obtained by subtracting two spectra under
the same experimental temperature and ESR conditions. The
reference spectra were used by dissolving spin probes in
H2O. The subtraction was able to eliminate the aqueous peaks.
Also, the subtraction was examined with slightly different dop-
ing concentrations of the probe. It is noteworthy that slightly
different doping concentrations of the probe do not affect the
HCO properties. However, it is true that one must have a good
reference spectrum for the subtraction method. The representa-
tive ESR spectra obtained after subtraction are shown in Fig. 6.
Based on the subtracted ESR spectrum, the �R was calculated.
The value of �R for DTBN changes from 1:2� 10�10 to 4:9�
10�10 s at the temperatures studied. The value of �R for
TEMPO changes from 1:2� 10�10 to 4:2� 10�10 s. The long-
er correlation time (�4:2� 10�10 s) is an indication of ESR
line broadening, especially for the high-field line. This also
proves that one should not use peak intensity analysis.

The temperature dependence of the rotational correlation
times for DTBN and TEMPO in the vesicle phase is presented
as a function of the inverse of the absolute temperature in Fig. 7.
It is notable that the correlation time and the partitioning show
no drastic change throughout the temperatures studied. An
Arrhenius-type equation gives the activation energy for the spin
probe in the phase,

�R ¼ �R0 exp
Ea

RT

� �
; ð5Þ

where Ea is the activation energy, R is the gas constant, and T is
the absolute temperature. The slopes of the plots give the acti-

Fig. 4. The representative experimental and simulated ESR
spectra for TEMPO in aqueous dispersions of HCO.

Fig. 5. Partitioning of the vesicle phase for DTBN ( ) and
TEMPO ( ) in H2O dispersions of HCO as a function of
the temperature.

Fig. 6. The representative ESR spectra of the vesicle phase.
The ESR spectra were obtained by the subtraction of
TEMPO aqueous peaks.
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vation energies (Fig. 7). The activation energies obtained for
TEMPO and DTBN in the membrane are 27:6� 1:7 and
29:7� 1:7 [kJ/mol], respectively. The results suggest that both
thermal motions are similar in the membrane. Moreover, the Ea

of �29 [kJ/mol] is that in between 24 [kJ/mol] of 12-DSA and
37 [kJ/mol] of 16-DSA of the membrane.9 The activation ener-
gy implies that the probe moiety has a similar temperature be-
havior as well as an approximate location in the membrane.

The calculated �R for TEMPONE of the TEMPONE/HCO/
H2O system is approximately 5� 10�11 s, and is independent
of the temperature in the range of 20–50 �C. The value of �R
is close to the free rotational tumbling time. The estimated
�R from the spectra for TEMPO and DTBN in the aqueous
phase was close to the value. Similar results were obtained
for TEMPOL at the same temperature range. The correlation
times of TEMPOL and TEMPONE in the dispersions were
one order of magnitude faster than that for TEMPO in the vesi-
cle phase.

Spin–Lattice Relaxation Time (T1e) of Small Spin Probes.
In order to further examine the probe motion in the vesicle
phase, a direct observation of the interaction between the spin
probe and the lattice (membrane) was attempted using SR.
The interaction of the probe contributes to the relaxation time
in the membrane. T1e’s for the probes in the aqueous and vesi-
cle phases were measured at a magnetic field corresponding to
the maximum intensity in the first-integral spectrum for each of
the components of the high-field hyperfine line. The typical SR
signal from the vesicle peak in the DTBN/HCO/H2O system at
22 �C is presented in Fig. 8. A single-exponential fit to the ex-
perimental data is shown by the dotted line. At this temperature,
the signal-to-noise ratio of the SR signal from the vesicle phase
is poorer than that for the aqueous phase because of a weaker
ESR intensity.

The T1e’s of the probes in the vesicle phase showed a very

weak temperature dependence in the examined range (Fig. 9).
The �R value of �10�10 s (Fig. 7) predicts that T1e is in the vi-
cinity of the minimum value. The minimum value occurs when
�c!0 � 1, where �c is the correlation time and !0 is the 9 GHz
ESR resonance frequency.23 The temperature dependence of
T1e is normally low around this regime. The values of T1e in
the vesicle phase are about 0.33 ms in the dispersions. The val-
ues of T1e in the aqueous phase are around 0.52 ms. The relax-
ation time for DTBN in the aqueous phase is consistent with a
shorter �R in the phase. The T1e values for TEMPO in the aque-
ous and vesicle phases are about 0.47 ms.19 There is no clear T1e

Fig. 7. Temperature dependence of the rotational correla-
tion times for the spin probes, DTBN ( ) and TEMPO
( ), in the vesicle phase is plotted as a function of the in-
verse absolute temperature. The activation energies were
calculated from the slopes.

Fig. 8. The typical saturation recovery signal of DTBN in
the vesicle phase at 22 �C. The applied magnetic field
was set on the magnetic field that corresponds to the max-
imum intensity in the first-integral spectrum for the vesicle
comportment. The dotted line indicates a single-exponen-
tial fit to obtain T1e.

Fig. 9. Plot of T1e for DTBN in H2O (circles) and D2O
(squares) dispersions as a function of the temperature.
The open circle and open square represent T1e’s in the
aqueous phase. The filled circle and filled square represent
T1e’s in the vesicle phase.
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difference between the two phases, because the overlap of two
signals is more significant than that for DTBN (Fig. 2).

The T1e of DTBN in the vesicle phase is shorter than that for
the aqueous phase, even considering the experimental error.
The shorter T1e (�0:33 ms) in the vesicle phase can be due to
an interaction between the probe and the host lattice. No drastic
change in T1e as a function of the temperature was observed.
This implies a continuous change of the probe moiety with in-
creasing temperature. The results are attributable to the thermal
property of the membrane. In addition, the shorter T1e for
DTBN in the vesicle phase could be interpreted as resulting
from the location of the probe in the hydrophobic portion of
the membrane. This would be consistent with the location of
DTBN in the hydrophobic portion of the lipids, as determined
by NMR.24 Thus, a relatively longer �R and a shorter T1e for
DTBN in the vesicle phase are attributed to the membrane en-
vironment. The comparative inhibition of the tumbling motion
might account for the obtained results. It is noteworthy that the
relaxation also depends not only on the tumbling mobility of
the probe, but also on the local concentration. The difficulty
is both the local mobility and the concentration change as a
function of the temperature.

In order to verify the hydration and/or dehydration effect,
T1e of spin probes in a D2O dispersion solution was measured.
Figure 9 also shows a plot of T1e for DTBN in D2O dispersions.
The T1e values of DTBN for the two phases are similar to the
case of H2O. The present SRmeasurements on T1e of the probes
did not show any clear evidence of it based on the results re-
garding the dispersions of HCO in H2O and D2O. Moreover,
the recent investigation of aliphatic spin probes in H2O and
D2O dispersions show no clear difference.9 Thus, the result
suggests that the relaxation process with interaction of H2O
or D2O is not the major contribution.

The T1e values of TEMPO in the aqueous and vesicle phases
are 0.42–0.51 ms throughout the temperatures studied. The val-
ues of T1e for both phases are very close. As discussed earlier in
this section, the two signals from aqueous and vesicle phases at
the high-field line significantly overlap (Fig. 2). Even though
the applied magnetic field was set on each different peak, the
recovery signal may not be reliable for each phase. However,
based on the correlation times, the relaxation time of TEMPO
in the vesicle phase could show a longer value than that for
DTBN.

Finally, the simultaneous observation of the two different
signals along with the linewidth change at various temperatures
is a perplexing problem for conventional ESR. In order to ob-
tain further information about membrane dynamics, analyses
of the overlap signals from the two different environments
(the aqueous and vesicle phases) were attempted using 9 GHz
ESR and SR spectroscopies. Despite the problems, new physi-
cochemical evidence was extracted by the combination of var-
ious approaches. It would be more advantageous to utilize the
higher resonance frequency to gain a better separation of spec-
tra with slightly different g-values.25

Conclusions

The ESR and SR spectroscopic methods provide detailed in-
formation regarding the partitioning, rotational correlation, and
relaxation time of the spin probes in a triglyceride membrane.

The partitioning of DTBN and TEMPO in the vesicle phase, us-
ing a linewidth simulation, is about 50% at 15 �C, and increases
with an increase in the temperature. The partitioning for both
probes showed a similar temperature dependence. The results
were quite different from the conventional peak intensity anal-
ysis. In addition, the rotational correlation times of the vesicle
phase for the probes changed from 1:2� 10�10 to 4:9� 10�10

s. The longer tumbling time demonstrates that the ESR intensi-
ty analysis is not valid. The activation energy obtained by the
correlation time was �29 [kJ/mol]. The Ea value implies that
the thermal behavior of the probe is in between the 12- and
16-DSA moieties. The activation energy suggests the approxi-
mate probe location in the membrane. The longer �R and the
shorter T1e (�0:33 ms) of DTBN in the vesicle phase were ob-
tained, and can also be attributed to the probe environment in
the membrane. The obtained T1e values suggest that the interac-
tion between the probe and H2O (or D2O) does not contribute to
the major relaxation process in the membrane. Therefore, the
present ESR evidence using small spin probes has provided a
further understanding of the membrane properties.

Part of this research was performed at the University of Den-
ver. The author thanks Prof. Sandra S. Eaton for her generous
gift of the simulation program and helpful discussion concern-
ing the results.
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