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Abstract

The hydrophobic spin probe 2,2,6,6-tetramethyl-piperidin-1-oxyl-4-yl octadecanoate (TEMPO-stearate) is used to study the interfacial
properties of a variety of phosphatidylcholine vesicles. Since the spin probe exhibits a fast motional electron paramagnetic resonance (EPR)
spectrum above the phase transition, the EPR spectrum of the spin probe is analyzed by nonlinear least-squares spectral fitting. EPR spectral line
fitting provides high precision spectral parameters, which can be used to construct a detailed picture of the dynamics of the probe and its
environment. The hyperfine coupling spacing is used to estimate the effective water concentration in the polar shell of vesicles, while the rotational
correlation times give the information on the motion of the spin probe. The effective water concentration of the polar shell of dimyristoyl-
phosphatidylglycerol (DMPG) vesicles is greater on average by about 4.0M than the effective water concentration of the polar shell of
dimyristoyl-phosphatidylcholine (DMPC) vesicles. The effective water concentration decreases by about 0.5M for an increase of two carbons in
the chain, and increases noticeably with hydrocarbon chain unsaturation, which is in good agreement with literature values. The nitroxide moiety
rotates preferentially along the N–O bond, that is, parallel to its hydrocarbon chain.
© 2006 Elsevier B.V. All rights reserved.
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surface hydration
1. Introduction

During the last four decades, application of electron
paramagnetic resonance (EPR) spectroscopy together with the
spin probe (label) method has enormously contributed to our
current understanding of biological membranes [1–3]. Since
spin probes can be tailored for a particular experiment, a wide
variety of spin probes including fatty acid spin probes,
phospholipid spin probes and various TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxy) derivatives have been used in
membrane studies. The physicochemical properties of the
membrane interface play a crucial role in various bio-interfacial
phenomena such as immobilization of enzymes in biocatalysis,
phagocytosis, membrane fusion, diffusion and transport of
biomembranes [4,5]. Due to the position of the nitroxide spin
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probe TEMPO at the end of a long hydrocarbon chain, Scheme
1, the long chain TEMPO derivatives are extremely well suited
to study the interface properties of membranes [6–10], as well
as other self-assembled aggregates such as micelles [11]. The
hydrophobicity of the hydrocarbon chain ensures that NO·
resides in the hydration layer of the aggregate.

In recent years, nonlinear least-squares spectral fitting of the
fast motion EPR spectrum of spin labels in solution has become
an important data analysis method in EPR spectroscopy [12–
15]. Although EPR line positions and line widths can be
measured directly from the EPR spectrum using conventional
methods, EPR spectral line fitting offers one a series of benefits:
(1) increased accuracy and precision in the determination of
EPR line parameters; (2) an increased signal-to-noise ratio; (3)
extraction of the homogeneous Lorentzian linewidth from an
inhomogeneously broadened EPR line; and (4) access to EPR
parameters otherwise not readily available. Item (1) enables one
at least one order of magnitude increase in precision in the
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Scheme 1. Schematic representation of TEMPO-stearate probe.
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measurements of both EPR line positions and linewidths. By
using the observed linewidth measured directly from the EPR
spectrum instead of the Lorentzian linewidth, item (3), the
errors in the determination of correlation times may be up to
30% [16]. Due to these obvious benefits [17] fast motion EPR
spectral fitting, in combination with hydrophobic EPR spin
probes, has been successfully applied to study the physico-
chemical properties of the micelle interface [18–20]. In the case
of membranes and vesicles, most hydrophobic spin probes
usually exhibit restricted motion giving rise to a slow motion
EPR spectrum which can still be fitted using computer
simulation techniques developed by Freed [21,22]. Unfortu-
nately, these computer simulations require a large number of
adjustable parameters which introduce ambiguities and reduce
precision. Thus, EPR spectral fitting in model membranes has
so far been done only by utilizing small spin probes having fast
motion EPR spectra [23,24]. Unlike most hydrophobic spin
probes, long chain TEMPO derivatives undergo fast rotational
motion above the lipid phase transition, because NO· resides in
the hydration layer of the membrane which is more fluid than
the hydrocarbon bilayer region. Consequently, long chain
TEMPO derivatives are good candidates for studying the
hydration properties of the membrane interface above the phase
transition using fast motion EPR spectral fitting.

This work has two objectives: (1) to demonstrate that
spectral fitting may be successfully applied to the EPR spectrum
of the spin probe 2,2,6,6-tetramethyl-piperidin-1-oxyl-4-yl
octadecanoate (TEMPO-stearate) in phospholipid vesicles
above the phase transition, yielding EPR parameters of high
precision that can be used to construct a detailed picture of the
spin probe motion and its environment, and (2) to apply the
fitting method to study the effect of acyl chain length on the
physicochemical properties of the hydration layer of phospha-
tidylcholine vesicles.

2. Materials and methods

2.1. Materials

The phospholipids DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine), DPPC (1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine), DSPC (1,2-distearoyl-sn-glycero-3-phosphocho-
line) and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)
were purchased from Avanti Polar Lipids (Birmingham, AL,
USA) and used as received. The spin label 2,2,6,6-tetramethyl-
piperidin-1-oxyl-4-yl octadecanoate (TEMPO-stearate) was
obtained from Molecular Probes, Inc. (Eugene, OR).

The buffer used was 20mM Hepes buffer (4-(2-hydro-
xyethil)-1-piperizineethanesulfonic acid) adjusted to pH 7.4
with NaOH (sodium hydroxide from Sigma). PTFE tubing was
a gift from Fluortek (Easton, PA, USA).
2.2. Lipid dispersion preparation

The appropriate amount of TEMPO-stearate chloroform
solution was added to phospholipid powder to produce a molar
ratio [lipid] / [spin probe] of 400. The completely clear solution
was dried under a stream of N2. Thereafter, the dried films were
kept under reduced pressure overnight to guarantee complete
absence of chloroform. The phospholipid films were hydrated
by the addition of Hepes aqueous solution until a 100 mM
concentration of lipid was achieved. After 20min of vortexing,
opaque suspensions were obtained. The suspensions were
finally transferred into PTFE (PolyTetraFluoroEthylene) capil-
lary tubes, whose ends were folded and tightened with parafilm
(American National Can, Greenwich, CT).

2.3. EPR spectroscopy

EPR experiments were performed with a Bruker ESP 300 E
spectrometer equipped with a Bruker variable temperature unit
(Model B-VT-2000). The PTFE tube with the fresh vesicle
suspension was inserted in a standard 4 mm diameter EPR
quartz (Wilmad Glass Co Cat No. 412) with a hole in the bottom
to allow nitrogen equilibration of the sample [25]. This
arrangement deoxygenates the sample reducing the broadening
of the EPR lines caused by molecular oxygen. The thermocou-
ple tip was placed in just outside of the sensitive region of the
cavity. The sample temperature was measured with an Omega
temperature indicator (model DP41-TC-S2), and it was stable
within ±0.2°C. Samples were equilibrated for at least 5min at
each temperature and measurements were performed starting
from temperatures around the phase transition, except for
DOPC because its phase transition temperature is around
−19.5°C. In order to avoid any problems due to sample aging,
dispersion was freshly prepared and measured on the same day.

Five first harmonic EPR spectra were obtained for each
temperature using a sweep time of 84s; microwave power,
5mW; time constant, 20.5ms; sweep width, 50.2G; modulation
amplitude, 1G. Since the EPR lines are inhomogeneously
broadened due to unresolved hyperfine interaction, the EPR
spectra were then analyzed by the computer program Lowfit
which performs nonlinear least-squares fitting of the experi-
mental EPR spectrum using a model of a Lorentzian–Gaussian
sum function, exploiting the fact that such a sum is an excellent
approximation of the Voigt shape [12,16]. This analysis
separates the Lorentzian and Gaussian contributions to the
observed spin probe lines, so that the Lorentzian linewidth can
be used in the calculation of the rotational correlation times as
described previously in Ref. [16]. The latest version of Lowfit
has a fitting option which incorporates the dispersion EPR line
shape in the fitting function, so it can easily detect any spin
exchange in the EPR spectrum [14,26].

Information on molecular motions of a spin probe may be
obtained from the line shape analysis of the spin probe's EPR
spectrum. In fast motion regime, the peak-to-peak Lorentzian
linewidth of an individual hyperfine component is:

DHL
ppðmÞ ¼ Aþ Bmþ Cm2; ð1Þ



Fig. 1. EPR spectra of 0.2mM TEMPO-stearate in 100mM DMPC vesicles in
Hepes buffer equilibrated with nitrogen at: a) 22°C, b) 30°C and c) 55°C.
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where m is the z component of the nitrogen nuclear spin. The
parameters A, B, and C depend on the magnitude and rate of
modulation of the magnetic anisotropies by the molecular
rotational motion. Term A contributes equally to all three lines,
and includes contributions other than motional [27]. Experi-
mentally, A is the peak-to-peak Lorentzian linewidth of the
central line, ΔHpp

L (0), and terms B and C are given by:
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where ΔHpp
L (+1) and ΔHpp

L (−1) are the peak-to-peak Lorent-
zian linewidths of the low- and high-field lines.

For anisotropic Brownian rotational motion which is axially
symmetric about one of the spin probe's axes, one needs two
independent rotational correlation times. One of the rotational
correlation times τ‖ characterizes the rotation of the spin probe
about the molecular symmetry axis, while the second rotational
correlation time τ⊥ characterizes the rotation perpendicular to it.
The preferred axis of rotation of the probe can be determined by
its shape. In the case of TEMPO-stearate, Scheme 1, we expect
the probe to rotate about an axis parallel to the hydrocarbon
chain, or in terms of the nitroxide principal axis about its x axis,
which is along the direction of the N–O bond in its all trans
conformation.

For anisotropic rotation which is axially symmetric about the
nitroxide x axis, the correlation times can be calculated from the
following equations [28]:

s20 ¼ 1:11� 10−7

HðDAÞ
5ðyAÞB−8ðygÞHC
ðDgÞðyAÞ−ðygÞðDAÞ ð3Þ

s22 ¼ 3:69� 10−8

HðyAÞ
8ðDgÞHC−5ðDAÞB
ðDgÞðyAÞ−ðygÞðDAÞ ð4Þ

where H is the magnetic field, and the hyperfine anisotropies
ΔA and δA are given by:

DA ¼ Axx−
1
2
ðAyy þ AzzÞ ð5Þ

yA ¼ 1
2
ðAyy−AzzÞ ð6Þ

and similar equations for Δg and δg. All the above quantities
are measured in gauss. To the best of our knowledge, there are
no measurements of the principal components of g and
hyperfine tensors for TEMPO-stearate, so we use the principal
components of g and hyperfine tensor values of 4-hydroxi-
2,2,6,6-tetramethyl-piperidine (TEMPO) in single crystal [29].
We expect that the principal values of the two spin probes are
not much different, since the electron charge density of the
nitroxide should not be affected by the hydrocarbon chain. The
principal components of g tensor values are gxx=2.0099,
gyy=2.0061 and gzz=2.0024, while the principal components of
hyperfine values are Axx=5.3G, Ayy=7G and Azz=35G. Using
these values and assuming the magnetic field to be 3300G, we
get

s20 ¼ −2:969 B−2:09 C ðnsÞ ð7Þ

s22 ¼ 1:241 Bþ 2:38 C ðnsÞ ð8Þ
The rotational correlation times τ∥ and τ⊥ are then given by [28]:

s? ¼ s20 ð9Þ

st ¼ 2s20s22
3s20−s22

: ð10Þ

3. Results and discussion

Representative EPR spectra of TEMPO-stearate in vesicle
dispersions of DMPC at 22, 30 and 50°C are shown in Fig. 1.
Fits of EPR spectra in phosphatidylcholine vesicles above the
gel–liquid crystal phase transition are excellent, as can be seen
in Fig. 2, which shows both the fit and experimental EPR
spectrum of TEMPO-stearate in 100mM DMPC vesicles at
25°C, which is only one degree above the phase transition for
DMPC vesicle, 24°C [30]. The fit and experimental spectra are
indistinguishable. The excellence of the fit is further supported
by the lack of significant residuals, Fig. 2b. This also indicates
that the EPR lines are symmetrical with respect to the baseline,
meaning that there is no probe ordering in the vesicle [27]. As
expected, below the phase transition the motion of the spin
probe starts becoming moderately restricted. The EPR spectra
can still be fitted with the Lowfit program but their fits, although
acceptable, are not as good as the fits of EPR spectra taken
above the phase transition. For that reason we analyzed only
EPR spectra within 3°C below the phase transition. Also, the
shape of the EPR spectrum with the low-field line taller than the
center-field line clearly indicates that the preferred axis of
rotation is the molecular x axis, in other words, the TEMPO-
stearate molecule undergoes anisotropic rotation which is
axially symmetric about the N–O bond, that is, the hydrocarbon
chain.

The fact that the TEMPO-stearate gives rise to a fast motion
EPR spectrum as shown in Figs. 1 and 2 clearly indicates that



Fig. 3. Nitrogen hyperfine spacing A+ for TEMPO-stearate as a function of
hydrophilicity index H (25°C) in a series of ethanol–water and ethanol–1,4-
dioxane mixtures. The solid line is a linear least-squares fit to the data.
A+=15.542+1.297 H (correlation coefficient = 0.9941).

Fig. 2. (a) Experimental EPR spectrum of 0.2mM TEMPO-stearate in 100mM
DMPC vesicles in Hepes buffer equilibrated with nitrogen at 25°C. The
definition of the nitrogen hyperfine spacing A+ is also shown. (b) Difference in
the best fit and the experimental spectrum.
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TEMPO rotation does not reflect the motion of the whole
TEMPO-stearate molecule. There is no doubt that the nitroxide
which is attached to the hydrocarbon chain by the C–O bond,
Scheme 1, can rotate quite freely in all directions, even about
the perpendicular axis, so Eq. (9) can be applied [31]. On the
other side, sterol analogue spin probes such as cholestane spin-
label (CSL) and androstane spin-label (ASL), whose motion in
the membrane can be treated as Brownian rotational diffusion of
a rigid rod within the confines of a cone, give rise to a rigid limit
spectrum [32,33].

It is well established that hyperfine coupling spacing A+ of a
nitroxide, Fig. 2a, is sensitive to the amount of water in the
surroundings of the nitroxide [18,24,34]. Solutions of TEMPO-
stearate were prepared in a series of mixtures of ethanol–water
and ethanol–1,4-dioxane. The hydration index H of each
solution mixture [35] defined as the ratio of the molar
concentration of OH dipoles in the solution mixture to that of
pure water is calculated according to Eq. (5) from Ref. [24]. In
the ethanol–water mixture series, the lowest H is that of pure
ethanol which is 0.308, thus to cover the hydration index values
from zero to 0.308 we chose the mixtures of 1,4-dioxane and
ethanol. The mean values of five EPR measurements of A+ in
each mixture are shown in Fig. 3 as a function of H (25°C).
Fitting the data to a line gives A+=15.542+1.297 H with a
coefficient of correlation r=0.994 over the range H (25°C)=0–
0.8. Measurements were also made in the solvent mixtures at
35, 45 and 55°C, and it was found that the variation in A+ is
negligible. Assuming that at 25°C the concentration of pure
water is 55.345M, the measured hyperfine coupling spacing A+

can be then converted into the effective water concentration
[H2O] using the equation:

½H2O� ¼ Aþ−15:542
1:297

55:345 ðMÞ ð11Þ
The hyperfine coupling spacing A+ in the polar shell of the
vesicle and corresponding effective water concentration [H2O]
sensed by TEMPO in a series of phosphatidylcholine vesicles
with phospholipids of different acyl chain lengths from 14 to 18
carbons and the lipid DOPC having unsaturated 18 carbon acyl
chains as a function of temperature are shown in Fig. 4a. The
phase transition for each phospholipid except DOPC can be
clearly observed: and their values are within 1°C of the values
reported in the literature [30]. The phase transition of DOPC,
−19.5°C, is well below the temperature range, 0 to 70°C, in
which the EPR spectra of DOPC were taken. Fig. 4b, which is
an expanded representation at higher temperatures, clearly
shows that the nitrogen hyperfine spacing decreases with chain
length and increases with chain unsaturation. Fig. 4b illustrates
the benefits of EPR spectral fitting quite well. With the
precision of 0.1G which is usually achieved by conventional
methods, see Fig. 5a in Ref. [36], we would not be able to
separate the hyperfine spacings of TEMPO-stearate in DMPC,
DPPC and DSPC vesicles at all. As can be seen from Fig. 4b,
the data points representing the values of hyperfine spacings in
phospholipid vesicles, as well as the lines drawn through them,
are clearly separated.

Also, for each phospholipid, the value of A+ below the phase
transition increases sharply, clearly indicating the phospholipid
phase transition, Fig. 4a. Above the phase transition, as the
temperature increases the hyperfine coupling spacing decreases,
in other words the effective water concentration decreases. This
behavior can be easily explained with the position of the
nitroxide in the polar shell of the vesicle. In the gel phase the
phospholipid molecules are close to each other, so the molecule
of TEMPO-stearate is extended with the N–O moiety very
likely located near the surface of the bilayer. In the liquid crystal
phase, there is more space between the head groups of
phospholipid molecules, so the N–O moiety is pulled deeper
into the polar shell. Obviously, the location of TEMPO changes
with temperature, indicating that we should be very careful how
to interpret the effective water concentration measured by



Fig. 4. (a) Nitrogen hyperfine spacing A+ of 0.2mM TEMPO-stearate in the
presence of 100mM of phospholipids in Hepes buffer equilibrated with N2 at pH
7.4 (left-hand ordinate) and corresponding effective water concentration [H2O]
in the polar shell calculated from Eq. (11), (right-hand ordinate) as a function of
temperature. Symbols used to identify the different phospholipids are: (○)
DMPC, (□) DPPC, (⋄) DSPC and (Δ) DOPC. Error bars are standard
deviations of five measurements. (b) An expanded presentation of (a) at higher
temperatures; lines are to guide the eyes.

Fig. 5. Nitrogen hyperfine spacing A+ of 0.2mM TEMPO-stearate in the
presence of 100mM of phospholipids in Hepes buffer equilibrated with N2 at pH
7.4 (left-hand ordinate) and corresponding effective water concentration [H2O]
in the polar shell calculated from Eq. (11), (right-hand ordinate) as a function of
temperature. Symbols used to identify the different phospholipids are: (○)
DMPC, (□) DMPG. Error bars are standard deviations of five measurements.

Table 1
Effective water concentration in the polar shell of 100mM DMPG and DMPC
vesicle dispersions measured by TEMPO-stearate, Fig. 5, and DTBN, Figs. 3
and 5 from Ref. [23], at 40°C

[H2O](DMPG)/M [H2O](DMPC)/M Δ[H2O]
a/M

TEMPO-stearate 18.14 14.24 3.9
DTBN 10.24 6.59 3.65
a Δ[H2O]=[H2O](DMPG)− [H2O](DMPC).
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TEMPO-stearate. To gain further insight in how useful the
effective concentration of water in the polar shell of the vesicle
measured by this spin probe is, we compare the values of [H2O]
measured in DMPC and DMPG vesicles using TEMPO-
stearate, Fig. 5. As expected, we can observe in Fig. 5 that
DMPG vesicles are more hydrated than DMPC vesicles. Table 1
shows the effective water concentration in DMPG and DMPC
vesicles measured by TEMPO-stearate, Fig. 5, and the spin
probe di-tert-butyl nitroxide (DTBN), Figs. 3 and 5 from Ref.
[24], at 40°C. The value of [H2O] measured by TEMPO-
stearate is about 8M greater than that measured by DTBN. This
difference very likely comes from the different locations of the
spin probes. DTBN is a small, mobile probe, and as such can
sample the whole region of the polar shell, giving an average of
the effective water concentration. TEMPO-stearate is anchored
in the bilayer and senses only a limited region of the polar shell,
and at 40°C this region is closer to the vesicle's surface. At the
higher temperatures TEMPO-stearate moves deeper and the
average value of [H2O] decreases. On the other side, one can see
that the difference in effective water concentration between
DMPG and DMPC vesicles measured by both spin probes is
nearly constant.

The hydration properties of the water–phospholipid interface
of phospholipids vesicles can also be studied by several other
techniques including differential scanning calorimetry (DSC)
[37], deuterium nuclear magnetic resonance (2H NMR) [38,39]
and X-ray methods [40,41]. Using the area per phospholipid for
DMPC, DPPC and DSPC measured by 2H NMR [39], and
assuming that the thickness of the polar shell is 9Å and the
volume of the phosphatidylcholine headgroup is 331Å3 [40],
we can immediately calculate the volume fraction of the polar
shell [40] occupied by water. Again, due to the inability of our
method to separate the effect of the polar shell hydration from
the effect of location of TEMPO, our absolute values of the
effective water concentration are different from those calculated
from the area per lipid measured by the 2H NMR and X-ray
methods. However, the relative effective water concentrations
correlate well with other methods. The difference between
DMPC, DPPC and DSPC vesicles at 65°C, which are 25.5, 25.0
and 24.5M, respectively, is the same as the difference of 0.5M
measured by the EPR method, Fig. 4b. Also, our measurements
indicate that this difference does not depend on temperature,
Fig. 4b, which is the same as the conclusion derived from Fig.
8 in Ref. [39]. The difference in effective water concentration
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between DOPC and DMPC at 30°C calculated from the area per
lipid from Ref. [41] is 5.4M while our value of 3.6M is slightly
lower. It is obvious that as long as we keep in mind the changing
position of TEMPO-stearate and use vesicles of similar
Fig. 6. (a) Rotational correlation time τ∥ and (b) rotational correlation time τ⊥ of
0.2mM TEMPO-stearate in 100mM phospholipid vesicles in Hepes buffer at
pH 7.4 as a function of temperature. Symbols used identify the different
phospholipids and are: (○) DMPC, (□) DPPC, (⋄) DSPC and (Δ) DOPC. Error
bars are standard deviations of three measurements. (c) An expanded
presentation of (b) at higher temperatures; solid lines are exponential fits to
the data.

Fig. 7. The reciprocal of rotational correlation time τ⊥ of 0.2mM TEMPO-
stearate in 100mM phospholipid vesicles in Hepes buffer at pH 7.4 as a function
of temperature. Symbols used identify the different phospholipids and are: (○)
DMPC, (□) DPPC, (⋄) DSPC and (Δ) DOPC. Solid lines are exponential fits to
the data, Eq. (12).
structure we can get useful information on the vesicle surface
hydration.

The rotational correlation times of TEMPO-stearate can give
us additional information about the spin probe's environment.
Fig. 6a shows the parallel rotational correlation time τ∥,
characterizing the rotation about the hydrocarbon chain, for
DMPC, DPPC, DSPC and DOPC vesicles as a function of
temperature. Again, the phase transitions are well defined. As
expected, the values of τ∥ abruptly decrease across the phase
transition, but the values of τ∥ are the same for all phospholipids
in the liquid crystal phase for a given temperature. The chain
length affects only the temperature of phase transition, but once
the system crosses this temperature the chain length does not
affect the state of the cylindrical rotation of TEMPO-stearate.
The perpendicular rotational correlation time τ⊥, characterizing
the rotation of the nitroxide perpendicular the hydrocarbon
chain, is presented in Fig. 6b. The value of τ⊥ is greater than the
value of τ∥ for a given temperature, x-axis rotation, not a
surprising result at all. Qualitatively, the behavior of τ⊥ is
similar to that of τ∥, but, there is a small difference: the value of
τ⊥ exhibits a slight but noticeable dependence on the chain
length. From Fig. 6c it is obvious that the perpendicular
correlation time becomes slightly longer with increasing chain
length. A likely explanation for this increase is that as the chain
length increases the hydrophobic interactions between the
phospholipid chains increase. This in turn reduces the area per
Table 2
Activation energies of the perpendicular rotational correlation times for different
phospholipid vesicles, Eq. (12)

Phospholipid EA, kJ/mol Correlation coefficient

DMPC 42.7 0.999
DPPC 37.9 0.995
DSPC 38.0 0.998
DOPC 29.9 0.998
DMPG 47.4 0.999



Fig. 8. Rotational correlation times τ∥ and τ⊥ of 0.2mM TEMPO-stearate in
100mM phospholipid vesicles in Hepes buffer at pH 7.4 as a function of
temperature above phase transition. Symbols used to identify different times and
phospholipids are: τ⊥ — (○) DMPG and (•) DMPC; and τ∥ — (□) DMPG and
(▪) DMPC.
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phospholipid, which is in agreement with the decrease in area
per lipid for the same phospholipids measured by the 2H NMR
[39] and X-ray methods [40]. The reduced area implies a
decrease in water concentration, thus the decreased hydration
more effectively restricts the perpendicular rotation of the
nitroxide, prolonging the perpendicular rotational correlation
time. The values of effective water concentration, Fig. 4b,
support this interpretation. The effective water concentration in
different phospholipid vesicles for a given temperature
decreases with increasing chain length, indicating a decrease
in area per phospholipid with chain length. The decrease of
effective water concentration is about 0.5M for an increase of
two carbons in the chain.

The solid lines in Fig. 6c, which are exponential fits to the
experimental data, clearly show that the perpendicular rotational
correlation time for each phospholipid above the phase
transition exhibits exponential temperature dependence. To
find the activation energy EA for the perpendicular rotation of
TEMPO it is necessary to use the well-known Arrhenius
equation:

1
s8

¼ Ae−
EA
RT ð12Þ

Fig. 7 shows the reciprocal of 1 /τ⊥ as a function of 1000 /T,
where solid lines are fits to Eq. (12). The activation energies
extracted from the fits are given in Table 2. The activation
energy of 29.9kJ/mol for TEMPO in DOPC vesicles is very
close to the activation energy of the fatty acid spin label I(13, 2)
(5 doxylstearic acid) in a decanol-sodium decanoate bilayer,
28.6kJ/mol [42], and the activation energy of the spin probe 16-
doxylstearic acid methyl ester in tetraalkylammonium dodecyl
sulfate micelles, 29.3kJ/mol [43]. This similarity implies that
the polar shell of DOPC vesicles is a normal liquid mixture, not
very different from above mentioned liquids. The activation
energy for saturated phospholipid DSPC vesicles is 8kJ/mol
greater, indicating that the rotation of NO· in the polar shell of
those vesicles is more restricted.

The parallel and perpendicular rotational correlation times
above 30°C as a function of temperature in both DMPG and
DMPC vesicles are shown in Fig. 8. The value of τ⊥ in DMPG
vesicles is shorter, indicating that the area per lipid is greater in
DMPG vesicle than in DMPC vesicles due to higher hydration,
as expected. On the other side, the value of τ∥ is larger in DMPG
vesicles than in DMPC vesicles. Also, the activation energy for
DMPG vesicles is larger than for DMPC vesicles, Table 2. A
possible explanation for these differences might be that the
number of hydrogen bonds in the polar shell of DMPG vesicles
is greater than in the polar shell of DMPC vesicles [44]. Thus,
the increased hydrogen bond network retards the cylindrical
rotation of the nitroxide.

DOPC has unsaturated chains, so the DOPC vesicles are
expected to have higher fluidity of the bilayer and a more
hydrated polar shell than the phospholipid with the same chain
length, DSPC. The observed data fully support this line of
argument. Fig. 4a and b shows that the effective water
concentration in DOPC vesicles in the liquid crystal phase is
higher than in DSPC vesicles at a given temperature. Also, the
perpendicular rotational correlation time is shorter in DOPC
vesicles, Fig. 6c, indicating again an increased area per lipid.

4. Conclusions

We have clearly shown that nonlinear least-squares spectral
fitting applied to the EPR spectrum of the spin probe TEMPO-
stearate in phospholipid vesicles above the phase transition
yields EPR parameters of high precision, which can then be
used to construct a detailed picture of the motion of the
nitroxide moiety. At the same time, information on the
hydration of the spin probe environment can be obtained. The
effective water concentration values and rotational correlation
times indicate that the spin probe position probably moves a few
angstroms across the phase transition, which can be used to
measure the temperature of the phase transition of lipid vesicles.
The experimental results show that the polar shell of the
negatively charged DMPG vesicles is more hydrated than that
of the zwitterionic DMPC vesicles. Also, the hydration of the
vesicle surface decreases with hydrocarbon chain length, as well
as with the unsaturation of the hydrocarbon chains. The effect of
chain length on the vesicle surface hydration is less pronounced
than the effect of the polarity of the phospholipid head and the
unsaturation of the hydrocarbon chains.
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