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Abstract

Sample instability during solid-state NMR experiments frequently arises due to RF heating in aligned samples of hydrated lipid bilay-
ers. A new, simple approach for estimating sample temperature is used to show that, at 9.4 T, sample heating depends mostly on 1H
decoupling power rather than on 15N irradiation in PISEMA experiments. Such heating for different sample preparations, including lipid
composition, salt concentration and hydration level was assessed and the hydration level was found to be the primary parameter corre-
lated with sample heating. The contribution to RF heating from the dielectric loss appears to be dominant under our experimental con-
ditions. The heat generated by a single scan was approximately calculated from the Q values of the probe, to be a 1.7 �C elevation per
single pulse sequence iteration under typical sample conditions. The steady-state sample temperature during PISEMA experiments can
be estimated based on the method presented here, which correlates the loss factor with the temperature rise induced by the RF heating of
the sample.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Radio frequency heating of biological solid-state NMR
samples is a well known problem. In particular, meaningful
studies of membrane proteins require the observation of
well hydrated samples and often require the use of nega-
tively charged lipids and hence counter ions. Furthermore,
due to the dramatic influence of the gel to liquid crystalline
phase transition, membrane protein samples are often
characterized above this phase transition reflecting the
native membrane protein environment and hence the need
to work at temperatures above room temperature for many
lipids. For solid-state NMR of aligned samples using glass
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slides, even with the 30 lm thick glass now available, the
filling factor for the RF coil is small and therefore, relative-
ly large samples are required and hence very high RF
power levels. All of these factors have the potential to exac-
erbate RF heating that leads to a dangerously high temper-
ature for these temperature sensitive samples. In addition
thermal gradients across the samples lead to additional
problems. Here, we demonstrate an approach for measur-
ing the internal temperature of aligned membrane protein
samples for solid-state NMR and we characterize how
the samples are being heated by radio frequency irradia-
tion. Such characterizations suggest approaches for mini-
mizing the heating effect.

The heating of aligned membrane protein samples can
have several consequences. Visually, the sample may
become cloudy in the center with droplets of water forming
on the interior of the glass tube containing the stack of
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Fig. 1. Temperature measurement is based on temperature indicator
strips. The strip is attached to the surface of the glass slides and sealed in
the glass tube. The accuracy of the indicator is ±1 �C. Here, the strip
indicated that the maximum temperature of the sample reached between
46 and 49 �C. This is reported in Table 1 as 47.5 ± 2.5 �C.
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glass plates. In other words, the central portion of the sam-
ple has been significantly dehydrated; so that there is a
hydration gradient across the sample. Via thermal or
hydration gradients, the mosaic spread in bilayer alignment
may significantly increase. Not only is the protein likely to
be functionally and structurally sensitive to an increase in
temperature, but the protein–lipid complex may also
undergo a phase separation either as a result of the temper-
ature or hydration gradient [1]. Consequently, it is of great
importance to minimize the radio frequency heating of
membrane protein samples.

RF heating of biological samples has been discussed by
various authors [2–5] in the early literature and RF heating
by solid-state NMR has been studied by many others in the
more recent literature [6–19]. The sample can induce a loss
in RF efficiency for generating B1 fields by two mecha-
nisms. Inductive losses are proportional to ion conductivity
and dominate many solution NMR situations [5]. Ion con-
ductivity can also be an important part of the dielectric
loss. However, dielectric losses also derive from oscillating
dipoles interacting with the oscillating electric field and
therefore has a maximum effect at xs = 1, where x and s
denote the RF frequency and the correlation time of the
sample’s dipole. Bulk water has such a critical frequency
in the low to mid-GHz range (�20 GHz). For constrained
water molecules interacting with a surface such as the
waters in the lipid bilayer interfacial region the correlation
times are reduced by 1–2 orders of magnitude and hence
the critical frequency is much lower [20,21,33,34].

Recently, the importance of both ion and dielectric con-
ductivity for solution NMR samples has been demonstrat-
ed in the reduced quality factor of cryogenic probes leading
to a loss in NMR sensitivity at high fields [6,7]. Indeed,
quality factors are an important characterization of all
NMR probes. Here, for aligned membrane protein samples
we show a quantitative correlation between the quality fac-
tor and observed RF heating.

Measurement of sample temperature for solid-state
NMR has been the object of considerable literature point-
ing to the many reasons why it is important to know the
temperature and that it is not enough to know the temper-
ature of the gas flowing over the sample [8–13,15–17].
Thermal calibration is usually achieved by the chemical
shift temperature dependence of reference compounds,
such as lead nitrate, added to the sample. However, refer-
ence compounds can interact specifically with the sample.
Therefore, adding a 207Pb RF channel or making a channel
broadband does not fulfill the need. Furthermore, since our
samples are static the observation of spectral discontinu-
ities as opposed to isotropic resonances reduces the preci-
sion of the measurements [11,16]. Recently, a fiber optic
infrared temperature measurement system has been
designed for MAS spectroscopy, but it is not very effective
for the temperature range we are interested in [17]. Here,
we will use chemical indicators within the sample tube to
report on the maximum temperature achieved during the
experiment.
2. Experimental

2.1. Temperature measurements

The temperature measurement method is illustrated in
Fig. 1. The irreversible temperature indicator (Omega
ML4C non-reversible temperature monitor, Omega Engi-
neering (Stamford, CT)) is attached to the surface of the
stack of glass slides sealed in a glass tube. The white dot
above the indicated temperature value changes to black
indicating the temperature has been exceeded. Two indica-
tor strips were used in this work, one strip contains the val-
ues 40, 43, 46, and 49 �C, and the other contains 54, 60, 65,
and 71 �C indicators, so the lowest and highest temperature
we can measure are 40 and 71 �C, respectively. Control
experiments of several types were used to show that these
indicators were appropriate. First, a sample tube with only
an indicator strip was tested. Under the application of an
RF field, the indicator did not change color indicating that
it does not directly absorb the RF energy. Second, mea-
surements at different air flow temperatures from 40 to
72 �C were carried out in sample tubes containing only
temperature indicator strips. In each case, the indicator
dye turned black within 1 �C of the air flow temperature
value as measured by a thermocouple. Finally, 0.5, 1, 2, 4
and 8 h PISEMA experiments were carried out on our test
sample. After 1 h, no further changes in temperature were
observed, so we conclude that the sample reached its
steady-state temperature within this time frame under the
probe conditions declared below. All further experiments
were conducted for 1 h.

2.2. NMR experimental conditions

All experiments were carried out on a Bruker DRX 400
spectrometer at 15N and 1H Larmor frequencies of 40.596
and 400.533 MHz, respectively. A NHMFL built double
resonance probe was used. PISEMA [25–27] experiments
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include three main parts: cross polarization (CP), spin
exchange at the magic angle (SEMA) and decoupling. CP
and SEMA have dual channel irradiation, while decou-
pling required only the 1H channel. The contact time for
cross polarization was 1 ms, the SEMA t1 duration was
1.05 ms, the acquisition time was 7 ms, and the recycle
delay used here was 2 s. The short recycle delay was used
to accentuate the heating problem. RF fields of 45 kHz
were generated in both channels during CP, while during
SEMA, a 36 kHz field for the 1H channel and 45 kHz field
on the 15N channel were utilized. The decoupling power
during the acquisition was 50 kHz on the 1H channel.
The air flow rate was 4 L/min and an air flow temperature
of 30 �C was maintained during the experiments.

2.3. Sample preparation

All prepared samples for the RF heating tests followed
the protocol typically employed for the M2 membrane pro-
tein samples [22] except that protein was not used here.
Ninety milligrams of 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) and 10 mg of 1, 2-dioleoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (DOPG) (Avanti, AL) dissolved
in chloroform were mixed together and vacuum dried over-
night. Ten percent octylglucoside (OG) was used to dis-
solve the dried mixture until the solution became
transparent. The 8 ml solution was then dialyzed against
2 L of water or phosphorous buffer and changed three
times at intervals of 6 h. The lipid bilayer vesicles were pell-
etted by ultracentrifugation at 55,000 rpm for 4 h in a 70 Ti
rotor (Beckmann Instruments, Fullerton, CA). The pellet
was transferred to a small centrifuge tube. HPLC grade
water was added to re-suspend the pellets to a final volume
of 3 ml. Aliquots were spread on 33 glass slides
(12 · 5.7 · 0.07 mm). The sample was dried and then incu-
bated at the desired relative humidity controlled by differ-
ent saturated salt solutions [24], i.e, 32% (CaCl2), 67%
(CuCl2), 86% (KCl), 97% (K2SO4), and 98% (Na2HPO4)
for several days until equilibrium was reached. The glass-
Table 1
Loss factor and steady-state temperature of different samples with an air flow

Sample
condition No.

Lipid composition
(total 100 mg, dry weight)

Phosphate salt conc
in the dialysis buffe

1 Control (only glass-slides and water) 0
2 DOPC 0
3 DOPC 0
4 DOPC 0
5 DOPC/DOPG = 9:1 5
6 DOPC/DOPG = 9:1 5
7 DOPC/DOPG = 9:1 5
8 DOPC/DOPG = 9:1 5
9 DOPC/DOPG = 9:1 5

10 DOPC/DOPG = 9:1 10
11 DOPC/DOPG = 9:1 20
12 DOPC/DOPG = 9:1 40
13 DOPC/DOPG = 9:1 80

a For each sample, two temperature indicator strips (40/43/46/49 and 54/60
plates were subsequently stacked and inserted into the sam-
ple tube with a temperature indicator strip in the humidity
chamber before sealing the sample prior to the NMR
experiment.

2.4. Measurement of the RF loss factor

The loss factor LF = (QU � QL)/QU, corresponds to the
fraction of the applied RF power that heats the sample. It
was determined by measuring Q values of the probe with
(QL) and without (QU) the sample. The Q values were mea-
sured using a HP network analyzer. It is simple to show
that the loss factor can be converted into an effective series
resistance (ESR) of the sample using the relationship
ESR = xLÆLF/QL (where x is the resonant frequency
and L is the inductance of the coil). The coil contains
4.25 turns of AWG 14 copper wire with a mean diameter
of 11.5 mm and a length of 9 mm. Its inductance as calcu-
lated by standard means is 150 nH. For the experiments
described here, xL is a constant and equal to 120p, so that
ESR = 120pÆLF/QL. The solenoid coil and the RF probe
were the same as those employed for temperature measure-
ments of the lipid bilayer samples.

3. Results and discussion

Temperature and 1H loss factor measurements were
made for samples having a range of hydration level and salt
concentration prepared as described in Section 2.3. Tem-
perature measurements were made after 1 h of the
PISEMA experiment described in Section 2.2. The results
are listed in Table 1 and indicate that over the range of
hydration level (0–98%, relative humidity) and salt concen-
tration (0–80 mM) tested, power absorption and resulting
sample temperature increase monotonically with both
hydration and salt concentration.

Tests (Fig. 2A) were made to determine whether the 15N
or 1H field produced a larger heating effect. The sample
tested contained DOPC/DOPG (9:1 weight ratio) dialyzed
temperature of 30 �C

entration
r (mM)

Hydration level,
relative humidity (%)

1H loss factor Steady-state
temperature (�C)a

100 0.01 35 ± 6
32 0.06 35 ± 6
67 0.13 44.5 ± 2.5
97 0.18 57 ± 4
0 0.03 35 ± 6

67 0.12 47.5 ± 2.5
86 0.17 51.5 ± 3.5
98 0.22 57 ± 4
97 0.19 57 ± 4
97 0.22 57 ± 4
97 0.24 57 ± 4
97 0.26 62.5 ± 3.5
97 0.29 68 ± 4

/65/71) were used to measure the steady-state temperature.



Fig. 2. Experimental conditions used for these experiments are: CP
contact time, 1 ms; 1H and 15N B1 fields, 45 kHz; acquisition time, 7 ms;
decoupling B1 field 50 kHz; recycle delay, 2 s; the SEMA t1 domain,
1.05 ms; air flow rate, �4 L/min at 30 �C. The sample is DOPC/DOPG in
a 9:1 weight ratio with approximately 3.3 mg/slide and 33 slides. Sample
numbers are labeled on the top of each histogram column and the sample
conditions are listed in Table 1. (A) RF frequency effect on sample
heating; 15N channel operational only, 1H channel operational only, both
channels operational. (B) Influence of salt concentration in the dialysis
buffer on sample heating. (C) Influence of hydration level on sample
heating.
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in 5 mM phosphate buffer and rehydrated at 97% relative
humidity. When only 15N irradiation is used, no tempera-
ture change was observed from the indicators (the lowest
indicator is 40 �C requiring a 10 �C temperature rise to trig-
ger the sensors and consequently the temperature increase
is reported as 5 ± 6 �C). The 49 �C indicator was triggered
with 1H pulses and is reported in Fig. 2A as a 21.5 ± 3.5 �C
increase over 30 �C. An additional increase of 5 �C over
that for only the 1H irradiation was demonstrated when
both frequencies were used, illustrating that most, but
not all, of the heat was deposited by the 1H channel.
Because this effect was observed during a PISEMA exper-
iment in which both the B1 field and the duty cycle of the
15N and 1H channels differ, we do not propose to generalize
the results of these frequency dependent measurements.
However, the result may be at least in part due to the
strong dependence on the frequency of the RF power
absorption noted in previous work [2,3,29].

Fig. 2B shows the influence of salt concentration and
lipid composition on sample heating while irradiating with
both 1H and 15N frequencies for samples hydrated with
97% relative humidity. The first sample is only DOPC with-
out any added buffer (salt) in the dialysis solution. The
54 �C indicator was triggered even under these minimal salt
conditions and reported as 27 ± 4 �C. The other samples
have both DOPC and DOPG (9:1 weight ratio) lipids pres-
ent with different phosphate buffer concentrations used
during dialysis. The presence of negatively charged DOPG
requires counter ions and therefore, leads to a higher salt
concentration in the sample, and potentially higher sample
temperature. The temperature increase upon addition of
DOPG was not significant compared to DOPC alone.
Indeed, only when the dialysis buffer concentration was
above 20 mM, was there a significant temperature increase
above that observed with DOPC alone. This phenomenon
demonstrates that the effective conductivity of the sample is
dominated by the hydrated lipid, rather than by the salt in
the lipid bilayer preparation. The contribution to the con-
ductivity arising from salt is comparable to that of the
hydrated lipid only in the presence of high salt concentra-
tion. This is not surprising because the conductivity of
the salt is determined not only by its concentration, but
also by its mobility and in the lipid bilayer environment
the ion mobility is restricted through interactions with
the lipids in the interfacial region of the lipid bilayer. The
ion conductivity in such a sample may decrease by 1000-
fold compared to a bulk solution of similar ion concentra-
tion [6].

Fig 2C shows the temperature dependence as a function
of the relative humidity used during rehydration of the
sample. The vacuum dried sample shows no temperature
rise based on the indicators, the sample rehydrated at a rel-
ative humidity 67% shows a rise of 17.5 ± 2.5 �C. The tem-
perature of a sample rehydrated at a relative humidity of
86% is elevated by 21.5 ± 3.5 �C and the temperature of
a sample rehydrated at 98% rises by 27 ± 4 �C. All samples
contained 100 mg DOPC/DOPG (9:1 weight ratio) and
5 mM phosphate dialysis buffer was used. Thus, the degree
of RF heating is very sensitive to the level of sample hydra-
tion. According to Jendrasiak and Smith [28], all of the
phospholipids exhibit a very rapid logarithmic rise in elec-
tric conductivity as the first few water molecules are



Fig. 3. Calculated effective series resistance (ESR) as a function of NaCl
concentration. The Q values were measured three times using an HP
network analyzer and the average value of ESR is plotted. The boxed area
in the figure indicates the range of ESR and ion conductance for a typical
oriented membrane protein sample. The predicted maximum inductive
loss is proportional to the ion conductivity of the sample and is
represented here as the boundary between the dark shaded area (inductive
losses) and light shaded area (dielectric losses). Clearly, for a typical
membrane protein sample the losses are dominated by dielectric losses.

Fig. 4. Temperature rise in the sample as a function of loss factor for the
samples described in Table 1. The Y axis error bar originates from the
temperature measurement as described in the text. The X axis error bar is
within 0.02.
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absorbed. The conductivity continues to rise with further
hydration, but at a significantly slower rate. A plateau
region is attained at about 20 water molecules per lipid.
The hydration level achieved as a function of relative
humidity is documented [31,32,34] for some lipid prepara-
tions. For example, in pure POPC membranes, it has been
shown that the water molecules per lipid as a function of
relative humidity is: 3.7 ± 0.3 at 44% r.h. (relative humidi-
ty), 4.2 ± 1.5 at 57% r.h., 7.0 ± 2.9 at 75% r.h., 9.0 ± 2.1 at
84% r.h., 11.4 ± 1.8 at 93% r.h. [32]. For DOPC/DOPG
this correlation is not known quantitatively, but it should
not be much different and hence we report only the relative
humidity.

Inductive and dielectric losses are two mechanisms by
which the sample can induce a loss of efficiency in generat-
ing a B1 field and in detecting signals. Inductive losses are
caused by eddy currents induced in weakly conducting
samples resulting from an alternating B1 field. This loss,
also termed as eddy current loss, is induced by a noncon-
servative field that cannot be removed. These losses, how-
ever, can be calculated. For a solenoidal coil of radius a,
length 2g and n (n P 1) turns loaded with a cylindrical
sample of length 2g and radius b, Hoult and Lauterbur
[3] showed that the power dissipation can be expressed as
an effective resistance Rm

Rm ¼
px2

0l
2
0n2b4gr

16ða2 þ g2Þ ; ð1Þ

where x0 is the resonant frequency and r is the ion conduc-
tivity of the sample. Therefore, for a given coil geometry
and frequency Rm � r and hence the inductive loss is pro-
portional to the ion conductivity of the sample.

The dielectric loss results from the charge distribution
on the coil windings and can be identified with the distrib-
uted capacitance along the RF coil. The dielectric loss,
induced by a conservative field, can be removed without
jeopardizing the NMR experiment. Gadian and Robinson
[2] pointed out that the maximum dielectric loss occurs
when r = x0ee0(c1 + c2)/c2, where e is the dielectric con-
stant of the sample, c1 is the capacitance from sample to
coil, and c2 is the capacitance of the sample. Because it is
difficult to measure the values of c1 and c2, the dielectric
losses are far more difficult to predict. However, Gadian
and Robinson [2] proposed that the losses can be experi-
mentally determined by plotting the observed losses as a
function of sample conductivity. The inductive loss is pro-
portional to ion conductivity and the remaining loss corre-
sponds to the dielectric loss (Fig. 3). The effective series
resistance (ESR) was calculated from the measured LF as
a function of sodium chloride concentration in aqueous
solution ranging from 8 to 760 mM in the same size sample
container as the aligned samples. At low sodium chloride
concentrations, the ESR dramatically increases with con-
centration and at higher concentration, it somewhat
decreases. The line in Fig. 3 proportional to NaCl concen-
tration illustrates the maximum inductive loss. The differ-
ence between the experimental data and the line
representing the inductive loss corresponds to dielectric
losses. It suggests that at low salt concentration (below
500 mM), the dielectric loss is very significant and it is
dominant below 250 mM.

Fig. 3 has shown the experimental correlation between
ESR and NaCl concentration, the latter being proportional
to ion conductivity in simple solution. Fig. 4 illustrates the
experimental linear correlation between loss factor and RF
heating. Despite the lack of precision in the thermal indica-
tors the data fits remarkably well to a linear solution. Our
typical bilayer preparations have a loss factor between 0.17
and 0.24 corresponding to a predicted heating range from
21 to 31 �C under the experimental conditions, which have
been chosen here to accentuate sample heating. Further-
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more, the maximum temperature can clearly be predicted
by measuring the loss factor and using this curve.

The heat deposition from a single transient (8 ms irradi-
ation) can be estimated from the loss factor based on
assuming that the power absorbed by the sample Ps, is
equal to the total input power, P = 400 W, multiplied by
the LF = 0.22, for instance. For this calculation only the
1H irradiation was considered. Since there is no significant
heat transport in the short 8 ms 1H pulse, the total amount
of energy absorbed by the sample will be
400 · 0.22 · 0.008 = 0.70 J. For a 120 mg sample having
a heat capacity of 3.5 J/g �C, the Dt = 1.7 �C. The observed
27 �C rise in temperature (Table 1) is therefore, the result of
multiple transients for which the heat is not effectively dis-
sipated from the sample during the 2 s recycle delay. In
data not shown it has been confirmed that the maximum
temperature is achieved only after 30–60 min of pulsing.

The efficient 400 MHz RF heating observed here,
appears to arise from the dielectric properties of water
interacting in the interfacial region of the lipid bilayer.
Alper et al. [30] have predicted that the correlation time
for the interfacial water is about 10 times shorter than that
of bulk water through molecular dynamics simulations of
dimyristoyl phosphatidylcholine (DMPC) monolayers.
Recently, ultrafast time-resolved fluorescence studies indi-
cate well-ordered interfacial water structures in reverse
micelles and in cubic phase lipid [20,21]. The correlation
time of the bound water in the interfacial region of lipid
bilayers is about 100 times slower than bulk water
[20,21]. Even for samples that are extensively hydrated,
the thickness of the aqueous interbilayer band will result
in a reduced averaged correlation time for the water mole-
cules. Apparently, these samples absorb RF power very
efficiently, even at 400 MHz.

Deceasing the hydration level is clearly an option for
reducing RF heating as described by Marassi and Crowell
[23], but in our hands, it has been difficult to reproducibly
prepare well aligned samples at such low hydration levels.
As a result of the RF loss being dominated by dielectric
losses for our samples it will be possible to shield the sam-
ple from these losses and to minimize RF heating. Faraday
shields have been shown to be effective for screening the
electric fields that induce dielectric losses [2] and clearly
represents an option to pursue. Moreover, considerable
work on minimizing the electric fields generated by NMR
probes in the sample volume, such as the scroll coil
designed for magic angle spinning [14] or single turn coils
(loop-gap resonator) represent an even more promising
avenue for further work [35,36]. The scroll coil design takes
advantage of the minimal conservative electric field gener-
ated by the scroll resonator, resulting in minimal dielectric
loss [15].

4. Conclusion

Our experiments show that sample heating induced by
the RF under native-like sample conditions for membrane
proteins can be very substantial and largely the result of
dielectric losses. These losses result mainly from significant
water content and not from modest ion concentrations.
Even the inclusion of a charged lipid requiring counter ions
did not significantly increase the RF losses. This situation
is quite different from the situation in solution NMR where
even at high fields and modest salt concentrations, the RF
losses are dominated by inductive losses [6]. Protection
from RF heating is important not only because membrane
protein samples are very sensitive to high temperatures, but
also the PISEMA spectral resonance line widths are highly
sensitive to changes in conformation, dynamics and orien-
tation of the protein with respect to the magnetic field. A
variation in temperature across the sample can influence
all three of these factors thereby resulting in substantial line
broadening. Here, we have demonstrated an understanding
of heating in such samples and suggest mechanisms for
minimizing the heat deposition.
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