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Abstract

In cell and tissue samples, water is normally three orders of magnitude more abundant than other metabolites. Thus, water sup-

pression is required in the acquisition of NMR spectra to overcome the dynamic range problem and to recover metabolites that

overlap with the broad baseline of the strong water resonance. However, the heterogeneous cellular environment often complicates

water suppression and the strong coupling of water to membrane lipids interferes with the NMR detection of membrane associated

lipid components. The widely used water suppression techniques including presaturation and double pulsed field gradient selective

echo result in more than a 70% reduction in membrane associated lipid components in proton spectra of cells and tissues compared

to proton spectra acquired in the absence of water suppression. A water suppression technique based on the combination of selective

excitation pulses and pulsed field gradients is proposed to use in the acquisition of high resolution MAS NMR spectra of tissue

specimens and cell samples. This pulse sequence methodology enables efficient water suppression for intact cells and tissue samples

and eliminates signal loss from cellular metabolites.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

For the semi-solid samples such as cultured cells or

tissues, magic angle spinning (MAS) NMR [1] provides

spectra with increased sensitivity and resolution [2–5].

High resolution MAS NMR spectroscopy is now

widely used for in vitro and ex vivo studies [2–10].
In the field of cancer research, MAS NMR has been

used to: (a) distinguish tumor types using biomolecular

markers [2,8,11], (b) characterize malignant potential

of certain cancers [10,12], and (c) monitor the response

of tumors to chemotherapy and/or radiotherapy [3].
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MAS removes the major line-broadening mechanisms

in tumor tissue and cell samples, including most of

the dipolar coupling and susceptibility inhomogeneity

across the sample. However, the heterogeneous fea-

tures of these natural samples largely remain and com-

promise the quantitative analysis of the MAS NMR

spectra. For example, water interacts strongly with
membrane lipids such as phosphatidylcholine but not

with some small metabolites such as phosphocholine

and free amino acids. In addition, relaxation times of

membrane lipid protons are significantly different from

the free small metabolites. Accordingly, the design of

NMR experiments for HR-MAS NMR analysis of

cells and tissues (complex semi-solid systems) must

take these factors into account when applying the
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existing experimental techniques that have largely

been developed for the static NMR studies of liquid

systems.

In tissue or cultured cells, water is normally three

orders of magnitude more abundant than other metab-

olites. Thus, water suppression must be applied in the
acquisition of high quality NMR spectra to overcome

the dynamic range problem and to recover metabolites

that overlap the broad baseline of the strong water res-

onance [13]. Eliminating water without perturbing

other resonances is ideal but not realistic. There are

three key factors that may define the requirements

for water suppression techniques: (i) no other signal

loss; (ii) narrow suppression band across the water re-
gion in the spectra; and (iii) efficient on-resonance sup-

pression. Requirement (i) may be the most important

factor of these three. Large signal loss results in de-

creased sensitivity and may lead to significant errors

in quantitative analysis especially when metabolites

are suppressed to unequal degrees. NMR is a technique

of inherently low sensitivity. Further signal reduction

in experimental design should be avoided particularly
when it results in a non-uniform reduction in metabo-

lite signals. The ideal efficiency for water suppression is

when the residual water signal is lower than the largest

metabolite signal allowing the spectra to be acquired

using the largest receiver gain. However, less strict re-

ceiver gain requirements are usually necessary for the

acquisition time to be practical.

Till today, all of the high-resolution MAS NMR
spectra acquired on tissue and cell samples have uti-

lized the presaturation technique [2–12,14], which in-

deed achieves efficient water suppression and a flat

baseline. A selective-gradient-echo, such as the widely

used excitation sculpting in liquid NMR experiments

[15,16], may be used for water suppression in cell

and tissue samples as well. In this paper, we show

that both methods fail for tissue and cell samples by
significantly reducing the intensities of lipid signals.

The underlying mechanisms in the signal reduction

for these two methods are also presented. For presat-

uration the signal reduction is due to the strong inter-

action between water and membrane lipid. Saturation

of the water resonance using weak radio frequency

(r.f.) irradiation of 2–5 s allows transfer of the lipid

magnetization to the water resonance through the nu-
clear overhauser effect (NOE). However, with the

selective gradient echo methods the magnetizations

of all resonances are on the transverse plane for the

majority of the selective echo time and thus subject

to transverse relaxation decay. This often results in

significant decay of signals that have short transverse

relaxation times. We propose to use a water suppres-

sion technique similar to CHESS [17], composed of
three selective pulses and three pulsed gradients. In

contrast to CHESS which always uses 90� selective
pulses, we calibrate the third selective excitation to

empirically null (SEEN) the water signal. This selective

pulse of between 90 and 180� is essential with HR-MAS

since the MAS modulation of field inhomogeneities

reduces the spatial excitation of the selective pulse (vide

infra). The SEEN water suppression technique is easy to
use and we demonstrate its advantages in comparison to

presaturation, excitation sculpting, CHESS, and WET

[18,19] using surgically resected human sarcoma tissues

and a malignant sarcoma cell line. Modification of the

third selective pulse forCHESSwas suggested to compen-

sate for the short delay effects between two scans in MRI

localized spectroscopy [20].
2. Experimental methods

2.1. Sample preparation

2.1.1. Tumors

All tumor specimens were received fresh after opera-

tive resection at Memorial Sloan-Kettering Cancer
Center with patients consent. The tissue was cut into

slivers and immersed in PBS solution (90% H2O/10%

D2O, pH 7.4) for 2 min. Excess liquid was removed

by blotting and the tissue was then loaded into the

4 mm OD zirconium NMR rotor. The sample weight

averaged 39.0 ± 3.0 mg.

2.1.2. Cells

Malignant peripheral nerve sheath tumor (MPNST)

cells were cultured in basic RPMI media supplemented

with 15% fetal bovine serum and penicillin and strepto-

mycin for 24 h at 37 �C and 5% CO2, to 65% confluence.

Approximately 1.5 · 107 cells were harvested and centri-

fuged at 400g for 6 min. The pellet was then washed

twice in PBS solution (90% H2O/10% D2O, pH 7.4),

and centrifuged at 500g for 5 min at 4 �C. The cells were
then transferred to the rotor.

2.2. MAS NMR experiments

The experiments were carried out at 20 �C on a Bru-

ker Avance 600 MHz spectrometer with a 4 mm HR-

MAS probe. The MAS rate used was 5000 ± 2 Hz.

The pulsed field gradients were applied at the magic an-
gle (54.7 �C) and all the applied gradients were sine-

shaped.

The water suppression sequence SEEN is shown in

Fig. 1. The first two selective pulses are 90� and the

third selective pulse is between 90 and 180�. The fourth

pulse is a hard 90� pulse, which excites all the magneti-

zation to the transverse plane for detection. The selec-

tive pulses used in our experiments are half Gaussian
shape (utilizing its high selective excitation efficiency)

and can be replaced with any shaped excitation pulse.



Fig. 1. The SEEN pulse sequence for water suppression. This pulse

sequence includes three selective pulses and one hard detecting pulse

with three pulsed gradients. The first two selective pulses are 90� and
the third one needs to be empirically calibrated to achieve a null water

signal. The fourth pulse is a hard 90� pulse for detection. The phases

for the pulses are /1 = �x x x �x �y y y �y; /2 = y y �y �y x x �x

�x; /3 = x �x y �y; and /4 = /rec = x -x �x x y �y �y y.
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The required intensities of the first two shaped pulses

were calculated from the hard 90� pulse (e.g., using

the Bruker shape tool STDISP), the third selective

pulse is calibrated empirically until the water signal

approaches zero. The approach for this calibration is

similar to the 90� hard pulse calibration. The length
of each selective 90� pulses used in the experiments

is 10 ms. The three pulsed gradients used were 1 ms ·
Fig. 2. MAS spectra of a gastrointestinal stromal tumor (GIST) freshly resecte

sequence SEEN as shown in Fig. 1. The four pulsed field gradients were G

0.5 ms · 0.085 T/m; c, acquired using presaturation to suppress water; d, acquir

spectraof a andb, a andc, andaandd, respectively.All the spectraare shownat t

settings.
0.19 T/m, 1 ms · 0.055 T/m, and 0.5 ms · 0.085 T/m,

respectively.

Presaturation was achieved using 2 s weak r.f. irradi-

ation with an intensity of approximately 700 Hz. In the

excitation sculpting approach, the two selective

pulses were 4.4 ms Gaussian truncated at 1%, the first
two gradients were 1 ms · 18 g/cm and the second two

gradients were 1 ms · 10.3 g/cm. All the selective

pulses used in CHESS and WET were 10 ms half

Gaussian and the pulsed gradients were 1 ms · 0.48 T/

m, 1 ms · 0.24 T/m, 1 ms · 0.12 T/m, and 1 ms · 0.06

T/m, respectively.

Total acquisition time was approximately 24 min for

all experiments using 128 scans and an inter-scan delay
of 10 s except in the case of presaturation, where the

sum of presaturation and inter-scan delay was 10 s (so

as to use the same overall acquisition time). The data

sizes in the time domain and the frequency domain were

16 K for all the experiments. No line-broadening was ap-

plied for any experiments.

The 2D NOESY spectra were acquired without

water suppression. To prevent radiation damping, gra-
dients were applied during the evolution period and the

mixing period [21]. The parameters used for the acqui-

sition of the NOESY spectra include: 16 dummy scans;

eight scans for each FID; data size, 512 · 2048 in the
d from a patient: a, acquired using a 90� pulse; b, acquired using the pulse
1: 1 ms · 0.19 T/m, G2: 1 ms · 0.085 T/m, G3: 1 ms · 0.055 T/m, G4,

ed using excitation sculpting [16] to suppress water. e–g are the difference

he same scale. a–dwere acquiredandprocessedusing the sameparameter
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time domain, 2048 · 2048 in the frequency domain.

Cosine window function was applied for both dimen-

sions prior to Fourier transformation. Baseline correc-

tion was also applied in both dimensions.
3. Results and discussion

3.1. Comparison of SEEN with presaturation and exci-

tation sculpting

Fig. 2 shows the proton MAS spectra of a fresh gas-

trointestinal stromal tumor (GIST) tissue sample and

Fig. 3 shows the proton MAS spectra of an MPNST cell
line: a, using a 90� pulse; b, using SEEN; c, using presat-

uration; d, using excitation sculpting; e, f, and g are the

difference spectra of a and b, a and c, and a and d,

respectively. All the spectra were acquired using the

same receiver gain and are represented on the same

scale. A brief assignment is shown in spectra 2a and 2f.

Both presaturation and excitation sculpting achieve

almost complete water suppression and a very flat base-
line as seen in spectra c and d in Figs. 2 and 3. They

both, however, resulted in significant signal loss, espe-

cially for the lipid resonances when compared to spectra
Fig. 3. MAS spectra of 1.5 · 107 human malignant peripheral nerve sheath tu

pulse sequence SEEN as shown in Fig. 1. The four pulsed field gradients were

0.5 ms · 0.085 T/m; c, acquired using presaturation to suppress water; d, acqu

spectra of a and b, a and c, and a and d, respectively. All the spectra are sho

parameter settings.
acquired without the use of water suppression (spectra

2a and 3a). The difference spectra f and g in Figs. 2

and 3 reveal the quantitative differences in spectral

intensity between spectra acquired with no water sup-

pression and spectra acquired with presaturation (f) or

spectra acquired with excitation sculpting (g) and shows
that the loss in signal intensity is due to a reduction in

pure lipid resonances. In the presaturation spectra (f)

of GIST tissue and MPNST cells the resonance at

0.93 ppm arising from the terminal methyl group of

phospholipid hydrocarbon chains was reduced by 75

and 73%, respectively, compared to the spectra acquired

without water suppression. In the excitation sculpting

spectra (g) of GIST tissue and MPNST cells the reso-
nance at 0.93 ppm was reduced by 79 and 74%, respec-

tively, compared to spectra acquired without water

suppression. The quantitative difference spectra Figs.

2e and 3e demonstrate that no significant signal intensity

change occurs with SEEN.

Although the signal loss for the presaturation and

selective gradient echo pulse sequences are approxi-

mately equal (�75% for the methyl on hydrocarbon
chain lipid), the mechanisms are different. There was

strong NOE interaction between water and membrane

lipids observed in different tissues and cell lines (see
mor (MPNST) cells: a, acquired using a 90� pulse; b, acquired using the

G1: 1 ms · 0.19 T/m, G2: 1 ms · 0.085 T/m, G3: 1 ms · 0.055 T/m, G4:

ired using Excitation Sculpting to suppress water. e–g are the difference

wn at the same scale. a–d were acquired and processed using the same



Fig. 4. 2D NOESY spectrum acquired using a fresh GIST tumor with

the mixing time of 150 ms. The top 1D spectrum is the projection of

the 2D NOESY spectrum. The dominant cross peaks are between

water and the membrane associated lipids. The remaining cross peaks

are weak and at a level just below the noise.
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below). In the case of presaturation, a 2–5 s irradiation

time of the water peak with a weak r.f. pulse is normally

required to achieve adequate water suppression. During

this irradiation period, the lipid-magnetization is trans-

ferred to water through NOE. The loss of lipid signals

in Figs. 2f and 3f represents the net magnetization trans-
fer from lipid membrane protons to water during the

irradiation period. The fraction of signal loss in presat-

uration depends on the time of the irradiation. Prior to

saturation of the spin system, longer irradiation always

reduces more of the lipid signals. In contrast, the decay

of the lipid signals in the excitation sculpting experi-

ments was due to the short transverse relaxation time

of the lipids resonances. The magnetizations were on
the transverse plane for the majority of the selective gra-

dient echo time and the transverse relaxation time of the

lipid resonances are only a few milliseconds. In the

experiment, the overall time of two selective gradient

echoes was about 9 ms. A detailed calculation of the

magnetization decay is complicated because during

the selective pulse, part of the magnetization is also in

the longitudinal direction. Under MAS, the delay be-
tween two pulses should be carefully chosen in concert

with the spin rate (the period), i.e., integer times of

the period. The WATERGATE [22,23] experiment

which does not use a soft selective pulse but uses the

combination of hard pulses to achieve selective refocus-

ing of water is not considered here. Under MAS, the de-

lay between two hard pulses must be integer times of the

period. This only allows a very fast MAS rate. For
example, a 5000 Hz excitation band between two nulls

for WATERGATE will need a MAS rate of 10 kHz.

We have found that at spin rates of 5–6 kHz which is

optimal for cell and tissue preservation that the use of

WATERGATE for water suppression results in a twist-

ing artifact in the spectra. The subtraction errors in

Figs. 2e and 3e are from eddy current generated by

the pulsed gradient. This was confirmed by demonstrat-
ing no subtraction error when SEEN is applied without

using pulsed gradients (data not shown). The gradient

coil used in the high-resolution MAS NMR probe is un-

shielded and using a shielded gradient coil should signif-

icantly reduce these errors.

The residual water resonance is substantially higher

with the SEEN technique of water suppression com-

pared to either presaturation or excitation sculpting
methods. However, the SEEN sequence permits enough

water suppression to avoid dynamic range problems

and at the same time preserves the intensity of the lipid

resonances enabling quantitative measurement of all

proton spectral resonances. The vinyl peak at 5.4 ppm

(shown by the arrows) is cleanly isolated from the

water peak and its intensity is preserved when the

SEEN water suppression sequence is applied (see spec-
tra in Figs. 2b and 3b). In contrast, this vinyl resonance

overlaps substantially with the water resonance in the
absence of water suppression (see spectra in Figs. 2a

and 3a). Although the presaturation and excitation

sculpting methods remove the overlap of the vinyl peak

and the water resonance, they both dramatically reduce

the intensity of this resonance. It is important to clearly

visualize and quantitate this vinyl resonance since it can
be used to characterize the saturation of the fatty acid

chains of the membrane lipids in intact cells and tissue

specimens. Examination of these spectra reveal that the

baseline is straighter with less undulation in the spectra

acquired with presaturation and excitation sculpting

compared to those acquired with SEEN. The very

broad peaks detected in SEEN spectra represent the

more bound metabolites in the cells and tissues, such
as non-mobile membrane and protein signals. Appar-

ently these broad peaks also undergo interaction with

water through NOE or relayed NOE and are thus lar-

gely removed from spectra acquired with presaturation

and excitation sculpting.
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3.2. Two-dimensional NOESY shows the strong NOEs

between water and lipid signals

To illustrate the existence of NOE between water and

lipid signals a 2D NOESY spectrum is shown in Fig. 4

using a fresh GIST sample with the mixing time of
150 ms. On the top of the NOESY is the 1D projection

of the 2D spectrum. The only cross peaks apparent in this

spectrum are theNOEs between water and the lipidmem-

brane. ThisNOESYwas acquiredwithout water suppres-

sion to observe the NOEs from water. The other NOEs

are too low to be detectable in this NOESY because a

low receiver gain is used to retain the strong water signal.

This strong water–lipid NOE suggests that a significant
number of water molecules are in close association with

lipids in membrane bilayers of both cells and tissue sam-

ples. A detailed quantitative analysis and discussion of

water–lipid NOE will be published elsewhere.

3.3. Comparison of SEEN with CHESS and WET

For water suppression, CHESS and WET do not re-
sult in lipid signal loss as is seen in presaturation or exci-

tation sculpting since they use the same mechanism as

SEEN. In these sequences, the selective pulses are on

the order of 10 ms so that the magnetization transfer
Fig. 5. Comparison of the suppression profiles of SEEN, CHESS and WET.

water resonance intensity in the absence of water suppression. WET has a b
from lipids to non-equilibrium water is negligible. Also,

the remaining resonances are at equilibrium during

selective excitation of water, which prevents the fast de-

cay by transverse relaxation that can be seen with exci-

tation sculpting. However, we found that CHESS

always results in a positive water signal while WET
has a fairly broad suppression band. In Fig. 5, the water

suppression profiles for SEEN (a), CHESS (b), and

WET (c) are presented. At on-resonance, both SEEN

and WET achieve good water suppression with the

residual water signals in a dispersive shape. The dashed

line in Fig. 5 is the same in all three profiles and identi-

fies the difference in the suppression band. SEEN and

CHESS have narrower offset effects compared to
WET. It is clear that the suppression band for WET is

the broadest. Due to radiation damping, the difference

of the excitation profile shown in Fig. 5 has a much

more significant effect on the area of the spectral signal

than is readily apparent from intensity measurements

(about the radiation damping effects in the water profile,

see [23]). WET reduces signal intensity 3% at a distance

of 700 Hz to water. We also found the vinyl resonance at
5.33 ppm has 10% less intensity when using WET to

suppress water than using SEEN. However, when the

signal close to water is not important in experiments,

both methods are considered to be similar.
CHESS leaves a positive water signal with an intensity that is 4% of the

road suppression band.



Fig. 6. Space excitation profile of a hard 90� pulse (the outside solid

curve) and of a half Gaussian 90� pulse (the inside dashed curve) for a

high-resolution MAS NMR probe at 600 MHz. It is apparent that the

hard pulse is spaciously more efficient. The hard pulse excites part of

longitudinal magnetization to the transverse plane. In contrast, the

selective pulse (a half Gaussian) does not alter the longitudinal

magnetization and leaves a positive water signal as is seen with CHESS

water suppression. The inset shows the gradient echo sequence used to

acquire the space profile on a sample of 1% H2O with 99% D2O. It is

worth noting that using a sample with a higher concentration of H2O

results in radiation damping effects and complicates the profile.
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CHESS leaves the residual water signal in an absorp-

tive shape with an intensity of approximately 4% of the
original intensity without water suppression (see the on-

resonance signal). This residual signal comes from the fact

that the space excitation profile of the selective pulse is

narrower than the hard pulse. Fig. 6 shows the space exci-

tation profile of a hard 90� pulse (the outside solid curve)

and of a halfGaussian 90� pulse (the inside dashed curve).
The hard pulse excites part of longitudinal magnetization

to the transverse plane. In contrast, the selective pulse (a
half Gaussian) does not alter the longitudinal magnetiza-

tion and leaves a positive water signal as is seen with

CHESSwater suppression. The underlying physics is such

that at the ends of the rotor, the field inhomogeneities are

larger and the spins see a modulated Bz field from MAS.

Since the selective pulse is of lower amplitude it is less able

to compete with this modulation and it is inefficient at the

ends of the rotor. The positive water signal in CHESS re-
sults from the magnetization at the edge of the excitation

profile that cannot be excited by the selective pulse but

that is excited by the hard 90� pulse. The longer pulse

width in SEEN simply corresponds to a nulling signal

from the residual z-magnetization at the ends of the rotor

with a little inverted z-magnetization from the sample in

the center of the rotor.
4. Conclusion

We have shown that solvent suppression using con-

ventional presaturation and selective gradient echo
methods for the study of tissue specimens and cultured

cell lines result in more than a 70% reduction in the

intensities of lipid resonances. The combination of selec-

tive excitation and pulsed gradients for water suppres-

sion avoids the signal loss found with conventional

presaturation and selective gradient echo methods. The
sequence proposed here (SEEN) achieves good water

suppression and a fairly narrow suppression band.
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