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We propose a solid-state NMR method that maximizes the advantages of high-resolution magic-angle-
spinning (HRMAS) applied to intact biopsies when compared to more conventional liquid-state NMR
approaches. Theoretical treatment, numerical simulations and experimental results on intact human
brain biopsies are presented. Experimentally, it is proven that an optimized adiabatic TOBSY (TOtal
through Bond correlation SpectroscopY) solid-state NMR pulse sequence for two-dimensional 'H-'H
homonuclear scalar-coupling longitudinal isotropic mixing provides a 20%-50% improvement in signal-
to-noise ratio relative to its liquid-state analogue TOCSY (TOtal Correlation SpectroscopY). For this pur-
pose we have refined the C9}5 symmetry-based '>C TOBSY pulse sequence for 'H MRS use and compared
it to MLEV-16 TOCSY sequence. Both sequences were rotor-synchronized and implemented using
WURST-8 adiabatic inversion pulses. As discussed theoretically and shown in simulations, the improved
magnetization-transfer comes from actively removing residual dipolar couplings from the average Ham-
iltonian. Importantly, the solid-state NMR techniques are tailored to perform measurements at low tem-
peratures where sample degradation is reduced. This is the first demonstration of such a concept for
HRMAS metabolic profiling of disease processes, including cancer, from biopsies requiring reduced sam-

ple degradation for further genomic analysis.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

High-resolution magic-angle-spinning (HRMAS) 'H nuclear
magnetic resonance spectroscopy ('H MRS) is a promising tool
for metabolic profiling [1-3] since it can be used to study unpro-
cessed tissue in a non-destructive manner. Compared to the
well-known imaging methods of histopathology and MRI that de-
tect mostly morphological changes, '"H MRS is sensitive to the tis-
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sue chemistry and can be used to differentiate metabolic
phenotypes. Hence, it can increase specificity and accuracy of diag-
nostic methods. Due to its increased resolution, ex-vivo HRMAS 'H
MRS is a helpful tool in explaining and assigning in-vivo 'H MRS
spectra.

Although, magic-angle-spinning (MAS) has been adopted from
solid-state nuclear magnetic resonance (NMR) as a line-narrowing
technique that reduces magnetic susceptibility differences and
averages out anisotropic interactions such as chemical shielding
anisotropy (CSA) or dipolar couplings (D) for samples that are
not purely isotropic liquids, this has not been followed by the
use of solid-state pulse sequences. Currently, HRMAS 'H MRS
on tissue biopsies employs conventional liquid-state pulse se-
quences and assumes that MAS alone is sufficient to remove
the residual anisotropic interactions present in partially immobi-
lized samples. While this holds true for simple one-dimensional
(1D) 'H MRS, in multidimensional experiments that rely on
'H-'H homonuclear scalar-coupling (J-coupling) mediated mag-
netization-transfer (i.e., TOtal Correlation SpectroscopY or TOCSY)
residual anisotropic interactions can be reintroduced [4] uninten-
tionally by pulse sequences not designed to eliminate them.
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Therefore, the transfer efficiency can be dramatically altered,
resulting in decreased sensitivity. At the same time, undesired
transfer through residual dipolar couplings can lead to through-
space intra- or inter-molecular correlations that compromises
metabolite assignment. Enhancing signal-to-noise ratio (SNR)
and quality of assignment are crucial for HRMAS 'H MRS in order
to become successful and have a wide spread use in tissue biop-
sies characterization.

Multidimensional spectroscopy is, however, necessary for
unambiguous assignment and quantification of metabolites pres-
ent in “crowded” and overlapping 1D spectra. Recent advances in
solid-state NMR [5], based on symmetry principles and average
Hamiltonian theory (AHT), allow the design of pulse sequences
that cancel the 1st order average Hamiltonian and minimize the
higher orders contributions from CSA, D and offset terms, main-
taining only the isotropic J-coupling. These sequences, known as
TOBSY (TOtal through Bond correlation SpectroscopY), were origi-
nally developed for 'C spectroscopy [6,7] and have been demon-
strated in immobilized systems [6-9], or more recently were
successfully used to study dynamics and structure of membrane
proteins [10] in lipid bilayers or protein fibrils [11]. A few HRMAS
'H NMR studies on polymers and other organic compounds [12,13]
have used TOBSY sequences, albeit without the use of adiabatic
pulses and their superior performance. Moreover, the benefit of
J-only TOCSY sequences has been recognized in the absence of
MAS for liquid-state NMR studies of partially alligned proteins
[14].

Tissue biopsies have properties that are closely mimicked by
proteoliposome samples [10]. Hence, a similar approach for
HRMAS 'H MRS on tissue biopsies would prove beneficial for:
(1) improved detection of relevant tissue biomarkers of high-
molecular-weight and reduced mobility (e.g. phospholipids), (2)
detection of new macromolecular biomarkers such as proteins,
glycolipids, or lipoproteins, and (3) use of low temperatures
(<=5°C) and MAS rates (<3 kHz) to preserve sample integrity
for further gene expression analysis [15]. At low temperatures,
residual anisotropic interactions increase due to slower molecu-
lar dynamics, making “well-designed” sequences even more
important. To date, all HRMAS experiments have been carried
out at temperatures above 0 °C. Using solid-state NMR princi-
ples, a new class of experiments can be developed that would
provide information that is not usually attainable from liquid-
state NMR. Particularly, at low temperatures the tissues might
be clamped in a certain metabolic state of interest. In addition
to reduced sample degradation or metabolic clamping, HRMAS
'H MRS experiments at lower temperatures could be combined
with dynamic nuclear polarization (DNP) [16,17] for further sig-
nal enhancement.

We have adapted the C9;; (TOBSY) symmetry-based pulse se-
quence [5,8,9] for 2D HRMAS 'H MRS and compared the magneti-
zation-transfer efficiency and SNR to MLEV-16 (TOCSY, [18]) on
brain biopsy specimens. We employed, in both cases, WURST-8
[19] radio-frequency (r.f.) adiabatic inversion pulses (AIP) for their
efficient use of r.f. power to compensate pulse offsets, inhomoge-
neity and miscalibration with reduced r.f. heating. By design and
symmetry constraints, C9]; (Fig. 1) is a rotor-synchronized se-
quence with a fixed WURST-8 pulse length to rotor period ratio
of 15/18, according to the WiW scheme [9]. To compare results un-
der similar conditions, the adiabatic MLEV-16 [20] was rotor-syn-
chronized as previously proposed [21], by making the WURST-8
pulse length equal to one rotor period. The WURST-8 pulse for
(9], is slightly shorter than its MLEV-16 analogue, requiring a
small increase in the peak r.f. field for the same bandwidth and adi-
abaticity factor. As discussed in the following, we also compared
the situations where the WURST-8 pulses have the same duration
for both sequences and found a similar gain factor. In the following
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Fig. 1. 2D ['H,'H] TOBSY experiment employing an adiabatic CQ}5 pulse sequence.
Nine C elements (“C”, grey boxes) span 15 rotor periods (tg). The block of nine C
elements is repeated several times (N) for the desired mixing duration. Each C
element is constructed according to the WiW scheme [9] from two back-to-back
and 180° phase-shifted WURST-8 adiabatic inversion pulses (W8). The phases ¢; are

calculated according to the overall C9 symmetry and internal WURST-8 phase
modulation.

when referring to C9;; or MLEV-16 we will mean adiabatic rotor-
synchronized sequences.

2. Theory

The time-dependent Hamiltonian in the rotating frame of a
homonuclear two-spins system, which is subjected to periodic per-
turbation of the magic-angle-spinning (tyas), I.f. amplitude- (tan)
and phase- (tpy) modulation, can be expressed as:

H(tmas, tam, tom) = —9171z - szzz — Sto[64 (fMAsﬁlz
~ i 7*h? 2
=+ JZ(tMAS)bz] =+ 5273 [1 — 3 cos 912(tMA5)]
2
X (3712722 — /1\1/1\2) + 27[]]27172 + W1 (tAM)[ﬁX

x €os @(tpm) + Fy sin @ (tpm)] (1)
where Q; , represent resonance offsets; wo Larmor frequency; 61,
CSA tensors; 1y, internuclear distance; 0,, angle between internu-
clear vector and static By field; S order parameter [22,23]
(S€10,1] models external or internal molecular dynamics, S=0
for purely isotropic liquids and S=1 for rigid solids); J;» isotropic
scalar-coupling; w, r.f. amplitude; ¢ r.f. phase; 71,2 single spin oper-
ators; F, two-spins operators. For our purpose only the homonu-
clear dipolar- and scalar-couplings were considered (fourth and
fiftth term). Heteronuclear couplings were not included either be-
cause of the natural abundance '3C in biopsy samples, or because
they can be decoupled.
Due to periodic time-dependence, the average Hamiltonian the-
ory [24] can be used to calculate the spin evolution. Using rank 2
irreducible spherical tensors [25] the Hamiltonian is transformed

first in the interaction frame (H) of the r.f. field. In Levitt's notation
[5], this can be decomposed as:

= Ll =
H=2 Zl “Z Hivi )

where [=0,2 and A =0,2 represent the space- and spin-ranks,
respectively, of the spin interactions A (CSA, D, J), and m and pu
are the space and spin quantum numbers.
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As a result of interference between MAS and r.f. field in averag-
ing the NMR interactions, a general CN; symmetry-based pulse se-
quence will select in the lowest-order average Hamiltonian the
interactions that satisfy the following condition:

mn — uv = kN (3)

For TOBSY [6-9] sequences the only desired interaction is the J
scalar-coupling that has the components {I,m,.,1} = {0,0,0,0}. This
means that Eq. (3) must be only satisfied for m=p=k=0, since
all other interactions have different {l,m,.,u} components. This
leads to one possible series of TOBSY sequences based on the
(9,5 symmetry [9].

MLEV-16 used in liquid-state NMR for TOCSY [20,26,27] does
not have such a selection mechanism for anisotropic interactions
and compensates only for the resonance offsets. This makes
MLEV-16 sensitive to dipolar couplings or CSA in samples that
are not purely liquids. In order to visualize better the theoretical
behavior of €9}, and MLEV-16 sequences, numerical simulations
have been employed, as described below.

3. Methods
3.1. Numerical simulations

Prior to measurements, we performed quantum mechanical
numerical simulations to predict the magnetization-transfer build-
ups of €9}, and MLEV-16. The simulations were performed in the
GAMMA [28] environment assuming a two-spin (protons) system
described by the Hamiltonian of Eq. (1) with a scalar-coupling of
10 Hz and offsets of #1500 Hz (+2.5 ppm at 600 MHz 'H) or dipolar
couplings of 70 Hz (corresponding to an order parameter S =0.01
for vicinal protons at a distance of 2.5A), 2100 Hz (5=0.3) and
7000 Hz (S = 1). These conditions can be easily met when working
with tumor biopsies. In particular, the size of dipolar couplings
may increase when molecular mobility is reduced, as it is expected
for macromolecules (lipids, phospholipids and peptides) involved
in tumor metabolism, or as occurs at low temperatures. The CSA
of protons is typically very small and was not considered. Results
of simulations are shown in Figs. 2(a-d) and 3(a and b).

In all simulations spin evolution was calculated using the piece-
wise constant Hamiltonian approach [29]. The initial density ma-
trix was set 712 and the detect operator was considered to be 722.
Simulations have been performed for an MAS rate of 3 kHz. Each
WURST-8 pulse was discretized in 200 steps as in the experimental
implementation (vide infra). The maximum r.f field for WURST-8
pulses was 14.5 kHz in the case of C9}5 and 12 kHz for MLEV-16.
Other adiabatic inversion pulses [30-32] were investigated and
gave similar results. The periodic nature of each sequence was
exploited to speed up calculations for long mixing times. The prop-
agator corresponding to one sequence cycle was used repeatedly
(15 rotor periods for C9;, and 16 rotor periods for MLEV-16). 120
different powder orientations were integrated according to a
non-random numerical method [33].

3.2. Experimental procedures

3.2.1. Brain biopsies and sample preparation

We recorded control spectra of brain biopsy samples from four
patients (undergoing surgery for epilepsy), with sample weights of
9.2, 19.3, 20 and 24.5 mg. Spectra were also recorded from brain
cancer biopsy samples collected from six patients that had under-
gone surgery for glioblastoma multiforme (GBM), with sample
weights of 10, 11.2, 12.6, 17.3, 18.8 and 22.7 mg. First, 10 pl of 3-
(trimethylsilyl)-propionic acid-D4 (TSP) standard (50 mM in D,0)
was introduced into the 4 mm ZrO, rotors before biopsies for ref-

erencing and field locking. The samples were secured and tight-
ened in the rotors with a top insert, screw and cap (Bruker).

3.2.2. NMR experiments

All NMR experiments were conducted on a wide-bore Bruker
Avance spectrometer (600 MHz, 'H) using a 4 mm double channel
HRMAS probehead (Bruker) equipped with a deuterium lock chan-
nel. All measurements were made at 3 kHz MAS and -8 °C (the
minimum temperature possible with our setup for 3 kHz MAS).

The 2D ['H,'H] TOBSY experiment, which employs the adiabatic
€9}, pulse sequence, is shown in Fig. 1. Nine C elements (grey
boxes) span 15 rotor periods (tg). Each C element is constructed
according to the WiW scheme [9] from two back-to-back and
180° phase-shifted WURST-8 (W8) adiabatic inversion pulses
(1(8) = W1.max(1 — \sin(tn/TP)\g), T, the pulse length). The
WURST-8 pulse has a length of 277.78 us at 3 kHz MAS, requiring
a peak r.f. field (w1 max) of 14.5 kHz for an adiabaticity factor of 5.
The phases of each C element are calculated according to the over-
all €9 symmetry and internal WURST-8 phase modulation
(@;(t) = 27i/N + (W1.max)*/2Qo(t — Tp/2)%,i=0,8,Q, quality fac-
tor). The WURST-8 shape was discretized in 200 steps in order to
efficiently use the memory buffer and was calculated using the
Shape Tool in XWINNMR 3.5 (Bruker). The block of nine C elements
is repeated an integer number (N) of times for the desired mixing
duration. Rectangular 90° hard pulses (8 ps) pulses were used to
complete the 2D experiment (black rectangles in Fig. 1). Phase cy-
cling of the first and last 90° hard pulses is given for longitudinal
isotropic mixing and phase sensitive spectra recording. The pulse
sequence is preceded by a water suppression block with continu-
ous-wave (CW) low-power on-resonance irradiation (omitted from
this diagram). The correct generation of the pulse sequence and
WURST-8 pulses was tested with a Tektronix TDS3044B digital
oscilloscope.

For the 2D ['H,'H] TOCSY experiment the C9]; mixing block in
Fig. 1 was replaced by the MLEV-16 scheme. Each 180° pulse of
the MLEV-16 was constructed from a rotor-synchronized WURST-
8 adiabatic pulse, as previously proposed [21]. At the 3 kHz MAS rate
the WURST-8 pulse length for MLEV-16 is 333.33 pus, requiring a
maximum r.f. field of 12 kHz for an adiabaticity factor of 5. This is
a slightly lower field than in the case of C9]s. To eliminate the pos-
sibility that the advantage of C9., is due to higher r.f. field, MLEV-
16 was also performed at 3.6 kHz MAS rate. Running MLEV-16 at
3.6 kHz MAS requires the same r.f. field (14.5 kHz) as CQ}5 at 3 kHz
MAS. Experimental results and simulations are presented in Fig. 6.

In all experiments, identical acquisition and processing param-
eters were used. These parameters were as follows: 2k points along
the direct dimension (13 ppm spectral width), 200 points along the
indirect dimension (7.5 ppm spectral width), 8 scans, 2 dummy
scans, 1s CW low-power on-resonance water presaturation, 2s to-
tal repetition time, 45 ms mixing time (maximum buildup signal
for most of the metabolites), 56 min total acquisition time;
QSINE = 3 window function in both dimensions, FT with 2k points
in the direct dimension and zero-filling to 1k in the second dimen-
sion, phase correction in both dimensions and baseline correction
in the second dimension. Acquisition and processing of spectra
were completed using XWINNMR 3.5 software (Bruker).

4. Results

Simulated buildup curves of C9;; (black) compared to MLEV-16
(red) predict improved magnetization-transfer of C9}5 with regard
to both the offset (Fig. 2a) and the size of dipolar couplings
(Fig. 2b-d), indicating that C9}5 can more than double the transfer
efficiency of MLEV-16. Fig. 2a shows that even in the absence of
dipolar couplings (S=0) the C9]; performs better than MLEV-16
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Fig. 2. Numerical simulations of magnetization-transfer buildups via a scalar-coupling of 10 Hz under adiabatic C9}5 (black) or adiabatic MLEV-16 (red) mixing. (a) An offset
of + 2.5 ppm (at 600 MHz 'H), or dipolar couplings of (b) 70 Hz (order parameter S = 0.01), (c) 2100 Hz (S = 0.3) and (d) 7000 Hz (S = 1) are considered for two vicinal protons
at 2.5 A distance. MAS of 3 kHz is assumed in all simulations. WURST-8 maximum r.f fields of 14.5 kHz (C9}5) and 12 kHz (MLEV-16) are employed.
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Fig. 3. The contribution of dipolar couplings in C 9} 5 (a) and MLEV-16 (b) transfers. An order parameter of S = 0.01 has been considered in all cases and the scalar-coupling was

set to J = 10 Hz (black) or J = 0 Hz (red).

for the offsets and chemical shifts dispersion characteristic for pro-
tons. When dipolar couplings are introduced, MLEV-16 performs
gradually worse than C9), with increasing order parameters
(Fig. 2b-d). For large order parameters (S ~ 1) MLEV-16 fails com-
pletely. At small order parameter (S =0.01), the marked effect of
dipolar couplings on MLEV-16 can be shown in simulations where

the scalar-coupling is set to 0. In Fig. 3b buildups of MLEV-16 with
J=10Hz (black) and J=0Hz (red) are compared. As can be seen,
the two buildups are similar and suggest that the transfer is in fact
largely given by the dipolar couplings. Power averaging of the ori-
entation dependent dipolar couplings makes the buildup to not
reach the maximum value of one as in the case of isotropic sca-
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lar-coupling. A further consequence of the dipolar transfer is that
the TOCSY spectra will contain not only through bond correlations
but also through-space contacts, complicating the assignment. By
contrast, the buildups of CQ}5 in Fig. 3a show no transfer for
J=0Hz (red), reassuring that the entire transfer is due to the sca-
lar-couplings (J = 10 Hz, black).

Representative 2D NMR spectra of control and tumor (GBM)
specimens obtained with the C9}5 (black) and MLEV-16 (red) se-
quences are shown in Fig. 4. The most striking difference between
specimens is the overwhelming presence of lipids in the GBM spec-
tra accompanied by the lack of N-acetyl-aspartate (NAA), y-amino
butyric acid (GABA) and aspartate (Asp).

The improved transfer efficiency of 9] is better illustrated by
comparing 1D slices of several relevant metabolites (lactate (Lac),
NAA, glycerophosphocholine (GPC), and polyunsaturated fatty
acids (PUFA)) that were extracted along the indirect dimension

from the 2D spectra (Fig. 4). The peaks in 1D slices were integrated
(using MestReC software [34]), and as shown in Fig. 5, C9.. is supe-
rior to MLEV-16 for both small- (Lac, NAA) and large- (GPC, PUFA)
molecular-weight metabolites.

The 2D SNR gain fraction SNRco/SNRyievis Was further calcu-
lated for each individual sample. 2D spectra were quantified using
Sparky program (T.D. Goddard and D.G. Kneller, SPARKY 3, UCSF).
The SNR gains were then averaged (mean + SEM) over the number
of samples. Student’s t-test p-values were computed against the
null hypothesis of no SNR gain (fraction equal to 1). Table 1 sum-
marizes the gain in SNR for C9}; relative to MLEV-16 for 2D
cross-peak volumes of selected metabolites. A significant SNR gain
of approximately 50% was calculated for larger, slower-tumbling
metabolites such as GPC and PUFA, while a lower but still detect-
able SNR gain close to 20% was obtained for low-molecular-weight,
faster-tumbling metabolites (i.e., NAA and Lac).
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Fig. 4. 2D ['H,"H] HRMAS MR spectra of control and glioblastoma multiforme (GBM) brain biopsy samples which were acquired with adiabatic CQ}S (left) and adiabatic
MLEV-16 (right) at 3 kHz MAS, —8 °C and 600 MHz "H. Assigned metabolites: Alanine (Ala), y-amino-butyric acid (GABA), Choline (Cho), Glutamine (Gln), Glutamate (Glu),
Glycerophosphocholine (GPC), Lipids (Lip), Myoinositol (Myo), N-acetyl-aspartate (NAA), Phosphocholine (PC), Phosphoethanolamine (PE), and Taurine (Tau). Similar con-
tours are chosen, and the lower threshold is 10-fold the noise level.
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Fig. 5. 1D slices along the indirect dimension of the 2D spectra (Fig. 4) recorded
with adiabatic €9}, (black) and adiabatic MLEV-16 (red). Integral values are given
with diagonal peaks normalized to 1.

Table 1
2D SNR gain of C9}5 relative to MLEV-16 (SNRco/SNRwmiev16) for relevant metabolites

Metabolite 61/52 SNR gain Biopsies Student’s t-test
(ppm) (mean + SEM, %) (#/type) (P-values)

GPC 3.68/4.32 55+13 3/GBM 0.050

PUFA 2.81/5.33 42+14 4/GBM 0.005

NAA 2.51/4.39 36+ 14 4/Controls 0.012

Lac 1.33/4.13 18+3 6/GBM 0.008

5. Discussion

The present study demonstrates that merging concepts from so-
lid- and liquid-state NMR can improve detection conditions for
complex biological samples such as tissue biopsies. The novelty
of our proposal lies in introducing and refining the TOBSY concept,
used to obtain '3C through bond correlations in solid-state NMR,
for the purpose of 2D HRMAS 'H MRS on tissue biopsies. The ben-
efits of this combined approach can be both quantitative, by
increasing signal-to-noise, and qualitative, by allowing identifica-
tion of new biomarkers.

Here, we focused more on the quantitative aspect and showed
that enhanced sensitivity can be obtained. This result is valid for
large molecules (phospholipids), as expected, but also for small
metabolites (NAA, lactate). A further step is to find evidence for
new tumor markers, especially larger macromolecules such as pro-

teins or peptides that play important roles in cancer and can thus
lead to a greater understanding of tumor genetics and pathology.
The proposed approach can be extended also to study agonist-
receptor interactions [35,36] in tissues to screen for new drug
targets.

An important contribution to the efficiency of the method
comes from the ability to use adiabatic pulses. We found similar
advantages, such as uniform inversion profile with low r.f. power,
compensate r.f inhomogeneity, reduced susceptibility for r.f. mis-
calibration and instrument instability in using adiabatic pulses as
previously reported [9,21,27]. However, one possible cause for
the improved efficiency of CQ}5 might be the slightly higher r.f.
field used during mixing period. To examine whether the superior
performance of C9}; was due to the small increase in r.f. amplitude
of WURST-8 pulses (14.5 kHz for C9], vs. 12 kHz for MLEV-16 at
3 kHz MAS) we performed both simulations and experiments of
MLEV-16 at 3.6 kHz MAS. Running MLEV-16 at 3.6 kHz MAS re-
quires the same r.f. field (14.5 kHz) as C9), at 3 kHz. Fig. 6 demon-
strates that the advantages of C9., are still preserved even when
MLEV-16 is performed at higher spinning rates.

A critical aspect is also the variability for 2D metabolite quanti-
fication due to experimental bias. This can be estimated and com-
pared if SNR is calculated separately for C9]; and MLEV-16 across
all samples (mean + SEM). The measure for variability was taken as
the ratio of SEM/mean (%). Table 2 indicates that less variability is
observed when using the adiabatic C9}5 sequence.

To this point, we need to note that although the observed SNR
gain was significant, it was lower than expected from simulations
of the two-spin system under ideal conditions (i.e. neglecting
relaxation). Experimentally this might be due to a variety of fac-
tors, such as T1 relaxation in the rotating frame during r.f. mixing,
multispin effects, or slight errors in generation of the adiabatic
pulse that accumulate over the mixing time.

The gain in SNR is expected to increase in conditions where
samples are more rigid, for instance at lower temperatures.
The possible use of lower temperatures is also justified because
of the need to protect the samples from degradation. Surgical
biopsies are usually frozen immediately to be preserved, hence,
an NMR method that does not warm (>0 °C) them would proba-
bly be desired. Moreover, at low temperatures the tissue biopies
can be clamped in a certain metabolic state of interest or can be
subjected to DNP in solid-state [37,38] for considerable signal
enhancement. DNP is already employed to produce hyperpolar-
ized '3C contrast agents in frozen solutions that are subsequently
melted and injected for medical use in MRI or MRS [39,40].
However, such a DNP procedure would not be feasible to imple-
ment for tissue biopsies and would completely destroy the spec-
imen. A similar approach in solid-state that preserves sample
integrity would be preferable. Although, currently DNP in solid-
state requires conditions [37,38] that render proton lines very
broad, further advancements in this field coupled with very fast
MAS [41] and optimized pulse sequences as proposed herein
could increase sensitivity for 'H MRS by several orders of mag-
nitude. Ultimately, we envision that the achieved sensitivity
may be sufficient for single scan multidimensional NMR spec-
troscopy [42] and lead to ultra-fast (s), multidimensional proton
spectroscopy of tissue biopsies or other samples of interest. We
suggest that such a development could turn the HRMAS 'H MRS
in a high throughput technique for research applications and
clinical use.

6. Conclusion

In conclusion, use of solid-state TOBSY sequences, such as C9}5,
allowed us to obtain enhanced HRMAS 'H MRS sensitivity in mul-
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Fig. 6. Numerical simulations and experimental results for adiabatic MLEV-16 at 3.6 kHz MAS. Running MLEV-16 at 3.6 kHz MAS requires the same r.f. field (14.5 kHz) as 9.
at 3 kHz. (a) The buildups of MLEV-16 at 3.6 kHz MAS (blue, dashed line) and 3 kHz MAS (red, continuous line) are identical, and inferior to C9}5 buildup at 3 kHz MAS (black,
continuous line). The same two-spin system from Fig. 2b was assumed. (b) 1D slices along the indirect dimension of the 2D spectra recorded with adiabatic C9;5 (black) at
3 kHz MAS and adiabatic MLEV-16 (red) at 3.6 kHz MAS (—8 °C and 600 'H MHz were used in both cases). Integral values are given with diagonal peaks normalized to 1.

Table 2
Variability (A) of 2D metabolite cross-peaks in C9}5 and MLEV-16 experiments

Metabolite 61/62 (ppm) SNRC9}5 (mean + SEM) SNR MLEV-16 (mean + SEM) AC9}s (SEM/mean%) A MLEV-16 (SEM/mean %)
GPC 3.68/4.32 17.33+£4.33 11+2.81 25 26
PUFA 2.81/5.33 28.5+5.75 21.25+5.62 20 26
NAA 2.51/4.39 70.75 +18.87 55.25+17.18 27 31
Lac 1.33/4.13 1003.3 +389.6 876 +357.9 38 141

tidimensional experiments on tissue biopsies. The SNR of our
method was superior to those using conventional liquid-state TOC-
SY sequences (MLEV-16). In the case of adiabatic rotor-synchro-
nized sequences the advantage is maintained over an MAS range,
requiring similar or identical r.f fields. This method is particularly
useful in low temperature experiments where samples are better
protected against degradation or they can be metabolically
clamped. The method may be applied to study physiological and
disease processes, including cancer. Increased sensitivity will allow
for shorter acquisition times, smaller sized samples and reduced
variability for metabolite quantification. We suggest this method
for metabolic profiling, especially for improved detection of macro-
molecular biomarkers in tissue biopsies and stem cells requiring
reduced sample degradation for further genomic analysis. More-
over, in the broader context of life sciences our approach can be ex-
tended into structural biology (membrane proteins, protein fibrils)
complementary to the existing NMR methods.
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