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Introduction

High-resolution magic-angle-spinning (HR-MAS) NMR
spectroscopy is a well-established tool for studying heteroge-
neous systems, especially semi-solid materals such as lipid
membranes [/-4], drug delivery systems, cell suspensions
[5,6], biopsy samples [7], molecules adsorbed in zeolites
[8,9], and resin-bound molecules [/0]. In such systems
MAS sufficiently suppresses the otherwise disturbing aniso-
tropic interactions such as magnetic susceptibility, chemical
shift anisotropy or even dipolar coupling. At already modest
rotation frequencies, well-resolved 'H-NMR spectra can be
observed, and the straightforward application of NMR meth-
ods commonly used for liquid samples is possible.

In order to facilitate gradient-assisted high-resolution multi-
dimensional NMR under HR-MAS conditions, the corre-
sponding probes are generally equipped with coils for creat-
ing pulsed field gradients (PFG) [77]. Recently, it has been
shown that lateral diffusion can be conveniently studied using
a combination of PFG and MAS techniques [3,5,712,13],
and the method has been successfully applied in the study
of diffusion properties in many of the materials mentioned
above. Furthermore, suppression of large solvent signals and
signals of mobile components has been demonstrated using

spin-echo-based diffusion filtering [/4-16]. The combined
use of PFG and MAS facilitates the study of the diffusion

of several different molecules simultaneously.

Strong Gradients with MAS Probes

Although HR-MAS probes provide excellent spectroscopic
resolution, in the standard configuration they still lack the ca-
pability for very strong pulsed field gradients. For comparison,
a conventional HR-MAS probe provides a maximum gra-
dient of ca. 0.5 T/m (50 G/cm) along the rotor axis, while
specialty probes designed for PFG-NMR can achieve ca.
30 T/m (3000 G/cm) along the z-axis. Such strong gra-
dients are highly desirable since they allow the detection of
very slow diffusion processes or diffusion within a very short
time frame.

The gradient coil in an MAS probe usually consists of wires
that are wound around the MAS stator. However, this design
has some disadvantages: the Q factor of the resonance circuits
may decrease with negative effects on rf efficiency (B, field
and detection sensitivity). In addition, the large forces result-

Fig. 1: Bruker components for a HR-MAS-PFG system. A conven-
tional standard-bore HR-MAS probe (left) is inserted into a conventional
XYZ. gradient system (right) as used for NMR microscopy (Micro2.5,
40 mm 1.d.), providing 25 mT/m (2.5 G/cm) per ampere of current.



ing from high currents in the gradient coil within the static B,
field mean that mechanical stability might become an issue at
high gradient strengths.

In the following we describe a novel approach for achiev-
ing reasonably strong field gradients, namely the use of a
conventional standard-bore MAS probe inserted into a mi-
croimaging gradient system [/7]. The components of the
system are shown in Fig. 1. The advantages of this scheme
are as follows.

Q The gradient coils are not mounted on the MAS stator
and are separated from the rf components, thus mini-
mizing any possible negative influence on the rf proper-

ties of the NMR coil.

O External water-cooling of the gradient coils allows the
use of high currents to obtain high gradient strengths.

Q The relatively large diameter of the gradient system
results in excellent linearity of the field gradients over

the NMR sample.

O No torque acts on the MAS stator during gradient
pulses; mechanical stability and orientation of the rotor
axis are not compromised, so that optimal NMR results
are obtained.

The microimaging gradient system can generate a field gradi-
ent G with three independent components

G, = B,/dx, G, = dB Jay, G, = 3B Joz )

where the direction of the magnetic field B, defines the
z-direction.

Fig. 2: The three Euler angles a, f3, ¥ describe the coordinate transfor-
mation from the MAS rotor frame to the laboratory frame.

The additional field B generated by the gradients for a spin
at position r = (x,y,z) in the laboratory frame is given by

B=Gr V)]

The position vector r in the laboratory frame for a spin located
at position rg = (xg,yr.zr) In the rotor frame 1s modulated
by sample spinning. The field acting on a spin located at rg
can be calculated using an orthogonal transformation of ry to
r. This transformation is described by a set of Euler angles c,
B=0.,y=o0t,as shown'ln Fig. 2, where 0_ 1s the magic
angle and y represents the time-dependent angle of rotation
about the rotor axis with angular frequency o,

If the MAS rotor axis is oriented with oc = 45° and the field
gradient G in the laboratory frame has three equal compo-
nents

G =G,=G,=G 3)

then the gradient field in the rotor frame has the compo-
nents

B, =(0,0,32Gzy). )

Thus, the field gradient with amplitude 312G is oriented
along the magic angle axis, and the dephasing and rephas-
ing of magnetization during gradient pulses depends only on
the coordinate zy, in the rotor frame. For our experiments the
angle ¢, the azimuthal orientation of the MAS stator, was

adjusted by rotating the HR-MAS probe inside the micro-

imaging gradient system.

Materials and Methods

To demonstrate our setup, we chose a sample containing
the monoacylglycerol 1-(9-cis-octadecenoyl)-rac-glycerol or
1-monoolein (MO) in D,O, which forms a so-called bicon-
tinuous cubic liquid-crystalline phase composed of a minimal
surface forming a lipid bilayer that is interlaced with water
channels. Because of the bilayer nature cubic phases can be
considered as models for lipid membranes, and some applica-
tions with cubic phases have been reported [3,78-20].

The diffusion properties of molecules embedded in the lipid
bilayer of a cubic phase are well-suited for evaluating our
HR-MAS-PFG system. The diffusion coefficient of lipids
in cubic phases 1s on the order of 10-'2 m2/s and, as a result
of the pseudo three-dimensional diffusion along curved sur-
faces, the spin-echo signal attenuation is purely Gaussian.
Therefore, any deviation from linear behavior in the plot of
the logarithm of the relative spin-echo amplitude versus the
squared gradient strength would signify imperfections in the
experimental setup.

Cubic phases have the advantage that the 'H spectra with MAS
are well resolved. The observed linewidth was 1 -3 Hz, and the
spectra were thus highly sensitive to possible field instabilities
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HDO Fig. 3: 'H HR-MAS

NMR spectra (400.13
MH?2z) of a cubic phase
composed of 1-mono-
olein in D,O, recorded
at 307 K and a rotation
frequency of 4 kHz.
The spectra show the
expanded region of the
glycerol backbone. The
upper spectrum was
measured with a pulse-
acquire sequence. | he
lower spectrum (in-
creased vertical scale)

glycerol
backbone

was measured with a
stimulated-echo PFG
sequence at the maxi-
mum gradient strength
available. Diffusion
weighting resulted in
disappearance of the

HDO signal from

rapidly diffusing water.
Note that the lineshape

4.5 4.0 35 for the glycerol signals

ppm is essentially the same
with or without PFG.
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that might be caused by strong gradients with long pulse dura-
tions (eddy current effects, mechanical instabilities, etc.).

The experiments were performed on an Avance 400 wide-
bore spectrometer equipped with three GREAT 60 gradient
current power supplies and a standard-bore 'H/'3C HR-
MAS probe inserted into the Micro2.5 gradient system so
that the sample was centered in the isocenter of the gradient

system. The standard XWIN-NMR 3.5 and ParaVision
2.0 software packages were used.

Diffusion studies were performed
using a modified stimulated-echo 0

The semi-logarithmic plot of the spin-echo attenuation s for
lipid signals vs. the squared gradient strength is shown in Fig. 4.
There 1s no significant deviation from linear behavior. The diffu-
sion coefficient obtained is in good agreement with those recently
published.

The hardware configuration described above can be used to
investigate other systems such as cells, tissues, zeolites, etc.
Thus, it is possible to study diffusion in systems that, up to
now, were not readily accessible with PFG NMR in combi-
nation with high-resolution spectroscopy [27].

NMR Microimaging of Rotating Samples

The combination of MAS with the spatial localization meth-
ods used in MRI offers the possibility of a tremendous re-
duction in signal linewidths together with the ability to obtain
spatially resolved images or spectra from localized volumes
of semi-solid samples. Such experiments were initially devel-
oped by some pioneers who built dedicated hardware and
created dedicated acquisition methods [22-26]. Here, we
demonstrate the use of the hardware described above with-
out modification, thus profiting from the advantages already
discussed.

The most direct way to record three-dimensional images of
the spin-density p(xg, yg, zg) within an MAS rotor requires
orientation of the effective gradients along the rotor’s axes
and synchronous "co-rotation" of the gradient components
(Gx,Gy,GZ) with the rotation of the sample. The generation
of the zg-gradient has been described above (Fig. 2). In order
to obtain the required - and yg-gradients for imaging, the
effect of gradients applied in the laboratory frame on spins

Dy = 17 X 107 mi/s

(STE) PFG sequence which em-

ployed for diffusion weighting two

PFG pulse sandwiches, each con- -0.5
sisting of bipolar (4/=) 1-ms sine-

shaped gradient pulses separated >~
by a 180° rf pulse. The delay A =
between bipolar sandwiches was

200 ms. The maximum magic- s
angle gradient strength available :

was 2.6 T/m at 60 A current in
the X,Y, and Z coils. )

In¥ < -Dg’ 1

Fig. 4: Plot of the logarithm
of the spin-echo attenuation
of the lipid signals v vs. the
gradient strength squared.
The solid line is the linear
least-squares fit. The yel-
low rectangle (upper left)

Fig. 3 compares spectra obtained 1
with either a pulse-acquire sequence

orthe STE-PFG sequence. No in-

fluence of gradient pulses on sig-

nal lineshape or position was observed, even at the highest
available gradient strength.

5 marks the region of gradient
strengths accessible with a
standard HR-MAS probe

with internal gradient coil.



located in the rotor frame needs to be calculated. It is found
that the simultaneous application of three sinusoidal oscillat-
ing gradients will generate a gradient of constant amplitude
that follows the rotation of x in the rotor frame. Thus, an
xg-gradient of strength G in the rotor frame can be generated
when the gradients produced by the microimaging XYZ. gra-
dient system have the following form.

G, =G [cos(wp) /62 —sin(wp) /212 ] 5)
Gy = G [cos(wyt) /62 + sin(wt) /212 ] (6)
G,=-G[@2/3)"2cos(wp) ] )]

Similar expressions apply for the yg-gradient.

The oscillating form of the gradients must be approximated
by stepwise changes of the gradient strengths (digital wave-
form). The shortest time step used in our experiments was
10 ws. Because of the resistance of the gradients coils and the
limited bandwidth of the gradient amplifiers, the maximum
current switching speed is limited. As a result, the actual
current applied to the gradient coils follows a smooth curve
which closely matches the theoretical form. This is also true
for higher rotation frequencies, whereby an increasing speed
of oscillation leads to a reduction of the maximum current
passing through the coils. Nevertheless, the currents and
gradients achievable at high rotation frequencies are still suf-
ficient to generate images.

To test the accuracy of rotation-triggered MAS images, a phan-
tom was constructed from a Kel-F cylinder (diameter 3 mm) in
which three interconnected and perpendicularly arranged cylin-
drical boreholes were drilled with diameters of 1, 0.7, and 0.3
mm. This phantom sample was inserted into a 4-mm MAS
rotor. The cylinder oriented along the spinning axis was filled

Fig. 5: 400 MHz 'H image of
water in a Kel-F phantom rotat-
ing at 3500 Hz in a HR-MAS
probe. The large cylindrical form
represents water centrifuged out
to the rotor wall in the space

left between the Kel-F cylinder
and the teflon plug. Some

water was also centrifuged into
the outer regions of two small
cylindrical holes bored into the
Kel-F cylinder, perpendicular to
the rotation axis. A 3D gradi-
ent-echo imaging sequence was
used with synchronously rotating
field gradients generated with

the Micro2.5 gradient system.
(Matrix size: 128 X 128 X
128; voxel dimensions: 87.5 X
35 X 35 wm; measurement time:
55 min) The image was rendered
using the software ImageJ [27] in
combination with volumeJ [28].

with water doped with CuSO, (1 g/L). The rotor was tightly
closed by a Teflon plug and spun at 3500 Hz.

The image obtained using a 3D gradient-echo sequence is
shown in Fig. 5. There are no blurring effects visible, demon-
strating that sample spinning is stable and that sample spinning
and gradient rotation are correctly synchronized. In fact, one
would not expect a better image with a stationary sample.

The performance of this MAS imaging method for solid sam-
ples was tested with a phantom constructed from the plastic
insulation of an electric cable, sliced open on one side, with the
inner copper wire removed and the resulting empty space filled
with adamantane. Fig. 6 shows a transverse slice (cross-section)

taken from the 3D data set.

Fig. 6: 400 MHz
H MAS imaging
of a solid sample
spinning at 5000
Hz. A single 625-
m slice transverse
to the MAS axis
is displayed from the rotation-triggered 3D data set acquired from a
phantom consisting of a piece of electric cable insulation (dark grey)

filled with adamantane (light grey) after removal of the copper wire. The
dark spot in the center is the void created by centrifugal force during

sample spinning. (FOV: 20 X 5 X 5 mm; matrix size: 32 X 32 X 32;
voxel dimensions: 156 X 156 X 625 pm; measurement time: 68 min).
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Fig. 7: Localized 400 MHz HR-MAS '"H-NMR spectrum of
I-monoolein in D,0O (cubic phase) from a 300-um transverse slice
perpendicular to the rotor axis (5 kHz spinning rate, | transient per
slice, 32 slices in 5 min).

Localized spectroscopy of rotating samples
Spatially localized HR-MAS NMR spectroscopy was per-

formed using the 1-monoolein sample described above. Fig. 7
shows the 'H spectrum obtained from a 300-wm transverse slice
with the slice-selection gradient oriented along the MAS axis
(effective volume ca. 2.1 uL.). The spectral resolution obtained
was better than that observed for nonlocalized spectra of the en-
tire rotor volume, as seen by comparing the expansion around
3.6 ppm with the spectrum in Fig. 3. The expansion around
| ppm illustrates that for the terminal methyl group of the oleic
acid moiety even the '3C satellites can be detected.

Conclusion

The feasibility study presented here demonstrates that the
combination of a standard HR-MAS probe with a separate
three-axis gradient system designed for microimaging repre-
sents a promising alternative for typical MAS applications
with semi-solid samples. With spinning samples high-quality
localized 'H spectra can be obtained, and imaging or studies
of molecular diffusion can be readily performed.
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