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ABSTRACT  

HR-MAS 
1
H NMR spectroscopy of tissue biopsies combined with chemometric techniques has emerged 

as a valuable methodology for disease diagnosis and environmental assessments. However the tissue 

mass required for such experiments is of the order of 10 mg and this can compromise the metabolic 

evaluation because of tissue heterogeneity. Moreover, availability of such amounts is not always 

feasible due to histopathological requirements which are currently the gold standard for diagnosis, for 

example in the case of tumors. Here, we introduce the use of a rotating micro-NMR detector that 

optimizes the coil filling factor such that mass-limited samples can be measured. Here results on 

nanoliter volume tissue biopsies using a commercial HR-MAS probe are shown for the first time. The 

method has been tested with bovine muscle and human gastric mucosal tumor tissue samples. The 

approximate up to 17-fold gain in mass sensitivity and the adequate spectral resolution (3 Hz) allow the 

measurement of the metabolite profiles in nanoliter volume tissues, thereby limiting the ambiguity 

resulting from heterogeneous tissues, and thus the approach is of potential for diagnostic studies by 

metabonomics of mass-limited biopsies. 

KEYWORDS: Nuclear Magnetic Resonance, NMR, microcoil, MACS, tissue biopsy, High resolution 

Magic Angle Spinning, HR-MAS, metabolomics, metabonomics. 
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INTRODUCTION 

High-resolution magic-angle sample spinning (HR-MAS) NMR spectroscopy is now recognized as a 

routine practice for investigating metabolic profiles in intact tissues.
1,2

 The capability of precise 

characterization of biochemical and metabolic profiles in tissues offers the possibility of using HR-MAS 

NMR as a clinical diagnostic tool.
3,4

 As tissues are not isotropic samples, residual anisotropic 

interactions can appear in the spectra. HR-MAS eliminates the line broadenings associated from residual 

dipolar couplings, some diamagnetic susceptibility effects and B0 field inhomogeneity in the sample, by 

rapid sample spinning at the magic-angle (54.74º) with respect to the static magnetic field. HR-MAS 

NMR studies provide a number of advantages over the traditional high-resolution liquid-state NMR of 

tissue extracts: i) they allow the study of metabolites in the real structure of the tissue potentially 

providing information on molecular mobility and compartmentation; ii) they require no sample 

preparation and thus no sample destruction; iii) tissue extractions often require large quantity of 

sample;
5
 and iv) the extraction procedures often provide selective profiles because they can discriminate 

metabolites on the basis of their solubility in a particular solvent. 

Nowadays, cancer diagnosis is mainly achieved initially on the basis of radiological image 

information and the identification of tumor markers in blood tests. Depending on the nature of the 

disease, the radiological analysis can provide an inaccurate diagnosis. In some exploratory studies, such 

as colonoscopic examinations for colon cancer, small tissue biopsies can be collected from the 

presumed affected tissue, but often this is used completely for histopathological analysis and none is 

available for other tests. There is thus a need for methods that can provide biochemical analyses of very 

small amounts of tissue. Another advantage of using smaller biopsy samples is the reduced tissue 

heterogeneity and the increased ability to observe single cell types and thus to localize the biomarkers 

related with each cell type. 

Besides human studies, metabonomics is also widely applied in rodent models for disease assessment, 

as well as pharmaceutical or toxicological studies. In these cases, the organs of interest sometime are 
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limited in size, making such tissue difficult to study by HR-MAS. Another application of HR-MAS 

NMR in metabonomics is in vitro cell studies where obtaining a sufficient volume of cells can be a 

challenge. For NMR to continue as a front line analytical platform in metabonomics, the ability to 

generate high quality data from smaller (micro- and possible nano-scale) sample volumes is critical. 

The intrinsically low NMR sensitivity is a formidable test for small tissue volume detection with HR-

MAS. One common approach for increasing the sensitivity is the use of a higher magnetic field. Ultra-

high field magnet technology has now reached 1 GHz for 
1
H observation,

6
 but the cost of the system is 

unreachable for most laboratories. Moreover, a faster sample spinning frequency is required for 

eliminating the peak-obstructing spinning sidebands from the spectral window (0 – 10 ppm for 
1
H). This 

would also increase the centrifugal effect of the spinning on the tissues and could lead to tissue damage. 

Another approach for sensitivity enhancement is the use of micro-NMR detectors. Olson et al.
7
 have 

demonstrated the high performances of nanoliter liquid NMR detection using a micro-solenoid coil, 

herein termed as a “microcoil”. Microcoil detection is now a common approach for NMR spectroscopy 

of organic liquids and biofluids, and has triggered the development of high-throughput technology.
8
 

Moreover, the microcoil application for liquid NMR has already pushed forward with hyphenation to 

liquid-chromatography in metabonomics,
9
 and with microfluidic devices as a promising cancer 

diagnostic magnetic resonance sensor.
10

 However, the micro-detection for tissue biopsies with HR-MAS 

is nearly non-existent due to the technical challenges for sample spinning without destroying the 

sensitivity and resolution. Recently, a rotating micro-NMR detector has been developed for solid 

materials.
11,12

 It has been called a Magic Angle Coil Spinning (MACS) microcoil. It is a small self-

resonant solenoid coil, and can be wirelessly excited and detected using resonant-inductive coupling to 

commercial CP-MAS or HR-MAS probes. The fact that the micro-solenoid rotates together with the 

sample at the magic-angle inside a MAS stator permits high-resolution NMR spectroscopy of solids and 

semi-solids. The MACS approach has already applied to tissues using a solid-state CP-MAS probe, 

which is not optimal for high-resolution spectroscopy, and a tremendous mass sensitivity gain was 
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demonstrated – up to two orders of magnitude – for nanoliter samples.
11,13

 However, the spectral 

resolution limit has yet to be investigated for metabonomic studies. 

Since MACS can be readily adapted to any MAS probes, here, we present a study of the MACS 

technology to metabolic profiling in bovine and human tissues using a commercial HR-MAS probe, 

designed for high-resolution NMR acquisitions.
14

 We examine both sensitivity and resolution limits 

with the MACS detection in real samples. 

 

EXPERIMENTAL METHODS 

MACS Fabrication. A schematic diagram of the MACS microcoil is shown in Figure 1. Each coil 

was constructed by manually winding a solenoid from a 62 m diameter coated copper wire around a 

870/700 m (outer/inner diameter) quartz capillary with 12 – 14 turns and this coil was soldered to a 

non-magnetic 2.4 pF capacitor to give a target frequency at 400  20 MHz for 
1
H detection. The quality 

factor was between 55 to 60. The detection sample volume was about 690 nl. 

In order to make the MACS microcoil rapidly spin in the HR-MAS probe, it was tightly fitted inside a 

custom-made three-chamber Shapal-M ceramic insert (see Figure 1) designed to fit snugly inside a 

standard 4-mm Bruker rotor, which allows for an ensemble rotation with the microcoil. The three 

chambers have different diameter sizes to fit the capacitor, copper coil and capillary portions of the 

microcoil. Furthermore, the ceramic insert was made of aluminum nitride (Shapal-M), allowing heat 

dissipation from the eddy currents generated by the coil spinning inside the magnet.
15

 

Test solution. An initial test solution of 2 mM sucrose in D2O (Goss Scientific Instruments Ltd., 

Nantwich, UK) was used for trial experiments in order to set the tuning, pulse and initial shimming 

parameters. The sucrose solution was introduced into the MACS microcoil using a micro-syringe 

avoiding the formation of bubbles inside the capillary. The microcoil was subsequently closed using 

wax that was melted inside the capillary to ensure a seal. 
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Tissue Preparation. For this evaluation samples of bovine muscle (obtained commercially) and 

human tumour from gastric mucosa were used. The human tissue was obtained as part of an ongoing 

study and all necessary ethical procedures and approvals were in place. The sample preparation for 

MACS is similar to the procedures for a 4-mm rotor.
2
 Due to the small quantity of tissue sample, a 

custom-made Kel-F funnel (15 mm in length × 5 mm in diameter) was used for packing the tissue into a 

small diameter capillary (Figure 1). The design and function of the Kel-F funnel are identical to that of 

the commercial funnel used for packing solid powders. Frozen tissues were taken from a 193 K freezer 

and placed in an ice bath while packing. The capillary was then filled with D2O-saline solution (9%) 

using a fine-needle syringe to ensure no air bubbles and gaps in the sample regions. The capillary was 

then sealed with paraffin wax to prevent leakage during the sampling spinning. The entire sample 

preparation for MACS took about 5 – 10 minutes. A disposable 2 mm biopsy punch was used for 

packing the bulk tissue (16 mg) into a 30 l Kel-F insert following the standard protocols.
2
 

NMR spectroscopy. 
1
H NMR experiments were carried out on a narrow-bore 9.4 T Bruker 

(Rheinstetten, Germany) Avance III spectrometer operating at a 
1
H frequency of 400.132 MHz, with a 

Bruker 4-mm 
1
H/

13
C/

2
H HR-MAS probe. Spectra were acquired with sample spinning frequency either 

at 1360 or 4500  2 Hz and with the rotor temperature maintained at either 5 or 15  0.2 °C. A field-

lock signal was provided by the 
2
H resonance of the HDO in all experiments. The B0 field homogeneity, 

required for adequate spectral resolution, was achieved by a shimming procedure specific for MAS.
16

 

The shimming was performed under sample spinning and by monitoring the HDO signal. The sampling 

spinning rendered a simplified shimming procedure, mainly using the Z
1
, X, X

2
 – Y

2
, ZX, Z

3
 and Z(X

2
 – 

Y
2
) shims. A full-width-at-half-maximum (FWHM) of 3 – 8 Hz was obtained for the HDO peak and this 

was readily achieved for all samples under MACS. A continuous irradiation during the recycling delay 

was applied in all experiments to suppress the water signal. Experiments acquired included 1D 

presaturation, 1D NOESY and CPMG, and 2D TOCSY using standard pulse sequences. Recycling 

delays were 1 or 2 s for all 1D experiments with acquisition times ranging between 1.3 and 2.7 s. A 

spectral width of 6410 Hz was used. The total 1D acquisition time for the sucrose solution was 1.9 h, 
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and for both muscle and mucosa tissues was 1.4 h. 1D NMR spectra were processed with zero-filling 

and apodization functions (negative exponential or Lorentzian-Gaussian transformation) prior to Fourier 

transformation to enhance the spectral resolution or signal-to-noise ratio.
17

 For tissues, the chemical 

shifts were referenced to that of the internal alanine methyl doublet signal at 1.47 ppm. 

 

RESULTS AND DISCUSSION 

Nanoliter Detections of Sucrose Solution. To demonstrate the spectral resolution acquired with 

MACS using HR-MAS, we acquired a 
1
H spectrum of 692 nl of 2 mM sucrose/D2O. The spectrum is 

shown in Figure 2a. After the shimming procedure described above, the FWHM of the HDO signal was 

consistently found in the range of 3 – 8 Hz, suggesting that this is the spectral resolution limit for the 

current MACS design. An enhanced resolution spectrum, Figure 2b, was achieved by applying a 

Gaussian apodization function prior to Fourier transformation and the resolution-enhanced spectrum 

was in very good agreement with the spectrum acquired from a 30 l sample of 2 mM sucrose in D2O in 

disposable insert introduced in a conventional HRMAS rotor with a static coil (Figure 2c). The 

metabolic profile of sucrose is very well defined. Signals belonging to the glucose protons present a 

clear multiplicity with measurable J-couplings (see Table 1 and Figure 2). These are, H2
g
 at 5.47 ppm 

(doublet), H3
g
 at 3.58 ppm (doublet of doublets), H4

g
 at 3.78 ppm (triplet) and H5

g
 at 3.48 ppm (triplet). 

Protons H2
f
 and H3

f
 from the fructose unit, 4.06 ppm (triplet) and 4.22 ppm (doublet), respectively are 

also easily identified. The essentially uncoupled singlet at 3.67 ppm from the  methylene H6
f
 of the 

fructose moiety has a line width of 7 Hz compared to the ca. 3 Hz resolution for the HR-MAS 

spectrum.It should be pointed out that the observed spectral resolution in Figure 2 is a marked 

improvement over that of the currently available approaches to micro-detection with MAS, either using 

inductively coupled spinning microcoils (MACS)
11,13

 or using a static microcoil in a piggy-back MAS 

approach.
18

 Since the microcoil is static in the latter approach, the coil susceptibility is not averaged by 

the sample spinning. Thus, good shimming can be difficult to achieve in that case and can hinder high 
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resolution acquisitions. Similar effects are well known in static microcoils for liquid-state 
1
H studies.

19
 

On the other hand, when the MACS microcoil spins rapidly together with the sample at the magic-angle, 

it averages the radial field inhomogeneities, and offers a simpler shimming procedure. In comparison, 

the previously published studies using MACS
11,13

 were conducted with a solid-state CP-MAS NMR 

probe, and resulted in 15 – 40 Hz line widths. 

 The sucrose mass quantity present in the 30 l disposable insert is 20.5 g, while the MACS coil has 

a volume of 692 nl and contains 474 ng of sucrose. The HR-MACS experiment shown in Figure 2 has a 

S/N of 7.6 with 116 minutes acquisition, while the HR-MAS experiment has a S/N of 19.4 with a 4.9 

min acquisition. For the same sucrose quantity contained in the HR-MACS coil (474 ng), the S/N for 

the HR-MAS probe would decrease by a factor of 43, resulting in a S/N value of just 0.45. In other 

words, a factor of 17 in S/N is lost. In order to obtain the same S/N to that of the HR-MACS spectrum in 

Figure 2, the acquisition time would need to be 23 hours. This is nearly 12 times longer comparing to 

the 1.9 hour acquisition achieved by using the MACS detector. Therefore with the MACS detector, the 

data acquisition using sub-milligram quantities of tissue is now possible especially for biopsy samples 

where physical and metabolic changes can occur during long acquisition period.  

With this gain in mass sensitivity, 2D NMR spectroscopy also becomes feasible and to demonstrate 

this, a 
1
H-

1
H TOCSY spectrum (see supplementary material) was acquired with the MACS detector. 

 

Nanoliter Detection of Tissues. Figure 3 shows the 1D CPMG-T2-weighted 
1
H spectra of two 

different tissues: (a-c) bovine muscle and (d-f) human gastric mucosa tumour tissue. The spectral profile 

(i.e. individual peak positions and intensities), shown in Figure 3b, acquired with the 690 nl microcoil 

filled with approximately 500 ng of muscle tissue is in excellent agreement with the spectrum, Figure 

3c, acquired with a regular 4 mm rotor containing a 30 l disposable insert packed with 16 mg of tissue. 

The gain in mass sensitivity for muscle is approximately 7-fold. This means that to obtain the same S/N 

ratio using the regular 4 mm HR-MAS rotor packed with just 500 ng of muscle tissue, the acquisition 

time should be increased from 1 h 15 mins to almost 9 h. The metabolic spectral profile of the tissues is 
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apparent, and allows complete peak assignments (detailed assignments are presented in the 

supplementary material). For the first time metabolites other than lipids and lactate are unambiguously 

observed and identified in nanoliter tissues. 

Figure 3d-e shows the CPMG spectra of nanoliter human gastric mucosa tumour tissue. This was 

chosen because it is a typical human tissue sample from a situation where tissue is in very limited 

supply (e.g. from a colonoscopic procedure). The acquired spectral resolution is not as good as in those 

of the muscle tissue. Nonetheless, the spectral profile corresponds well with the bulk sample (Figure 3f), 

and allows the identification of the major metabolites present in the tissue (see supplementary material). 

It should be noted that the large singlet at 3.71 ppm, appears in both the spectra of the nanoliter and bulk 

sample, and corresponds to polyethylene glycol (PEG), which is a component of a number of laxatives, 

typicallly used in bowel preparation before surgery procedures. 

Enhancement in mass sensitivity is not the sole advantage for the MACS detection. The small sample 

volume diameter in MACS minimizes the centrifugal forces (F = m
2
r, were m is the mass,  is the 

spinning frequency, and r is the radius from the rotation axis) exerted upon the tissues, and helps to 

preserve the tissue integrity. For example, decreasing the sample volume diameter from 1.9 mm (30 l 

Kel-F insert) to 0.7 mm (MACS), decreases the centrifugal forces exert upon the tissues by a factor of 3. 

This could be a very important advantage for analysis of softer tissues such as brain
21

 and for ultra-high 

field NMR detection, where higher spinning frequency is usually required to move the spinning 

sidebands away from the metabolite spectral region (0 – 10 ppm). A final major advantage of using 

nanoliter volume tissues is overcoming the intrinsic biological heterogeneity of tissue samples. The 

study of smaller samples will allow examination of more specific types of cell such as seen in normal 

tissue, tumor tissue and tumor margins, and to obtain more biochemically relevant information. 

 

CONCLUDING REMARKS 
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The study presented here demonstrates that the currently-designed MACS microcoil can provide good 

mass sensitivity and reasonable resolution for metabolic profiling of nanoliter biopsies. Despite the 

spectral resolution (3 Hz line width) from MACS being somewhat poorer compared to the standard <1 

Hz from conventional HR-MAS spectra, the resultant spectra still offer reasonable resolution for 

metabolite identification. One source of the line broadening is the magnetic susceptibility gradients in 

the MACS components i.e. the glass capillary, adhesive glue, copper wire, ceramic capacitor and solder, 

each of which have different susceptibilities Eliminating some of these components could minimize the 

gradients and provide a more uniformly distributed magnetic susceptibility MACS microcoil and hence 

better shimming could be achieved. Another possibility to achieve high-resolution micro-detections is 

by casing the MACS microcoil into a solid susceptibility matched material.
22

 This improvements are 

currently being actively pursued. 

The gold standard in clinical tissue assessment nowadays is histopathology. When the quantity of 

tissue obtained from a single biopsy is limited, the 10 mg required to perform a regular HR-MAS NMR 

analysis can be difficult to obtain as it can compromise conventional histopathological assessments. 

However, if the amount of tissue required to obtain the same NMR information is reduced to the sub-

milligram level, then there would be no compromise. Moreover, it enables enriching the biochemical 

information from a single tissue biopsy, and offers an improved disease assessment.
23

 Another area 

where MACS could also be of benefit, besides human or animal studies, is examination of single small 

organisms. For example, the early stage of Drosophila lava and Caenorhabditis elegans are sub-

millimetre size organisms, and each single organism could readily be fitted inside a MACS microcoil 

for analysis. The latter has already been investigated with HR-MAS NMR spectroscopy but only by 

combining large quantities of C. elegans for a single measurement.
24

 The mass sensitivity demonstrated 

here indicates that single organism spectroscopy is feasible. Another possible application for MACS 

could be the study of scarce in vitro cells. For example, in stem cell cultures, the HR-MAS study of 

intact cells might be challenging because obtaining sufficient cells for a 30 l volume HR-MAS 

spectrum, might imply introducing a certain percentage of spontaneously diferenciated cells.
25

 We 
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anticipate the nanoliter MACS detector could play a vital role and open a framework in metabonomics 

NMR for precious biopsies. 
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FIGURE CAPTIONS  

Table 1. Coupling constant values for sucrose spectra acquired in a conventional 30 l Teflon HR-MAS 

insert, in a 692 nl glass MACS insert, and obtained from the literature. See Figure 2 for proton 

nomenclature. 

Assignment Chemical 

Shift (ppm) 

Multiplet* HR-MAS J 

(Hz) 

MACS J (Hz) Literature/ 

Liquid NMR
26

 

H2
g
 5.47 d 3.9 3.4 3.89 

H3
g
 3.58 dd 9.8/3.9 10.4/4.7 9.98/3.89 

H4
g
 3.78 t 9.6 9.6 9.57 

H5
g
 3.48 t 9.4 9.5 9.30 

H2
f
 4.06 t 8.6 8.5 8.59 

H3
f
 4.22 d 8.8 8.8 8.75 

* Abbreviations and Key: d, doublet; dd, doublet of doublets; t, triplet. 
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FIGURE CAPTIONS  

Figure 1. (Top) Photographic image of a MACS microcoil, a bespoke packing funnel and a 4-mm 

Bruker MAS rotor. (Bottom) Schematic diagram of a three-chamber Shapal-M insert and a MACS 

microcoil, showing the three different regions for quartz capillary, copper solenoid coil and ceramic 

capacitor. A tight fit between the MACS and insert and between insert and rotor are essential for stable 

rapid spinning. 

Figure 2. 1D 
1
H water-suppressed NMR spectra of 2 mM sucrose in D2O acquired with (a, b) a 692 nl 

MACS microcoil (3072 scans); and (c) a 30 l Kel-F insert. The associated molecule structure is shown 

on the top left corner. Labels on the structure correspond to the text. Spectra (a) and (b) are processed 

from the same data but applying different apodization functions: (a) LB = 1 Hz of exponential and (b) 

LB = –2 Hz of Gaussian with GB = 0.1. Clearly, Gaussian apodization provides an enhanced resolution 

spectrum with a good compromise for the signal-to-noise ratio.
17

 The asterisk indicates the presence of a 

wax impurity. 

Figure 3. 1D 
1
H water suppression CPMG-T2-filter NMR spectra of (a-c) bovine muscle tissue (d-f) 

human gastric mucosa tumour tissue. (a,b and d,e) were acquired with a 692 nl MACS microcoil, and (c 

and f) with a 30 l Kel-F insert. Spectra (a and b) and (d and e) are processed from the same data but 

applying different apodization functions: (a,d) LB = 1 Hz of exponential and (b,e) LB –5 Hz of 

Gaussian with GB = 0.015. Complete peak assignments for both tissues are reported in the 

supplementary material. In (f), the top spectrum is scaled by a factor of 4 to reveal the weak metabolite 

signals. 
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