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ABSTRACT: The localization of metabolic profiles within a tissue sample is of 

particular interest when the sampling size is considerably small, i.e. in the order of 

microgram (µg) scale. Small sampling size is inevitable when the sample availability 

is limited, or when different metabolic profiles are suspected in small disparate 

sample regions. Capitalizing a recently introduced high-resolution micro-MAS probe 

(HR-µMAS) for its capability of high-quality NMR data acquisition of µg samples, 

this study explores the localized metabolic NMR profiling of a single garlic clove 

and compares the methodology and results with the standard HR-MAS. One 

advantage of HR-µMAS is the feasibility of analyzing homogenous µg samples within 

a large heterogeneous tissue. As a result, the sampling mass (< 0.5 mg) allows to 

selectively profile four homogenous anatomic garlic regions by HR-µMAS (skin, flesh, 

inner epidermis and sprout), in contrast to three regions (skin, flesh and core ≡ 

inner epidermis & sprout) by HR-MAS with a sampling mass of ca. 8 mg. 

Discriminant analysis was carried out to identify the significant variables in the 

different regions. It found a significant presence of fructose in both skin and flesh, 

while sucrose and glucose are predominant in the core. Among the garlic 

characteristic sulfur compounds, allicin is dominant in the core and allyl mercaptan 

in both skin and flesh. Quantification analysis was conducted and demonstrated its 

potential by quantifying metabolites at µg-level. This study offers an important basis 

for designing HR-µMAS NMR-based metabolomics studies that can benefit from 

profiling µg-scale samples.
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INTRODUCTION

Metabolomics comprises a set of analytical protocols for the identification, 

characterization and quantification of small molecules (metabolites) that are the 

result of biochemical processes in a specimen (e.g. tissue) of interest. The accurate 

obtainment and correct interpretation of the metabolic profiles from samples require 

dedicated techniques. For example, obtaining spatially localized metabolic 

constituents within a specimen can be beneficial for data analysis and interpretation. 

One commonly used spectroscopic technique is the localized magnetic resonance 

spectroscopy (MRS) – it is essentially an in vivo spectroscopic method of nuclear 

magnetic resonance (NMR) applied in magnetic resonance imaging (MRI). MRS has 

found success in brain research for identifying the local metabolic activities.1–3 

However, one limitation in MRS is the lack of high spectral resolution for deducing 

a comprehensive metabolic profile.4 For this reason, MRS is seldom applied in food 

research.5,6 On the contrary, the advance of mass spectrometry imaging (MSI) has 

now become a valuable profiling tool in food science,7,8 that allows localizing 

molecules with specific molecular weights.  

High-resolution magic angle spinning (HR-MAS) has proven to be a useful analytical 

tool for a wide range of morphology in diseased samples, such as the solid-like 

amyloidogenic proteins in Alzheimer9 and the semi-solid in tumorous tissues.10,11 

Moreover, HR-MAS has also been exploited in food tissues.12–14 The high spectral 

resolution from HR-MAS enables to provide a comprehensive localized metabolic 

profiling of a large specimen. It can be carried out by systematically sampling 
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region-by-region of a specimen such as a renal cortex15 of a rat kidney and a rat 

brain,16 and on vegetables.17,18 

However, in some cases, the large sampling volume (in mm3) by HR-MAS might 

not be sufficient for small-scale specimens. Indeed, small volume (in m3) will 

facilitate the sample obtainment, although it impairs on the NMR sensitivity. To 

overcome this issue, Wong et al. have recently introduced a high-resolution capable 

micro-sized MAS probe technology (denoted as HR-MAS) targeting metabolomic 

applications of g-scale sampling.19,20 However, HR-MAS has yet to be 

demonstrated on a metabolomics designated protocol, from data collection to 

multivariate data analysis. This study performs an ex-situ localized NMR metabolic 

profiling with HR-MAS on a single garlic clove tissue (Allium sativum) and it is 

designed to examine the HR-MAS application to metabolomics. 

Despite there are numerous studies on the phytochemical compositions of garlic,21,22 

there is only one report on localized profiling and it was carried out by mass 

spectrometry imaging.23 In this study, garlic clove is strategically chosen because 

of the distinct anatomic regions – skin for protection, flesh for energy storage and 

core for sprouting including a thin protective layer of inner epidermis24 – which 

already suggest the different phytochemical makeup in each region.

EXPERIMENTAL SECTION

Sample preparation 
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(a) Phenylalanine solution. 90 and 120 mM of phenylalanine (Phe) were prepared 

in D2O (0.05 wt% TSP, i.e. 3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt), 

and stored at 4 oC until analysis.

(b) Garlic clove tissue. Bulbs of French raw purple garlic were collected locally. 

Cloves were peeled and cut transversely in bulk pieces revealing the distinct regions 

(shown in Fig. S-1 in supporting information (SI): skin (S), flesh (F) and core (C), 

in which it consists of the sprout (Sp) at the centre surrounded by the inner 

epidermis (IE)). For HR-MAS, a 2-mm biopsy punch was used to extract the specific 

tissue (S, F and C) with n = 6. The tissues were then introduced into a Kel-F 

bioinsert together with 8 L of D2O (0.05 wt% TSP). The mean D2O content in the 

samples was about 45 wt%. The preparation was restricted to <5 min to avoid 

sample degradation. For HR-MAS, a 0.5-mm biopsy punch was used to extract 

the tissue (with n = 6 for S, F and IE; and n = 8 for Sp) and to inject it directly 

into the 1-mm rotor. D2O (0.05 wt% TSP) was pipetted into the rotor and followed 

by enclosing with a rotor cap. The mean D2O content was about 32 wt%. The 

entire procedure was performed under an Olympus stereoscope and was restricted 

to <15 min. All sampling masses in HR-MAS and HR-MAS were determined by 

the weight difference. 

MAS NMR experiments. 1H NMR experiments were carried out on a Bruker Avance 

II operating at a 1H frequency of 499.16 MHz with a 4-mm HR-MAS or a custom-

built 1-mm HR-µMAS under a sample spinning at 4000 ± 2 Hz (for HR-MAS) and 

± 100 Hz (for HR-µMAS), at a constant temperature of 20 ± 2 °C. Carr-Purcell-

Meiboom-Gill (CPMG) was used acquiring spectral data of the garlic tissue, with a 
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1 s water suppression and an echo period of 16 ms. For quantifiable spectra, a 

16.7 s recycle-delay followed by a 1 s low-power water suppression was used in 

the CPMG experiment. The 1H chemical shift was referenced to the alanine doublet 

at 1.48 ppm. The spectral processing was performed using Bruker Topspin 3.5 with 

a line broadening of 0.3 Hz applied prior to Fourier transform. 

Data analysis 

(a) Multivariate data analysis. The processed spectral data were uploaded into 

MestreNova v8.1. The spectra (8.7 to –0.05 ppm) were aligned, and the HDO region 

was removed between 4.66 and 5.05 ppm using a blind region function. Each 

spectrum was divided into sub-ppm buckets: 0.015 ppm for the phenylalanine 

solutions data and 0.02 ppm for the garlic data. The signal area under each bucket 

was integrated and normalized to a constant sum of all integrals. The normalized 

data of the garlic was subsequently corrected using the PQN (probabilistic quotient 

normalization)25 due to the variations in sampling mass. The data matrix was 

exported to SIMCA P13 to proceed with the multivariate modelling. It was scaled 

using the Pareto scaling. Unsupervised PCA was performed, followed by supervised 

OPLS-DA analysis. The models were validated by assessing the values of R2X, 

R2Y and Q2, as well as by the p-values obtained from cross-validation (level of 

confidence <0.05) to avoid over-fitting.

(b) Quantification. The spectra were submitted to peak integration using MestreNova 

v8.1. The absolute integral areas of the identified signals were used together with 

the absolute integral area of TSP to calculate the concentrations (the detail can be 

found in SI).
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RESULTS AND DISCUSSION

Assessments on HR-MAS

(a) Resolution and sensitivity. Fig. 1a displays a spectrum of Phe 90 mM 

showcasing the high-quality data acquired with HR-µMAS. The spectral resolution 

(with a full-width at half maximum (FWHM) of 0.03 ± 0.01 ppm for -CH at 3.99 

ppm) is on-par to those obtained from standard NMRs, 0.03 ± 0.01 ppm for both 

HR-MAS and liquid probes. The J-splitting depth (i.e. the height ratio of the splitting 

and the signal) is also a good indicator and is found to be 73% for HR-µMAS and 

77% and 69% for HR-MAS and liquid probes, respectively. The spectral resolution 

– in conjunction with a miniature coil – enhances the detection sensitivity, which can 

be evaluated by the limits of detection (LOD) and quantification (LOQ). The LOD 

and LOQ of HR-µMAS for phenylalanine are 0.29 ± 0.02 nmol/√min and 0.97 ± 

0.04 nmol/√min, respectively. These values are found to be lower compared to 

those observed using HR-MAS or liquid NMR probes (Table 1). Aside from numerical 

indicators, the spectrum in Fig. 1a also displays its sensitivity to µmol detection in 

a microliter volume sample. This can be exemplified by the impurity ethanol signals 

(the triplet at 1.19 and quartet at 3.66 ppm). Based on the internal TSP reference 

(i.e. equation E-1 in SI), the ethanol concentration is found to be 0.93 ± 0.12 mM 

(i.e.  0.46 nmol in 490 nL) and is akin to the metabolic-level.11   

(b) Quantitative NMR. Metabolic quantification requires high spectral resolution and 

sensitivity (i.e. LOQ) for accuracy and reliable data repeatability. As shown in Fig. 

1b, the quantified concentrations – by equation E-1 – from HR-µMAS are similar to 

those from the standard NMRs. All measured concentrations are about 4-8 % below 
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the expected values. The variation among the 10-sampling data of HR-µMAS is 

minimal with standard deviations SD120mM = 1.15 mM, SD90mM = 0.53 mM, on-par 

with the standard NMRs: HR-MAS SD120mM = 0.45 mM, SD90mM = 0.47 mM; and 

liquid SD120mM = 0.20 mM, SD90mM = 0.14 mM. The good repeatability of the 10-

sampling is also attested by the unsupervised multivariate PCA analysis using the 

spectral area between 0.05–8.7 ppm (Fig. 1c). It shows a single component (PC1) 

differentiating the data set according to the concentrations with insignificant data 

variation. 

Localized profiling of a garlic clove. Localized metabolic HR-MAS NMR profiling 

of a garlic clove tissue is performed here to discriminate the significant metabolites 

among the visible anatomical regions (Fig. S-1a): clove skin (S), flesh (F), inner 

epidermis (IE) and sprout (Sp). The results are compared to those by HR-MAS for 

assessing the HR-MAS methodology as an NMR technique applicable to 

metabolomics. 

(a) Tissue sampling size. For simplicity, a biopsy punch is used for extracting the 

garlic tissue and displacing it directly into the rotor. The thickness of S and IE is 

smaller than 2 mm, contrary to F and Sp; thus, it is inevitable extracting 

heterogeneous tissue (mixing two regions, as shown Fig. S-1a) with a 2-mm 

diameter punch chosen for the HR-MAS profiling (sampling mass ca. 8 ± 1 mg). 

On the other hand, a significantly smaller diameter 0.5-mm punch (sampling mass 

<0.5 mg) is used for HR-µMAS, increasing the likeliness of extracting homogenous 

tissues. As a result, HR-MAS is only capable of sampling three garlic regions (S, 
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F and C ≡ IE + Sp), whereas HR-µMAS can sample all four distinct regions (S, F, 

IE and Sp). 

(b) NMR spectral comparison. The representative spectra of 1H HR-MAS and HR-

µMAS are shown in Fig. 2. Despite the similar acquisition time 15 min – but ca. 

10-fold less in sampling-mass for HR-µMAS – the SNRs (measured from the allicin 

signal at 5.98 ppm) from both experiments are of the same order, with 76 in HR-

MAS and 44 in HR-µMAS. The expanded spectra reveal slightly lower in spectral 

resolution for HR-µMAS with a FWHM 0.03 ± 0.01 ppm and a J-splitting depth 78 

%, as compared to 0.03 ± 0.01 ppm and 86 % for HR-MAS. 

In general, 1H HR-MAS and HR-µMAS spectra are dominated by the intense signals 

of the carbohydrates – mainly fructose and sucrose – between 3.5–4.5 ppm. It makes 

up of 70–80 % of the total spectral intensity. Spectra also exhibit weak resonances 

in the aromatic region (7–8 ppm), shown in Fig. S-2. Distinct sets of multiplets 

between 5 and 6 ppm are also found in Fig. 2, which are associated with the 

organosulfur compounds responsible for the garlic aroma. In particular, the multiplets 

at 5.98 and 5.83 ppm are respectively assigned to allicin (2-propene-1-sulfinothioic 

acid S-2-propenyl ester) and its metabolized compound allyl mercaptan (2-propene-1-

thiol), respectively. A complete and a comparative list of the NMR assignments in 

HR-MAS and HR-µMAS spectra are summarized in Table S-1 in SI.

Despite the HR-MAS spectral profile of C in Fig. 2a being similar to that of the 

summation HR-MAS spectrum of IE and Sp (Fig. S-3), the individual profiles exhibit 

a few variations between Sp and IE. For example, among the amino acids, the 
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signals of asparagine (2.86 ppm), glutamine (2.14 ppm) (Fig. 2b) and tryptophan 

(7.54 ppm) are found higher in IE (Fig. S-2). For carbohydrates, the β-glucose 

doublet (4.65 ppm) is observed solely in Sp (Fig. 2b). It is noteworthy that the 

strong presence of the fatty acid (FA) signals (i.e. 1.32 ppm) in Sp renders the 

main discrepancy between the summation HR-MAS spectrum and the HR-MAS 

spectrum. The presence of fatty acids in Sp have also been observed by MSI.23 

The observed spectral difference could be attributed to the different sample 

preparation between HR-MAS and HR-MAS, i.e. the D2O content. The former 

contains 45 wt% of D2O and the latter accounts of 32 wt%. For comparison, the 

summation HR-µMAS spectrum Sp+IE (Fig. S-3) is a near analogous to the HR-

MAS spectrum of C with 35 wt% D2O. Fig. S-4 shows the effect of different D2O 

content on the resultant HR-MAS spectra. It reveals that increasing the D2O content 

improves the resolution and increases Imet/IFA. Aside from the resolution, one 

plausible explanation might be due to the variations in the spin relaxation of the 

metabolite and fatty acids signals in the different medium conditions. This might 

have explained the fact that the signals of fatty acids in the HR-MAS model study 

(with 32 wt% D2O) are higher than those in the HR-MAS model (with 45 wt% D2O). 

The result in Fig. S-4 suggests the importance of the sample medium in NMR 

profiling. 

(c) Multivariate analysis. Fig. 3a and 3b show the overview of the localized NMR 

data that can be discerned by an unsupervised PCA. The PCA of HR-MAS reveals 

a prominent data differentiation along PC1 between C and S + F. A subtle but 

visible variation along PC2 can also be found between S and F. The data set of 
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C displays a highly dispersed profile along PC2. One plausible explanation could 

be the sample heterogeneity in C, which is composed of Sp + IE. For HR-µMAS, 

the overall data distribution is a near analogous to that for HR-MAS: a separation 

along PC1 between S + F and Sp + IE which corresponds to C. No variation is 

observed between S and F by HR-MAS. However, a discrete discrepancy is evident 

between Sp and IE along PC2. 

S+F vs C (Sp+IE). Supervised discriminant analysis, OPLS-DA, is carried out to 

diagnose the latent metabolic variations that have led to the observed discrete 

patterns in PCA. Two groups of data are submitted to OPLS-DA: S+F and C (or 

Sp+IE). The S-line plots (Fig. 3c and 3e) generated from the OPLS-DA model 

exhibit NMR-like spectra with signals positioning on the chemical shift and with 

positive p[ctr] scores (covariance) associated to metabolites from S+F, and negative 

scores to those from C (or Sp+IE). As expected – since C is composed of Sp+IE 

– the profile of the S-line plot of the HR-µMAS model is analogous to that of the 

HR-MAS except with different degree of correlation coefficients p[corr]. For 

unambiguously identifying the significant variants in the region, additional score VIP 

(variable importance in the projection) is computed from the OPLS model to assist 

in identifying the variant metabolites between the groups. VIP is plotted as a function 

of p[corr] (Fig. 3d and 3f). The high significant variables with a high reliability in 

the model (|p[corr]| > 0.75) and a high importance (VIP ≥ 1) are situated inside the 

red zone of the plot; the green zone represents those with moderate significance 

(±0.6 < |p[corr]| < 0.75 and VIP ≥ 1); and the marginal significances (|p[corr]| > 

0.75 and VIP ≤ 1) are displaced in the orange zone. By this scheme, a total of 24 
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metabolites are identified in the HR-MAS model and 18 in HR-µMAS (Table 2). Not 

all ascertained metabolites in the HR-MAS model are found in HR-µMAS, this is 

attributed to the fact that spectral quality of HR-µMAS is slight inferior to that of 

HR-MAS; however, improvement could be made with increased data averaging (i.e. 

instead of 15 min data acquisition, 4×15 min would double the sensitivity). 

Nonetheless, the overall identified variances by HR-µMAS and HR-MAS are in 

agreement with those found in a previous profiling study by mass spectroscopy 

imaging (MSI).23 In general, the amino acids glutamine, leucine, asparagine and 

tryptophan are found in C. Whereas, arginine and phenylalanine are distributed 

throughout S+F. Arginine has previously reported as one of the major amino acids 

in garlic26 with a storage function. It has also been suggested that phenylalanine 

has a storage function while tyrosine is distributed in the sprout23 which is in 

agreement with the significance observed. Glutamate is metabolized into glutamine, 

and vice versa in plants.27 This mechanism requires the plant root to absorb organic 

nitrogen sources from the soil, explaining the significance of glutamine in C. 

Similarly, asparagine is significant in C because it involves in the plant growth and 

accumulates in the sprout as a source of nitrogen.28 The presence of tryptophan in 

C has also been previously found in the extracts of garlic sprouts.29   

For organosulfur compounds, a marginal significance of allyl mercaptan is found in 

S+F, while its precursor, allicin, is relevant in C with high significance. This is 

attributed to the degradation of alliin (S-allyl-L-cysteine sulfoxide) to allicin,24 whose 

mechanism can be triggered when the garlic clove is cut and exposed to air. 

However, allicin is an unstable compound30 and decomposes into several allyl 
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sulfides including allyl mercaptan.31 Conversely, the presence of allicin in C might 

have suggested that the inner region of garlic is protected against its degradation. 

The same observation has also been reported by MSI.23

A marginal significance of hydroxycinnamic acids is present in C. This is of particular 

interest because they are associated with the structural polymers of the vegetable 

cell walls. One of their main components is lignin. It is a robust macromolecule that 

provides protection and rigidity to the material, and it is composed of aromatic 

alcohol units.32 The observation of metabolites with similar molecular structure, 

hydroxycinnamic acids, might suggest the presence of free lignin units,33 in this 

case in C. This is consistent with the solid-state NMR data of the polymeric matter 

from the core region which is found containing lignin (detailed discussion in SI, Fig. 

S-5).

It is interesting to note that the NMR data –not in MSI23 – also reveal a variation in 

carbohydrates. For example, fructose dominates in S+F, while sucrose does in C 

(Fig. 3). According to a previous study,34 fructosan is the main polymer in vegetables, 

while sucrose and glucose are related to the growth of the sprout.

Sp vs IE. Capitalizing the localized data of Sp and IE obtained by HR-µMAS, 

OPLS-DA has been carried out, and 14 variant metabolites have been identified 

(Table 2). Fig. 4a shows the resultant S-line plot with positive p[ctr] scores 

associated with IE and negative to Sp. The amino acid glutamine has a moderate 

significance in IE, indicating that the significance of glutamine found in C in HR-

MAS is due primarily to IE. The same observation can be found with asparagine. 
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The VIP-p[corr] plot (Fig. 4b) has identified the carbohydrate variants between Sp 

and IE. Fructose and glucose with high and moderate significant level, respectively, 

are found in IE. Moreover, the presence of hydroxycinnamic acids is also found 

predominantly in IE.

Among organosulfur compounds, cycloalliin (1.51 ppm) – a derivative of the gamma-

glutamil peptides in garlic35 – is discerned in HR-µMAS model with a moderate 

significance in IE of the core; however, cycloalliin is not classified as a significant 

variant in the HR-MAS model. This is because the samples used in HR-µMAS 

analysis have a higher degree of homogeneity than those in HR-MAS, rendering a 

higher sensitivity (i.e. simplified spectral data) for identifying the variants with low 

metabolic content, in this case, less than 150 mol/g of cycloalliin (more discussion 

below). On the contrary, in HR-MAS analysis such variant is readily masked by the 

overcrowded data from a heterogeneous sample (mixing of Sp and IE). Similarly, 

methanol with 108 mol/g is identified as a variant in IE with a moderate significance 

in the HR-µMAS model; but not in HR-MAS. In the case of amino acids, alanine 

(125 mol/g), leucine, and arginine are found with high significance in Sp but are 

not considered as significant in the HR-MAS model. The capability of determining 

the metabolic variance with low concentrations illustrates the advantage of analysis 

by sampling microscopic quantity with an enhanced sample homogeneity.

(d) Quantitative analysis: Sp vs IE. Exploiting the quantifiable spectra (with long 

relaxation delay) acquired by HR-µMAS, a few metabolites with well-resolved signals 

are quantified (µmol/g) using equations E-2 and E-3 in SI. The results are 

summarized in Table 3. It should be emphasized that these values can only be 
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considered as estimations. Indeed, improving spectral quality could enhance its 

reliability and increase the number of quantifiable metabolites. 

The highest content of the quantified metabolites is found to be glutamine with 

1016 ± 171 µmol/g (n = 6) in IE, which is in agreement to the previous results 

reported.36 According to the p-value (0.000167) by a student’s t-test, there are 

significant differences between IE and Sp.

The quantified carbohydrates reveals a higher content of fructose (873 ± 171 mol/g, 

n = 6) in IE as compared to Sp, with a p-value of 0.00177. A previous study37 has 

found that fructosan is the main polysaccharide in an entire garlic bulb; but, no 

localized sugar composition was provided. 

Based on the spectral profile, two sets of doublets are found in Sp (1.47 and 1.50 

ppm) while only a single doublet at 1.50 ppm is observed in IE. The doublet at 

1.50 ppm corresponds to cycloalliin21 with relatively low concentrations, 68 ± 33 

mol/g in Sp and 146 ± 31 mol/g in IE with a p-value of 0.00184. This is in 

agreement with the S-line plot in Fig. 4, which indicates a moderate significance of 

cycloalliin in IE with a |p[corr]| score of 0.665. 

CONCLUSIONS. This study has assessed a new NMR probe technology, high-

resolution micro-sized MAS (HR-µMAS probe), for metabolomics applications with a 

modest labour cost (i.e. 15 minutes for sample-preparation). The study provides an 

essential basis for NMR-based metabolic profiling using HR-µMAS. The quantitative 

NMR experiments (with Phe solution) have demonstrated an excellent spectral 

quality and data repeatability, comparable with standard NMRs (HR-MAS and 
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standard liquid NMR). Moreover, 1H HR-µMAS NMR spectroscopy has been explored 

and evaluated for mapping the localized metabolic profiles in different anatomical 

regions of a garlic clove – S, F and C, and the latter contains a small region of 

Sp surrounded by a thin layer of IE. The data reliability has been assessed by the 

comparison with HR-MAS experiments. The combination of localized NMR sampling 

with the multivariate analysis provides a reliable tool to profile the metabolites with 

high significance for the discrimination between the garlic anatomic regions. In these 

sense, the obtainment of samples with high homogeneity is a crucial step: the small 

spatial resolution provided by HR-µMAS allows extracting adjacent anatomical 

samples within the whole tissue, thus, rendering the data analysis with an improved 

reliability of the model for offering information on its global heterogeneity. Further 

multivariate analysis within the two regions constituting the core (Sp and IE) that 

were not available in the HR-MAS model shows the utility of HR-µMAS application 

for providing with detailed localized information on a smaller sample volume. 

Despite a food system is exploited in this demonstrative study, it provides an 

important basis of HR-µMAS NMR-based metabolomics to a wide range of 

biosystems, especially samples with low availability or with diverse anatomical 

regions. For example, the metabolic morphology of diseased tissues is of interest. 

HR-µMAS NMR could enhance the recognition of the growth patterns by the 

metabolic signatures and be used as a diagnostic tool. In the case of solid-like 

samples such as amyloidogenic proteins, this could benefit from HR-µMAS with fast 

sample spinning for offering high quality spectral data to deduce complex protein 

structures.   
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Figure Captions

Figure 1 (a) A representative HR-µMAS 1H NMR spectrum of Phe 90 mM (at 500 MHz). 

The chemical shift ranges between 3.0–3.4 and 3.9–4.1 ppm are expanded for clarity. Signals 

from the EtOH impurity are highlighted and quantified. (b) A bar plot with the measured 

concentrations of Phe solutions and their standard deviations of the three different NMR 

approaches (green = HR-µMAS, blue = HR-MAS, yellow = standard liquid). The expected 

concentration is plotted for comparative purposes (grey). (c) PCA score plot of acquired 

NMR data from HR-µMAS. Quality parameters: 1-component, R2X = 0.727, Q2 = 0.69.

Figure 2 Spectral comparison of the garlic regions between (a) HR-MAS and (b) HR-µMAS. 

The intensities are normalized to that of the sucrose signal at 5.42 ppm. The assigned 

metabolites are indicated. The chemical shift range between 5.3–6.0 ppm is amplified 

showcasing the spectral quality.

Figure 3 PCA score plots obtained for the separation of the garlic regions using the (a) 

HR-MAS spectral data and (b) HR-µMAS. The spectra data corresponding to skin (S), flesh 

(F) and core (C) for HR-MAS; and S, F, sprout (Sp) and inner epidermis (IE) for HR-MAS, 

are clustered in specific colors for a better readability. Quality parameters: for HR-MAS, 3-

components, R2X = 0.919, Q2 = 0.843; for HR-µMAS, 5-components, R2X = 0.934, Q2 = 

0.839. The corresponding OPLS-DA were carried out to identify the latent variants. The S-

line plots (c) HR-MAS and (e) HR-µMAS identify a few significant variables in S+F (p[ctr] > 

0) and C (p[ctr] < 0) in HR-MAS, or Sp+IE (p[ctr] < 0) in HR-µMAS. The significant level 

p[corr] is indicated by a color scheme. The VIP-p[corr] plots (e) HR-MAS and (f) HR-µMAS 

facilitate the identification of a complete list of metabolic variants. Quality parameters of 

OPLS-DA: for HR-MAS, 1 predictive component and 1 orthogonal component, R2X = 0.888, 

R2Y = 0.982, Q2 = 0.968, p-value (CV) = 7.61*10-9; and for HR-µMAS, 1 predictive 

component and 1 orthogonal component, R2X = 0.806, R2Y = 0.975, Q2 = 0.964, p-value 

(CV) = 1.81*10-13.

Figure 4 (a) S-line plot and (b) VIP-p[corr] plot used to identify the significant variables 

responsible of variations between Sp and IE. Quality parameters of OPLS-DA: 1 predictive 

component and 2 orthogonal components, R2X = 0.747, R2Y = 0.955, Q2 = 0.828, p-value 

(CV) = 0.027.
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Table 1. Comparative values of the spectral quality of a 90 mM Phe.

LOD/√time LOQ/√time 
Acq. 

method

Acq.
time
(min)

Conc. 
(mM)

Vol. 
(µl)

SNRa
FWHM 
(ppm)

Split 
depth 
(%)

(nmol/√min)

HR-µMAS
(n=10)

12.4
6

87.09 
± 

0.53
0.49

118.72 
± 6.53

0.03 ± 
0.01

73
0.29 ± 
0.02

0.97 ± 
0.04

HR-MAS
(n=3)

15.0
9

86.60 
± 

0.47
16

697.34 
± 

171.63

0.03 ± 
0.01

77
1.51 ± 
0.44

5.03 ± 
1.46

Liquid
(n=3)

0.47
87.15 
± 

0.14
600

619.87 
± 22.77

0.03 ± 
0.01

69
368.17 ± 
13.77

1227.24 ± 
45.91 

a) acq. parameters of a single-pulse experiment: HR-µMAS number of scans=32, relaxation 
delay=20 s; HR-MAS number of scans=32, relaxation delay=25 s; standard liquid number of 
scans=1, relaxation delay=25 s.
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Table 2. Significant metabolites for the discrimination from the HR-MAS and HR-µMAS 
models.

HR-MAS model HR-µMAS model

S+F
Variabl

e 
(ppm)d

VIP p[corr]
Significanc

ee
VIP p[corr]

Significanc
ee

arginine 1.75
1.52
6

-0.930 high 1.53
9

-0.971
high

pyroglutamate 2.53
0.98
2

-0.816 marginal 1.01
1

-0.835
high

threonine 4.29
1.30
8

-0.918 high 1.57
2

-0.904
high

phenylalanine 7.38
0.42
8

-0.949 marginal 0.41
9

-0.932
marginal

fructose 4.13
4.29
7

-0.987 high 4.11
9

-0.99
high

cystine 4.33 0.50
7

-0.753 marginal 0.75
1

-0.728
marginal

allyl 
mercaptan

5.18 0.87
9

-0.880 marginal 0.69
4

-0.874
marginal

Choline 3.17
0.47
1

-0.779
marginal 0.56

1
-0.838

marginal

UMP 8.12
0.38
5

-0.879
marginal 0.44

7
-0.82

marginal

C or Sp+IEa

Variabl
e 

(ppm)
VIP p[corr]

Significanc
ee

VIP p[corr]
Significanc

ee

leucine 0.97
0.58
1

0.897 marginal – – –

valine 1.03
0.33
8

0.838 marginal 0.48
2

0.813
marginal

lactate 1.37
1.18
5

0.921 high – – –

proline 2.09
1.09
2

0.971 high – – –

glutamine 2.47
1.86
5

0.857 high
1.59
4

0.781 high
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GABAb 2.27
0.86
6

0.899 marginal 0.85
1

0.612 marginal

glutamate 2.33
0.66
4

0.838 marginal 0.64
7

0.878
marginal

asparagine 2.91
0.81
8

0.904 marginal 0.70
7

0.722 marginal

tyrosine 6.90
0.44
8

0.858 marginal – – –

tryptophan 7.74
0.39
6

0.982 marginal 0.34
4

0.793
marginal

-glucose 5.12
0.65
6

0.964 marginal – – –

sucrose 5.42
1.44
8

0.922 high
1.14 0.899

high

allicin 5.54 1.08
2

0.891 high –

hydroxycinnam
ic acids

6.58
0.47
8

0.911 marginal
0.36
2

0.860 marginal

-CH3 0.91
1.11
8

0.879
high 1.13

5
0.579

moderate

-CH2- 1.33
1.86
8

0.887
high 2.21

8
0.611

moderate

-CH2-CH= 2.07 – – – 1.26
9

0.777
high

-CH=CH- 5.34
0.86
7

0.885
marginal 1.03

3
0.601

moderate

Spc

Variabl
e 

(ppm)
VIP p[corr]

Significanc
ee

VIP p[corr]
Significanc

ee

leucine 0.97
– – – 1.59

5
-0.766

high

alanine 1.47
– – – 1.20

1
-0.415

moderate

arginine 1.75
– – – 1.29

5
-0.649

moderate

sucrose 5.42
– – – 1.15

0
-0.407

moderate
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-CH3 0.91
– – – 3.02

6
-0.736

moderate

-CH2- 1.33
– – – 4.88

8
-0.652

moderate

-CH2 β CO 1.59
– – – 1.92

3
-0.747

high

-CH2-CH= 2.07
– – – 3.05

7
-0.755

high

-CH2-CH2-CH= 2.27
– – – 2.17

2
-0.736

moderate

=CH-CH2-CH= 2.79
– – – 2.26

8
-0.812

high

-CH=CH- 5.32
– – – 2.86

8
-0.836

high

IEc

Variabl
e 

(ppm)
VIP p[corr]

Significanc
ee

VIP p[corr]
Significanc

ee

cycloalliin 1.51
– – – 1.59

2
0.665

moderate

glutamine 2.47
– – – 2.16

2
0.764

high

glutamate 2.36
– – – 1.32

7
0.711

moderate

asparagine 2.89
– – – 1.19

2
0.558

moderate

β-glucose 3.31
– – – 1.13

9
0.516

moderate

fructose 4.05
– – – 2.25

2
0.781

high

threonine 4.27
– – – 1.71

2
0.627

moderate

methanol 3.33
– – – 1.43

6
0.702

moderate

hydroxycinnam
ic acids

7.66
– – – 1.02

1
0.540

moderate

a) C from HR-MAS model Fig. 3d; Sp+IE from HR-µMAS model Fig. 3f.
b) GABA: γ-aminobutyric acid
c) From the HR-µMAS model Fig. 4b.
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d) Errors in chemical shift of ± 0.02 ppm (i.e. bucket increment).
e) High significance (VIP ≥ 1, |p[corr]| ≥ 0.75); moderate significance (VIP ≥ 1, 0.6 ≤ 

|p[corr]| ≤ ±0.75) except for the Sp vs IE discrimination (0.5 ≤ |p[corr]| ≤ ±0.75); 
and marginal significance (VIP < 1, |p[corr]| ≥ 0.75).
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Table 3. Quantified variant metabolitesa in µmol/g in Sp and IE: mean ± standard deviation 
(n=6). 
Metabolite Chemical shift (ppm)b, No H Sp IE p-valuec

Alanine 1.39-1.45, 3H 124.5 ± 47.3 - -
Cycloalliin 1.45-1.51, 3H 67.7 ± 33.2 146.1 ± 31.3 0.00184
Glutamine 2.50-2.41, 2H 476.8 ± 143.1 1016.3 ± 171.3 0.000167
Methanol 3.33-3.30, 3H - 107.8 ± 28.6 -
Fructose 4.16-4.09, 2H 491.3 ± 93.3 873.1 ± 175.9 0.00177
Sucrose 5.46-5.38, 1H 711.4 ± 121.9 732.8 ± 107.8 0.753
Allicin 6.02-5.86, 1H 546.9 ± 108.9 635.8 ± 207.5 0.381
a) Quantified values are considered estimations.
b) From the acquired HR-µMAS spectra.
c) Student’s t-test performed with n = 6, bilateral distribution, different variances.



 

Figure 1 (a) A representative HR-μMAS 1H NMR spectrum of Phe 90 mM (at 500 MHz). The chemical shift 
ranges between 3.0–3.4 and 3.9–4.1 ppm are expanded for clarity. Signals from the EtOH impurity are 
highlighted and quantified. (b) A bar plot with the measured concentrations of Phe solutions and their 

standard deviations of the three different NMR approaches (green = HR-μMAS, blue = HR-MAS, yellow = 
standard liquid). The expected concentration is plotted for comparative purposes (grey). (c) PCA score plot 

of acquired NMR data from HR-μMAS. Quality parameters: 1-component, R2X = 0.727, Q2 = 0.69. 
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Figure 2 Spectral comparison of the garlic regions between (a) HR-MAS and (b) HR-μMAS. The intensities 
are normalized to that of the sucrose signal at 5.42 ppm. The assigned metabolites are indicated. The 

chemical shift range between 5.3–6.0 ppm is amplified showcasing the spectral quality. 
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Figure 3 PCA score plots obtained for the separation of the garlic regions using the (a) HR-MAS spectral data 
and (b) HR-μMAS. The spectra data corresponding to skin (S), flesh (F) and core (C) for HR-MAS; and S, F, 

sprout (Sp) and inner epidermis (IE) for HR-MAS, are clustered in specific colors for a better readability. 
Quality parameters: for HR-MAS, 3-components, R2X = 0.919, Q2 = 0.843; for HR-μMAS, 5-components, 
R2X = 0.934, Q2 = 0.839. The corresponding OPLS-DA were carried out to identify the latent variants. The 

S-line plots (c) HR-MAS and (e) HR-μMAS identify a few significant variables in S+F (p[ctr] > 0) and C 
(p[ctr] < 0) in HR-MAS, or Sp+IE (p[ctr] < 0) in HR-μMAS. The significant level p[corr] is indicated by a 

color scheme. The VIP-p[corr] plots (e) HR-MAS and (f) HR-μMAS facilitate the identification of a complete 
list of metabolic variants. Quality parameters of OPLS-DA: for HR-MAS, 1 predictive component and 1 

orthogonal component, R2X = 0.888, R2Y = 0.982, Q2 = 0.968, p-value (CV) = 7.61*10-9; and for HR-
μMAS, 1 predictive component and 1 orthogonal component, R2X = 0.806, R2Y = 0.975, Q2 = 0.964, p-

value (CV) = 1.81*10-13. 
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Figure 4 (a) S-line plot and (b) VIP-p[corr] plot used to identify the significant variables responsible of 
variations between Sp and IE. Quality parameters of OPLS-DA: 1 predictive component and 2 orthogonal 

components, R2X = 0.747, R2Y = 0.955, Q2 = 0.828, p-value (CV) = 0.027. 
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