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Exploring High-resolution Magic Angle
Spinning (HR-MAS) NMR Spectroscopy
for Metabonomic Analysis of Apples
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Abstract: Classical liquid-state high-resolution (HR) NMR spectroscopy has proved a powerful tool in the
metabonomic analysis of liquid food samples like fruit juices. In this paper the application of 1H high-resolution
magic angle spinning (HR-MAS) NMR spectroscopy to apple tissue is presented probing its potential for
metabonomic studies. The 1H HR-MAS NMR spectra are discussed in terms of the chemical composition
of apple tissue and compared to liquid-state NMR spectra of apple juice. Differences indicate that specific
metabolic changes are induced by juice preparation. The feasibility of HR-MAS NMR-based multivariate analysis
is demonstrated by a study distinguishing three different apple cultivars by principal component analysis (PCA).
Preliminary results are shown from subsequent studies comparing three different cultivation methods by means
of PCA and partial least squares discriminant analysis (PLS-DA) of the HR-MAS NMR data. The compounds
responsible for discriminating organically grown apples are discussed. Finally, an outlook of our ongoing work is
given including a longitudinal study on apples.
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Introduction

Conventional liquid-state high-resolu-
tion NMR spectroscopy has been widely
recognized as powerful tool for the chemi-
cal analysis not just of single compounds
but also of complex mixtures. Thus, the
possibility of obtaining fingerprints and
possibly simultaneously identifying and
quantifying many different components in
a mixture have made NMR spectroscopy
a very attractive tool for metabonomic
studies.[1,2] Besides sensitivity, the extent
of detectable compounds is limited by the
spectral resolution which in turn depends
on the applied magnetic field strength and
the NMR signal line shapes. Due to their

rapid isotropic motions, liquid solutions of
dissolved components usually yield sharp
NMR signals, which is not the case for
semi-solid or solid samples. Solid-state
NMR spectroscopy is a long-standing es-
tablished method applied to rigid solids,
which mostly makes use of cross-polar-
ization magic angle spinning (CP-MAS)
techniques for detection of low abundant
nuclei like 13C.[3] High-resolution magic
angle spinning (HR-MAS) NMR spectros-
copy, in turn, is applicable to semi-solid
samples with restricted molecular mobil-
ity, thereby covering the gap between low-
viscous liquids and rigid solids with re-
spect to NMR spectroscopic accessibility.
HR-MAS NMR evolved from solid-state
NMR about 20 years ago, and has initially
mainly been used in combinatorial chemis-
try as amethod to obtain highly resolved 1H
NMR spectra frommolecules on solid sup-
ports.[4] In the meantime, the application
of HR-MAS NMR has gained increasing
interest in a broad field of semi-solid ma-
terials like emulsions,[5] liquid crystals,[6]
gels,[7] food samples,[8] and biological tis-
sues.[9] Despite a certain degree of mobili-
ty, under static conditions, such semi-solid
materials usually give rise to NMR spectra

with strong line broadening and decreased
resolution. The main reasons for such
properties are residual anisotropic dipolar
coupling between neighboring spins and
bulk magnetic susceptibility (BMS) shifts.
Fast spinning around an axis inclined at an
angle of 54.7° (‘magic angle’) with respect
to the axis of the external magnetic field
B

0
(Fig. 1) can average second-rank orien-

tation dependent effects close to or equal
to zero, thereby significantly reducing the
linewidth and increasing both the spectral
resolution and sensitivity.[10] Nearly all
pulse sequences used for liquid samples
in conventional high resolution NMR are
also applicable for HR-MAS, like for ex-
ample the standard 2D pulse sequences
COSY, TOCSY, and HSQC as well as
editing techniques on basis of molecular
diffusion or relaxation times. In particu-
lar, the HR-MAS technique provides the
advantage that samples can be measured
directly in a non-destructive way without
any preparation steps like extraction or
dissolving. Thus, HR-MAS allows a com-
prehensive mostly uninfluenced chemical
profile of semi-solid biological samples to
be obtained, which can be used for meta-
bonomic analyses.

B0

= 54.74°
50µL

Fig. 1. Scheme of
apple slice, 50 μL
MAS rotor with pulp
sample, and rotation
of the rotor at the
magic angle.
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to be taken into account when performing
metabonomic studies. The use of a buffer,
as it is common in liquid-state NMR of
fruit juices, is not well suited in the case of
apple pulp since it diffuses relatively slow-
ly and equilibrium is reached only after a
long time. The NMR signals of apple pulp
span a relatively high dynamic range with
the sugar resonances being roughly up to
300-fold more intense than the resonances
of the minor components of the aromatic
and aliphatic regions (Figs 3 and 4). Signals
in the aromatic region (5.8–10 ppm) shown
in Fig. 3 mainly derive from chlorogenic
acid and epicatechin, which belong to the
major phenolic compounds in apple tis-
sue besides the condensed polyphenols.[21]
Condensed polyphenols are formed by
non-enzymatic or enzymatic oxidation of
the monomer phenols, a process also re-
sponsible for the browning of a cut apple
slice when exposed to air.[22,23] Therefore,
care has to be taken in the measurement
of fresh apple tissue to reduce such inter-
vention by minimizing the time of air ex-
posure.[22] In our set-up, the samples, after
filled into the MAS rotor, remained stable
for at least 24 hours, while freezing or juice
preparation quickly increased the polyphe-
nol content. Signals in the aliphatic region
(0.5–2.6 ppm) shown in Fig. 4 can be as-
signed to the amino acids leucine, isoleu-
cine, valine, alanine and threonine while
the broader signals primarily belong to lip-
ids. The relatively intense doublet at 1.33
ppm overlapping with threonine has been
previously tentatively assigned to paralde-
hyde,[24] a cyclic trimer of acetaldehyde,
which in turn is also present in the apple
tissue spectrum with resonances at 2.23
and 9.65 ppm. The signals of quinic acid,
which is the major organic acid in unripe
apples,[25] appear around 2 ppm overlap-
ping with the signals of its caffeic acid es-
ter (chlorogenic acid).

To further probe the validity of HR-
MAS directly applied to apple tissue, the
HR-MAS spectra were compared with HR
liquid-state NMR spectra of correspond-
ing apple juices freshly prepared from the

Metabonomics comprises the com-
bined application of spectroscopy and
multivariate statistical approaches to study
biological multicomponent systems.[10,11]
Besides mass spectrometry, NMR spec-
troscopy is the most widely used method
in metabonomic studies. Since the pro-
ton NMR spectra of biological samples
are usually very complex, mathematical
pattern recognition methods are often in-
dispensable to detect changes or find bio-
markers whichmight not emerge by simple
visual inspection. In multivariate statistical
analysis, the spectra are subdivided by a
grid into regions or ‘buckets’ and integrat-
ed leading to a data matrix with n spectra
each containing m buckets which in turn
contain different signal intensities from
metabolites. Thus, each spectrum forms
a data point in a multidimensional space.
The most often applied principal compo-
nent analysis (PCA) is an unsupervised
method projecting the data into a multi-
dimensional space based on the variations
and allows finding clusters among the data
points based on similarity. Partial least
squares discriminant analysis (PLS-DA) is
the most often applied supervised method
which uses prior knowledge, e.g. assign-
ment of spectra to predefined groups, and
is used to find the spectral properties which
best discriminate the groups.[10–12]

In the medical field, there has been a
wide range of applications of NMR-based
metabonomics on biofluids, such as urine
or plasma, by liquid-state NMR[1] and bio-
logical tissue samples by HR-MAS NMR
spectroscopy[9] to study various diseases
or drug responses. In food analysis, NMR-
based metabonomics is a powerful tool to
probe the quality and authenticity of food
samples, or to reveal adulterations. Several
successful applications have been reported
applying liquid-state NMR spectroscopy,
such as the analysis of fruit juices,[13,14]
beer,[15] or wine.[16] HR-MAS NMR seems
to evolve as tool for metabonomic studies
of semi-solid food samples[8] like cheese[17]
and meat.[18] To date, there are only a few
studies applied to fruits or vegetables.[8]
In this paper, our investigations to explore
HR-MAS NMR for metabonomic analysis
of apples are summarized. The aim of this
work was to probe the validity and feasibil-
ity of this method before using it as tool
to study the impact of specific growth or
storage conditions on the metabolic profile
of apples.

Apples belong to the most consumed
fresh fruits within Switzerland and thus
constitute an important economic factor
in agriculture. For dessert apples it is of
utmost importance that organoleptic and
nutritional properties meet customer’s
expectations. To ensure a year-round sup-
ply of high quality apples, optimal growth
and storage conditions are required. It is

therefore of interest to identify and moni-
tor chemical constituents of apples, which
determine quality properties. Knowledge
of metabolic changes may reveal pos-
sible causes for physiological disorders
like internal browning or unwanted aroma
changes during storage, both factors lead-
ing to losses in fruit sales. Currently, the
most important parameters assessed to es-
timate internal fruit quality are sugar con-
tent, acidity and fruit firmness.[19] In this
paper, the application of HR-MAS NMR
as potential complementary sensor for the
detailed chemical composition of apple
fruits is presented.

HR-MAS NMR of Apple Tissue

FortheacquisitionofanHR-MASNMR
spectrum, the apple tissue can be directly
punched with the MAS rotor as indicated
in Fig. 1. Pulp samples were taken from
the central slice of the apple cross section
usingMAS rotors with 50 µL inserts.After
addition of D

2
O as lock solvent, the sam-

ples were measured on a Bruker Avance II
500 MHz system equipped with a 4 mm
HR dual inverse 1H/13CMAS probe. In Fig.
2, a typical 1H HR-MAS spectrum of an
apple pulp sample is shown. The spectrum
was acquired with presaturation of the wa-
ter resonance (noesypr1d) at a magic angle
spinning rate of 5 kHz. 128 transients were
acquired over a spectral width of 6002.4
Hz with a data size of 32 k points result-
ing in a total experiment time of about 12
minutes. As is evident from the spectrum
shown in Fig. 2, the main constituents in
apple tissue are sugar compounds. The
resonances appear in the region between 3
and 5.5 ppm including the signals ofα- and
β-glucose, sucrose, and fructose. Another
prominent compound is malic acid with
resonances around 2.7 and 4.4 ppm. Malic
acid is the major organic acid in apples
mainly accounting for the low pH of apple
tissue or juice.[20] As opposed to the re-
maining spectrum, the chemical shifts of
malic acid are pH-dependent, which needs
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Fig. 2. 1H HR-MAS
NMR spectrum of ap-
ple tissue with an ex-
pansion of the sugar
region (suc: sucrose,
α-glc: α-glucose,
β-glc: β-glucose, fru:
fructose, malic: malic
acid).
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samples, and scaled to unit variance put-
ting equal weight onto high and low in-
tense components.

Apple metabolites are reported to be
unevenly distributed across the fruit pulp
due to differences in sun exposure during
fruit development and compositional gra-
dients from the core towards the peel.[26]
Therefore, a standardized sampling was
applied by punching 5 tissue probes from
the same regions of each apple investigat-
ed. Moreover, in our first approach explor-
ing the feasibility of HR-MAS NMR of
apples for metabonomic studies, we aimed
at assessing the variability of NMR data
within single apples compared to the vari-
ability between apples. For this, 6 apples
from 3 different cultivars, Golden deli-
cious, Rubens and Braeburn, each were in-
vestigated comparing the 5 NMR samples
derived from the same apple with those
derived from different apples within each
cultivar group. The data were analyzed by
means of principal component analysis
(PCA) and analysis of variation (ANOVA)
applied to defined spectral regions. The
results indicated that the within apple vari-
ability was significantly lower than the
between apple variability providing an
important prerequisite for the subsequent
chemometric studies.[24]

In a next step, the HR-MAS NMR
data obtained from the apple tissue of the

same apples and immediately measured.
Several distinct differences could be ob-
served between the pulp and juice spectra,
which were most likely induced by the
juice preparation process including tissue
disruption and exposure to air. Besides an
increase of the polyphenol signals in the
juice, the resonances of ethanol, acetal-
dehyde and paraldehyde all present in the
pulp disappeared in the juice while in turn
formic and lactic acid occurred in the juice.
In Fig. 5 details of a pulp and juice spec-
trum are shown along with the HR-MAS
1H1H-COSY spectrum of the pulp. While
the amino acid signals of alanine, threo-
nine and an unknown (1.27 ppm) were
present in both, the cross peak of paralde-
hyde was missing in the juice. In conclu-
sion, HR-MAS widely provides the meta-
bolic profile of the genuine tissue compo-
sition while processes comprising tissue
disruption induce changes specifically of
those compounds sensitive towards oxida-
tive reactions.

Multivariate Statistical Analysis of
HR-MAS-based NMR Data

Besides a high reproducibility and
quality of the raw data, multivariate sta-
tistical analysis of NMR spectra requires
specific preparation steps to yield reliable
interpretations. The most common steps
usually applied in NMR-based metabo-
nomics are summarized in Fig. 6. For our
studies, a bucket width of 0.05 ppm was
applied while the regions where the malic
acid signals appear were combined each

into one larger bucket due to pH-dependent
shifts and the region of the residual water
signal was excluded. The spectra were
normalized to total integral accounting for
differences in sample weights across the
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Fig. 3. 1H HR-MAS
NMR spectrum of
apple tissue: expan-
sion of the aromatic
region (acal: acet-
aldehyde, pp: con-
densed polyphenols,
ca: chlorogenic acid,
ec: epicatechin).
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Fig. 4. 1H HR-MAS
NMR spectrum of
apple tissue with
an expansion of the
aliphatic region (acal:
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quinic ac: quinic acid,
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Fig. 5. Comparison of the 1H HR-MAS NMR
spectrum of apple tissue (bottom) with the
liquid-state HR NMR spectrum of apple juice
(top) obtained from the same apple. 1H1H HR-
MAS COSY spectrum of apple tissue (citmal:
citramalic acid, lact: lactic acid, ala: alanine,
paral: paraldehyde, thre: threonine, ethl: etha-
nol).
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Fig. 6. Preparation steps involved in metabo-
nomic analysis of NMR spectra.
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3 different cultivar groups, i.e. a total of
90 spectra, were analyzed by principal
component analysis (PCA) and partial
least squares discriminant analysis (PLS-
DA) to probe whether differences between
groups could be observed. Both methods,
PLS-DA based on spectral cultivar assign-
ment, but also unsupervised PCA yielded
a clear separation of the three cultivars.[24]
In Fig. 7, the 3D PCA scores plot for the
first 3 principal components explaining
73% of the total variance is shown for the
HR-MAS data of the three apple cultivars
Golden Delicious, Rubens, and Braeburn.
In this plot, each data point represents the
average of 5 spectra derived from the same
apple. Golden delicious and Braeburn
mainly separated due to their differences

along the first principal component (PC1)
while they both discriminated fromRubens
apples due to their different PC3 scores.

Based on our promising preliminary
studies we are currently probing the im-
pact of different cultivation methods on the
metabolic profile of apples by HR-MAS
NMR metabonomic studies. In collabora-
tion with Agroscope Wädenswil (ACW),
we have investigated Golden Delicious
apples, which were grown applying three
different plant protection strategies, i.e.
organic growth conditions (Bio), the com-
monly applied integrated production (IP)
and a low-input plant protection strategy
(LI), which minimizes the pesticide use
focusing on apple scab to which Golden
Delicious apples are susceptible. Applying

our previously developed standardized
protocol, Bio apples could be well sepa-
rated from the two remaining cultivation
methods by PCA and PLS.[27] The cor-
responding PLS scores plot based on the
analysis of 70 HR-MAS NMR spectra is
shown for the first two PLS components
in Fig. 8. Bio apples were mostly discrimi-
nated from LI and IP apples along PLS1.
Analysis of the PLS load values provides
information about which compounds
mainly contribute to the discrimination. In
Fig. 9, the load values of PLS1 are shown
for those buckets which could be assigned
to specific apple tissue components in the
order of their spectral appearance (ppm-
scale). According to this plot, Bio apples
are mainly discriminated due to their high
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Fig. 7. 3D PCA scores plot PC1 vs PC2 vs PC3 for different apple culti-
vars. The PCA is based on 18 entries with each point representing the
averaged spectrum obtained from 5 single spectra of one apple. Open
circles: Golden Delicious, black: Rubens, grey: Braeburn.
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levels of sucrose, fructose and malic acid,
while LI and IP apples have higher lev-
els of α- and β-glucose and quinic acid.
There are also some contributions for the
separation from the aromatic region with
increased polyphenol levels in IP and LI
apples.

The results of this study suggest that
differences in the chemical composition
are induced by the application of different
cultivation methods. Thus, the proposed
model may now serve as a starting basis
for testing further apple samples obtained
from subsequent harvest seasons for vali-
dation. Moreover, even though apples de-
rived from the three different production
systems all were harvested on the same day
with a similar ripening index, it remains to
be testedwhethermaturity differences con-
tribute to the HR-MAS based discrimina-
tion. For this, we are currently investigat-
ing in an ongoing longitudinal HR-MAS
NMR study apples from the three different
cultivation methods as function of ripening
index assessed by conventional analytical
methods.

Conclusions

High-resolution magic-angle-spinning
NMR spectroscopy provides a rapid and
non-destructive analytical tool to obtain
a comprehensive molecular fingerprint of
the intact, unaffected apple tissue with-
out the need for any preparation steps.
The NMR data may thus help understand
physiological processes in apples and how
they are related to environmental factors
like growth and storage conditions. This
knowledge may in turn help to guide pro-
duction processes of apples aimed at pro-

viding year-round competitive high qual-
ity fruits. The HR-MAS studies applied to
apples exemplify that the combination of
HR-MAS NMR spectroscopy with mul-
tivariate statistical analysis has great po-
tential as tool in the analysis of semi-solid
food samples like fruits and vegetables, in
general. This may become in particular of
interest since factors like product identi-
fication, traceability and the detection of
frauds play increasing roles in food quality
control.
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