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Abstract

A number of ingredients in beer that directly or indirectly affect its quality require an unbiased wide-spectrum analytical method that allows
for the determination of a wide array of compounds for its efficient control.1H nuclear magnetic resonance (NMR) spectroscopy is a method that
clearly meets this description as the broad range of compounds in beer is detectable. However, the resulting congestion of signals added to the low
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esolution of1H NMR spectra makes the identification of individual components very difficult. Among two-dimensional (2D) NMR techniq
ncrease the resolution,J-resolved NMR spectra were successfully applied to the analysis of 2-butanol extracts of beer as overlapping sig1H
MR spectra were fully resolved by the additional axis of the coupling constant. Principal component analysis based on the projectedJ-resolved
MR spectra showed a clear separation between all of the six brands of pilsner beer evaluated in this study. The compounds respon
ifferentiation were identified by 2D NMR spectra including correlated spectroscopy and heteronuclear multiple bond correlation spect
ith J-resolved spectra. They were identified as nucleic acid derivatives (adenine, uridine and xanthine), amino acids (tyrosine and proli
cid (succinic and lactic acid), alcohol (tyrosol and isopropanol), cholines and carbohydrates.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Beer is a fermented beverage made from malted barley, hops,
east and water. There are several factors which affect the char-
cter of beer, such as ingredients, production processes and
torage conditions[1]. Even minor differences in those fac-
ors can largely influence the taste and quality of beer. Thus,
n investigation into the complete chemical composition of beer
as become an important issue for evaluating beer quality.

The control of the quality of this type of product is aimed
t providing a guarantee on one side of a certain flavour and

ragrance which is characteristic of a particular brand and on
he other, its stability during the established shelf-time. Further-
ore, it must ensure that these parameters are similar if not

dentical from batch to batch. It is a known fact that up to the

∗ Corresponding author. Tel.: +31 71 527 4471; fax: +31 71 527 4511.
E-mail address: y.choi@chem.leidenuniv.nl (Y.H. Choi).

moment, no single compound has been found to be respo
for these characteristics, but rather to a very complex ass
tion of diverse compounds, the presence or absence of w
and/or their relative content will lead to particular and uni
flavours. A very interesting approach to deal with this proble
to develop a method which could provide an accurate idea o
composition of the whole matrix of the product, or if that w
not possible, of at least a part of it which reflects and iden
each one. The differences and/or similarities would there
allow for the establishment of a certain pattern related to
particular characteristics of brews or brands.

The existing analytical methods, generally aimed at
tributing to the determination of the chemical composi
of beer, allow the qualitative and quantitative detection
diverse compounds or groups of compounds. Early inves
tions reported the determination of phenolic compounds in
by colorimetric methods[2]. As known, a colorimetric analy
sis only allows the quantitation of a group of compounds
not that of an individual component of that group. Individ

003-2670/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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phenolic compounds have been analysed by thin layer chro-
matography (TLC)[3], though the utility of this technique is
limited by its insufficient resolution. High performance liquid
chromatography (HPLC) and gas chromatography (GC) have
been applied to the analysis of beer in order to obtain higher
resolution and quantitative results for several compounds. Sev-
eral of these methods have been published, including the GC or
HPLC detection of amino acids[4], phenolic compounds[5,6],
vitamins[7], carboxylic acids[8], sulphur compounds[9] and
bitter acids[10–12], using DAD or MS detectors for the quali-
tative and quantitative detection of these components. Capillary
electrophoresis has also been used recently for the determination
of amino acids, bitter acids, carbohydrates, peptides, phenolic
acids, proteins and vitamins in beer[13]. Enzyme linked sorbent
analysis has a limited application for protein analysis[14].

Despite this wide array of analytical methods published
before, they all have the characteristic of being applicable to
the analysis of a certain group of compounds which are present
in beer and are known or proposed to be partially responsible
for certain characteristics. None of these methods, as such, can
be applied for the simultaneous determination of a wide range
of compounds and therefore are no suited to be used to obtain
a profile of the extremely complex matrix presented by beer.
Thus, an efficient method could provide a chemical fingerprint-
ing – i.e., covering a broad range of metabolites – would be
potentially very useful for the quality control of beer and for the
e cess
S wa
t – an
r ren
s uire
m re so
f ces
s s o
s clea
m tech
n coun
t iable
t ents
t that
p one
i the
m und
c tion
c rea
a on th
p

bee
a the
p an
i ted
a a
d ty of
t mpo
n s
a rom
c d

with the application of one-dimensional (1D)1H NMR can be
solved in part by two-dimensional (2D) NMR methods. Diverse
pulse sequencing techniques make it possible to develop numer-
ous 2D NMR methods. Among the available two-dimensional
NMR methods, the use ofJ-resolved spectroscopy considerably
increases the resolution of the signals with short measuring time
compared to other 2D NMR methods[17]. In the J-resolved
spectrum the spin–spin couplings are dispersed along the second
axis. These additional variables largely improve the resolution
of the NMR spectrum of a mixture.

The purpose of this study is to apply the 2DJ-resolved NMR
spectroscopic method to evaluate its potential as a method for
differentiation of beer. For this, six kinds of pilsner beer were
analyzed by NMR spectroscopy combined with principal com-
ponent analysis.

2. Materials and methods

2.1. Samples

Six different brands of commercial pilsner beer were obtained
from domestic market in The Netherlands.

2.2. Solvents and chemicals
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valuation of the impact of any change in the production pro
uch a method should be simple and fast – ensuring in this

he absence of any deterioration of sample components
eproducible in order to be used as a tool to evaluate diffe
amples at very different times and conditions. These req
ents are true for all analytical methods, but especially mo

or a method in which the detected compounds will not ne
arily have been identified; the stability and other propertie
uch compounds are therefore most probably unknown. Nu
agnetic resonance (NMR) spectroscopy is one of the
iques that can meet those requirements. Taking into ac

he considerations made above regarding the possible var
hat affect the quality, such as the ratio of certain compon
he quantitative information provided by NMR is better than
rovided by all other methods mentioned as it is the only

n which the intensity of the signals is directly correlated to
olar concentration. It means that the amount of all compo

an be directly compared, eliminating the need for calibra
urves for each individual compound. NMR also has the g
dvantage of high reproducibility as the spectra are based
hysical properties of a molecule.

1H NMR spectroscopy has recently been evaluated for
nalysis[15,16]. In those reports, the NMR method showed
otential to cover a broad range of compounds as a rapid

nformative quality control tool. However, despite the undoub
ttraction of NMR, the complexity of the1H NMR spectra is
rawback for its use in the analysis of beer. The complexi

he resulting spectrum makes any attempt to identify the co
ents very difficult. In fact, the1H NMR spectrum of beer show
predominance of strongly overlapping signals arising f

arbohydrates and amino acids[15]. This problem encountere
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First grade chloroform, ethyl acetate and 2-butanol were
hased from Merck Biosolve Ltd. (Valkenswaard, The Net
ands). CDCl3 (99.9%), D2O (99.9%) and dimethylsulfoxide-d6
99.9%) were purchased from Cambridge Isotope Labo
ies Inc. (Miami, FL, USA). Methanol-d4 (99.8%) and NaOD
ere obtained from Cortec (Paris, France). Hexamethyldis
ne (HMDSO) and trimethylsilane propionic acid sodium
TSP) were obtained from Merck (Darmstadt, Germany).

.3. Preparation of samples for NMR

Sample preparation was carried out using two different m
ds. For direct measurement, beer samples were sonicat
5 min for their degasification. One hundred microliter of D2O
ontaining 0.01% (w/w) TSP were added to 900�L of the
egassed samples and transferred to NMR tubes.

For liquid–liquid fractionation, 50 mL of a degassed sam
as transferred to a 250 mL-flask. Fractionation was carrie
y extractions with 50 mL portions of chloroform, ethyl ace
nd 2-butanol, vortexing for 1 min in each case. The org

ractions were obtained by decantation after 1 h equilibr
ollected separately in a 250 mL-round bottom flask and t
o dryness with a rotary vacuum evaporator at room tempera

.4. NMR measurements

1H NMR andJ-resolved spectra were recorded at 25◦C on
400 MHz Bruker AV-400 spectrometer operating at a pr
MR frequency of 400.13 MHz. Each1H NMR spectrum con
isted of 128 scans requiring 10 min acquisition time with
ollowing parameters: 0.25 Hz/point, pulse width (PW) =◦
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(4.0�s), and relaxation delay (RD) = 5.0 s. A pre-saturation
sequence was used to suppress the residual water signal with
low power selective irradiation at the water frequency during the
recycle delay. FIDs were Fourier transformed with LB = 0.3 Hz
and the spectra were zero-filled to 32 K points. The resulting
spectra were manually phased and baseline corrected, all using
XWIN NMR (Version 3.5, Bruker).

Two-dimensionalJ-resolved1H NMR spectra were acquired
using 8 scans per 32 increments that were collected into 16 K
data points, using spectral widths of 5208 Hz in F2 (chemical
shift axis) and 50 Hz in F1 (spin–spin coupling constant axis). A
1.0 s relaxation delay was employed, giving a total acquisition
time of 14.52 min. Datasets were zero-filled to 512 points in F1
and both dimensions were multiplied by sine-bell functions prior
to double complex FT.J-resolved spectra tilted by 45◦, sym-
metrised about F1, and then calibrated, all using XWIN NMR
(Version 3.5, Bruker). Data were exported as the 1D projection
(F2 axis) of the 2DJ-resolved spectra.1H–1H-correlated spec-
troscopy (COSY) spectra were acquired with 1.0 s relaxation
delay, 4194 Hz spectral width in both dimensions. The heteronu-
clear multiple bond correlation (HMBC) spectra were obtained
with 1.0 s relaxation delay, 4401 Hz spectral width in F2 and
14500 Hz in F1.

The spectra were referenced to the solvent signal of CDCl3
at δ 7.26, MeOD atδ 3.30, DMSO-d6 at δ 2.49 for the organic
solvent extracts and trimethylsilane propionic acid sodium salt
(
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Fig. 1. Four hundred megahertz1H NMR spectrum of beer obtained by direct
measurement (A) and 2-butanol extract (B) in the range ofδ 0.5–9.0. Expanded
spectra are inδ 5.5–9.0.

evaluated as partitioning solvents according to the efficiency for
the extraction of aromatic compounds. It is proved for 2-butanol
to be the most adequate: its extracts exhibited the highest inten-
sity and resolution of aromatic signals in the NMR (Fig. 1B).
However, the signals still showed considerable overlapping. The
congestion of NMR signals was finally solved by applying 2D
J-resolved NMR spectroscopy.

ProjectedJ-resolved spectra were recorded in order to reduce
the complexity of1H NMR spectra (Fig. 2), as all protons ideally
appear as a singlet in theJ-resolved spectra using the projected
spectrum on the axis of chemical shift (just like13C NMR
spectra showing a fully H decoupled spectrum). The resulting
enhanced resolution made it possible to directly compare and
match the spectra obtained from different samples. The pro-
jectedJ-resolved spectra were applied to discriminate the beer
samples through principal component analysis.

3.2. Identification of minor compounds in beer using NMR

The identification of the compounds in the beer samples was
performed using1H NMR, J-resolved, COSY and HMBC spec-
tra. Chemical shifts and coupling constants of the compounds
TSP) atδ 0.00 for aqueous extracts.

.5. Data analysis

The1H NMR and theJ-resolved projection spectra were au
atically reduced to ASCII files using AMIX (v. 3.7, Bruk
iospin). Spectral intensities were scaled to total intensity

educed to integrated regions of equal width (δ 0.04) correspond
ng to the region ofδ 0.40–10.00. The region ofδ 4.70–5.10
as excluded from the analysis because of the residual s
f water. Principal component analysis (PCA) were perfor
ith the SIMCA-P software (v. 10.0, Umetrics, Umeå, Sweden
sing mean centered scaling method. Dimension of data m
es was 241× 18.

. Results and discussion

.1. Evaluation of different sample preparation methods

Direct 1H NMR measurement of beer seems to be a r
nd informative analytical tool compared to other conventi
ethods as it provides a clear and characteristic pr
owever, most of the compounds detected in the1H NMR
pectra were aliphatics and sugars, while aromatic si
hich significantly influence beer quality showed relatively

ntensity (Fig. 1A). Moreover, broad and overlapping sign
esulted in difficulties in the identification of compounds in
pectra.

Liquid–liquid partition was attempted as a means to incr
he signal intensity of aromatic compounds by their purifica
nd concentration. Chloroform, ethyl acetate and 2-butanol
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Table 1
1H NMR chemical shifts and coupling constants of the compounds identified in pilsner beer

Compound Proton no. Chemical shift (ppm) Multiplicitya Coupling constant (Hz)

Adenine 2 8.32 s –
5 8.19 s –

Uridine 3 8.00 d 8.0
2 5.72 d 8.0
1′ 5.90 d

Xanthine 2 7.90 s –

Tyrosine 2,6 7.12 d 8.5
3,5 6.76 d 8.5

Tyrosol 2,6 7.02 d 8.5
3,5 6.70 d 8.5
7 3.05 t 5.1

Carbohydrate 3.00–4.00
Cholines N-methyl 3.20, 3.28 s –
Succinic acid 2,3 2.56 s –

Proline 2 4.03 m –
3 2.43, 2.12 m –
4 2.00 m –

Lactic acid 2 4.18 q 7.0
3 1.36 d 7.0

Isopropanol 1,3 1.12 d 8.0

a s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet.

are summarized inTable 1and the chemical structures are shown
in Fig. 3. The signals in the aromatic region were assigned to
adenine, uridine, xanthine, tyrosine and tyrosol. The character-
istic signals of adenine and xanthine are detected aroundδ 8.0.
Adenine shows two singlets (H-2 and H-5) atδ 8.32 and 8.19
which can be confirmed by theJ-resolved spectrum (Fig. 2A).
H-2 correlates with C-8 (δ 120.6) and C-9 (δ 149.9) in the
HMBC spectrum (Fig. 4). The correlation between H-5 and C-
10 atδ 157.2 is also clearly detected in the HMBC spectrum.
Xanthine shows a singlet atδ 7.90 correlating with C-8 atδ
108.5 in the HMBC spectrum. Two doublets (J = 8.0 Hz) atδ
8.00 and 5.72 are assigned to H-3 and H-2 of uridine, respec-
tively, which is confirmed by theJ-resolved spectrum. In the
HMBC spectrum, the correlations of H-3 with the carbonyl
group atδ 166.3 and C-5 atδ 152.5 of the uracil moiety and
with C1′ of thed-ribofuranose moiety atδ 90.4 are detected as
well (Fig. 4). Two doublets (J = 8.5 Hz) atδ 7.02 and 6.70 are
typical resonances of 1,4-disubsituted benzene ring and were
assigned to tyrosol by COSY,J-resolved and HMBC spectra.
Other characteristic doublets atδ 7.12 and 6.76 were assigned
as those of tyrosine. The HMBC spectrum shows the correla-
tion between those doublets with C-1 and C-4 of tyrosine and
tyrosol atδ 131.6 (C-1 of tyrosine),δ 130.8 (C-1 of tyrosol),
δ 157.8 (C-4 of tyrosine) andδ 156.6 (C-4 of tyrosol), respec-
tively. In addition, the correlations of H-7 atδ 3.05 of the ethanol
moiety of tyrosol with C-1 and C-8 atδ 75.9 are also clearly
d

ctic
a f 2-
b let
δ d

C-2 (δ 53.9 and 54.7) in HMBC spectrum. Succinic acid has
a singlet atδ 2.56 which correlates with the carbonyl group
at δ 176.5 in the HMBC spectrum. Multiplets atδ 2.43 and
2.12 were assigned to H-2 and H-3 of proline. Other signals of
the pyrrolidine moiety of proline are also well observed in the
1H NMR except H-5 which overlapped with other signals in
the sugar region. It was confirmed by the correlation between
H-3 and H-2 of proline with the carbonyl group atδ 174.4 in
the HMBC spectrum. Lactic acid shows two doublets of H-2 at
δ 4.18 and H-3 atδ 1.36 in 1H andJ-resolved NMR spectra.
Both signals correlate with a carbonyl group atδ 179.0 in the
HMBC spectrum. Doublet atδ 1.12 which correlate toδ 73.0 in
the HMBC spectrum was identified as isopropanol. All of these
assignments were confirmed by the NMR spectra of reference
compounds.

3.3. PCA of beer sample

Among the multivariate techniques, principal component
analysis (PCA) is one of the most widely used methods. The
concept of PCA is to describe the variance in a set of multi-
variate data in terms of a set of underlying orthogonal variables
(principal components). The original variables (metabolite con-
centrations) can be expressed as a particular linear combination
of the principal components[18]. The principal components can
be displayed graphically as a score plot. This plot is useful for
o con-
s hich
t are
c iven
v mon
etected.
In the aliphatic region, cholines, succinic acid, proline, la

cid and isopropanol are identified in the NMR spectra o
utanol extracts of beer. Choline analogues showes a sing
3.20 and 3.28 correlating with C-1 (atδ 67.0 and 68.8) an
at

bserving any groupings in the data set. PCA models are
tructed using all the samples in the study. Coefficients by w
he original variables must be multiplied to obtain the PC
alled loadings. The numerical value of a loading of a g
ariable on a PC shows how much the variable has in com
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Fig. 2. Four hundred megahertz 2DJ-resolved (A) and its projected (B) spectra
of 2-butanol extract of beer in the range ofδ 5.5–9.0. 1; H-2 of adenine, 2; H-5
of adenine, 3; H-3 of uridine, 4; H-2 of uridine, 5; H-2 of xanthine, 6; H-2 and
H-6 of tyrosine, 7; H-3 and H-5 of tyrosine, 8; H-2 and H-6 of tyrosol, 9; H-3
and H-5 of tyrosol.

with that component[18,19]. Thus, for NMR data, loading plots
can be used to detect the compounds responsible for the separa-
tion in the data. Generally, this separation takes place in the first
two or three principal components (PC1, PC2 and PC3).

Fig. 4. HMBC spectrum of 2-BuOH extract of beer in the aromatic region. 1, H-
2/C-8 of adenine; 2, H-2/C-9 of adenine; 3, H-5/C-9 of adenine; 4, H-5/C-10 of
adenine; 5, H-3/C-1′ of uridine; 6, H-3/C-2 of uridine; 7, H-3/C-5 of uridine; 8,
H-3/C-1 of uridine; 9, H-2/C-3 of uridine; 10, H-1′/C-2′ of uridine; 11, H-1′/C-3
of uridine; 12, H-2/C-8 of xanthine; 13, H-2 and H-6/C-3 and C-5 of tyrosine;
14, H-2 and H-6/C-2 and C-6 of tyrosine; 15, H-2 and H-6/C-4 of tyrosine; 16,
H-3 and H-5/C-4 of tyrosine; 17, H-2 and H-6/C-3 and C-5 of tyrosol; 18, H-2
and H-6/C-2 and C-6 of tyrosol; 19, H-2 and H-6/C-4 of tyrosol; 20, H-3 and
H-5/C-3 and C-5 of tyrosol; 21, H-3 and H-5/C-2 and C-6 of tyrosol; 22, H-3
and H-5/C-4 of tyrosol.

Fig. 5A and B show the comparison between the score plots
of PCA based on entire range of1H NMR spectra and projected
J-resolved spectra using PC1 versus PC3. Eight components
explained 99.9% of the variance, and the first three components
explained 93.1% (1H NMR spectra) and 89.3% (projectedJ-
resolved spectra). In the score plot, the similarity of the samples
with respect to the intensity of chemical shift correlates with their
grouping pattern. The separation of beer samples dramatically
increase in the score plot using projectedJ-resolved spectra. All
of the samples are clearly separated. The score plot using PCA
based on1H NMR spectra can only separate beer sample 6 from
samples 1–5. Loading plot indicates that the signals responsi-
ble for the differentiation are atδ 3.50–3.70 (carbohydrate),δ

3.20 and 3.28 (choline analogues),δ 2.56 (succinic acid),δ 2.00
(proline),δ 1.36 (lactic acid) andδ 1.12 (isopropanol) (Fig. 5C).
Samples 1–2 have more cholines and less isopropanol, carbo-

Fig. 3. Chemical structures of
 compounds identified in beer.
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Fig. 5. Score plot of principal component analysis of 2-butanol extract of beer
using PC1 vs. PC3 based on1H NMR spectra (A), projectedJ-resolved NMR
spectra (B) and loading plot based on projectedJ-resolved NMR spectra (C)
using entire range of the spectra (δ 0.4–10.0).

hydrate and succinic acid than samples 3–6. Whereas samples
4–5 have more lactic acid, proline and isopropanol but less suc-
cinic acid and cholines than samples 1–3 and sample 6. The
non-volatile organic acids, such as succinic acid and lactic acid
are both malt-derived by-products of yeast during fermentation.
Succinic acid has little effect on the beer flavour except for acid-
ity. On the other hand, lactic acid emerges as the most important
non-volatile organic acid in beer since it is the only one present in
beer in the above-threshold amounts[20,21]. Proline is always
at a high level in beer and influences the colour of final beer
through the maillard reaction during wort boiling. The brown-

Fig. 6. Score plot of principal component analysis of 2-butanol extract of beer
using PC2 vs. PC3 (A) and loading plot (B) based on aromatic region of projected
J-resolved NMR spectra (δ 6.0–10.0).

ing reaction is believed to be caused by maltol which is produced
by the reaction between proline and maltose[20].

Using the PCA analysis based on the entire range of projected
J-resolved NMR spectra no significant contribution is observed
by the aromatic signals due to their low intensity compared to
that of sugars or aliphatic compounds. In order to evaluate their
effect on the differentiation, PCA was applied only to the aro-
matic part of the spectra.Fig. 6A shows the score plot thereby
obtained using PC2 versus PC3. An eight component model
explained 99.9% of the variance while the first three components
explained 94.9%. All the beer samples are also well separated.
Loading plot (Fig. 6B) shows signals of adenine atδ 8.32 and
8.19; uridine atδ 8.00; xanthine atδ 7.90; tyrosine atδ 7.12
and tyrosol atδ 7.02 and 6.70 were found to be the aromatic
compounds responsible for the differentiation. Samples 3 and 6
were found to contain more tyrosol but less uridine and tyrosine
than the other samples. While samples 1–2 have more uridine,
xanthine and tyrosol but less adenine than other samples.

Those aromatic compounds responsible for the differentia-
tion are believed to contribute the quality of beer. Nucleic acid
derivatives, purines (adenosine, guanosine, adenine, hypoxan-
thine and xanthine) and pyrimidines (cytosine, cytidine, uri-
dine, thymine and uracil) area all known to contribute to beer
flavour [20,21]. The content of amino acids affects the flavour
of the beer through their participation in a variety of bio-
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chemical pathways during fermentation. Tyrosol is also an
important component of the bitter flavor of beer with a flavor
threshold of 200 mg/L[21]. Above this level, tyrosol causes a
harsh, lingering bitter aftertaste considered to be undesirable in
beers[21].

From this example we can see the power ofJ-resolved
spectroscopy which can differentiate the samples and detect
the compounds responsible for the quality of beer. This
method will be useful for the product development and quality
control.

4. Conclusion

The fractionation of beer samples by liquid–liquid partition
using 2-butanol provided a significant increase in the inten-
sity of aromatic compounds in the NMR spectrum which are
responsible for beer quality. PCA analysis using projectedJ-
resolved spectra for the beer extracts shows increased separa-
tion of beer samples compare to conventional1H NMR spec-
tra. The increased resolution obtained fromJ-resolved spectra
also provided information of the structures of the compounds
in beer.

Based on the chemical profiling obtained from the 1D and
2D NMR spectra it was found that adenine, uridine, xanthine,
tyrosine, proline, succinic acid, lactic acid, tyrosol, isopropanol,
cholines together with the most abundant compounds, carbohy-
d bee
e

A
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M rt of
A
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