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The development of an analytical method using 'H nuclear magnetic resonance (*H NMR)
spectrometry to monitor cupuassu (Theobroma grandiflorum Spreng) bean fermentation, drying, and
roasting processes is reported. The analysis of organic acids and alcohols of crude water extracts of
cupuassu ground kernels were monitored by HPLC and *H NMR spectroscopy. The residual protein
signals caused deleterious effects on acid and alcohol quantifications. Therefore, the analytical
procedures were optimized by sample cleanup and water suppression pulse sequences in order to
obtain compatible data using HPLC and *H NMR. The quantification of lactic acid, acetic acid, and
2,3-butanediol by NMR is 5- to 10-fold faster than by HPLC, with the advantage of providing the
identification of several chemical species in a single experiment. Application of these analytical
conditions to some cupuassu samples revealed that this methodology can be applied to the quality
profiles of fermentation and roasting processes.
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INTRODUCTION volatile fermentation compounds are eliminated, such as organic
acids, resulting in flavor enhancemeiit 8). The fermentation
process is characterized by the production of organic acids
(acetic acid and lactic acid),(10), which are particularly impor-

Cupuassu is a commercially important tree, naturally occur-
ring in eastern Amazon (Brazil). The fruits have a white-yellow

p;Jcl,guvgggnaog‘iﬂsﬁgtsfﬂ%tgjti;sns% 26‘2;2”(% fr%%ﬁ;csﬁh}ll—gftant in defining cupuassu quality in the manufacture of “cupu-
P P P P late”. It was reported that beans with high levels of acetic and

to chocolate) is a multlstep process: after harvesting, the Seedsiactic acid provided cocoa beans with low chocolate fladdi(
are separated from the fruits and fermented. The dry fermented . . . S .
The bacterial production and degradation of acetic acid during

seeds are roasted, sieved, and finely ground. The resulting solidf ; . . afl
product (‘liquor’) is the raw material for the “cupulate” ermentation are important to cupuassu curing and flavor precur-

industries (1—3) sor development. However, an excess of acetic acid causes an
adverse effect on cupuassu flavor. Additionally, under anaerobic

- ) : . glucose fermentation there is formation of large amounts of
gency, an'd acidity are assigned to kernel fermentatlop, drymg, lactate and traces of acetate, ethanol, formate, and 2,3-
and roasting and cau_sed by Se"e“’?" reactions occurring during utanediol, which is markedly di’fferent fro,m the cor,npositior,\
post-harvest processing (4). Roasting leads to development ofb ' ; - .

o : - : of end products under aerobic fermentation when a mixture of
specn‘lc aromas and format!on of volatile organic compounds lactate, acetate, and acetoin-diacetyl is produced (Figur&2)) (
with desirable flavor propertie$(6), such as esters (ethyl and h ' NS hodoloqi : ¢ .
butyl butyrate, ethyl and butyl 2-methylbutyrate), terpenofis ( T us raplq met odp ogies to monitor ermentfatlon andd
linalool), and heterocyclic compounds (pyrazines, piperazine, roasting are important in optimizing cupuassu manufacture, an

. . N 1 . N
2,5-dihydro-2,5-dimethoxyfuran). Moreover, some undesirable 1 Nuclear magnetic resonance is one of the most adequate
nondestructive, multinuclear, and noninvasive techniques, suc-

cessfully employed for the simultaneous detection of several

Flavor attributes such as flavor intensity, bitterness, astrin-

* Corresponding author. E-mail: anita@igm.unicamp.br. Phohes5

19 3788 3067. Fax-- 55 19 3788 3023, substances present in one sample. Additionally the spectrum
 Departamento de Quimica Organica, Universidade Estadual de Campi-acquisition time, requiring minimal sample preparation, enables

naiFacuIdade de Engenharia de Alimentos, Universidade Estadual dethe examination of many samples in a reduced time interval, as

Campinas. g ' required for most food composition, authenticity, and quality
8 CPQBA/UNICAMP. control applicationsX(3, 14). Notwithstanding these properties,

10.1021/jf0525176 CCC: $33.50  © 2006 American Chemical Society
Published on Web 05/17/2006



Monitoring Cupuassu Processing by H NMR

2, I .
e e [

Acetyl-CoA 2.3-Butanediol

| Ethanol Acetale I

Figure 1. Pathways proposed for glucose metabolism (11).

this technique was never applied to cupuassu processing whil
HPLC is usually applied in a time-consuming protocbb).

In the present study, we have compared several clean-up
procedures and NMR methodologies in order to obtain com-

parable results by HPLC and by NMR, aiming for a faster

e
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an exponential function (Ib= 0.2 Hz) and zero filling for better digital
resolution. A selective pulse of 9 dB and 32 ms of length was used for
water suppression in the WET pulse sequence.

Component quantitative analyses (acetic acid, lactic acid, and 2,3-
butanediol) were carried out by first selecting a signal without
overlapping and comparing the integrated values to that of the TSP
signal.

Commercial samples of acetic acid, lactic acid, and 2,3- butanediol
were obtained from Aldrich and Fluka.

Chromatography. The organic acid HPLC analyses were carried
out with a HP liquid chromatograph (model HP 1050) equipped with
a model VDC 3390A temperature controller (Waters), UV detector
(Waters 486), and an Aminex HPX-87H cationic columnu(@, 300
x 7.8 mm i.d.) coupled with a similar precolumn (304.6 mm). A
50 mmol L sulfuric acid solution was used as mobile phase. The
injected sample volume was 2QuQ (crude cupuassu aqueous extract
prepared as described above), and the separation was performed at a
flow rate of 0.6 mL mirrt at 70°C for 25 min. All the analyses were
performed in triplicate.

RESULTS AND DISCUSSION

High-Resolution NMR Experiments. The main problem in

analytical procedure to be applied to cupuassu process monitor-establishing'H NMR as a technique to quantify the organic

ing.

MATERIALS AND METHODS

Sample Preparation. Unfermented cupuassu beans constituted
sample A. The cupuassu bean fermentation was performed &€ 33
and 65% relative humidity using wooden boxes with three compart-
ments endowed with draining facilitie4®). Soon after fermentation,

acid content in cupuassu crude water extracts and obtaining an
overall picture of the water-soluble components produced during
the fermentation and roasting process is the water signal, which
has to be reduced by several orders of magnitude for adequate
digitalization of the millimolar solute resonance.

Water suppression was obtained by applying the PRESAT
pulse sequence to thel NMR data acquisition. The spectrum

the kernels were sun dried and roasted. The roasting process was carrietvas complex with signal overlappingigure 2), and the identity
out in an adapted laboratory scale microwave oven. The microwave of the peaks in the mixture was confirmed by comparing the

process was set up at two conditions of time and internal kernel
temperature, which were 16 min and 195 (sample B) and 14 min
and 103’C (sample C) 7). The cupuassu liquor samples were obtained
by grinding in a refrigerated analytical laboratory mill (IKA -
UNIVERSAL) to prevent volatilization of some components, and the
water-soluble components of the liquor (2 g) were extracted with 20

mL of Nanopure water using screw-capped tubes in a laboratory tube

agitator for 3 min. The samples were then filtered through Whatman
No. 1 paper, a 45m Millipore filter, and then a 2Qum Millipore
filter.

For the high-resolutiorfH NMR measurements the samples were
prepared using 400L of the agueous cupuassu extract and 2D®f
D,0 containing 2.5 mmol ! sodiumd,-trimethylsilylpropionate (TSP).

IH NMR spectra with those of the pure standard compounds
(acetic, lactic, citric acids, and 2,3-butanediol) and by fortifica-
tion of the mixture with these standards.

The peak assignments were performed on the basis of
chemical shift comparisons with data in the literatuk2)( and
those with no visible overlapping were selected for quantification
of acetic acid (singlet, 3H, 1.95 ppm), lactic acid (doublet, 3H,
1.34 ppm), 2,3-butanediol (doublet, 6H, 1.14 ppm), citric acid
(doublet, 2H, 2.59), (doublet, 2H, 2.74 ppm), acetoacetate
(singlet, 3H, 2.24 ppm), and alanine (doublet, 3H, 1.48 ppm).
For a complete evaluation of the mixture components, 2D NMR
(H,H-COSY and H,C-HSQC) might have been useful and will

The latter had the double function of internal reference and quantifica- ha considered for investigation in the future. However these

tion standard.

'H NMR Measurements. The experiments were performed with
an NMR spectrometer (Varian, INOVA-500), operating at a magnetic
field of 11.7 T and equipped with a standardaxis-PFG triple-
resonance (H{C/N}) probe (maintained at 25) and VNMR 6.1c
software.

Method 1.The water signal suppression was obtained by applying
the PRESAT (WATER) pulse sequence (17), and the NMR

2D NMR techniques consume longer equipment time, and those
including water signal suppression pulse sequences have to be
optimized to avoid suppression of signals very close to water
resonance.

To minimize spectral acquisition, a recycle time of 4.5 s was
chosen, taking into consideration that no detectable integral
deviation was observed by decreasing the recommended recycle

(PRESAT) optimized acquisition parameters were as follows: relaxation time (5T, + acquisition time= 30 + 2 s) to the above-
delay (1.5 s), acquisition time (2.7 s), 32 scans, spectral width of 12 000 mentioned value.

Hz. The water presaturation was obtained by setting the decoupler
channel to phase coherence with the transmitter and irradiating for 1.5

s at 6 dB at the HDO frequency. The processing optimization was
obtained by exponential function multiplication of the 65 536 complex
points (Ib= 0.3 Hz) and zero filling for better digital resolution prior
to Fourier transformation.

Method 2.The water and protein signals in the analyzed samples
were removed by the WET-CPMG (18) pulse train that exploits the
shorter transverse relaxation rate)(df macromolecules. Optimized
acquisition parameters of &iH NMR (WET-CPMG) spectra were as
follows: relaxation delay (5 s), acquisition time (3.7 s), 64 scans;spin
echo delay (10@&s), and number of cycles (350) with a spectral width
of 10 000 Hz. The 65 536 complex points were optimized by applying

Quantification was obtained by comparing the integrated
values of the selected signals with those of the internal reference
sodiumd,-trimethylsilylpropionate (TSP, 2.5 mmolt), each
corrected to a single hydrogen value. The weighted percentages
of the different components in the liquor {8q) were obtained
by eq 1:

Acomdn(H)

x 1073
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Figure 2. H NMR (499.88 MHz, H,0/D,0; water PRESAT) spectrum of cupuassu liquor aqueous extract.
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Figure 3. WET-CPMG spectra with 7 = 200 us and ncyc arrayed (0, 150, 250, and 350) to show the effect of increasing the spin—echo time on the
signals originating from protein. Arrows indicate main regions where protein signal depletion occurred.

Table 1. Metabolite Concentrations (g 100 mL~2) from Model Samples Of the previously selected signals only lactate and acetate

Obtained by 'H NMR (WET-CPMG, PRESAT) were integrated, and a significant acid concentration variation

was observed when comparing the NMR results with those

mixture mixture +BSA filtered mixture obtained by HPLC. This and the signal line broadening indicated

(sample 1 - ref values) (sample 2) (sample 3) the interference of soluble proteins. Removal of the protein

technique AAc? L Ac? AAc LAc  AAc  LAc envelope was achieved by applying the WET-CPMG program

PRESAT 0.058 0.063 0.100 0.098 0059  0.067 (Figure 3). This method exploits the short transverse relaxation
WET-CPMG® - 0108  0.082

rate () of macromolecules in order to minimize the protein
signals without affecting the overall signals from the metabolites,
increasing the accuracy of the measurements. No comments have
been found with respect to the quantitative accuracy of this

where Acomp is the signal area of the considered compound, Methodology, and comparison of the HPLC and tHeNMR
normalized to one pro[on, and NLquiS its molar mass (9007 results for acetic acid and lactic acid were not coherent.

and 60.05 g mott for lactic and acetic acids, respectivelf}sp To optimize clean-up and NMR methodologies, two model
is the area of the TSP signal, normalized to one proton, whosesamples were prepared, containing lactic (0.063 g 100%nL
concentration in the samples its equal to 1.25 mmdi (8.33 and acetic (0.068 g 100 mt) acids, one without (sample 1,
x 1074 x 1.5), andWiq.ex:. iS the cupuassu liquor weight used  reference values) and the other with albumin (0.400 g 100%nL
to prepare the sample. (sample 2). Quantification applying PRESAT to sample 2

HPLC 0.050 0.060 - - 0.050  0.060

ap Ac: acetic acid. P L Ac: lactic acid. ¢ncyc = 250.



Monitoring Cupuassu Processing by H NMR J. Agric. Food Chem., Vol. 54, No. 12, 2006 4105

Table 2. Acid Concentration in Cupuassu Water Extracts (0.20 um Prefiltered) (g 100 mL™1) by *H NMR (WET-CPMG and PRESAT) and HPLC

sample A? sample B? sample C¢
technique AAc L Ac AAc L Ac AAc L Ac
WET-CPMG 0.034 +£0.003 0.029 +0.001 0.029 £ 0.002 0.029 +0.001 0.029 +0.001 0.038 £ 0.001
PRESAT 0.041 +0.002 0.042 +0.002 0.045 +0.003 0.065 + 0.007 0.062 +0.001 0.066 + 0.003
HPLC 0.040 +0.003 0.047 +£0.003 0.047 +0.009 0.070 + 0.004 0.063 +0.003 0.063 + 0.004

aSample A: unfermented. ® Sample B: fermented and roasted for 16 min at 105 °C. ¢ Sample C: Fermented and roasted for 14 min at 103 °C.
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Figure 4. (Panel 1) Aromatic region of the H NMR spectrum of cupuassu: (A) sample A, (B) sample B, and (C) sample C. (Panel 2) Aliphatic region
of the 'H NMR spectrum of cupuassu: (A) sample A, (B) sample B, and (C) sample C. Only the major resonances are labeled. Key: 1, leucine,
isoleucine, and valine; 2, 2,3-butanediol; 3, lactic acid; 4, alanine; 5, acetic acid; 6, acetoacetate; 7, succinic acid; 8, citric acid; 9, carbohydrates; 10,
tyrosine; 11, phenylalanine.

produced a set of results 40% above the reference values (samplgalues for sample 1. Thus it was concluded that sample filtration
1), this was assigned to the presence of bovine serum albumin(0.20um) is an essential clean-up procedure to obtain débd
(BSA) protein signals. These were removed by applying WET- NMR quantitative analyses.

CPMG with 250 spir-echoes (100 ms); however, the quanti- A critical analysis of Table 2 indicated that the results
fication did not match those of the reference samplEigre obtained by applying PRESAT were more compatible with the
3, Table 1). HPLC data than those obtained by applying the CPMG pulse

To overcome these distortions, BSA was eliminated by sequence, which were below the HPLC values. This was
filtration using a 0.2Qum filter (Millipore) (Table 1, sample assigned to signal loss during thgfilter in the WET-CPMG
3), and the experiments with sample 3 reproduced the expectednethod. Thus, PRESAT was the method of choice.
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Table 3. Concentration of Some Components in Cupuassu Water (4) Oliveira, S. D.; Franca, A. S.; Mendgmc). C. F. Composition
Extracts (0.20 um Prefiltered) (g 100 mL~2) by *H NMR of green and roasted coffees of different cup qualities/T-
Food Sci. Technol2004,38, 709—715.
citric acid alanine acetoacetate  2,3-butanediol (5) Coll, F. V.; Bonvehi, J. S. Parameters affecting the quality of
sample A2 0.068+0.001 0.016+0.003 0.015+0.002 0.039 +0.003 processed cocoa powder: Acidity fractigh.Lebensm.-Unters.-
sample B®  0.049 +£0.002 0.012+0.002 0.012+0.004 0.035 + 0.002 Forsch. A1997,204, 287—292.
sample C¢  0.054+£0.002 0.011+£0.001 0.016+0.001 0.031+0.002 (6) McCarthy, J.; Laloi, M.; Alvarez, M.; Rousseau, G.; Bucheli,
P. Developmental variation of sugars, carboxylic acids, purine
aSample A: unfermented. ® Sample B: fermented and roasted for 16 min at alkaloids, fatty acids, and endoproteinase activity during matura-
105 °C. ¢Sample C: Fermented and roasted for 14 min at 103 °C. tion of Theobroma cacab. seedsJ. Agric. Food Chem2001,

49, 5046—5051.

This methodo'ogy was apphed to cupuassu aqueous ex- (7) Pereira, N R.; Marsaioli, A., Jr. Application of miCrOWaVe in
tracts: sample A (unfermented) and samples B and C (fermented ~ he roasting process of cupuassu kemelsdoceedings of the
and then microwave roasted by applying different internal kernel 9 Int_errllatl_onal Confergnce on Microwa and High Frequency .
temperatures and processing times). The results, expressed in gg?g‘lgisézner’ J., Ed.; Loughborough University, U.K., 2003;
g 100 mL%, are inTable 2 (Figure 4). Lactic and acetic acid - ] .
concentrationsTable 2) were lower in sample B (compared to ®) ::ildns]’iglc%(’: :;tc?:}ﬁ,éﬁ;ﬁi?%ﬁihﬁ;&%ﬁgiiﬂiggzjhiOrri?;amc
C) due to their volatilization during the roasting at a higher 1993 61 65-71 B 9
te?ﬁﬁ[ﬁéﬁl;oﬁdﬁnp%;i|2rg??r?2”\j\?att:arp-§6|uble constituents (©) Beckett S. TFabricacitn y utiizacin indusirial del chocolate

- 1st ed.; Zaragoza: Acribia, 1988.
was assessed. The total carbohydrate content in sample A, (20) Jinap, S.; Dimick, P. S. Acidic characteristics of fermented and

unfermented, is 50% higher than in samples B and C. Likewise, dried cocoa beans from different countries of originSci. Food
the content of some amino acids, like isoleucine, leucine, and Agric. 1990,55/2, 547—550.

valine, in sample A is 40% higher than in samples B and C. (11) Holm, C. S.; Aston, J. W.; Douglas, K. Sci. Food Agric1993
These unique 2 mitH NMR experiments further provided the 61/1, 65-71.

total content of 2,3-butanediol, alanine, citric acid, and acetoac- (12) Neves, A. R.; Ramos, A.; Santos, H.Ntagnetic Resonance in
etate (Table 3), and the citric acid content was the most Food Science, Aiew to the FutureWebb, G. A., Belton, P. S,
influenced by fermenting and roasting conditions. TH&NMR Gil, A. M., Delgadillo, 1., Eds.; The Royal Society of Chemis-
and HPLC values in Tables 2 and 3 were obtained by averaging try: Cambridge, 2001; pp 75—81.

triplicates which provided the standard deviation valués. (13) Spraul, M.; Nicholson, J. N.; Holmes, E.; Sharman, M.; Dennis,
NMR spectroscopy represents a simple and quick technique to M. J.; Roma, P.; Delgadillo, I.; Kemsley, E. K.; Colquhoun, I.
investigate the modifications in the cupuassu liquor before and J.; Belton, P. S. Application of chemometrics to thé NMR
after fermentation and during roasting, providing accurate spectra of apple juices: discrimination between apple varieties.
information on the metabolic profile of the seeds and kernels Food Chem1998,61, 207—213.

(14) Everett, J. R.; Holmes, E.; Nicholson, J. K.; Lindon, J. C.
Metabonomics: Metabolic processes studied by NMR spectros-
copy of biofluids.Concepts Magn. Reso000,12, 289—320.

(15) Tomlins, K. I.; Baker, D. M.; McDowell, I. J. HPLC method
for the analyses of organic acid, sugars and alcohol in extracts
of fermenting cocoa bean€hromatographia2003,29, 557—

in “cupulate” manufacture. This new analytical methodology
has the advantage of providing the profile of all water-soluble
metabolites and their abundance 10 times faster than the
conventional HPLC methodology. This alternative is realistic
mainly due to the increasing availability of NMR equipments,

which are now gaining popularity in industries and in hospitals 561.

(19). (16) Lopes, A. S.; Pezoa-Garcia, N. H.; Vasconcelos, M. A. M.
Avaliaggo das condiBes de Torra@io ap6s a fermentdo de
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