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Thermal food processing mainly aims to control microorganism in order to extend its shelf life. However,
it may induce chemical and nutritional changes in foodstuff. The Nuclear Magnetic Resonance (NMR)
coupled to multivariate analysis was used to evaluate the effect of different thermal processing condi-
tions (85 and 140 °C for 4; 15; 30; and 60 s) on the passion fruit juice using an Armfield pasteurizer.
Through this approach it was possible to identify the changes in the juice composition. The temperature

and the time lead to a hydrolysis of the sucrose to glucose and fructose. Additionally, juice submitted to
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140 °C for 60 s results in the degradation of the sucrose and the formation of 5-(hydroxymethyl)-2-
furfural (HMF). Despite no novel chemical marker has been identified, the 'H NMR chemometrics
approach may contribute in the choice of the temperature and time to be employed in the juice

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Brazil is the world’s Ilargest passion fruit producer
(776,000 tons) and consumer (Bellon et al., 2007). Although there
is a great diversity of passion fruit species, Passiflora edulis f. flavi-
carpa is the only one with an established market (Dhawan,
Dhawan, & Sharma, 2004; Zeraik, Pereira, Zuin, & Yariwake,
2010). Passion fruit has essential nutrients and functional com-
pounds with antioxidant properties, such as polyphenolic com-
pounds, carotenoids, vitamins and amino acids (Dhawan et al,,
2004). Nontraditional food processing has been proposed for pas-
sion fruit juice, such as deacidification, microfiltration and mem-
brane concentration (Domingues, Ramos, Cardoso, & Reis, 2014;
Vera et al., 2009). However, thermal processing remains as the
main industrial process for passion fruit producing countries
(Sun, 2012). Heating is applied in juice processing to inactivate
enzymes and microorganisms that might affect the quality and
safety of the product (Awuah, Ramaswamy, & Economides, 2007).
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Nevertheless, heating may induce irreversible chemical and
nutritional changes in the food product, such as browning, color
changes, and formation of undesirable constituents (Butz &
Tauscher, 2002). Therefore, a general understanding of the effects
that the thermal processing promotes in the quality attributes of
juices is important to produce high-standard products.

Nuclear magnetic resonance (NMR) spectroscopy is rapidly
achieving significance in food analysis driven by quality control
(Grandizoli, Campos, Simonelli, & Barison, 2014; Spraul et al.,
2009). NMR is an adequate tool for the food screening as it allows
the study of complex mixtures in small concentrations and the
changes of several metabolites simultaneously without extensive
sample pretreatments. However, due to highly complex NMR
datasets from food matrices and the inherent similarity between
the samples, applications of chemometric methods to complement
the analytical methodologies are indispensable (Aguiar et al., 2013;
de Oliveira, Carneiro, & Ferreira, 2014; Le Gall, Puaud, &
Colquhoun, 2001; Silva, Alves Filho, Choze, Lido, & Alcantara,
2012). In the present study, the effects of different thermal condi-
tions were studied to identify chemical markers (revealed by the
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multivariate statistical analysis techniques) related to the thermal
process of the passion fruit juice.

2. Material and methods
2.1. Chemicals

Tetra-deuterated methanol (CD3;0D-MeOD) with 99.8% of deu-
terium and the sodium-3-trimethylsilyl propionate (TSP-d,) were
bought from Cambridge Isotope Laboratories, Inc. (Apeldoorn,
The Netherlands). The ethylenediaminetetraacetic acid (EDTA)
(99.9% purity) was purchased from Tedia (Rio de Janeiro, Brazil).

2.2. Sample preparation

The passion fruits (Passiflora edulis f. flavicarpa) were randomly
purchased from the local market (Fortaleza, Cear4, Brazil) during
February of 2014. The fresh fruits, previously sanitized with deion-
ized water, were peeled and their pulps were manually squeezed,
producing a yellowish juice. The juice was subjected to processing
on a FT74 UHT/HTST Armfield pasteurizer, employing the follow-
ing conditions: 85 °C for 15; 30; or 60 s and 140 °C for 4; 15; 30;
or 60 s. Each thermal treatment was performed two times. Also,
an aliquot of the thermally untreated juice was used as the control
sample (STR) and analyzed. All the analytical samples were pre-
pared in duplicates.

For '"H NMR analysis, 3 g of juice were centrifuged at 1232g for
15 min. The supernatant (130 pL) was mixed with 470 pL of MeOD
containing 14 mM of EDTA, 350 pL of MeOD and 1 % TSP-d,. It was
transferred to 5 mm NMR tubes for data acquisition (Biais et al.,
2009).

2.3. NMR spectroscopy

The NMR experiments were performed in quintuplicate on an
Agilent 600-MHz spectrometer equipped with a 5mm (H-
F/'>N-3'P) inverse detection One Probe™, at 298 K, using a pulse
sequence for the saturation of the residual water signal (PRESAT,
Agilent code). The TSP-d, was used as internal standard
(0.0 ppm). The 90° pulse width was calibrated to each sample
and the longitudinal relaxation time (T;) was estimated through
an inversion-recovery experiment prior the 'H NMR analysis
resulting in 15.0 s of relaxation delay and 5.0 s of acquisition time.
The spectra were recorded with 64 free induction decays (FID) into
66 k data points in a 13,157.9 Hz spectral window. The spectra
were processed by applying exponential multiplication of the FIDs
by a factor of 0.3 Hz, Fourier transformation of 128 k points and a
zero fill of 64 K. Phase corrections was manually performed and the
baseline correction was applied over the entire spectral range. The
integration of the signals was performed automatically choosing
the same width for each quantified compound, e.g. sucrose from
5.36 to 5.43; glucose from 4.52 to 4.56; citric acid from 2.85 to
8.91; and 5-(hydroxymethyl)-2-furfural (HMF) from 9.47 to 9.50.

2.4. Molecular identification and quantification analysis

The constituents from the juice samples were identified by
using the data obtained through 'H-'H COSY, 'H-'3C HSQC, and
TH-13C HMBC experiments. The results were compared to the exist-
ing NMR data in open access databases and literature reports.

The amount of sucrose, glucose, citric acid, and HMF were
estimated by an external reference method. In this method, the
absolute integration of a 24 mmol.L~' standard solution of sucrose
(>99.5%, Sigma, USA) was used to calibrate the equipment.
Sucrose was chosen since due it high purity, stability (low reactiv-

ity), non-toxicity and cheap availability. Afterward, the probe file
was updated with all the parameters required for concentration
determination of an unknown sample.

2.5. Chemometric analysis

To test the statistical significance of the treatments on the
sucrose, glucose, citric acid and HMF contents a Multivariate
Analysis of Variance (MANOVA) was employed, followed by Tukey
HSD (honest significant difference) test. The normality and
homoscedasticity of the residuals were evaluated by Jarque-Bera
goodness-of-fit test of composite normality and Hartley’s and
Cochran’s tests of heteroskedasticity. To overcome the observed
heteroskedasticity and lack of normality of the residues for sucrose
and HMF, the samples replication (batch preparation) were consid-
ered as a covariate.

For the Principal Component Analysis (PCA) the matrix data was
reduced (averaged) along variables by a factor of 20. Afterward the
spectral area were normalized and aligned by Correlation Opti-
mized Warping (COW) algorithm using a segment of 20 data points
and a slack of 10 data points. The COW alignment was performed
in the spectral ranges of 4.83-4.41; 3.11-2.64; and 1.35-1.10 ppm.
The chemometrics analysis was performed by excluding the HOD
(4.68 to 5.32 ppm) and MeOD signals (3.28 to 3.34 ppm) for whole
spectra analysis. For quantification purpose all the representative
signals for glucose and sucrose were considered.

Besides this unsupervised analysis, to improve the identifica-
tion of chemical changes due to the thermal treatment a
supervised Partial Least Square - Discriminant Analysis (PLS-DA)
was employed using the time and the temperature of the thermal
treatments as categorical variables. All the multivariate (PCA and
PLS-DA) models were evaluated by segment cross-validation
where all the replicates of each treatment were left out from the
calibration data set and the sub-models were calibrated on the
remaining data points. All the chemometrics were performed at
The Unscramble® X (CAMO) program.

3. Results and discussion

The 'H NMR spectrum (Fig. 1) shows characteristic hydrogens
of amino acids and organic acids at 0.90 to 3.00 ppm; of carbohy-
drates residues between 3.00 to 6.00 ppm; and above 6.00 ppm
from aromatic compounds. Based on known database (Wishart
et al., 2007) and literature (de Oliveira et al., 2014; Le Gall et al,,
2001; Silva et al., 2012; Spraul et al., 2009) the main constituents
were identified as indicated in Fig. 1.
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Fig. 1. '"H NMR spectrum of the main components of the passion fruit juice. Legend:
GABA: y-aminobutyric acid; TSP: Trimethylsilyl propanoic acid.



M.V.L. Soares et al./Food Chemistry 219 (2017) 1-6 3

The PCA is a valuable tool to: detect the data structure due to
variable correlations, i.e. peak intensity correlations by different
chemical groups from the same compounds or correlations, posi-
tive or negative, between different compounds; to separate sources
of variations, due to the orthogonality of the principal components;
and disclose existent samples distribution patterns (Alves
Filho et al., 2016; Granato, de Aratjo Calado, & Jarvis, 2014;
Monakhova, Kuballa, & Lachenmeier, 2013; Rusilowicz, O’Keefe,
Wilson, & Charlton, 2006). Since in this controlled experiment,
the only sources of variations, barring the uncontrolled random
experimental “error”, are the treatment temperature and time, it
is expected that the extracted principal components reveal this
variability drives. Therefore, the PCA was used to highlight the
information regarding the thermal processing.

The two first Principal Components (PC) from the full NMR
spectra (0.12 to 11.01 ppm) explained 71% of the total variance.
The PCA scores (Fig. 2a) show clearly the existence of three groups
in PC1 (46 % of total variance). The PC2 is responsible for 25% of the
total variance, however there was no clear grouping of samples.
Regarding PC1 axis, the first group was composed of control and
85 °C samples at positive scores. The second group is composed
of samples submitted to 140 °C for 4, 15, and 30s at negative

(@)

0.3

scores on the same axis, followed finally, by the third group com-
posed of samples pasteurized to 140 °C for 60 s with the lowest
PC1 scores. Therefore, the main driver of this PC was the intensity
of the thermal treatment and the time as the juice pasteurized to
140 °C for 60 s presented higher compositional differences (higher
scores on PC1).

A careful inspection of the PC1 loadings plots (Fig. 2b) provides
relevant information regarding the variables responsible for the
formation of the groups observed in the score plots. In general,
the samples located in positive scores of PC1 (control and 85 °C)
showed higher amount of sucrose (5.46 and 4.20 ppm), whereas
the samples processed at 140 °C at any time, with higher amount
of a-glucose (5.15 ppm); B-glucose (4.54 ppm); and free fructose
(4.00 ppm). This finding revealed that the thermal process affected
the sugar composition by converting sucrose to glucose and free
fructose. Furthermore, the complete degradation of sucrose
occurred when the passion fruit juice was submitted to 140 °C
for 60 s (Fig. 3).

In order to get a better understanding of the effect of the
thermal processing on the particular components of the juice, the
loadings plot was carefully evaluated for some specific regions of
the NMR spectrum: aliphatic (0.8 to 2.7 ppm) and aromatic (6.5
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Fig. 2. a) PC1 vs PC2 score plot of passion fruit juice before (STR) and after the thermal treatments at 85 and 140 °C for 4; 15; 30; and 60 s. b) loadings plot of PC1. Suc:
Sucrose; a-Gluc: a-glucose; B-Gluc: B-glucose; Fruc_S: fructose from sucrose; Fruc_F: Free fructose. The dashed ellipses are the 95% confidence region of each group.
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Fig. 3. Expansion of anomeric region of a) control passion fruit juice; b) passion
fruit juice submitted to 140 °C for 60 s. Suc: Sucrose; a-Gluc: a-glucose; B-Gluc: B-
glucose; Fruc_S: fructose from sucrose; Fruc_F: Free fructose.

to 9.7 ppm). The Fig. 4a shows the expansion of loadings plot of
PC1 for the aliphatic region and the Fig. 4b shows the expansion
of loadings plot of PC1 for the aromatic region. Thus, the samples
located in positive scores of PC1 (control and 85 °C) showed a
higher amount of amino acids proline (2.12 and 2.57 ppm) and
GABA (1.9 and § 2.45 ppm). Whereas the samples processed at
140 °C (regardless of the time), presented a lower amount of total
amino acids and with a higher amount of acetic acid (2.06 ppm)
(glucose degradation product) and an unknown compound
(2.40 ppm). The amino acids degradation might induce the forma-
tion of amines, ammonium, pyrazines, pyridines, and pyrroles
(Sohn & Ho, 1995), but these compounds were not detected.

In addition, the expansion of the aromatic region (Fig.4b)
revealed that the signals from HMF (6.62 ppm; 7.42 ppm; and
9.52 ppm) and an unknown compound (7.82 ppm and 8.24 ppm)
with negative loadings are responsible for allocating the sample
submitted to 140 °C at the negative scores of PC1. This showed that
a strong thermal treatment results in the production of furfural

(a)

(thermal-degradation product of glucose) and others thermally
generated compounds. The HMF is produced by Maillard reaction,
a non-enzymatic browning reaction between amino acids and
reducing sugars (Teixido, Nifiez, Santos, & Galceran, 2011) com-
monly found in food. The monitoring of the formation of the
HMF is used to evaluate the severity of heating during fruit-juice
processing (Aguil6-Aguayo, Soliva-Fortuny, & Martin-Belloso,
2008; Burdurlu, Koca, & Karadeniz, 2006). Furthermore, the forma-
tion of HMF only occurs when the passion fruit juice is submitted
to 140 °C for 60 s.

The presence of HMF in food and its derivatives such as
5-chloromethylfurfural (CMF) and 5-sulphooxymethylfurfural
(SMF) have been of great concern, since they are cytotoxic, muta-
genic, and carcinogenic (Monien, Frank, Seidel, & Glatt, 2009;
Nassberger, 1990; Surh, Liem, Miller, & Tannenbaum, 1994). The
European Union has adopted the HMF as a chemical marker of
deterioration and heat-treatment, establishing the concentration
of 50 mg/L as maximum HMF amount in apple juice (Directive
2001/110/EC, 2001) and the concentration of 40 mg/kg for honey.
In the present case, the passion fruit juice treated at 140 °C for
60 s presented 44.6 mg/L of HMF. Despite the maximum interna-
tional limit has not been exceeded, the thermally induced chemical
alterations in the juice might compromise its nutritional properties
since the presence of HMF has been related to toxicological
(Janzowski, Glaab, Samimi, Schlatter, & Eisenbrand, 2000; Pereira,
Albuquerque, Ferreira, Cacho, & Marques, 2011) and carcinogenic
effects (Durling, Busk, & Hellman, 2009; Monien et al., 2009).

Therefore, after the definition of the main molecular markers of
the thermal treatment by PCA (sucrose; B-glucose; citric acid; and
HMF) the quantification of these markers was performed. The
sucrose content (Fig. 5a) decrease with the 85 °C and 140 °C ther-
mal treatments and a higher sucrose degradation effect was
observed when 140°C during 60s was used. The amount of
glucose (Fig. 5b) in the 140 °C thermal treatment, was higher than
the control, and can be related to the sucrose degradation in this
treatment. Additionally, it was observed that the temperature pro-
moted a degradation of citric acid (Fig. 5¢). On the other hand, the
HMEF was not formed at 85 °C (Fig. 5d), but at 140 °C, a heating for
4 s was enough to produce this compound and after 60 s at 140 °C
its content was 20 times higher than in shorter treatment periods.
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Fig. 4. Expansion of loadings plot of PC1 of a) aliphatic region and b) aromatic region. GABA: gama aminobutyric acid; HMF: 5-(hydroxymethyl)-2-furfural. The dark region

was removed from the PCA analysis.
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To observe the isolated temperature and time effects in the
juice composition a PLS-DA was used. With two latent variables
(LV) the model presented a prediction ability of 96% (calibration
and validation R?) (Fig. 6). An inspection of the scores of the LV per-
mitted to verify that the LV1 describes the changes in the chemical
composition caused by the temperature variation. On the other
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Fig. 6. LV1 vs. LV2 scores plot from PLS-DA for the passion fruit juice submitted to
various thermal treatments.

hand, the LV2 describes the chemical changes that occur by
increasing the time of the thermal treatment. The loadings inter-
pretation (data not shown) indicated that, besides orthogonal, both
LV presented high positive loadings for glucose, free fructose and
HMF, and high negative loadings for sucrose, however the disac-
charide hydrolysis to monosaccharides is more important (highest
loadings) for LV1 (temperature effect) while HMF formation is
more important for LV2 (time effect). Thus, the conversion of
sucrose to glucose and fructose was the major responsible for the
classification of the data on the LV1, accounting for 82.2% of the
total variance. In addition, the HMF formation also contributed to
the data distribution on the LV1. However, the formation of the
LV2 axis (14.5% total variance) is related mainly to the formation
of the HMF, especially due to the highest HMF content in the sam-
ples treated at 140 °C during 60 s.

4. Conclusions

Our results indicate that the 'H NMR combined with multivari-
ate data analysis is a practical and useful tool for tracking the
thermal processing of fruit juices, since it provides rapidly compre-
hensive and quantitative information on the chemical composition
of the thermally processed juice. Although no unexpected chemical
change has been found or novel chemical markers has been identi-
fied, "TH NMR was able to reveal individual and global variations in
the contents of sugars, amino acids and organic acids in the
thermally treated passion fruit juices. Furthermore, possible
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overheat damages could be easily detected and measured through
'H NMR profile, monitoring the fluctuations in the concentrations
of sucrose and B-glucose and consequent formation of 5-
(hydroxymethyl)-2-furfural (HMF).
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