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A B S T R A C T

Thermally-processed coconut water often develop a commercially-undesirable pink color, thus, NMR, UPLC-
HRMS, GC–MS analyses combined with chemometrics approach were applied to evaluate chemical variations in
comparison to tender water (control) that could explain such color change. Chemometrics on negative ionization
mode dataset showed trimeric and A-type dimeric procyanidins, and caffeoylshikimic acid as main identified
secondary metabolites induced by processing, while, control water presented mainly cytokinin trans-zeatin ri-
boside, procyanidin dimer, caffeoylshikimic acid and trihydroxy-octadecenoic acid. Processing increased long-
chain saturated palmitic and stearic fatty acids contents, meanwhile NMR analysis showed a decline in primary
metabolites content as sugars fructose and glucose, and short-chain organic acids. Among the results observed
for thermally processed coconut water, the increase in oligomeric procyanidins as A-type dimer and trimer may
be associated with pink color development as these are precursors of anthocyanin pigment and/or by enhancing
color stability of anthocyanin solutions.

1. Introduction

Water collected from green coconut is a natural drink widely con-
sumed due to its health-associated nutrients as proteins, lipids, mi-
nerals, carbohydrates, and organic acids (Debmandal & Mandal, 2011;
Jirapong, Wongs-Aree, Noichinda, Uthairatanakij, & Kanlayanarat,
2015; Rolle, 2007; Santoso, Kubo, Ota, Tadokoro, & Maekawa, 1996).
However, studies on coconut water chemical composition have been
limited to constituents with nutritional relevance, although a greater
diversity of compounds contribute to its special biological properties.

Coconut water components have been analyzed by different tech-
niques for various purposes as changes in quality variables under dif-
ferent sterilization processes, by nuclear magnetic resonance (NMR)
spectroscopy with chemometrics (Porto et al., 2020; Sucupira et al.,
2017); by gas chromatography (GC) to characterize volatile (aroma)
profile (Prades, Assa, Dornier, Pain, & Boulanger, 2012) and high per-
formance liquid chromatography (HPLC) coupled to mass spectrometry
(MS) to analyze different classes of phytohormones (Ma et al., 2008).
Chen, Zhang, Chen, Zhongand, and Chen (2018) applied a metabolomic
technique based on UPLC-MS/MS and multivariate statistics to reveal

changes of metabolites during postharvest storage of matured coconut
water involved with deterioration and metabolic regulation. The au-
thors reported that water should be stored for no longer than 4 months
under room conditions based on 12 biomarkers identified, e.g. taurine,
pantothenic acid and malic acid.

Water is the liquid endosperm of immature coconuts and within a
day after collection from the nut and exposure to air, it undergoes
chemical reactions and may develop a pink color (Prades, Dornier,
Diop, & Pain, 2012). Coconut water discoloration has been associated
with microbial or enzymatic browning activities (Murasaki-Aliberti,
Silva, Gut, & Tadini, 2009), however, this was discarded as results
showed that boiling did not prevent pink color development (Damar,
Balaban, & Sims, 2009). Besides this, thermal processing is the most
common preservation method in the food industry due to its effec-
tiveness in microbiological and enzymatic control, thus enabling long-
term commercialization (Awuah, Ramaswamy, & Economides, 2007; de
Aguiar, Yamashita, & Gut, 2012). However, thermal processing also
induces discoloration reactions with pink color development leading to
decline of commercial quality and acceptance, during storage of co-
conut water (Jayanti, Rai, Dasgupta, & De, 2010; Sucupira et al., 2017).
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Thus, this work aimed to evaluate the chemical composition of tender
green coconut water subjected to ultra-high temperature (UHT) ster-
ilization by using 1HNMR, UPLC-HRMS, GC–MS and chemometrics in
order to identify chemical compounds that could be associated to pink
color development from thermal-processing, in comparison to un-
treated tender water.

2. Experimental

2.1. Sampling

Immature green-colored coconuts (Cocos nucifera L.) with 6 to
7 months of development and harvested in Ceará state, Brazil, were
initially rinsed in tap water and sanitized for 15 min in chlorinated
water (100 mg·L−1 of sodium hypochlorite). For tender control sample,
water was collected, filtered and stored at −17 ± 2 °C until analysis.
Meanwhile, thermal processing of water was performed as reported by
Sucupira et al. (2017). After filtration, samples were subjected to 110 °C
with retention time of 8 s using an tubular heat exchanger (Armfield
model FT74™, Armfield Inc, USA), cooled with chiller Armfield FT63,
filled under aseptic conditions in 210 mL glass bottles that were closed
with plastic screw cap. Previously, bottles were sterilized with 0.5%
peracetic acid and rinsed with sterile water. After processing, coconut
water was kept at room temperature until color turned to pink (same
time of storage for all processed samples) and then, was stored at
−17 ± 2 °C, until analyses. Thus, the experiment consisted of two
treatments, control tender and thermally processed water with three
biological repetitions, each.

2.2. UPLC-HRMS analysis

2.2.1. Extraction procedure
The solid phase extractions (SPE) of coconut water samples were

performed in octadecylsilane (C18; 500 mg, 6 mL) reverse phase car-
tridges (Supelco™, Supelclean ENVI™, 18.58 μm, 58 Å; Sigma, USA).
Initially, the C18 cartridges were inserted into the manifold coupled to
a vacuum pump and conditioned with 3 mL of HPLC grade methanol
followed by addition of 3 mL of water. Subsequently, 25 mL of coconut
water was added to each cartridge. Clean up was done by applying 3 mL
of water to eliminate sugars and amino acids from the extract. Finally,
those compounds of interest were eluted by the addition of 5 mL of
elution solvent 100% methanol HPLC grade. The removal of methanol
was made on R-215 rotary evaporator (Buchi, Switzerland) at 40 °C and
rotation of 20 rpm, and SPE was performed in triplicate.

2.2.2. Analysis
Ultra-Performance Liquid Chromatography Untargeted Mixed-Mode

Tandem Mass Spectrometry (UPLC-HRMS) analysis was performed on
an Acquity® UPLC system (Waters Co., USA) coupled with a Quadrupole
Time-of-flight (Q-TOF) system (Waters, USA). A Waters Acquity™ UPLC
Ethylene Bridged Hybrid (BEH) column (150 × 2.1 mm, 1.7 μm) was
used with temperature set at 40 °C. Mobile phases were water with
0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B). The
gradient used consisted: (0–15) min, 2–95% B; (15.01–17.0) min, 100%
B; (17.01–19.01) min, 2% B, with flow rate of 0.400 mL·min−1.
Samples were dissolved in the water/methanol ratio (1:1) at 1 mg·mL−1

concentration, filtered through Millipore™ Teflon membranes with
0.22 μm pores, and the injection volume was 5 μL. Analysis used
electrospray ionization (ESI) interface in negative and positive ion
modes acquired from 110 to 1180 Da. Source temperature was 120 °C,
desolvation temperature was 350 °C and desolvation gas flow of 500
L·h−1. Leucine enkephaline was used as lock mass. The acquisition
mode was MSE and the instrument controlled by Masslynx 4.1 software
(Waters Co., USA). Analyzes were performed in triplicate.

2.2.3. Chemometric analysis of UPLC-HRMS dataset
Unsupervised chemometric analysis by Principal Component

Analysis (PCA) was performed using both matrices acquired in negative
and positive ionization modes, in triplicate. Program Partial Least
Squares (PLS) Toolbox™ (version 8.6.2 Eigenvector Research Inc., USA)
was used to handle the multivariate data and analyses were performed
using chromatograms region between 0.7 and 7.5 min for negative io-
nization mode, and 2.0 and 7.8 min for positive ionization mode, re-
sulting in two numerical matrices with dimensionalities of 12,438 (18
samples × 691 variables) and 11,664 (18 samples × 648 variables).

The PCA was performed to determine the relationship between co-
conut water treatments regarding their secondary metabolites, with
95% of confidence level. Pretreatment of variables was performed with
baseline correction (linear fit algorithm) and normalization, and sam-
ples were mean-centered, once this pretreatment provided better dif-
ferences between coconut water treatments.

2.3. GC–MS analysis

2.3.1. Extraction and derivatization
Total lipids extracted from coconut water were analyzed as de-

scribed by Bligh and Dyer (1959) with modifications. Water (300 mL)
and 290 mL of chloroform were mixed in separating funnel, stirred
vigorously and allowed to stand to liquid–liquid partition equilibrium.
Chloroform, in the lower phase of separating funnel, was collected and
the aqueous phase was re-used for further lipid extraction using the
same volume of chloroform. The recovered chloroform was evaporated
at 40 °C on rotary evaporator R-215 (Buchi, Switzerland).

The extraction procedure was performed in triplicate for each
treatment. The derivatization of the fatty acids into volatile organic
compounds (VOC) was performed according to Lutz- (2008). In a screw-
capped glass tube, 20 mg of lipids were solubilized with 3 mL of GC-
grade hexane. Then, 4 mL of methanolic solution with 0.5 M sodium
hydroxide (NaOH) were added to the tube, closed and kept in a water-
bath (65–70 °C) until complete dissolution of the fat globules (ap-
proximately for 4 min). After heating, the tube was cooled in running
water and 5 mL of the esterifying solution (10 g of ammonium chloride,
NH4Cl dissolved in 300 mL of methanol and 15 mL of H2SO4) was
added. After closing tube, the mixture was vortexed for 30 s, kept in
water bath at 65–70 °C for 5 min, then cooled under running water.
Subsequently, 4 mL of aqueous solution of 36% sodium chloride (NaCl)
were added and vortexed for 30 s, followed by addition of 3 mL of GC-
grade hexane and vortexing. For recovery of esters, the mixture was
placed in a separating funnel to separate the aqueous and organic
phases, the organic phase containing the esters was removed with an
automatic micropipette and dried to remove hexane, then reconstituted
with GC-grade hexane for the GC. Biological triplicates were performed
for each coconut water.

2.3.2. Analysis
Samples were analyzed in Gas Chromatograph and Mass

Spectrometer (GC–MS) (model 5977A Agilent Tech.® Inc., USA)
equipped with a HP-5MS (Agilent®) fused silica capillary column
(30 m × 0.25 mm i.d., 0.25 mm film thickness) connected to a quad-
rupole detector operating in the electron impact (EI) mode at 70 eV
with a scan mass range of 35–500 m/z. Helium was used as carrier gas
at 1 mL.min−1. The injector and the interface temperatures were 250
and 280 °C, respectively, in split mode (1:30). The temperature ramp
was: 35 °C, increased to 180 °C at 15 °C min−1, to 250 °C at 5 °C min−1,
and final temperature (250 °C) was held for 10 min. The linear reten-
tion indexes (LRI) were obtained using a standard solution of C7–C30

saturated alkanes (Supelco, USA). For tentative identification, mass
spectra were compared with the literature, with the USA National
Institute of Standards and Technology (NIST) mass spectral library as
well as spectral data and LRI provided by Adams (2007).
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2.3.3. Chemometric analysis of GC–MS dataset
The same program and pretreatments applied for chemometric

evaluation of UPLC-HRMS datasets were applied to GC–MS dataset. The
region of the chromatograms between 10 and 18 min was used for the
analysis, resulting in a numerical matrix with dimensionality of 8976 (6
samples × 1496 variables).

2.4. NMR analysis

Samples were prepared as aliquots of coconut water (165 µL) were
mixed with 400 µL of deutered water (D2O, 98%), 35 µL de D2O con-
taining 1% of sodium-3-trimethylsilylpropionate (TMSP-2,2,3,3-d4
98% purity) with 25 mM of EDTA, and transferred to 5 mm NMR tubes.
EDTA was added to minimize the ionic strength effect on frequency
shifts in the NMR spectra

Analyses were performed on nuclear magnetic resonance (NMR)
spectrometer (600-MHz Agilent Tech.® Inc., USA) equipped with a
5 mm (1H-19F/15N-31P) inverse detection One Probe™ with actively
shielded z-gradient. The PRESAT pulse sequence was used to non-
deuterated water suppression at chemical shift δ 4.85. The proton (1H)
NMR spectra were acquired under quantitative parameters, with 32 free
induction decays (FID), 64 k of time domain points with a spectral
window of 20.0 ppm, acquisition time of 5.0 s, and a relaxation delay of
15.0 s, all after pulses calibration. Spectra were processed using zero
filling to 64 k points, phased manually and referenced using TMSP-d4 at
δ 0.0 as internal reference, and temperature was controlled at 298 K.

Two-dimensional (2D) NMR analyses were performed using the
standard spectrometer library pulse sequences. 1H–1H gCOSY (gradient
correlation spectroscopy) experiments were obtained with spectral
width of 7,267.4 Hz in both dimensions; 1 k × 200 data matrix; 16
scans per t1 increment and relaxation delay of 1.0 s. One-bond 1H–13C
gHSQC (gradient heteronuclear single quantum coherence) experiments
were acquired with an evolution delay of 3.425 ms for an average 1J
(C,H) of 146 Hz; 1 k × 200 data matrix; 32 scans per t1 increment;
spectral widths of 9,615.4 Hz in f2 and 30,165.9 Hz in f1 and relaxation
delay of 1.0 s. Long-range 1H–13C gHMBC (gradiente heteronuclear
multiple bond coherence) experiments were recorded with an evolution
delay of 62.5 ms for LRJ(C,H) of 8 Hz; 1 k × 200 data matrix; 64 scans
per t1 increment; spectral width 9,615.4 Hz in f2 and 36,199.1 Hz in f1

and relaxation delay of 1.0 s.

2.4.1. Chemometric analysis of NMR dataset
The same chemometric software and pretreatments applied to

evaluate the UPLC-HRMS datasets were applied to 1H NMR dataset. The
spectral region between δ 0.8 and 9.0 was selected, which resulted in a
numerical matrix with dimensionality of 150,804 (18 samples × 8378
variables into each spectrum). However, in order to enhance the che-
mical variability among the samples based on processing influence, the
matrix was decomposed by Partial Least Squares – Discriminant
Analysis (PLS-DA) method using the Simplified PLS (SIMPLS) algo-
rithm, and the samples were clustered as control or thermally pro-
cessed.

3. Results and discussion

Usually unsupervised multivariate analyses are applied to un-
targeted exploration of complexes food matrices of data to observe
variations and relationships between coconut water and its composition
(Sucupira et al., 2017). Therefore, PCA was performed to evaluate the
coconut water variability under different processing condition, using
different analytical techniques.

3.1. Metabolites assayed by UPLC-HRMS

PCA was applied to reduce the dimensionality of the original data in
two PC that enabled to discriminate and classify samples and thus,
identify metabolites responsible for the differences among treatments.
Figs. 1 and 2 illustrate the PCA results from UPLC-HRMS datasets of the
coconut water analyzed under negative and positive ionization mode,
respectively, while Tables 1 and 2 describe the respective parameters
for characterization of the relevant compounds of secondary metabo-
lism, in chemometric evaluation.

According to negative ionization mode, PC1 × PC2 scores show
tendency of separation of samples with 49.3% of total variance
(Fig. 1a), and PC1 was the main axis related to coconut water separa-
tion based on processing. The loading (Fig. 1b) highlighted the greater
relevance of compounds represented by numbers 2, 5 and 6 in ther-
mally processed pink water, while compounds 1, 3, 4, and 10 were

Fig. 1. Two-dimensional space plot for PC1 × PC2 scores coordinate system of the coconut water under negative ionization mode (1a) and relevant loadings plotted
in line form (b), respectively.
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more relevant in control water. Table 1 shows that compound 1 is cy-
tokinin trans-zeatin riboside, a naturally occurring hormone involved
with regulation of plant growth and development that was previously
reported in coconut water (Ge, Yong, Tan, Yang, & Ong, 2004;
Kobayashi et al., 1995) and in coconut milk by Van Staden and Drewes
(1975). Compounds 2, 3 and 6 are respectively a trimer, dimer and
dimer (type A) of procyanidin identified in thermally processed (2 and
6) and control (3) water. These phenolic compounds with antioxidant,
anti-inflammatory and anticancer activities were observed in in-
florescence of Cocos nucifera L. and their monomers, (+)-catechin and
(−)-epicatechin were quantified in coconut water (Chang & Wu, 2011;
Padumadasa, Dharmadana, & Abeysekera, 2016). Compound 6 is pro-
cyanidin dimer with A-type ether bond, C2-O-C7, besides the C4-C8
bond, and compound 2 is B-type procyanidin composed of three sub-
units linked by C4-C8 bonds.

Trimeric and A-dimeric procyanidins, identified in pink-colored
thermally processed coconut water, are oligomeric procyanidins con-
stituted of flavan-3-ols units that act as precursors of anthocyanins,
pigments responsible for red to blueish color. Moreover, colorless pro-
cyanidins may also enhance the red color of anthocyanin solutions by
preferentially interacting (ð- stacking) with the planar chromophore of
the flavylium form, thus increasing its concentration (Malien-Aubert,
Dangles, & Amiot, 2002; Reichel, Carle, Sruamsiri, & Neidhart, 2011).
These authors reported that increase in polymeric degree improves the
color stability.

Compounds 4 e 5 represent caffeoylshikimic acid, which is derived
from caffeic acid and an intermediate of the synthesis of polymeric
phenolics in plant cells, found in tender and thermally processed co-
conut water, respectively. Caffeoylshikimic acid detected in young co-
conut mesocarp has been associated to plant defense due to antioxidant
and antimicrobial properties (Chakraborty & Mitra, 2008). Moreover,
compounds 4 (caffeoylshikimic acid) and 11 (dicaffeoyl quinic acid)
identified in control water, have a dioxygenated phenylpropanoid
structure and can act as substrates of browning-associated enzyme
polyphenoloxidase (PPO). Also relevant in control water, compound 10
is an oxidized fatty acid trihydroxy-octadecenoic acid, which has been
associated with wound signals that triggers phenylalanine ammonia
lyase (PAL) activity through jasmonic acid pathway, thus stimulating
phenolic biosynthesis (García, García-Villalba, Gil, & Tomas-Barberan,

2017). Therefore, metabolites caffeoylshikimic acid (4), trihydroxy-
octadecenoic acid (10) and dicaffeoyl quinic acid (11) mainly present in
control water could act as substrates or signals triggering color reac-
tions after thermal processing. Recently, García, Gil, and Tomas-
Barberan (2018) confirmed the involvement of metabolites caffeoyl-
quinic acid and trihydroxy-octadecenoic acid as biomarkers of pink-
color development in fresh-cut lettuce. Although, compounds 8, 9, 13
and 14 were not identified, they accumulated only in thermally pro-
cessed water, thus could be involved in color changes.

According to positive ionization mode, PC2 × PC3 scores show
separation of the samples with 29.0% of the total variance (Fig. 2a).
Both axes PC2 and PC3 were related to separation of coconut water
based on processing, thus compounds represented by numbers 1 and 2
were relevant in control samples, and compounds 3 and 4 were relevant
in thermally processed pink water (Fig. 2b). Table 2 shows compounds
1 and 2 are cytokinins trans-zeatin derivative and trans-zeatin riboside
(in negative mode), respectively, while compounds 3 and 4 are un-
known in literature.

3.2. Evaluation by GC–MS

Fig. 3 presents the scores (a) and relevant loadings (b) with fatty
acids derivatized into volatile organic compounds (VOC) from coconut
water. PC1 was the main axis related to coconut water separation based
on processing and loadings showed that lauric (C12:0), myristic
(C14:0), and elaidic (C18:1) acids were abundant in control, while
palmitic (C16:0) and stearic (C18:0) acids levels were higher in ther-
mally processed pink water. Table 3 describes these relevant VOC with
the respective retention time (RT), linear retention index (LRI), major
m/z ratio, and percentage of match.

Loadings showed that lauric, myristic, and elaidic acids content
declined with the processing, while palmitic and stearic acids increased
in relevance. Previously, Fonseca, Bizerra, De Souza, Monte, De
Oliveira, De Mattos, Cordell, Braz-Filho, and Lemos (2009) and Santoso
et al. (1996) reported the presence of long-chain fatty acids such as
palmitic, myristic, elaidic and stearic acids in water of green dwarf
coconut. Once the coconut is opened, there is an increase in production
of free radicals as reactive oxygen species (ROS), which oxidize plant
cell components especially polyunsaturated fatty acids as elaidic acid,

Fig. 2. Two-dimensional space plot for PC1 × PC2 scores coordinate system of the coconut water under positive ionization mode (2a), and relevant loadings plotted
in line form (b), respectively.
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therefore, explaining its decline after processing (Evans & Halliwell,
2001). Moreover, the increase in saturated long-chain fatty acids as
palmitic (C16:0) and stearic acids (C18:0) in thermally processed co-
conut water can be associated with resistance to oxidative reactions, as
observed in coconut oil (Yousefi, Nateghi, & Rezaee, 2013).

3.3. Evaluation by NMR

Due to great number of identified compounds of the primary me-
tabolism and the inherent similarity between the control and thermally
processed pink coconut water, two supervised chemometric approaches
by PLS-DA were developed in order to maximize the differences be-
tween treatments, one for each relevant region into the 1H NMR
spectra, separately. The classification results from the aliphatic region
between the chemical shifts δ 0.8 and 3.0 are illustrated in Fig. 4a
(scores) and 4b (relevant loadings); and from the carbinolic region
between δ 3.0 and 5.5 in Fig. 4c (scores) and 4d (loadings). In both
analyses, control samples were located at negative scores of PC1, while
thermally processed pink samples at positive scores of the same PC.
Based on the LV1 loadings, the most relevant compounds for dis-
crimination between treatments were α-glucose, β-glucose, fructose,
sucrose, ethanol, valine, lactic, acetic, and malic acids, which decreased
with processing. The 1H NMR chemical shifts are presented in
Supplementary Material. Formic acid was the only compound identified
in aldehydic and aromatic chemical shifts (δ 6.0–9.3), at δ 8.47,
meanwhile ethanol is not a contaminant of processing once its presence
also was verified in control coconut water.

4. Conclusions

Based on the analyses performed on tender and thermally processed
pink-colored coconut water, NMR results showed primary metabolites
decreased with processing, mainly fructose and α and β glucoses.
GC–MS analyses showed that long-chain saturated palmitic and stearic
acids accumulated in thermally processed coconut water, probably as
result of oxidative reactions. However, UPLC-HRMS analyses pointed
out a greater difference between treatments regarding the secondary
metabolites. Thereby, procyanidin A-type dimer and trimer, in negative
ionization mode, together with others unidentified compounds in ne-
gative (8, 9, 13 and 14) and positive (3,4) ionization modes were most
relevant in thermally processed coconut water. Based on these results, it
could be inferred that oligomeric procyanidins as A-type dimer and
trimer could be associated with pink color development in coconut
water as they are biosynthetic precursors of anthocyanin pigments and/
or by enhancing color stability of anthocyanin solutions.

Thus, pink color development during storage of coconut water de-
pends on postharvest conservation factors as thermal processing that
may lead to accumulation of metabolites associated with color devel-
opment. Although, pink coconut water is visually undesirable from
consumeŕs point of view, the observed increase in phenolic content may
influence its health promoting properties. Thus, our results show that
integrating untargeted metabolomics strategies from data acquisition to
process interpretation for the selection of chemical markers can be a
good way to solve a technological problem as that of coconut water
change of color. However, further studies are necessary to isolate the
compounds responsible for pink color of thermally processed coconut

Fig. 3. Two-dimensional space plot for PC1 × PC2 scores coordinate system of the coconut water (a) and relevant loading plotted in lines form (b).

Table 3
Relevant volatile organic compounds detected in control and thermally processed coconut water, with respective retention times (RT), experimental and reference
retention index (RI), major m/z peak, and percentage (%) of match. * Most relevant compounds in pink-colored thermally processed samples.

RT (min) Compounds RI* refer. RI exp. Major m/z Match (%) References

10.24 Lauric acid 1527 1532 74 94.5 Alissandrakis, Tarantilis, Harizanis, and Polissiou (2007)
12.20 Myristic acid 1727 1731 74 94.9 Radulović, Blagojević, and Palić (2010)
14.67 Palmitic acid* 1928.1 1929 74 95.7 Zeng et al. (2007)
17.17 Elaidic acid 2109.8 2106 55 94.7 Tret'yakov (2007)
17.55 Stearic acid* 2128 2130 74 93.2 Palmeira et al. (2004)

* RI – Retention index: retention times using n-alkenes series (C7-C30) converted in independent constants.
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