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Abstract: The application of nuclear magnetic resonance (NMR) spectroscopy, hyphe-

nated NMR, and diffusion-ordered spectroscopy (DOSY) to the characterization of

mango juice, as an example of a complex food mixture, is described. The compositional

changes taking place as a function of ripening were followed, and selected metabolites

were quantified by integration of the corresponding NMR peaks. In this way, an overall

view of the metabolite changes is obtained, enabling the study of the biochemical mech-

anisms involved in the ripening process. More than 50 compounds were identified by 1D-

and 2D-NMR, but many ambiguous assignments remain due to spectral overlap or insuffi-

cient coupling information. The use of Liquid Chromatography (LC-NMR) and LC-

NMR/Mass Spectrometry (MS) enables a fuller characterization of the soluble pectin

fraction to be made; its dependence on ripening stage is discussed. Finally, DOSY adds

information on the Mr of many metabolites, including the pectin fractions of ripe and

unripe mango juices, and enables further peak assignments to be made.
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INTRODUCTION

The current paper presents an overview of some of the ways in which nuclear

magnetic resonance (NMR) spectroscopy may aid the assignment of

compounds in complex mixtures (e.g., liquid foods such as fruit juices and

other beverages, wine, and beer). The application of NMR to complex

mixture analysis has been described at length for biofluids in the context of

the early diagnosis of different diseases.[1 – 3] In complex food mixtures,

high-resolution NMR has been increasingly applied, as shown by several

recent references in the area.[4 – 9] In general, NMR of complex mixtures

allows the detection of many different compounds through the analysis of

only one sample requiring little or no preparation and, therefore, avoiding

procedures that may interfere and change the original nature of the sample.

NMR may also offer analytical rapidity, as a 1D spectrum may be recorded

in a few minutes and automation may be implemented when analyzing high

numbers of samples. However, NMR is an inherently insensitive technique

and, in addition, 1H-NMR spectra of complex mixtures are typically charac-

terized by extensive signal overlap, even in 2D-NMR. This calls, in many

cases, for more sophisticated techniques such as hyphenated NMR

(LC-NMR or LC-NMR/MS) or diffusion-ordered spectroscopy (DOSY),

the latter being based on the measurement of compound diffusivities.

Recent applications of these techniques to several liquid foods may be

found in Refs. 10 to 13.

This paper describes the use of high-resolution NMR, hyphenated NMR,

and DOSY for the characterization of a fruit juice and the changes occurring

upon fruit ripening. Mango juice is chosen as an example because, as a tropical

food often imported, the detailed knowledge of its biochemistry (e.g.,

ripening, spoilage, contamination effects) is of importance in order to

achieve adequate quality control. Some work has already been reported on

the NMR of mango and its potential to characterize qualitative compositional

changes associated with ripening and spoilage.[6,7] This paper addresses the

effects of ripening alone and presents a more complete qualitative account

of compounds detected, as well as quantification of some of those

compounds. The complementarities of NMR, hyphenated NMR, and DOSY

in aiding spectral assignment are discussed.

MATERIALS AND METHODS

Mangoes of the Tommy Atkins cultivar grown in Brazil were used. Fruits

were directly air-freighted to Portugal and obtained from a commercial

source, 3–4 days after harvest. The fruits were ripened at 22 + 18C in

natural light for 23 days, and 3 fruits were randomly selected every 2 days

for firmness measurements and NMR analysis. The fruits showed signs of

gradual ripening until day 19, after which over-ripening began. Juices were
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prepared as follows: maceration of pulps in a domestic juice extractor, mixing

of the 3 pulps, centrifugation (15 min, 15,000 rpm) and filtration through a

glass microfiber filter under vacuum. Sodium azide (0.05%) was added

before freezing the samples in N2(l) and storing at 2208C until NMR

analysis. After thawing, sample pH was adjusted to 6.0 with a sodium

phosphate buffer, and D2O and sodium 3-(trimethylsilyl)propionate (TSP)

were added to obtain 8% D2O and 0.02% TSP in the final sample.

The NMR spectra of juices were recorded at 278C on a Bruker Avance

DRX-600 spectrometer, operating at 599.87 MHz for proton and

150.85 MHz for carbon. 1H 1D spectra were acquired with 64 scans, 65,535

data points, 12,019.23 Hz spectral width, 2.73 s acquisition time, and 7 s relax-

ation delay (based on 1H T1 measurements to ensure quantitative peak areas).

Water presaturation was carried out by low-power selective irradiation at the

water frequency during 3 s of the relaxation delay.[14] Metabolite concen-

trations were quantified by integration of selected peak(s) relatively to the

TSP signal (0.0 ppm). Calculations made use of the simple relationship

CY ¼ F (AY
. MY/nY) (CTSP

. nTSP/MTSP), where C is concentration, F is

dilution factor, A is area of the integrated signal, M is molecular mass, and

n is number of protons contributing to the integrated signal.

The Total Correlation Spectroscopy (TOCSY) spectra were acquired in

the phase-sensitive mode using time-proportional phase incrementation

(TPPI) and the MLEV17 pulse sequence.[15] A total of 200 increments with

16 transients and 2048 data points were acquired with a spectral width of

6613.76 Hz in both dimensions. 1H–13C phase sensitive (echo/antiecho) het-

eronuclear single quantum correlation (HSQC) spectra were recorded with

inverse detection and 13C decoupling during acquisition.[16,17] Data points

(2048) with 64 scans per increment and 300 increments were acquired with

spectral widths of 7507.51 and 25,000.00 Hz in the 1H and 13C dimensions,

respectively. 2D J-resolved spectra were measured with water presatura-

tion,[18] using a spectral width of 10,000 Hz in the proton dimension and

39 Hz in the J dimension. For each of 128 transients, 8192 data points were

acquired with 16 scans. For DOSY experiments, the juice samples were

prepared to give 10% D2O and 0.02% TSP-d4. The 2D 1H-DOSY spectrum

was recorded on a Bruker Avance DRX-500 spectrometer operating at

500.13 MHz for proton and equipped with a pulse gradient unit capable of

producing magnetic field pulse gradients of 53.5 G cm21 in the z-direction.

The experiment was performed using a bipolar pulse longitudinal eddy

current delay pulse sequence (ledbpgs2spr, Bruker library); a series of 32

spectra of 8016 data points and 256 scans were collected. The pulse

gradients were incremented from 2% to 95% of the maximum gradient

strength in a linear ramp. The diffusion delay (D) was 200 ms, and the length

of the square diffusion encoding gradient pulses (d) was 3.0 ms; the gradient

stabilization time was 2 ms and relaxation delay 2 s. The temperature was

set and controlled to 303 K with an air flow of 535 L h21, in order to avoid

any convection gradients due to sample heating during the experiments.
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The high-performance liquid chromatography (HPLC) system consisted

of a HP 1100 solvent delivery pump with vacuum degasser (Agilent,

Waldbronn, Germany), a manual injector from Rheodyne, model 7725i

(Cotati, CA, USA), equipped with a 1-mL sample loop, and a diode array

detector from Bruker (Rheinstetten, Germany). HPLC-NMR measurements

were carried out using a BPSU-35 interface coupled to a DRX 500 NMR spec-

trometer equipped with a 1H/13C 4-mm inverse Liquid Chromatography (LC)

probe head (120mL) from Bruker. The temporary sample storage unit (BPSU-

35) was used for automated multiple NMR experiments overnight. For online

Mass Spectrometry (MS) detection, an ESQUIRE-3000 ion trap mass spec-

trometer, equipped with an electrospray ion source, from Bruker Daltonics

(Bremen, Germany) was used. Five percent of the eluent was split into the

MS using a splitter from LC Packings (San Francisco, CA, USA). Both UV

as well as MS were used to trigger the transfer of the HPLC fractions to the

BPSU (for temporary storage) or directly to the NMR. For the study of

mango juice carbohydrates, chromatographic separation was carried out at

358C, using a 300 � 7.8 mm ION-300 column, containing a cation

exchange polymer in the hydrogen ionic form, with a particle size of

5.0mm. The mobile phase consisted of 0.0085N H2SO4 in D2O. Injection

volumes of 50–100mL of juice and flow rates of 0.15–0.30 mL/min were

used. The diode array detector was operated at 200 and 220 nm, for

detection of sugars and organic acids, respectively. 1H-NMR spectra were

obtained at 500 MHz using the continuous-flow and the loop-sampling

methods. Electrospray ionization (ESI) was carried out in positive mode,

and mass spectra were acquired up to m/z 1500 after adding 50mL/min of

20 mM aqueous sodium acetate solution to the splitted ratio of the eluent

via a T-piece with a syringe pump.

RESULTS AND DISCUSSION

1D- and 2D-NMR Spectroscopy of Mango Juice: Qualitative and

Quantitative Analysis

Figure 1 shows a 1D 1H-NMR spectrum of a sample of mango juice recorded

at high field (600 MHz). The predominance of glucose, sucrose, and fructose is

expressed by the high-intensity peaks visible in the central region of the

spectrum (3–5.5 ppm), but much detail is also observed in the aliphatic (0–

3 ppm) and aromatic (6–10 ppm) regions. The strong signal overlap makes

the use of 2D-NMR (e.g.,TOCSY, 1H/13C correlation, J-resolved)

necessary, and Fig. 2 shows expansions of the TOCSY spectrum of the

same sample. A complete list of identified compounds is shown in Table 1.

The high-field region (0–3.0 ppm) shows signals from organic acids and

amino acids (Fig. 2a). The acids generally referred to as predominant in

mango,[20] citric, malic, and succinic acids, are clearly observed but,

I. F. Duarte et al.322

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
0
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



interestingly, shikimic and quinic acids also appear in relatively high amounts.

Lesser amounts of lactic, propionic, and 3-hydroxybutyric acids are also ident-

ified. Alanine is the major aliphatic amino acid, as previously reported for

different mango cultivars[21] and valine, leucine, isoleucine, threonine,

glutamine, glutamic acid, and GABA are also detected. Arginine, aspartic

acid, and asparagine may also be found in significant levels, depending on

the origin of the mangoes, as shown by a comparative study (not shown) of

fruits of the Haden variety from Venezuela and from Brazil. The presence

of lipids is detected by the spin system at 0.89, 1.29, 1.55, and 2.21 ppm,

which may arise from one or more saturated fatty acids (e.g. palmitic

acid.[21]) Several overlapped signals in the 1.20–1.32 ppm region, correlated

to resonances at 3.4–5.2 ppm, may be tentatively assigned to fucose and

rhamnose H6 protons. It is known that a-rhamnose may be found in the

free form or interspersed with galacturonic acid residues in pectic

chains;[22] however, the high degree of spectral overlap in the midfield

region hinders any objective interpretation. Other compounds detected in

the high-field region are acetoin, isopropanol/2,3-butanediol, and ethanol;

these are typical fermentation products that may reflect some ongoing

microbial activity. This has been observed in a range of samples, although

ethanol often gives much weaker signals, and acetoin and isopropanol/2,3-

butanediol are not usually detected.

The midfield region (3.0–5.5 ppm) is dominated by intense and over-

lapped signals of the major sugars easily recognizable in the anomeric

region (Fig. 1) at 4.11, 4.64, 5.23, 5.41 ppm, respectively, for fructose

(H3 and H4 of b-fructofuranose), b-glucose (H1), a-glucose (H1), and

sucrose (H1 of the glucose ring). Several weak signals are also visible at

4.5–5.5 ppm (Fig. 2b), indicating the presence of xylose and of arabinose

and/or galactose. The broad signals at 5.05–5.20 ppm may arise from

Figure 1. 600 MHz 1H-NMR spectrum of ripe mango juice; 64 transients.
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pectic nonreducing galacturonic acid (GalA) residues, namely H1 protons of

nonesterified GalA and H5 protons of esterified (methylated) GalA.[23,24]

However, with the exception of a spin system seen for a broad weak peak

at 5.32 ppm, indicative of reducing a-GalA, no other GalA spin systems

could be identified.

In the low-field region (5.5–10 ppm), the most prominent signal belongs

to shikimic acid (Fig. 2c). Other compounds readily identified are tyrosine,

phenylalanine, acetaldehyde, and niacin. However, many signals remain unas-

signed objectively; for example, the singlets tentatively attributed to fumaric

acid (6.52 or 6.61 ppm), gallic acid (7.03 or 7.04 ppm), adenine or adenosine

(8.27 and 8.35 ppm), and formic acid (8.45 ppm). In addition, it has been seen

Figure 2. TOCSY spectrum of ripe mango juice: (a) high-field region: 1, TSP; 2,

val,leu.ile; 3, ethanol; 4, rha/fuc; 5, ala; 6, quinic; 7, shikimic acid; 8, succinic acid;

9, citric acid; 10, malic acid; 11, GABA; 12, lactic acid; 13, thr; 14, acetoin. (b) Mid-

field region and (c) low-field region: 16, uracyl; 17, tyr; 18, gallic acid; 19, phe; 20,

unknown; 21, formic acid; 22, niacin; 23, acetaldehyde.
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Table 1. NMR data based on 1D- and 2D-NMR of mango juice: 1H and 13C chemical shifts, 1H multiplicity and JHH

Compound Assignment d 1H (ppm) Multiplicity J (Hz) d 13C (ppm)

Acetaldehyde CH3 2.24 d 3.0

CH 9.68

Acetaldehyde hydrate CH3, hydrate 1.33

CH, hydrate 5.25

Acetate bCH3 1.92 s

Acetoin CH3 1.38 d 7.0

CH 4.43

Adenine/adenosinea C8H, ring 8.27 s

C2H, ring 8.35 s

Alanine bCH3 1.48 d 7.2 17.00

aCH 3.78 51.53

g-Aminobutyric acid (GABA) bCH2 1.90 24.14

aCH2 2.30 t 7.4 34.52

gCH2 3.01 t 7.4 40.20

a-Arabinose/a-Galactosea C2H 3.80

C3H 3.90

C1H 5.30 d 3.4

b-Arabinose/b-Galactose/
b-Galacturonic acid/b-Fucosea

C1H 3.46, 4.55

C2H 3.52, 3.70, 4.57

C3H 3.52, 4.51

Arginine gCH2 1.69 m

bCH2 1.91

dCH2 3.25

(continued )
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Table 1. Continued

Compound Assignment d 1H (ppm) Multiplicity J (Hz) d 13C (ppm)

Asparagine bCH 2.85 dd 7.6; 16 35.51

b0CH 2.95 dd 4.0; 16

aCH 4.01

Aspartic acid bCH 2.69 dd 7.6; 16 37.29

b0CH 2.83 dd 3.6; 16

aCH 3.92

2,3-Butanediol/Isopropanol CH3 1.14 d 6.0

CH 3.68

Citric acid a, gCH 2.56 d 1.52 45.22

a0, g0 CH 2.66 d 15.2

Ethanol CH3 1.18 t 7.1 19.20

CH2 3.65

Fatty acids (saturated) vCH3 0.89 t 7.5

CH2-CH3 1.29

CH2-CH2-CH3 1.55

CH2-COOH 2.21

Formic acida HCOOH 8.45 s

Fructose (b-furanose) C6H 3.68

C5H 3.82

C3H, C4H 4.11 76.71
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a-Fucosea C6H 1.20

C3H/C4H 3.66

C2H 3.76

C5H 4.22

C1H 5.21

b-Fucosea C6H 1.29

C4H 3.59

C5H 3.77

Fumaric acida CH 6.52 or 6.61 s

a-Galacturonic acid (free/pectic,

reducing end)a
C2H 3.88

C3H 4.00

C4H 4.31

C1H 5.32 Broad 99.30

a-Galacturonic acid (pectic,

nonreducing)/a-Rhamnosea
un. 5.06 [3.98/4.09] 98.44

un. 5.09 [4.03/4.15/4.23] 100.00/108.35

un. 5.12 [4.09/4.30] 98.56

un. 5.15 [3.75/3.97/4.15] 107.95

un. 5.18 [4.00/4.12] 107.63

Gallic acida C2H, C6H 7.03 or 7.04 s

a-Glucose C4H 3.41

C2H 3.54

C3H 3.71

C5H, C6H 3.77–3.88

C1H 5.23 d 3.6 93.42

(continued )
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Table 1. Continued

Compound Assignment d 1H (ppm) Multiplicity J (Hz) d 13C (ppm)

b-Glucose C2H 3.25

C4H 3.41

C5H 3.45

C3H 3.48

C6H 3.73, 3.90

C1H 4.65 d 8.0 97.52

Glutamic acid b, b0CH 2.05

gCH2 2.37

aCH 3.76

Glutamine bCH2 2.13

gCH2 2.35

aCH 3.76

b-Hydroxybutyric acid gCH3 1.20

aCH 2.31

a0CH 2.41

bCH 4.13

Isoleucine dCH3 0.94 t 7.3

g0CH3 1.01 d 7.0 15.40

gCH 1.25

g0CH 1.48

bCH 1.98

Lactic acid bCH3 1.32 d 7.0 20.80

aCH 4.10 69.00

Leucine d, d0CH3 0.96 21.61, 22.89

bCH2, gCH 1.71
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Malic acid bCH 2.38 dd 7; 16.5 42.07

b0CH 2.68

aCH 4.30 70.31

Methanol CH3 3.35 s 49.75

Myo-inositol C5H 3.28

C1H, C3H 3.53

C4H, C6H 3.63

C2H 4.06

Niacin C5H 8.08

C4H, C6H 8.84

C2H 9.12 s

Phenylalanine bCH 3.12

b0CH 3.28

aCH 3.97

C3H, C5H ring 7.33 m 129.93

C4H 7.38 m

C2H, C6H ring 7.43 m 129.74

Polyphenols or Gultaminec un. 6.9 Broad

un. 7.6 Broad

Propionic acid bCH3 1.08 t 7.1

aCH2 2.40

Quinic acid aCH2/1CH2 1.84–2.10 38.25

bCH 3.55 dd

dCH 4.02 dd

gCH 4.14 dd

(continued )
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Table 1. Continued

Compound Assignment d 1H (ppm) Multiplicity J (Hz) d 13C (ppm)

a-Rhamnose (free/pectic)a,b un. 1.22, 3.42, 3.88 16.23

un. 1.24, 3.48, 3.58 17.33

un. 1.25, 3.35, 3.78, 3.86, 4.03 19.20

un. 1.29, 3.48, 3.87

b-Rhamnosea C6H 1.31 17.45

C5H 3.40

Shikimic acid C7H 2.19 dq 33.15

C7H0 2.77 dd

C5H 3.70

C6H 3.98

C4H 4.40 t 72.10

C3H 6.44 132.30

Succinic acid a, bCH2 2.41 s 32.24

Sucrose G4H 3.47

G2H 3.57

G3H 3.78

G5H, G6H 3.84

G1H 5.41 d 3.6 93.00

F6H 3.82

F5H 3.88

F4H 4.05

F3H 4.22 d 8.7 75.47
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Threonine gCH3 1.32 d 5.2 20.80

aCH 3.61

bCH 4.26

Tyrosine C3H, C5H ring 6.90 d 8.5

C2H, C6H ring 7.19 d 8.5

Uracil C5H 5.80 d

C6H 7.54 d

Uridine C40H 4.11

C30H 4.21

C20H 4.38

C5H ring 5.88 d 8.2 105.00

C10H 5.89 90.51

C6H ring 7.85 d 8.2 144.56

Valine gCH3 0.98 d 7.0 17.39

g0CH3 1.04 d 7.0 18.70

bCH 2.27 29.73

b-Xylosea C2H 3.26

C3H 3.39

C4H 3.64

C1H 4.61

s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublets; dq, doublet of quartets; m, multiplet; un, unassigned.
aTentative identification.
bThe 13C signals indicated are coupled to the 1H signals at 1.22–1.25 ppm and arise from C6H.
cSee text for discussion. The nomenclature followed for amino acids is based on Reference.19
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that juices from different batches often show two typical broad correlated res-

onances at 6.89 and 7.61 ppm (Fig. 3b). Two possible assignments have been

suggested for these peaks: (1) polyphenolic species, based on studies of apple

juice under varying conditions of air exposure and polyphenoloxidase

activity[25] and (2) slowly exchanging glutamine NH protons, based on D2O

exchange studies.[9] It will be shown below that DOSY of mango juice

gives results that support the latter assignment.

Figure 3 shows the aliphatic and aromatic regions of the spectra of mango

juices collected from a second sample batch at days 1, 7, and 19 of ripening.

The high-field region (Fig. 3a) shows clear variations in the organic acid and

amino acid profile. In agreement with several reports,[20,26] citric acid is

abundant in unripe juices (ap. 14 g/L) and rapidly declines during ripening

to levels below 3 g/L (Fig. 4a), presumably due to its utilization as a respiratory

substrate. This rapid citric acid loss accounts for most of the acidity decrease

observed during ripening. Quinic, shikimic, malic, and succinic acids are

present through all ripening stages and show smaller variations. Malic acid

shows a small loss until day 13 (Fig. 4a) and then an increase until day 23 to

concentrations close to 1.6 g/L, in agreement with previous HPLC measure-

ments.[26] Shikimic acid decreases steadily from 1.9 g/L to 1.2 g/L

(Fig. 4b), and succinic and quinic acids concentrations could not be determined

due to signal overlap in most spectra. In terms of amino acid composition, the

most drastic change is the decrease of arginine, in contrast with increases in

valine, leucine, isoleucine, alanine, asparagine, glutamine, and g-aminobutyric

acid (GABA) (Fig. 4c). After arginine, alanine is the second most abundant

Figure 3. (a) Aliphatic and (b) aromatic regions of the 1H-NMR spectra of mango

juice for days 1, 7, and 19 of ripening; uri., uridine; aden., adenosine.
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amino acid at the beginning of ripening, showing a slight increase throughout,

similarly to GABA. Isoleucine and valine increase 6-fold and 2.5-fold, respec-

tively. Interestingly, phenylalanine and tyrosine are used up early in the

ripening process. The possible involvement of these amino acids, and

possibly of shikimic acid (Fig. 4b), as precursors for phenolic polymerization

may be suggested. Unfortunately, if the broad signals at 6.89 and 7.61 (Fig. 3b)

do not arise from polyaromatic species but rather from glutamine, no direct

indicator of polyphenols is visible in the spectra.

The concentrations of the three main sugars vary significantly with

ripening stage (Fig. 5). Sucrose, a-glucose, and b-glucose were quantified

through the 5.41 (H1, glucose ring), 5.23 (H1), and 4.64 (H1) ppm peaks,

respectively. For fructose, the 4.11 ppm peak (H3 and H4 of b-furanose

form) was used and a proportion of 65% b-pyranose/25% b-furanose

assumed for calculation of total fructose, based on sugar solution studies at

318C.[27] On day 1, fructose predominates (Fig. 5a) but, after day 5, sucrose

becomes the most abundant sugar, reaching a concentration almost 5-fold

Figure 4. Variations in mango juice composition during ripening: (a) citric

(2.58 ppm) and malic (2.40) ppm acids, (b) tyr (7.19 ppm), phe (7.30–7.45 ppm) and

shikimic acid (6.45 ppm), (c) ile (1.01 ppm), val (1.04 ppm), ala (1.48 ppm), GABA

(2.30 ppm), arg (1.60–1.78 ppm). Dashed lines indicate undetectable amounts.
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higher than in day 1. Glucose shows a 7.5-fold decrease after day 7, and

fructose does not vary much throughout the ripening process. Fructose

amounts calculated by NMR are slightly overestimated compared to the

reference enzymatic values (Fig. 5a), possibly due to signal overlap and/or

temperature-induced changes in the pyranose/furanose ratio. The contri-

butions of each sugar to the total sugar content are shown in Fig. 5b. In

unripe juice, sucrose, fructose, and glucose account for approximately 34%,

43%, and 21% of total sugars, respectively, whereas in ripe juice, sucrose

reaches 75%, fructose 20–23%, and glucose less than 2–3%. These results

are in agreement with those obtained by HPLC for juices of the same

mango cultivar, shown in Fig. 5b.[26]

Additional considerations include an apparent increase of nonreducing

GalA (5.05–5.20 ppm) during ripening, which, along with an intensity

increase for rhamnose/fucose signals at 1.20–1.30 ppm, indicates an

increase in pectic oligosaccharides detected in the juice, as a result of pectin

Figure 5. Sugar variations in mango juice during ripening: (a) concentrations (g/L)

determined for sucrose (5.41 ppm), fructose (4.11 ppm), a-glcucose (5.23 ppm), and

b-glcucose (4.64 ppm) by NMR and by enzymatic methods for glucose and fructose;

(b) relative contribution of each sugar to total sugar content. (�) Results reported in

Ref.[26].
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hydrolysis. In the low-field region, uridine and adenosine are seen to increase

in the latter stages of ripening and other spectral changes regard unassigned

signals (e.g., increases at 5.82, 6.13, and 7.05 ppm and decrease at 7.26 ppm).

Hyphenated NMR Spectroscopy of Mango Juice

In the current section, a more complete characterization of the less abundant

carbohydrates observed as low intensity peaks at 5.2–5.4 ppm (Fig. 2b) is

attempted by hyphenated NMR. Figure 6 shows the continuous-flow NMR

chromatogram obtained by the elution of ripe mango juice in an ION-300

column. The vertical lines at a 4.7 and 2.0 ppm arise, respectively, from

water and residual acetonitrile. Between retention times (RT) of 15 and

30 min, the elution of the major sugars and organic acids occurs. Sucrose

starts eluting at about 15.0 min and is followed by glucose (line 2 shows

co-elution of both sugars). Glucose co-elutes with fructose and citric acid in

line 3; fructose and malic acid elute together at 24.0 min in line 4, followed

by shikimic acid in line 5. This is confirmed by the corresponding MS

spectra (not shown). The pectic fraction elutes at earlier RTs (line 1), poten-

tially enabling a more detailed characterization of these carbohydrates. Unfor-

tunately, no MS data is available, because this fraction showed no ionization

under the conditions used. In order to improve the S/N of the 1D spectrum of

line 1, a second chromatographic was run, during which the pectic fraction

was collected into a capillary loop, for subsequent 1D- and 2D-NMR charac-

terization. Figure 7 shows the spectra of the pectic fractions thus obtained for

unripe and ripe mango juices and for which 2D-NMR experiments were

Figure 6. Continuous-flow NMR chromatogram resulting from the elution of mango

juice on a ION-300 column (flow rate 0.3 mL/min). Compounds identified in lines 1 to

5:1, pectic fraction (no MS ionisation); 2, sucroseþ glucose; 3, glucoseþ fructoseþ

citric acid; 4, fructoseþmalic acid; and 5, shikimic acid.
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performed (not shown). The profile of the bottom spectrum (ripe juice) shows

two doublets at 1.19 and 1.22 ppm, readily assignable to methyl protons (H-6)

of rhamnose units. A third overlapped signal at 1.23 ppm is identified as part of

a second spin system also characteristic of rhamnose. Based on the
1H chemical shifts reported for sugars[28] and for rhamnogalacturonan oligo-

saccharides,[29,30] these signals were assigned to a- and b-rhamnose in

reducing chain ends and to nonreducing rhamnose (Table 2). The

Figure 7. 1H-NMR spectra obtained for the pectic fractions of (a) unripe and (b) ripe

mango juices eluted on a ION-300 column (injection volume 50mL); 128 transients.

Table 2. 1H-NMR chemical shifts (ppm) obtained for the pectic fraction of ripe

mango juice obtained by LC-NMR

H-1 H-2 H-3 H-4 H-5 H-6

Rha (r.e.)

a 5.12 4.06 3.80 3.41 3.83 1.22

b 4.88 n.i. 3.62 3.85 3.37 1.23

Rha (n.r.) 5.19 4.23 3.76 3.32 3.56 1.19

GalA possibly esterified n.i. n.i. 3.61 4.41 5.01

n.i. n.i. 3.78 4.34 5.13

4.99 4.05 n.i. n.i. n.i.

5.02 4.05 n.i. n.i. n.i.

5.04 4.22 n.i. n.i. n.i.

GalA nonesterified 5.09 4.06 3.87 n.i. n.i.

5.15 4.09 3.88 n.i. n.i.

r.e., reducing end; n.r., nonreducing; n.i., not identified.
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4.9–5.4 ppm region (Fig. 7) shows signals of at least five different GalA

environments (Table 2). Of these, at least two are nonesterified (H-1

chemical shifts fall in the 5.1–5.2 ppm range), and the remaining are

possibly esterified, based on correlations between 5.0–5.1 and 4.3–4.4 ppm

assigned to H5 and H4, respectively. It also becomes apparent that reducing

GalA is not present, as the H1 signals expected at 5.3 and 4.6 ppm for a-

and b-GalA, respectively, are absent. Also, there is no clear evidence of the

presence of neutral sugars other than rhamnose. The effect of ripening can

be clearly seen in the spectral profiles of the two pectic fractions (Fig. 7).

For unripe juice, lower S/N ratio and poorer resolution are observed, indica-

tive of less pectic material and of larger molecules, respectively. Furthermore,

the spectrum of unripe juice reveals the following: (1) only nonreducing

rhamnose is present (1.19 ppm doublet), (2) the main signals at 3.0–

4.5 ppm arise from b-galactose and/or b-arabinose, and (3) the GalA

signals at 4.9–5.4 ppm are much weaker. Therefore, the less abundant

pectic fraction of unripe juice contains larger molecules with nonreducing

rhamnose units and higher contents of neutral sugars (galactose/
arabinose), as expected based on the literature.[31] The above results

show that pectin analysis may be achieved to some extent by hyphenated

NMR, thus allowing the noninvasive characterization of the pectic

fraction of fruits.

Diffusion-Ordered Spectroscopy of Mango Juice

The principle of DOSY is to separate NMR signals with basis on the diffusion

coefficients of the corresponding compounds.[32 – 34] The potential interest of

applying DOSY to complex mixtures such as fruit juices is to add to the

assignment carried out by 1D- and 2D-NMR, using information on

compound diffusivities and hence molecular weights. Figure 8 shows the

DOSY spectrum of ripe mango juice where some assignments are indicated.

The diffusivities of most signals in the aliphatic and aromatic regions fall in

the 1 � 10210 to 15 � 10210 m2s21 range and are readily interpretable

based on the known assignments. However, some new information may be

obtained. First, some assignments could be clarified in the low-field region

based on the diffusivities shown: (1) the singlets at 7.08 ppm and 8.45 ppm

were identified as gallic acid and formic acid, respectively, (2) the weaker

DOSY peaks at 7.39 and 8.64 ppm are consistent with assignment to

histidine, (3) the DOSY peaks at 8.25, 8.30, and 8.64 ppm may arise in part

from adenine/adenosine, and (4) the broad resonances at 6.89 and 7.61 ppm

in the spectra of some juice batches (Fig. 3b) are assigned to glutamine,

and not to polyphenols, due to their relatively high diffusivity

(6.8 � 10210 m2s21). The second advance provided by DOSY relates to the

pectic fraction and to the peaks indicated in Fig. 8a as pectic moieties. The

signals at 1.2–1.3 ppm correspond to rhamnose moieties and seem to align,
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in part, with a weak signal at 5.19 ppm; based on Table 2, it may be seen that

these signals correspond mainly to nonreducing rhamnose monomers.

Because, for globular molecules of fixed density, the diffusion coefficient is

inversely proportional to the cube root of relative molecular mass Mr,

estimates of Mr were made using selected peaks as calibrants, for both ripe

and unripe juices. The calibrants used were the DOSY peaks for TSP-d4

(Mr 149, D 6.6 � 10210 m2s21), ethanol (Mr 46, D 1.1 � 1029 m2 s21),

alanine (Mr 89, D 8.2 � 10210 m2 s21), citric acid (Mr 192, D

6.0 � 10210 m2 s21), glucose (Mr 180, D 5.7 � 10210 m2 s21), sucrose

(Mr 342, D 4.6 � 10210 m2 s21), and shikimic acid (Mr 174, D

6.6 � 10210 m2 s21). With basis on this information, the average diffusivity

of 1.7 � 10210 m2 s21 observed for the rhamnose signals in ripe juice was

found to indicate an average Mr of 1690. In addition, a clear signal is

Figure 8. DOSY spectrum of ripe mango juice: (a) whole spectrum, (b) aromatic, and

(c) aliphatic regions.
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observed at 5.10 ppm for GalA residues corresponding to slower diffusivity

(0.67 � 10210 m2 s21) than that of the rhamnose signal. This reflects

protons in different polymer molecules and, in fact, the estimated Mr for the

GalA-rich polymers is 3976. Comparison of these results with those

obtained for unripe juice (not shown) indicates slightly lower diffusivities,

1.5 � 10210 and 0.52 � 10210 m2 s21, for the equivalent rhamnose and

GalA peaks, respectively. Because sample viscosity is comparable to that of

ripe juice (TSP-d4 diffusivity is 6.5 � 10210 and 6.6 � 10210 m2 s21 in

unripe and in ripe juices, respectively), these values could be compared

with those of ripe juice. The slightly slower diffusivities in the unripe stage

correspond to estimated Mr of 1972 (rhamnose peak) and 4639 (GalA

peak), suggesting the expected presence of larger segments, at an earlier

stage of pectin hydrolysis. It should be noted, however, that these calculated

Mr values carry a relatively high uncertainty (30–40%) and, thus, should be

taken as simple estimates at this stage. Improved values of Mr may be

obtained through the use of a calibration curve based on suitable pectin

models with a range of molecular weights. These observations show that

the DOSY technique can be used to follow the Mr evolution of pectic

segments in solution as ripening proceeds.

CONCLUSIONS

The use of NMR spectroscopy for the qualitative and quantitative monitoring

of the composition of mango juice during ripening has been described. The

technique enables the identification of just over 50 compounds of varying

natures and concentrations. As ripening proceeds, many compositional

changes occur and, by signal integration, absolute concentrations were

obtained for organic acids, amino acids, and sugars. In this way, the

evolution of many different compounds throughout ripening may be character-

ized in a relatively rapid and simple manner, confirming the utility of NMR for

the study of the specific biochemical mechanisms involved in ripening. The

pectic fraction present in the juice is observable as broader signals in the

aliphatic and sugar regions. Unambiguous characterization of these com-

ponents by standard NMR is hindered by strong signal overlap; however,

hyphenated NMR allows the separation and improved characterization of

pectic fractions for both ripe and unripe juices. Finally, the diffusivity infor-

mation provided by DOSY allowed some previous ambiguous assignments,

such as some singlets in the aromatic region and the two broad signals in

the same region, previously assigned to polyphenols and now attributed to

glutamine, to be clarified. DOSY also proved to be of use in providing

average Mr estimates for the pectic fraction of both unripe and ripe juices,

reflecting the expected decrease in size as ripening and, hence, pectin hydroly-

sis, proceeds.
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