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ABSTRACT

Lemon essential oil is one of the most widely used natural flavours in the food and beverage 
industries. Knowledge of the enantiomeric ratio in flavours has gained relevance because they may 
indicate differences in their organoleptic characteristics or their authenticity. The study was carried 
out during the growth of the lemon fruit to evaluate the possible variations of the enantiomeric ratio 
of four characteristic terpenes: α-pinene, β-pinene, linalool and limonene. Two extraction methods 
were applied to extract the terpenes: simultaneous distillation–extraction at reduced pressure 
(V-SDE) and solid-phase microextraction; the results were equivalent whatever the method applied. 
In both cases, the target compounds were obtained from the lemon peel. Enantiomeric profiles 
were obtained by enantioselective multi-dimensional gas chromatography–mass spectrometry 
(enantio-MDGC-MS). Consistent enantiomeric ratios of α-pinene, β-pinene and limonene were 
observed; however, the enantiomeric ratio of linalool varied significantly according to the growth 
stage of the lemons in a spontaneous and natural way.

1. Introduction
Citrus limon (L.) is a tree belonging to the family Rutaceae 
that produces lemon fruit (hereafter called lemon). Lemon 
essential oil, which is generally obtained by cold-press-
ing lemon rinds, is widely used as a flavouring agent by 
the food and beverage industries and is also used by the 
pharmaceutical and fragrance industries (1). The compo-
sition of the volatile fraction of lemon oil has been well 
studied and characterized. This fraction is mainly com-
posed of monoterpenes and sesquiterpenes, among which 
limonene is the major constituent, plus other volatile com-
ponents, including aldehydes, ketones, acids, alcohols and 
esters (2–5).

In the field of flavours and fragrances, the interest in the 
study of enantiomeric distributions has increased because 
enantiomers can differ in their odour quality and odour 
threshold (6–8). Moreover, the enantiomeric distribution 
is important because the chirality of its components can 
help to define the biosynthetic pathway of a component 
of a vegetal matrix and determine the authenticity or a 
possible adulteration of a product (9–11). In addition, 
enantiomers may present different bioactivity (12)

The aromatic profile depends on many factors, such 
as the genotype, chemotype, climatic conditions, season 
of growth, the part of the plant from which the volatile 
fraction was derived, among other factors, and may affect 
the flavour intensity (13). In case of assessing the authen-
ticity of flavouring on the basis of its enantiomeric com-
position, knowing the consistency of this composition in 
nature is essential (14). Some studies have focused on the 
variation of the essential oil composition and its enantio-
meric composition according to the season (15–17), but 
to our knowledge, none have evaluated the dependence 
of the enantiomeric distribution on the growth cycle of a 
lemon fruit. Citrus fruits have three well-defined growth 
stages. During the stage I, which lasts approximately two 
months, cell division and slow growth occur. During stage 
II (four- to six months long), the fruits undergo a large 
increase in size due to water accumulation as well as cellu-
lar growth. Finally, during stage III (approximately seven 
months long), the rate of growth slows and the fruits begin 
a ripening process during which their colour changes from 
green to yellow (18,19).

The process used to extract an essential oil, as well as the 
analytical method applied, may modify the enantiomeric 
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and β-pinene were supplied by Dallant S.A. (Sant Feliu 
de Llobregat, Spain).

2.3. Simultaneous distillation–extraction at 
reduced pressure (V-SDE) procedure

With the goal of achieving a large surface/mass ratio and 
improving the rate of extraction, the lemon peels were 
removed from the fruits by scraping off very small pieces. 
Then, the pieces of lemon peel were weighed and placed 
in a 1-L flask to which 500 mL of double-distilled water 
were added. For extraction under reduced pressure, 5 mL 
of n-hexane from Sigma-Aldrich (Buchs, Switzerland) 
were placed in a 10-mL flask. The solvent generally used at 
atmospheric pressure is a mixture of pentane and dichlo-
romethane, although for extraction under reduced pres-
sure, the use of a solvent with a higher boiling point than 
that of these compounds is advisable to prevent the loss 
of the solvent through the pumping system (24).

The flasks containing the solvent and the lemon sam-
ples to be extracted were linked to a Likens-Nickerson 
apparatus, which was assembled in the low-density sol-
vent configuration (25). An electrically heated mantle 
was used to generate vapour distillation within the flask 
containing the sample. The flask containing the solvent 
was placed in a double-walled vessel and immersed in a 
polyethylene-glycol bath. This bath was heated using an 
external thermostatic system (Lauda, Lauda-Königshofen, 
Germany) that maintained the circulation of polyethylene 
glycol within the double wall, whereas the temperature 
of the bath was maintained using a feedback control sys-
tem. These conditions were maintained throughout the 
4-h extraction process.

A vacuum-pumping system (Telstar, Terrassa, Spain) 
was used to achieve an absolute pressure of 10.1 kPa. A 
Lauda (Lauda-Königshofen, Germany) cooling system 
was used; the temperature of the coolant (polyethyleng-
lycol was also used) was maintained at −18 °C throughout 
the extraction process.

2.4. Solid-phase microextraction extraction (SPME) 
procedure

A set of experiments arranged through 23 factorial design 
was used to optimize the extraction by SPME using the 
Minitab software (Minitab 16; Minitab Inc., Minneapolis, 
USA). All experiments were carried out in triplicate; in 
addition, an analysis of variance was also performed. 
The least significant difference at p  <  0.05 was calcu-
lated. Three factors were evaluated: temperature (40 or 
60 °C), extraction time (15 or 20 min) and fibre coating 
(polydimethylsiloxane (PDMS) of 100 μm film thickness 
and divinylbenzene/carboxen/polydimethylsiloxane or 

distribution of monoterpenes. One option to avoid any 
change in the purity of the original enantiomers is to 
study the lemon fruit directly to prevent racemization. 
Techniques such as purge and trap (P&T), simultane-
ous distillation–extraction (SDE, also known as Likens-
Nickerson method), liquid–liquid extraction (LLE), 
solid-phase microextraction (SPME) and stir-bar sorptive 
extraction (SBSE) methods have been widely applied to 
isolate and/or concentrate the volatile and semivolatile 
organic compounds (hereafter called VOCs) of essential 
oils and fruit samples. Enantioselective multi-dimensional 
gas chromatography (enantio-MDGC-MS), first described 
by Schomburg and co-workers (20), is one of the most 
powerful techniques for accurately solving the individ-
ual enantiomers of chiral compounds within complex 
matrices. Due to the development of maltodextrin-based 
stationary phases for chromatographic columns, enanti-
omer separation has reached a very high level of efficacy 
(21–23).

The objectives of this study were to determine the 
enantiomeric ratios of α-pinene, β-pinene, linalool and 
limonene in lemons during growth stages I and II and 
to compare two extraction methods, SPME and SDE at 
reduced pressure (hereafter called V-SDE). To prevent 
from any change in the composition of the four compo-
nents studied, the aforementioned methods were applied 
to obtain these components from the lemon peel, without 
obtaining them from the lemon oil.

Enantio-MDGC was applied to separate and analyse 
the enantiomeric compounds. From the results obtained, 
any possible relationships between the chirality of the vol-
atile compounds of the lemon and the different growth 
stages of the fruit were discussed.

2. Materials and methods

2.1. Plant material

More than 80 lemons from Catalonia (Spain), were col-
lected from the same lemon tree (Citrus limon L. var 
Verna). Collection was carried out during the growth 
stages I and II, and between May and October, before 
starting the maturation process. Then, the lemons were 
analysed during the same day of collection or were stored 
frozen at −18 °C until they were analysed.

2.2. Reference compounds

The reference compounds R-(−)-linalool, R-(+)-limonene, 
R-(+)-α-pinene and S-(−)-β-pinene were purchased from 
Sigma-Adrich (Buchs, Switzerland) with enantiomeric 
purities between 98 and 99%. The racemic mixtures of 
linalool were purchased from Sigma-Aldrich (Buchs, 
Switzerland) and racemic mixture of limonene, α-pinene 
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(DVB-CAR-PDMS) of 50/30 μm film thickness). Values 
of areas are shown as means in Table 1. The best extrac-
tion temperature for β-pinene and limonene was 40 °C, 
while the best one for linalool was 60 °C; no differences 
were observed for α-pinene when the two temperatures 
were applied. Extraction time had no significant influ-
ence on any of the four compounds; therefore, 20 min 
was the extraction time chosen. Regarding the fibre coat-
ing, PDMS fibre was more effective for β-pinene while 
no significant differences were found between the rest 
of the three other target compounds. Based on these 
results, SPME conditions applied were: 40  °C, 20 min 
and a 100 μm layer of PDMS. A SPME holder and fibres 
from Supelco (Bellefonte, Pennsylvania, USA) were used 
to carry out the experiments.

To prevent racemization of the compounds under 
study, the VOCs were extracted from whole lemons using 
the SPME method. The lemon samples were placed into a 
flask of the appropriate volume, and the conditions previ-
ously described were applied. The fibres were conditioned 
prior to use by heating them at the injection port of the 
GC apparatus under the conditions recommended by the 
manufacturer. Owing to the large amount of terpenes of 
citrus fruit present in the glands of the flavedo, the surface 
of the lemons was perforated using a thin needle when 
needed to facilitate their release. After completing the 
extraction, the compounds were immediately desorbed 
from the fibre directly into the injector at 250 °C, using 
the splitless injection mode.

2.5. Enantioselective multi-dimensional gas 
chromatography–mass spectrometry (enantio-
MDGC-MS) analysis

The enantio-MDGC-MS analyses were performed using 
two Varian CP-3800 chromatography systems (GC) that 
were connected to a Varian 4000 ion-trap mass spec-
trometer (ITMS) and using MS workstation 6.9 software 
(Varian, Walnut Creek, CA, USA).

The system consisted of a double oven. Using the opti-
mal pneumatic adjustments, the selected fractions could 

be transferred from the first (achiral) column to the sec-
ond (chiral) column using a heated transfer line.

2.5.1. GC-1
The first chromatographic system utilized was equipped 
with a split/splitless 1079 injector (Varian) and a 
flame-ionization detector (FID). A Deans Valco valveless 
system directed the compound to the GC2 system via 
deactivated fused silica tubing. A VF1-ms non-polar 100% 
dimethylpolysiloxane GC column (Varian, California; 
15 m × 0.25 mm i.d., 0.25-μm thickness) was used. The 
injected volume was 1 μL when injecting V-SDE extracts. 
The temperature program was 70 °C, held for 5 min, and 
then increased to 125 °C at 10 °C/min. Helium was used 
as a carrier gas at a constant pressure of 20 psi in front 
injector and 16 psi in Deans switch; the split ratio was 
1:10. The injector and FID temperatures were both 250 °C.

2.5.2. GC-2
The second chromatographic system was equipped with a 
split/splitless 1177 injector and a liquid CO2 capillary cold 
trap that froze the compounds before they entered the col-
umn. A cyclosil-β capillary column (30 m × 0.25 mm i.d., 
0.25-μm thickness) coated with 30% hepatkis [2,3-di-O-
methyl-6-O-t-butyl dimethylsilyl]-β-cyclodextrin in 
DB-1701 (J&W Scientific, Agilent Technologies, Santa 
Clara, CA, USA) was used. The temperature program used 
for analysis of α-pinene and linalool was 70 °C, held for 
17 min, and then increased to 220 °C at a rate of 8 °C/min 
and the program for analysis of β-pinene and limonene 
was 70 °C, held for 26 min, and then increased to 100 °C 
at a rate of 10 °C/min. The constant pressure was 20 psi.

2.5.3. ITMS
The electron ionization mass spectra of the compounds 
under study were recorded at 70 eV of ionization energy. 
Using the full-scan mode, the mass range that was scanned 
was 30–200 m/z, at a rate at 0.5 s/scan. The temperature 
transfer line was maintained at 200 °C. Compounds were 
identified by comparing their mass spectra and retention 
times with those of the standard compounds. Additionally, 

Table 1. relative peak areasa of target compounds determined by sPME-Gc-Ms.

amean (n = 3).

Variable % peak area

fibre T (°C) T(min) α-pinene β-pinene Limonene Linalool
PDMs 40 15 1.384 1.839 79.117 0.072
DVB-car-PDMs 40 15 1.901 1.436 80.355 0.091
PDMs 60 15 1.619 1.834 68.888 0.115
DVB-car-PDMs 60 15 1.157 1.286 73.268 0.146
PDMs 40 30 1.450 1.636 79.464 0.077
DVB-car-PDMs 40 30 1.792 1.459 77.870 0.100
PDMs 60 30 1.527 1.785 68.970 0.112
DVB-car-PDMs 60 30 1.323 1.442 74.887 0.116
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to separate α-pinene from linalool. Figure 2 shows the TIC 
(total ion current) of the enantiomer pairs of α-pinene 
and linalool. Figure 3 shows the TIC of the enantiomers 
of β-pinene and limonene. The two chromatograms were 
obtained from real samples studied in this work. When 
dealing with the separation of β-pinene and limonene, the 
cut was done very narrow in order to transfer only part 
of the sample due to the high concentration of limonene.

As stated in the previous section, two different temper-
ature programs had to be optimized to obtain the maxi-
mum separation of the chiral compounds. The resolution 
of the enantiomer pairs of α-pinene and β-pinene was 
improved using isotherms at 70  °C. This higher initial 
temperature eliminated peak broadening. The peaks of 
α-pinene and β-pinene were wider than those of limonene 
and linalool. This result was expected because a constant 
temperature can increase the peak width, whereas the 
peaks resolved under temperature ramping were narrower.

The resolution of the peaks of α-pinene, β-pinene and 
limonene was greater than 1.5 and that of the linalool peak 
was 1.3. A long analysis time was required to achieve these 
levels of separation.

the mass spectra of the compounds studied were com-
pared to those in the NIST 2012 Library using MSView 
software. The order of elution of the enantiomers was 
obtained from data reported in the literature (14,26) and 
obtained through analysis of the commercial standards.

2.5.4. Statistical analysis
All of the experiments were performed in triplicate. The 
mean values, the standard deviations (SD) and coeffi-
cients of variation (CV) were determined. The mean val-
ues obtained for the experimental groups were compared 
using Student’s t-test, with a p-value of ≤ 0.05 considered 
significant.

3. Results and discussion

3.1. Separation of target compounds

The chiral compounds selected for this study were those 
that are most abundant in lemon fruit (α-pinene, β-pinene 
and limonene), as well as one of the principal odorant 
compounds (linalool) (27). As shown in Figure 1, two 
injections with two cuts each one were done, the first one 
to separate β-pinene from limonene and the second one 

Figure 1. total ion chromatogram (tic) from real sample with the cuts of α-pinene, β-pinene, linalool and limonene.
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compounds (14,30). To avoid this high-temperature-in-
duced racemization, SDE at reduced pressure (V-SDE) 
was tested.

The minimum amount of lemon submitted to V-SDE 
weighed at least 10 g due to the extraction characteristics. 
The lemons were first subjected to extraction using the 
SPME technique, and the same lemons were subsequently 
extracted using the V-SDE technique. The percentage of 
the R enantiomers of α-pinene, β-pinene, linalool and 
limonene that were extracted using the V-SDE technique 
is shown in Table 3.

Although the VOCs were extracted at low temperatures 
using the V-SDE technique, the peels had to be scraped off 
and added to water. Subsequently, the medium may have 
become acidic, which would particularly affect linalool, 
but this does not occur because no significant differences 
between the percentage of R enantiomers of α-pinene, 
β-pinene, limonene and linalool obtained using SPME 
or V-SDE were observed (Figure 4(a) and (b)). Ruiz del 
Castillo et al. (2003) reported differences between the 
results obtained using SPME and SDE, but they employed 
SDE at atmospheric pressure. These results show that 

3.2. Comparison of the two extraction methods 
applied, V-SDE and SPME

SPME is one of the recommended techniques to avoid 
racemization and generation of artifacts during process-
ing, and it can be used to collect VOCs from live plants 
with minimal disturbance (28,29). As stated before, to 
prevent from racemization when obtaining the lemon oil, 
SPME was directly applied to the entire lemon fruit. The 
percentage of the R enantiomers of α-pinene, β-pinene, 
linalool and limonene that were extracted using SPME is 
shown in Table 2. Samples of lemons ranging from 0.1 g 
to approximately 160 g (stages I and II) were analysed. In 
addition, more lemon samples with larger size were ana-
lysed, but they were discarded because they had started 
ripening (stage 3).

SPME is a solventless and rapid method generating 
only one sample to be analysed whenever it is applied. 
Sometimes more than one analysis should be carried out 
and more amount of sample is necessary; this problem 
should be solved by V-SDE.

During SDE extraction at atmospheric pressure, the 
relatively high temperatures applied might cause a ther-
mal generation of artefacts or racemization of some 

Figure 2. total ion chromatogram (tic) of α-pinene and linalool in lemon fruit, obtained using sPME enantio-MDGc-Ms.

Figure 3. total ion chromatogram (tic) of β-pinene and limonene in lemon fruit, obtained using sPME enantio-MDGc.
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Table 2. relative % of r enantiomera in lemon fruit extracted by sPME.

a ±standard deviation (%) (n = 3).

Weight (g) α-pinene β-pinene Limonene Linalool
0.134 25.201 ±0.250 2.816 ±0.039 98.302 ±0.038 96.061 ±0.099
0.200 22.082 ±0.074 3.366 ±0.062 97.952 ±0.246 95.426 ±0.127
0.210 24.915 ±0.048 4.176 ±0.214 99.998 ±1.032 94.768 ±0.148
0.214 25.485 ±0.037 6.048 ±0.054 97.996 ±0.092 93.366 ±0.218
0.550 30.646 ±0.037 5.925 ±0.165 98.153 ±0.707 89.506 ±0.196
0.910 27.023 ±0.425 4.766 ±0.057 98.088 ±0.029 94.346 ±0.105
1.139 27.055 ±0.366 3.946 ±0.063 97.994 ±.088 94.277 ±0.201
1.980 25.221 ±0.186 5.544 ±0.117 97.374 ±0.145 93.546 ±0.078
2.810 25.651 ±0.214 6.945 ±0.014 95.331 ±0.089 91.391 ±0.374
3.780 28.276 ±0.387 3.852 ±0.247 98.696 ±0.247 92.824 ±0.182
4.238 29.330 ±0.229 6.652 ±0.130 97.796 ±0.058 88.417 ±0.146
7.153 26.465 ±0.092 5.547 ±0.072 97.764 ±0.050 87.256 ±0.220
10.307 27.611 ±0.165 5.726 ±0.052 97.752 ±0.234 77.781 ±0.019
10.740 24.671 ±0.130 5.726 ±0.296 97.752 ±0.179 86.741 ±0.061
13.943 24.722 ±0.144 4.648 ±0.273 97.945 ±0.023 81.629 ±0.147
13.991 22.641 ±0.291 5.279 ±0.411 97.559 ±0.104 78.447 ±0.580
20.760 24.461 ±0.207 5.337 ±0.158 97.199 ±0.241 86.301 ±0.368
21.589 22.869 ±0.239 5.279 ±0.198 97.725 ±0.178 80.720 ±0.354
21.860 26.087 ±0.285 5.709 ±0.147 97.010 ±0.062 76.353 ±0.561
31.016 23.437 ±0.353 5.918 ±0.568 97.704 ±0.058 84.709 ±0.074
32.294 26.045 ±0.352 6.196 ±0.021 97.587 ±0.103 81.965 ±0.796
34.200 27.761 ±0.464 6.302 ±0.121 97.700 ±0.038 81.792 ±0.533
39.700 26.258 ±0.232 6.599 ±0.184 97.602 ±0.046 80.062 ±0.303
40.700 29.088 ±0.643 6.936 ±0.110 98.063 ±0.012 72.683 ±0.628
40.800 27.080 ±0.346 6.283 ±0.097 97.660 ±0.121 79.524 ±0.265
42.591 25.717 ±0.153 6.078 ±0.364 97.692 ±0.030 84.892 ±0.298
45.311 26.238 ±0.775 6.631 ±0.329 98.053 ±0.214 72.357 ±0.790
51.690 27.713 ±0.331 6.092 ±0.160 93.908 ±0.995 77.010 ±0.910
57.620 27.829 ±0.217 5.817 ±0.325 97.981 ±0.140 62.046 ±0.843
57.818 27.868 ±0.861 6.430 ±0.293 97.923 ±0.070 72.258 ±0.368
59.510 26.777 ±0.306 6.092 ±0.230 97.864 ±0.709 68.974 ±0.974
73.200 26.766 ±0.326 6.790 ±0.032 95.259 ±0.236 71.138 ±0.936
82.700 28.971 ±0.254 6.346 ±0.015 97.064 ±0.044 69.191 ±0.684
83.810 26.927 ±0.065 6.492 ±0.309 97.979 ±0983 66.027 ±0.236
94.060 28.692 ±0.456 6.886 ±0.346 97.864 ±0.073 64.757 ±0.378
96.159 27.455 ±0.345 6.646 ±0.052 98.486 ±0.017 63.314 ±0.896
96.230 27.771 ±0.802 6.070 ±0.160 98.486 ±0.043 64.513 ±0.102
106.200 29.903 ±0.916 6.645 ±0.417 96.704 ±0.235 59.500 ±0.504
109.358 26.698 ±0.032 6.346 ±0.512 97.959 ±0.879 62.909 ±0.538
110.468 26.908 ±0.094 5.947 ±0.390 96.533 ±0.202 64.129 ±0.325
122.000 27.963 ±0.356 6.002 ±0.290 98.221 ±0.320 59.727 ±0.398
130.000 27.532 ±0.322 5.998 ±0.326 98.146 ±0.325 63.331 ±0.452
140.502 26.927 ±0.062 6.646 ±0.094 98.486 ±0.125 66.027 ±0.653
152.136 28.060 ±0.048 6.406 ±0.631 98.179 ±0.700 66.680 ±0.155
157.847 27.899 ±0.785 7.045 ±0.288 98.159 ±0.262 64.629 ±0.235
Mean 26.638 5.843 97.681 77.851
stand. dev 1.859 0.970 0.956 11.655

Table 3. realtive % of r enantiomera in lemon fruit extracted by V-sDE.

a ±standard deviation (%) (n = 3).

Weight (g) α-pinene β-pinene Limonene Linalool
10.740 25.440 ±0.600 5.262 ±0.502 97.553 ±0.100 85.518 ±0.070
20.760 24.547 ±0.194 5.984 ±0.186 97.749 ±0.261 86.003 ±0.242
31.016 27.841 ±0.410 6.419 ±0.187 98.512 ±0.874 80.531 ±0.055
32.294 28.245 ±0.504 6.492 ±0.089 97.979 ±0.045 72.258 ±0.208
34.200 28.016 ±0.160 6.042 ±0.253 97.924 ±0.253 81.298 ±0.161
40.800 27.535 ±0.269 5.191 ±0.563 97.736 ±0.121 78.544 ±0.265
42.591 28.912 ±0.410 6.282 ±0.187 97.955 ±0.142 79.308 ±0.055
51.690 26.896 ±0.331 5.984 ±0.160 96.523 ±0.995 75.804 ±0.910
57.818 26.129 ±0.111 6.196 ±0.723 97.083 ±0.029 74.364 ±0.230
73.200 26.910 ±0 183 6.178 ±0.842 96.987 ±0.236 70.984 ±0.125
82.700 27.236 ±0.399 6.024 ±0.328 98.024 ±0.129 69.191 ±0.236
Mean 27.064 6.071 97.639 78.346
stand. dev. 1.283 0.327 0.567 5.371
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isomer (S > 94%) and (R)-limonene accounted for approx-
imately almost 99% of the limonene enantiomer content. 
The enantiomeric ratio of (S)-α-pinene to (R)-α-pinene 
in lemon fruit was approximately 73:27. Consequently, 
these volatile compounds can be used as indicators of the 
origin of essential lemon oil. These data are consistent with 
those reported in the literature (15,17). In contrast, the 
percentage of R-(−)-linalool decreased during the growth 
period, from 98 to 60% R. Therefore, linalool could not be 
considered a reference indicator.

Depending on their structures, compounds maybe 
more susceptible to generate their racemates. Based on 
the results shown in Figure 4(a) and (b), it can be inferred 
that linalool is a compound more likely to undergo struc-
tural changes, probably due to its open structure and a 
tertiary allylic alcohol, whereas α-pinene, β-pinene and 
limonene have closed structures. Under specific condi-
tions of pH and temperature, linalool may partially or 
completely racemise (31). Linalool is an excellent example 

applying low pressure is essential to maintain the proper 
enantiomer distribution.

3.3. Relationship between the enantiomer 
distribution and the growth cycle of lemons

After checking the coincidence of the results obtained 
from both extraction methods, the discussion was mainly 
based on SPME; since this method requires a small 
amount of matrix (lemon). Due to the aforementioned 
reason, lemons with weight below 1 g could be extracted.

When the results obtained using both extraction 
techniques were analysed (Table 2), it was found that the 
α-pinene, β-pinene and limonene enantiomer distribu-
tions of lemons did not nearly change during the growth 
cycle before the ripening stage was reached. Only, some 
slight variations can be detected in few of biggest lemons, 
probably because these fruits are in the beginning of mat-
uration (stage 3). (S)-β-Pinene was the major β-pinene 

Figure 4. Variations in the percentage of the r enantiomers of α-pinene, β-pinene, linalool and limonene according to the lemon weight 
when sPME (a) and V-sDE (B) were applied.
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By means of enantio-MDGC the study and evaluation 
of enantiomeric distribution of α-pinene, β-pinene, lin-
alool and limonene were carried out successfully during 
the lemon growth.

The consistency of the enantiomeric ratios of some 
of the chiral terpenes, such as α-pinene, β-pinene and 
limonene, during the growth of a lemon fruit (before rip-
ening) was demonstrated. And, the most important, the 
variability of the linalool enantiomeric ratio was showed. 
This evolution occurs naturally and spontaneously before 
beginning the maturation process.

The study of evolution of linalool provides new infor-
mation about products obtained from lemon and added 
in various foodstuffs, contributing to a better under-
standing of enantiomers evolution during lemons growth 
and, consequently, to a greater awareness of the enantio-
meric biosynthesis of terpenes which allows studying the 
authenticity of lemon fruit.

Chemical compounds studied in this article

α-pinene (PubChem CID: 6654); β-pinene (PubChem 
CID: 14896); linalool (PubChem CID: 6549); limonene 
(PubChem CID: 22311).
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