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Abstract

Tomato peel by-products contain high levels of lycopene, which has traditionally been extracted using organic solvents.
This research focuses on the optimisation of a sustainable method to obtain a lycopene-rich extract using the biodegradable
anionic surfactant sodium dodecyl sulphate (SDS). A Plackett—Burman experimental design was used to investigate the
effect of seven factors on the extraction of carotenoids from tomato peels using sodium dodecyl sulphate (SDS volume and
concentration, homogenisation intensity and time, sonication phase, extraction time and ultracentrifugation intensity). Based
on the responses of total carotenoid extraction, the SDS volume, the use of ultrasound and the extraction time significantly
influenced the extraction yield and were selected for optimisation using a Box—Wilson experimental design. The final green
extraction protocol (1 g sample + 11.9 ml SDS 0.3%, homogenisation at 13,500 rpm for 2 min, ultrasound phase, agitation
for 8.2 h and ultracentrifugation) was selected after quantification of total carotenoids by UV-VIS and HPLC-DAD. Finally,
we used nuclear magnetic resonance to demonstrate a high lycopene purity in the carotenoid extract obtained. Furthermore,
using transmission electron microscopy, we observed the presence of intact chromoplasts in the extract, protecting the
carotenoids from the exposure to external agents. Thus, this work reports an optimised method for the sustainable extrac-
tion of carotenoids and demonstrates the viability of the degradable solvent SDS for the extraction of liposoluble bioactive
compounds, like carotenoids and mainly lycopene. The lycopene extract could be used for the technological and nutritional
enrichment of new foods and/or the design of nutraceuticals.
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Introduction

Carotenoids are the most efficient singlet oxygen ('0,)
quenchers found in nature (Kruk & Szymanska, 2021);
specifically, lycopene and B-carotene have high antioxidant
capacity by quenching the singlet oxygen rate and trapping
peroxyl radicals (Di Mascio et al., 1990). The beneficial
effects of carotenoids on human health have been widely
described, not only due to their antioxidant activity, but also
due to their ability to improve gap junctional intercellular
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communication and to modulate gene expression and meta-
bolic pathways (Meléndez-Martinez, 2019). Carotenoids
cannot be synthesised by the human body, so they are
ingested in the daily diet, mainly through the consumption
of coloured plant foods, where they are accumulated in the
chromoplasts. Hence, there is a general interest in promot-
ing their consumption as part of a healthy diet. Particularly,
lycopene, the predominant carotenoid in tomato, exerts a
hypocholesterolaemic effect (Navarro-Gonzélez et al.,
2014), and a beneficial effect in the prevention of cardio-
vascular and neurodegenerative diseases and several types
of cancer (Saini et al., 2020).

The tomato processing market produced 39.185 mil-
lion kilos worldwide in 2021, being one of the most
consumed fruits in the world. In addition, Spain was the
fourth largest producer with 3.185 million kilos (Ctaex,
2022). The tomato industry generates waste about 4% of
fresh processed tomatoes, in the form of peels, seeds or
pulp, which are an interesting source of lycopene and
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B-carotene (Méndez-Carmona et al., 2022; Navarro-
Gonzilez et al., 2011). By reusing the solid waste, a
carotenoid-rich extract can be obtained from a natural
source, providing a value-added ingredient that can
respond to the increasing demand for functional foods,
nutraceuticals, active packaging and cosmetics, contain-
ing mainly lycopene but also B-carotene (Madia et al.,
2021; Messinese et al., 2023).

For carotenoid extraction, organic solvents have been
used in conventional methods, but such extraction pro-
cesses have long exposure time, generation of hazardous
volatile organic compounds, residual amounts of the sol-
vents and a negative impact on health, safety and envi-
ronment (Madia et al., 2021; Zuorro et al., 2013). The
lipophilic nature of carotenoids makes them difficult to
extract using environmentally friendly methods. For exam-
ple, supercritical CO, extraction has been shown to be an
interesting method to eliminate the use of organic solvents,
but this technique requires the addition of a co-solvent
(such as ethanol or vegetable oils) to increase the solu-
bility of the carotenoids (Pereira & Meireles, 2010) and
high investment costs for the industry (Kehili et al., 2017).
Other green extraction technologies would be microwave-
assisted extraction (MAE) (Nonglait & Gokhale, 2023) or
high-pressure extraction (HPE) (Lopez-Cruz et al., 2023),
and although both methods have low solvent requirements,
MAE would cause an increase in matrix temperature which
may lead to pigment degradation, while HPE causes severe
damage to plant cells and may expose carotenoids to envi-
ronmental factors.

For this reason, in the last decade, there is an interest in
applying the principles of green chemistry to the extrac-
tion of carotenoids using processes that are economically
and environmentally sustainable, such as the microemulsion
technique using biodegradable surfactants. Sodium dodecyl
sulphate (SDS) is a biodegradable anionic surfactant that is
used in the pharmaceutical and cosmetic industries. In addi-
tion, the FDA recognises SDS as a safe substance (21 CFR
172.822, GRAS) and can be used as an emulsifier additive
in some food products (FDA, 2023). SDS forms micelles
when dissolved in water and incorporates cell chromoplasts
into the micelles, thereby extracting carotenoids into the
chromoplasts, and potentially preventing their isomerisa-
tion and degradation by oxidation. Several factors (such as
temperature, chemical reactions, heat treatment and expo-
sure to light) cause isomerisation from all-E carotenoids to Z
geometric isomers. Although isomerisation has been related
with improved bioavailability and bioactivity of lycopene,
Z-isomers are more easily oxidised than all-E ones, which
isomerisation contributes to the lycopene instability leading
to the oxidation cleavage compounds (apo-lycopenals and
apocarotendials) (Meléndez-Martinez et al., 2004; Schieber
& Carle, 2005).
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In addition to the microemulsion procedure, the ultrasound-
assisted extraction has been reported to increase the extrac-
tion of carotenoids in oil due to the breakage of cross-links
between these compounds and other macromolecules, thus
its effortless integration into established processes and nota-
bly higher efficiency distinguish it from other eco-friendly
alternatives (Gouda et al., 2021). Although some studies have
proposed SDS as solvent for carotenoids extraction from dif-
ferent plant foods (such as watermelon, papaya and tomato)
and brown seaweeds, these methods either add the organic
solvent acetonitrile to precipitate and obtain the carotenoids
extract (Fish, 2006, 2007) or only solubilised the lycopene
in the SDS, without recovery of carotenoids from the micro-
emulsion (Vieira et al., 2018).

With the aim of optimising the analytical conditions for the
extraction of carotenoids with SDS from tomato by-products,
these conditions were optimised by two consecutive steps
(Joglekar & May, 1987). The first step was to identify how
many of the apparent critical factors (ACFs) selected from
scientific literature and our own experience were influencing
factors (IFs) for the analytical procedure using the Plackett—
Burman experimental design 2%, which is a very useful
tool for obtaining the best results in terms of extraction yield
(Box & Hunter, 1961; Robinson, 2000). The second step
was to find the best combinations and levels of the IFs to
obtain the most sensitive and efficient extraction method.
To do that, a Box—Wilson experimental design was used,
as the result of superimposing a factorial at two levels (2V)
on a star design N+ (Araujo & Brereton, 1996; Box &
Hunter, 1961). Finally, in order to describe the relationship
between IFs and responses (extracted carotenoids), we used
the response surface methodology (RSM), which comprises
a set of techniques used in the empirical study of relation-
ships between one or more responses and a group of input
factors, to locate the highest response value (Cornell, 1990;
Yolmeh & Jafari, 2017). Once the microemulsion method
for carotenoid extraction with SDS from tomato peels was
optimised, we examined the lycopene purity of the extract
obtained by ultracentrifugation, as an alternative method to
the use of organic solvents, using nuclear magnetic resonance
(NMR). Furthermore, we used transmission electron micros-
copy (TEM) to observe the presence of intact chromoplasts
in the extract, protecting the carotenoids from the exposure
to external agents.

Material and Methods
Reagents and Chemicals
Carotenoid standards (lycopene and f-carotene) were pur-

chased from LGC Standard (Barcelona, Spain). Sodium
dodecyl sulphate (SDS) was obtained from Sigma-Aldrich
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Table 1 Apparent critical factors (ACF) considered on the Plackett—
Burman experimental design at resolution IV level obtained via fold-
over strategy

ACF Symbol Levels

Coded Actual -1 +1
SDS volume (ml) X, SDS, 10 20
SDS concentration (%) X, SDS. 0.3 0.5
Homogenising intensity (rpm) X, H; 8000 13,500
Homogenising time (min) Xy Hy 1 2
Sonication phase® X Sp No Yes
Extraction time X6 E; 2 12
Ultracentrifugation intensity (g) X, UG, 25,760 50,349

Levels factors are expressed in coded and actual units, and experi-
mental ranges considered for each one

aThe sonication phase lasted 10 min based on the previous work
from Navarro-Gonzalez et al. (2011)

(Steinheim, Germany). Ethanol, methanol (MeOH), hexane,
tert-butyl methyl ether (TBME) and acetonitrile (ACN) of
HPLC grade, as well as acetone, were purchased from Hon-
eywell (Seelze, Germany).

Plant Material

The samples used in the present study were raw tomato peels
of different cultivars obtained as a by-product from a local
vegetable processing industry (Murcia, Spain). After col-
lection, the samples were immediately transported to the
laboratory, where they were stored in opaque plastic bottles
at—80 °C until analysis. Before starting the optimisation

experiment, the physico-chemical characteristics of the sam-
ple were determined to know the moisture and soluble solids
(SS) content, pH and total acidity. Briefly, moisture content
was analysed by drying in an oven (Red LINE; Binder, Tut-
tlingen, Germany) at 100 °C for 24 h. SS were analysed using
an Anton Paar refractometer (Abbemat 200; Anton Paar,
Graz, Germany). Total acidity and pH were analysed with
a pH meter (Lab 850; SCHOTT, Germany) after homogeni-
sation of 10 g of tomato peel with 50 ml of distilled water
using an Ultra Turrax (DI25 Basic; IKA, Germany). The
acidity, expressed as citric acid, was then analysed by poten-
tiometric titration according to the AOAC (1990) method
(942.15, ISO 750:1981). The tomato peel sample had a
moisture content of about 90%, an average SS content of
0.86°Brix, a pH of 4.34 and a citric acid content of 0.25%.

Experimental Design

A Plackett—Burman experimental design 27~* with increas-
ing resolution from III to IV via a fold over strategy to 27>
was used (Table 1) and 16 assays or runs were carried out
in a specified trial (randomised order) to identify the most
influencing factors affecting the extraction of carotenoids
from tomato peels avoiding variations of any external effect
(see Table 2 in ‘Results and Discussion’ section).

Seven apparent critical factors (ACFs) were selected
based on the experience of our research group and com-
monly studied factors found in the literature (Periago
et al., 2007; Silva et al., 2019; Umair et al., 2021), which
were coded X;, where i =1-7. Each variable was studied

Table 2 Results of content of total

. ) Trial X, X, X, X, Xs Xs X5 R

carotenoids determined by UV

spectrophotometry (A=472 nm) 1 -1 +1 +1 +1 +1 -1 -1 1.333

Demscdsnye™ 2 a0 a0 os

Burman experiments 3 -1 -1 +1 -1 +1 +1 +1 0.759
4 +1 -1 -1 +1 +1 -1 +1 1.690
5 -1 -1 +1 +1 -1 -1 +1 0.990
6 -1 +1 +1 -1 -1 +1 -1 0.553
7 +1 +1 +1 +1 +1 +1 +1 0.310
8 -1 -1 -1 +1 +1 +1 -1 0.224
9 +1 +1 -1 -1 +1 +1 -1 0.187
10 +1 -1 -1 -1 -1 +1 +1 0.119
11 +1 +1 +1 -1 -1 -1 +1 0.274
12 -1 -1 -1 -1 -1 -1 -1 0.919
13 +1 -1 +1 +1 -1 +1 -1 0.361
14 +1 -1 +1 -1 +1 -1 -1 0.690
15 -1 +1 -1 -1 +1 -1 +1 0.790
16 +1 +1 -1 +1 -1 -1 -1 0.459

Apparent critical factors (ACFs): SDS volume (X;) and concentration (X,), homogenisation intensity (X5)
and time (X,), sonication phase (Xs), extraction time (X¢) and ultracentrifugation intensity (X;)
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at a low level (—1) and a high level (+1). The follow-
ing ACFs were selected: SDS volume (SDS,, X,); SDS
concentration (SDS, X,); homogenising intensity (Hj,
X3); homogenising time (Hy, X,); sonication phase (Sp,
X5); extraction time (Ep, X,); ultracentrifugation intensity
(UC}, X;). Table 1 shows the ACFs, the assigned codes and
their experimental design levels.

After running the first Plackett—-Burman experimental
design, a response surface methodology according to the
Box and Wilson design (Box & Wilson, 1951) was car-
ried out to optimise the selected IFs by selecting different
levels of the identified IFs.

Effect of the Apparent Critical Factors
on the Carotenoid Extraction

For the extraction of carotenoids and the evaluation of the
ACFs, we followed the method described by Fish (2007)
with some modifications according to the different levels
indicated for the ACFs. For each of the 16 experiments,
1 g of tomato peel by-products was weighed on a precision
balance (PA114; Ohaus Pioneer, Pine Brook, USA), and
then SDS was added in different volumes (X, SDS,=10
or 20 ml) at different concentrations (X,, SDS-=0.3 or
0.5%). Samples were homogenised using an Ultra-Turrax
(DI 25 basic; Staufen, Germany) at different intensities (X,
H;=8000 or 13,500 rpm) and times (X,; Hr=1 or 2 min)
to allow tissue disruption. The pH was adjusted to 7+ 0.1
using a pH meter (Lab 850; SCHOTT, Germany) to achieve
effective solubilisation of chromoplasts in SDS.?! Depend-
ing on the experiments, some of the trials were sonicated
(X5, S,=no or yes for 10 min) with the ultrasound (5510;
Branson, Danbury, USA) to facilitate the extraction of the
chromoplasts. To improve the extraction, the tubes, pro-
tected from light with aluminium foil, were placed on an
orbital shaker (N12E; OVAN, Barcelona, Spain) for differ-
ent periods of time (X4, Ey=2 or 12 h) to allow denatura-
tion and solubilisation of cellular components. To remove
plant material, the mixture was centrifuged (5804 R;
Eppendorf, Germany) at 1562 X g for 15 min. After centrif-
ugation, the supernatant containing carotenoid organelles
was kept and the colourless plant tissue at the bottom of
the tube was discarded. In this last step, we introduced the
main modification to the original procedure described by
Fish (2007) because instead of precipitating the chromo-
plasts with acetonitrile, we proposed to isolate them by
ultracentrifugation. Thus, the last ACF was ultracentrifuga-
tion at different intensities (X, UC;=25,760 or 50,349 X g)
for 45 min, using a Beckman centrifuge (J2-21, California,
USA). Finally, the pellets were recorded, and the extracted
carotenoids were measured by spectrophotometry to deter-
mine the yield of each trial.
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Optimisation of the Influencing Factors

After identifying the IFs (X, and X;), a Box—Wilson
experimental design (see Table 3 in ‘Results and Dis-
cussion’ section) and RSM were applied to optimise the
extraction of carotenoids following a microemulsion pro-
cedure using SDS. In the ten trials, five different levels
were given for each IF, within a range of values previously
established. Tomato peel by-products (1 g) were weighed
and a 0.3% SDS solution was added in different volumes
(X, SDS,), ranging from 3.8 to 12.2 ml, and the samples
were immediately homogenised using an Ultra Turrax (DI
25 basic, Yellow line; Staufen, Germany) at 13,500 rpm
for 2 min. The pH was adjusted to neutrality (pHmeter
Lab 850; SCHOTT, Germany), and then the samples were
sonicated for 10 min (5510; Branson, Danbury, USA). The
tubes were then protected from light with aluminium foil
and placed on an orbital shaker (N12E; OVAN, Barce-
lona, Spain) for different times (X;, Ep), ranging from
46 min to 9 h and 14 min. To remove plant material, the
mixture was centrifuged (5804 R; Eppendorf, Germany)
at 1562 x g for 15 min. The supernatant was ultracentri-
fuged (J2-21; Beckman, California, USA) at 50,349 X g for
45 min. The pellet containing chromoplasts was analysed
to obtain different responses: the total carotenoid content
by spectrophotometry (R,) and the amounts of the individ-
ual carotenoids analysed by HPLC-DAD, p-carotene (R,),
Z-isomers of lycopene (R;), all-E-lycopene (R,) and total
carotenoids, as the sum of the identified compounds (Rs).

Quantification of Total Carotenoids
by UV Spectrophotometry

The total carotenoid content was quantified in the pellets
isolated in the ACFs study and the optimisation assay of
IFs, according to a spectrophotometry method (Dzakovich
et al., 2019). Briefly, the pellet containing carotenoids was

Table 3 Effects of ACFs on total carotenoids response and their sta-
tistical significance

ACF Response
Coded Actual Effect p

SDS volume (ml) X, SDS, -0.224 0.244*
SDS concentration (%) X, SDS. -0.193 0.309
Homogenising intensity (rpm)  X; H; 0.073 0.693
Homogenising time (min) X, Hy 0.172 0.364
Sonication phase X5 Sp 0.251 0.197%
Extraction time X, Ep -0.539 0.016*
Ultracentrifugation intensity (g) X, UG, 0.065 0.722

2A strong effect was considered when p <0.25, and then the factor
was considered as an IF
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suspended in 10 ml of hexane/acetone/ethanol (2:1:1; v/v/v)
and vortexed (VM-10; WiseMix, Korea), then the samples
were sonicated for 2 min and then 2 ml of water was added.
The solution was allowed to stand for 5 min to separate into
a distinct polar layer and a nonpolar layer (hexane fraction)
containing the carotenoids. Carotenoids were measured by
reading the absorbance in a spectrophotometer (Evolution
300; Thermo Scientific, England) at A =472 nm, the maxi-
mum wavelength of absorbance of lycopene. Total carot-
enoids were expressed as milligrams per 100 g fresh weight
(FW) of tomato peel using the molar coefficient of lycopene
(E1% 3450).

Quantification of Individual Carotenoids
by HPLC-DAD

The HPLC-DAD method was used to determine the indi-
vidual carotenoids in the IFs optimisation step. The pellets
isolated in the ten trials were mixed with 10 ml of hexane/
acetone/ethanol solution mentioned above, and 1 ml of the
hexane containing carotenoids was evaporated in the speed
vacuum concentrator (Concentrator plus; Eppendorf, Ger-
many), then, 250 pl of MeOH/TBME (1:1, v/v) was added,
sonicated for a few seconds and injected into the HPLC
system (1200; Agilent Technologies, Spain) fitted with a
quaternary pump, a degasser, a thermostatic column sup-
port, an autosampler and a serial diode detector (DAD). The
identification and quantification of carotenoids by chromato-
graphic techniques was carried out according to the method
described by Gonzalez-Barrio et al. (2018). Briefly, chro-
matographic separation was carried out on a C30 column
(250% 4.6 mm, 5 um) (Analisis Vinicos S.L., Tomelloso,
Spain) at 17 °C, with the mobile phases fert-butyl methyl
ether (A) and MeOH (B) and a flow rate of 1 ml/min. The
gradient started with 2% of solvent A, reaching 35% of
solvent A at 35 min, 60% at 45 min and 60% at 55 min,
followed by washing and return to the initial conditions.
Carotenoids were identified by their UV spectra and reten-
tion times by chromatographic comparison with authen-
tic standards (Garcia-Valverde et al., 2013). B-Carotene
(calibration curve 0.16—-65 pg/ml; LOQ: 0.08 pg/ml; LOD:
0.014 pg/ml) was quantified at 450 nm, while all-E-lycopene
and its Z-isomers were quantified at 472 nm (calibration
curve 0.15-60 pg/ml; LOQ: 0.08 pg/ml; LOD: 0.014 pg/
ml). The results were expressed as milligrams of carot-
enoids/100 g FW of tomato peel.

Precipitation of Chromoplasts Containing
Carotenoids Using Acetonitrile

Once the protocol for the carotenoids extraction from tomato
peels was optimised, we proposed an alternative final
step to the method described by Fish (2007) to precipitate

chromoplasts containing carotenoids, in which chromoplasts
were precipitated using ultracentrifugation instead of the
organic solvent acetonitrile (ACN). Thus, we compared both
ACN and ultracentrifugation methods. To this end, 11 ml
of ACN was added to the supernatant, allowed to stand for
15 min and centrifuged at 1000 X g for 5 min to collect the
precipitate rich in carotenoids (Fish, 2007).

Integrity of Chromoplasts by Transmission
Electron Microscopy

Transmission electron microscopy (TEM) was carried out
to ascertain the integrity of the chromoplasts precipitated by
ultracentrifugation in comparison with the original method
using ACN (Fish, 2006, 2007). Both samples were covered
with solution A (8% formaldehyde, 25 mg calcium chloride
and 25% glutaraldehyde and phosphate buffer) and were
allowed to fix for 2 h under refrigeration. After three washes
with phosphate buffer pH 7.2 for 30 min, post-fixation with
1% osmium tetroxide for 2 h 30 min was performed in the
dark and under refrigeration. After washing the sample with
phosphate buffer pH 7.2 for 12 h, the samples were covered
with uranyl acetate for 2 h under refrigeration. The samples
were then dehydrated using ethanol applied at different con-
centrations. For incorporation into Spurr resin, the above was
removed and pure resin was added for 12 h in refrigeration. As
a final step before visualization in the JEM-1011 (JEOL) trans-
mission electron microscope with GATAN (ORIUS) digital
contrast camera, sections were cut and mounted on grids, then
counterstained with uranyl acetate and lead citrate.

Lycopene Purity by Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) was performed to deter-
mine the lycopene purity of the two carotenoid-rich precipitates
isolated by ultracentrifugation or ACN. To do that, 5 mg of the
sample was freeze-dried (Lyoquest-80; Telstar, Terrasa, Spain),
dissolved in dichloromethane and analysed in a 600-MHz spec-
trometer (UltraShield; Bruker Advance, Bremen, Germany),
adjusting the parameters of the 'H-NMR experiments.

Results and Discussion

Regarding the Plackett—-Burman experimental design,
Table 2 shows the ACFs total experimental design with two-
levels by factor (—1 and +1) and the response values in terms
of milligrams of total carotenoids/100 g FW of tomato peel
for each one of the 16 experimental conditions tested.
Experiments were carried out on the trial column order
to avoid erroneous conclusions due to extraneous sources
of variability introduced by the experimenter (Joglekar
& May, 1987; Robinson, 2000). To select the significant
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ACFs, the carotenoid content in the samples were analysed
by UV spectrophotometry, as this technique allows easier,
faster and cheaper analyses for the initial screening of the
total carotenoid content. The results ranged from the low-
est value of 0.31 mg carotenoids/100 g in trials 2 and 7 to
1.69 mg carotenoids/100 g in trial 4. The differences in the
levels of carotenoids were due to the different conditions
used in the assays (trials). The effect of the seven selected
ACFs on total carotenoid extraction and the statistical sig-
nificance are shown in Table 3. The results obtained in
the screening phase can be discussed on the basis of three
empirical statistical principles, i.e. the sparsity principle
(only a small number of the candidate factors are critical),
the hierarchy principle (primary effects are more likely to
be critical than secondary effects from two-factor inter-
actions, which in turn are more likely to be critical than
three-factor interactions, and so forth) and the heredity
principle (it is unusual for an interaction to be critical
unless at least one of the factors involved has an active
primary critical effect). A strong effect was considered
when p <0.25, and then the ACFs with this significance
were identified as the IFs.

Of the seven ACFs, only three were recognised as IFs,
the SDS volume (SDS,) (X,), the sonication phase (Sp)
(X5) and the extraction time (E;) (Xg). In the case of
factor X, (SDS,), a significant (p <0.244) but negative
effect (—0.224) was obtained, which explains that a bet-
ter extractability of carotenoids was achieved when the
low level of this factor (Ievel —1) was used, 10 ml of SDS
instead of 20 ml. The volume of SDS added to the sample
determined the solid-liquid ratio and was considered the
most significant variable for the extraction of carotenoids
with SDS in brown algae (Vieira et al., 2018), since when
the solid-liquid ratio decreased, the yield of extraction of
carotenoids increased. Therefore, our results agree with
those findings, since the volume of 10 ml of SDS (solid/
liquid ratio 1:10) was preferable compared to the 20 ml
(solid/liquid ratio 1:20).

Previous works pointed out the importance of the selec-
tion of the SDS concentration (SDS.) (X,) to promote
cell disruption and assist the solubilisation of hydropho-
bic carotenoids from different food matrices (Fish, 2006;
Vieira et al., 2018). This factor had a negative effect in
our experiment, where 0.3% SDS (level —1) was preferred
to 0.5%. Although this variable was not significant in the
experimental design, the effect of the SDS. to obtain a
better yield of extraction of carotenoids may depend on
the critical micellar concentration (CMC), which ensures
an appropriate formation of detergent micelles. Our results
agree with those reported by Fish (2006, 2007) in different
plant systems, who described that 0.3% SDS was enough
to achieve the extraction of carotenoids. The increase of
the concentration of SDS from a 1.3 x CMC (0.3% SDS)
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to a 2.2 X CMC (0.5% SDS) did not have a significant
effect on improving the carotenoid extraction from tomato
peels, so it is reasonable to use the lowest concentration of
this anionic surfactant. However, our findings are not in
agreement with those reported by Vieira et al. (2018), who
described that the capacity of SDS to extract carotenoids
from the brown algae seemed to depend on the CMC until
reaching 20 X CMC. Factors X; (homogenisation intensity,
H)) and X, (homogenisation time, Hy) had an effect with a
positive sign but without statistical significance; therefore,
we chose level +1 (13,500 rpm and 2 min) for the follow-
ing experiments, considering that better homogenisation
of the tomato peels would be preferable to facilitate the
extraction of intact chromoplasts.

Factor X5 (sonication phase, Sp) was selected and studied
as a qualitative factor (yes/no as level +1/level —1, respec-
tively) and had a significant effect (p <0.197) with a posi-
tive effect (0.251). The positive level (Ievel +1), which intro-
duced a sonication phase of 10 min, should be considered as
an IF to improve the extraction of carotenoids from tomato
peels, being a constant in the next optimisation phase. In this
regard, ultrasound pre-treatment for lycopene extraction has
been recognised as an efficient method to improve the yield
and purity of the extracts while consuming less time and sol-
vents (Amiri-Rigi et al., 2016). Other authors described that
the use of ultrasounds during the extraction process could
be the cause of the formation of lycopene isomers in the
samples (Xu & Pan, 2013), which in our work accounted for
5-10% of the total lycopene obtained.

Factor X¢ (E1), when stirred for 2 h (level —1) or 12 h
(level +1) protected from light, showed a negative signifi-
cant effect (—0.539, p <0.016) (Table 3). Although a longer
period of homogenisation might be expected to improve the
solubilisation of chromoplasts in the SDS, the sensitivity
of carotenoids to external factors (such as temperature or
oxygen) might have determined that homogenisation for
12 h resulted in a lower extraction yield of carotenoids than
for 2 h. Fish (2006) found no significant differences in the
amount of lycopene extracted from watermelon flesh for
additional treatment times from 1 h up to 24 h, showing that
there were no losses of lycopene during the extraction and
solubilisation. Since tomato products require a longer con-
tact time with SDS for carotenoids extraction (Fish, 2007),
we tested in this study 2 and 12 h of maceration and shaking
in 0.3% SDS, showing that 12 h had a significant negative
effect. For this reason, 2 h was enough time to facilitate
the solubilisation of the chromoplasts in the extractant solu-
tion, considering this step as IF for the low level (level —1).
The last ACF X, was the UC,, ranging from 25,760 X g
(level —1) to 50,349 x g (level +1). Despite the very low
value of the positive effect of this factor (0.065), without
a significance, we considered the level +1 (50,349 X g) to
be preferable for the second phase of the study. Therefore,
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out of the three significant IFs obtained in the first phase
on the Plackett—-Burman experimental design, only two of
them (SDSy, and E}) were considered for the optimisation
phase, whereas, as mentioned above, the sonication phase
was introduced as a step in the procedure.

Once the two strongest IFs (SDSy, and E}) were identi-
fied, RSM was used based on the results obtained for the
Box—Wilson experimental design (Table 4) to find out the
best analytical conditions for five responses of the extracted
carotenoids analysed (R, —Rs). This optimisation experi-
ment suggested the evaluation of five different levels for
each of the selected IFs in order to ascertain a potential lin-
ear or quadratic response model in the extraction of total
carotenoids. Ten different trials were carried out and the
responses were: total carotenoids by spectrophotometry (R,),
f-carotene (R,), Z-isomers of lycopene (R;), all-E-lycopene
(R,) and total carotenoids by HPLC-DAD (R5), expressed as
milligrams per 100 g FW tomato peel (Table 4).

As expected, the major carotenoid found in the tomato
peel was all-E-lycopene followed by p-carotene (Garcia-
Valverde et al., 2013; Periago et al., 2002) (Table 4 and
Fig. 1). The yields of carotenoid extraction in the differ-
ent experiments varied according to the trial (analytical
procedure) and the individual compounds analysed. Total
carotenoids by spectrophotometry (R;) ranged from 0.69
to 3.62 mg/100 g FW, B-carotene (R,) ranged from 0.07
to 0.60 mg/100 g FW, Z-isomers of lycopene (R;) varied
from 0.06 to 0.20 mg/100 g FW, while all-E-lycopene (R,)
showed the highest amounts from 1.07 to 3.09 mg/100 g
FW. Total carotenoids (Rs), determined as the sum of the
individual compounds, ranged from 0.53 to 3.88 mg/100 g
FW. Trial 1 (11 ml SDS and 8 h of shaking) gave the

highest concentration of carotenoids for all responses,
with values of 0.59, 0.19, 3.08 and 3.88 mg/100 g FW for
R,, R;, R, and Ry, respectively, except for R;, which was
higher in trial 6 than in trial 1. In contrast, assay 2 (3.8 ml
SDS and 5 h shaking) had the lowest carotenoid concentra-
tion for all responses.

The highest value obtained for carotenoid extraction
from tomato peels (3.88 mg/100 g FW corresponding to
40 mg/100 g DW) was higher than previous results from our
research group using organic solvents combined with ultra-
sound, maceration or enzymatic assisted extraction (3—4 mg
lycopene/100 g DW) (Navarro-Gonzalez et al., 2011). In
addition, our values were also within the wide range
described in the scientific literature for lycopene extraction
from tomato peels using organic solvents (30—80 mg/100 g
tomato peels DW) (Ho et al., 2015; Szabo et al., 2021). In
comparison with other eco-friendly methods, supercriti-
cal CO, showed about 4 mg lycopene/100 g peel tomato
DW (Kehili et al., 2017) and the use of microemulsion
systems using the surfactant saponin reported values about
30 mg/100 g DW (Amiri-Rigi & Abbasi, 2017). Thus, the
present extraction method using SDS allows a higher extrac-
tion yield of carotenoids compared to other green methods,
avoiding the use of organic co-solvents, high investment in
technology used at pilot or industrial scale, and high energy
costs. In addition, the content of carotenoids extracted can
vary depending on the ripening stage of the tomatoes and
several factors including plant nutrition, environment and
genotype. These factors significantly impact carotenoid bio-
synthesis, affecting the carotenoid yields when compared
to results from other authors (Garcia-Valverde et al., 2013;
Periago et al., 2009).
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Table 5 Effects of IFs on
each response in terms

of total carotenoids by R,

spectrophotometry UV—
VIS (R)), B-carotene (R,),

Z-isomers of lycopene (Rj),

all-E-lycopene (R,) and total
carotenoids by HPLC-DAD ET(h) 0.06 0.89
(R5) and statistical significance

Factors Responses
R3 R4 R5
Effect p* Effect p Effect p Effect p Effect p
SDSy () 1.71 0.012 0.357 0.003 0.071  0.02 1.239  0.015 1.668  0.01
0.068  0.28 0.01 0.601 0.595 0.123 0.675 0.138
Interaction ~ 2.03 0.007 0.27 0.008 0.098  0.007 1.50 0.008 1.86 0.007

*p values <0.05 were considered statistically significant

As a result of this second stage of optimisation, SDSy,
(X)) had a positive and significant effect (p <0.05) for all the
responses analysed (Table 5), whereas for E} (X¢), although
a positive effect was also observed, it was not significant
for any of the responses. However, the interaction between

R,: Total carotenoids by UV-VIS

Y
o

X, and X, was significant for all responses, suggesting that
higher values of both variables resulted in higher carotenoid
extraction yields.

The Box—Wilson optimisation experimental design
confirmed that increasing the volume of SDS between 3.8

Rs: Total carotenoids by HPLC-DAD
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Fig.2 Factorial planning (2%): response surface plot on the yield of total carotenoids (mg/100 g FW) quantified by UV=VIS spectrophotometry
(R;) and HPLC-DAD (Rs), and the plot including the stationary point for the IFs SDS volume (X;) and extraction time (X)
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and 12.2 ml had a positive effect on the solubilisation and
extraction of carotenoids from tomato peels (p =0.012 for
R; 0.008 for R,; 0.007 for R5; 0.008 for R,; 0.007 for Rs,
respectively). The two-dimensional plot of the two-way
interaction between factors X, (SDSy) and X, (Et) is shown
in Fig. 2. In general, the extraction yield of carotenoids (for
the five responses analysed) can be similarly achieved at
both a high volume of 0.3% SDS and a long extraction time.
The stationary point of the system was found at a volume of
11.9 ml of SDS and an extraction time of 8.2 h (Fig. 2) since
the yield of carotenoid extraction did not increase when the
highest volume of SDS was used. This behaviour indicated
that the yield of carotenoid extraction increased up to the
saturation point.

On the other hand, R, and R, responses, corresponding to
[-carotene and all-E-lycopene, respectively, were highly cor-
related with Rs (total carotenoids by HPLC), with correla-
tion coefficient values of 0.955 and 0.996, meaning that the
effects of X, and X, were very similar in the extraction of
both compounds. In addition, the correlation between total
carotenoids analysed spectrophotometrically by UV-VIS
and HPLC-DAD was lower (r=0.86), which could be
explained because the colorimetric method overestimates
the content of total carotenoids in comparison with the chro-
matography analysis that quantified individual compounds
(Islam & Schweigert, 2015).

The final optimised protocol, according to the station-
ary point conditions, is shown in Fig. 3, and the steps were
as follows: 1 g of tomato peels was mixed with 11.9 ml of
0.3% SDS, immediately homogenised (2 min, 13,500 rpm)
and the pH was adjusted to~7. The samples were then
placed in an ultrasonic bath and sonicated for 10 min, after
which the samples were covered with aluminium foil and
shaken for 8.2 h at room temperature to facilitate the solu-
bilization of the chromoplasts in the SDS solvent. Then,
the vegetal material was removed by centrifugation at
1562 % g for 15 min. Finally, the supernatant containing
the chromoplasts was subjected to ultracentrifugation (UC)
(50,349 x g, 45 min), and the precipitate was recovered
as the carotenoid-rich fraction. As mentioned above, the
final step of UC was selected and tested as a novel step for
disrupting the microemulsion and extracting chromoplast-
containing carotenoids, instead of using acetonitrile (ACN)
and avoiding the use of this organic solvent described by
Fish (2007) for chromoplast precipitation. Thus, the opti-
mised method was applied to the extraction of carotenoids
from tomato peels, comparing the effect of the final step
UC versus ACN on the yield of total carotenoids analysed
by HPLC-DAD.

In our optimised protocol, the UC method led to a higher
carotenoid extraction than ACN since the amounts of total
carotenoids were 3.88 and 2.05 mg/100 g FW after UC and
ACN addition, respectively.

@ Springer

Moreover, we used the TEM and NMR analyses to com-
pare these two precipitation methods. TEM analysis was car-
ried out to evaluate the presence of the intact chromoplasts
after the precipitation with UC and ACN (Fig. 4).

In the case of the ACN-precipitated sample (image A),
no concise cellular structures were observed, whereas in the
UC-precipitated sample (image B), spherical microbodies
could be seen, likely corresponding to intact chromoplasts
with some amorphous materials representing residual cell
debris. Fish (2006) also found spherical microbodies with
a similar structure and size, which were identified as lyco-
pene-containing chromoplasts in an SDS extract of water-
melon. In addition, Schweiggert et al. (2011) also observed
a similar organelle structure in tomato samples when inves-
tigating the effect of chromoplast morphology on carotenoid
bioavailability. These images confirmed that the extraction
of carotenoids from tomato peels followed by UC allowed
the isolation of the carotenoid-containing chromoplasts,

11.9 ml SDS 0.3%
1 g sample ,

Homogenisation 13500 rpm/2min

JL

| Adjust pH ~7 |

-

| Ultrasound 10 min |

—

| Extraction 8.2 h, room T* |

=

’ Centrifugation 1562 g, 15 min |

=

Supernatant containing
chromoplasts

]!

Ultracentrifugation
50399 g, 45 min

LYCOPENE RICH
EXTRACT

Fig.3 Optimised carotenoid-extraction protocol using the micro-
emulsion technique with SDS
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Chromoplasts

Fig.4 Transmission electron microscopy photograph of chromoplasts precipitated with ACN (A) and by UC (B) at a magnification of 80,000x

firstly due to the solubilisation of the chromoplasts in SDS
and secondly after the precipitation of these organelles dur-
ing UC. On the contrary, in the pellet isolated with ACN we
could not find any chromoplast structure, only some amor-
phous materials after the TEM observation.

In order to confirm the presence of the major carotenoid
lycopene in the extract obtained from tomato peels, we used
NMR to tentatively identify the molecule by chemical shifts
of the proton and carbon signals. This technique provides
specific structural information about the molecules in a
sample. Chemical shifts in the NMR spectrum can be used
to distinguish between different chemical structures and is
preferred for assessing the purity of compounds compared to
UV spectroscopy or mass spectroscopy, as the former can-
not distinguish between structurally similar compounds, and

the second cannot give specific details about the purity and
structure of compounds (Liu et al., 2019; Pauli et al., 2014).
Figure 5 shows the 'H-NMR spectrum of both extracts,
showing clear differences between the two samples.

The sample precipitated with ACN (blue line) showed
a much lower intensity than the one precipitated with UC
(red line). The signal of the proton and carbon chemical
shifts are in agreement with the all-E-lycopene spectrum
reported in the scientific literature (Luxsuwong et al.,
2014; Takehara et al., 2013; Tiziani et al., 2006). These
results suggest that UC allowed the isolation of intact
chromoplasts after the solubilization in SDS, protecting
the carotenoids from exposure to external agents and,
consequently, avoiding their degradation. On the other
hand, a higher degradation of lycopene was observed in

B UTC-precipitation
B ACN-precipitation
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Fig.5 '"H-NMR spectrum (600 MHz) of the lycopene-rich extract obtained from UTC-precipitated (red line) and ACN-precipitated (blue line).

The chemical shifts of the 1H signals of lycopene are indicated
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the sample precipitated with ACN since, as mentioned
above, after the addition of ACN the chromoplast struc-
ture could be affected and, therefore, the carotenoids could
be more exposed to the different factors affecting their
degradation. Thus, based on the TEM and NMR results,
it seems that UC, as the last step of the present method,
protected the whole chromoplast structure and prevented
the degradation of carotenoids. The microemulsion yields
a highly concentrated residue abundant in lycopene after
the elimination of aqueous supernatant containing SDS.
From a toxicological point of view, the concentration of
SDS used in this procedure is within the oral dosage forms
in pharmacological industry (0.2-1.5%) (EMA, 2015) and
the expected residues of SDS should be low. In a subse-
quent phase of upscaling this method, the process needs
the development a procedure to solubilise the lycopene-
rich extract and to prepare a new ingredient that might be
used in the food industry and classified as ‘novel food’,
assuring the safety to human consumption.

Conclusions

The use of the biodegradable surfactant SDS for the extrac-
tion of carotenoids, mainly lycopene, from tomato peels has
been optimised, providing the agri-food companies with a
sustainable technological solution for the valorisation of by-
products for the extraction of a lycopene-rich extract. The
use of ultracentrifugation as a final step in this carotenoid
extraction method for the precipitation of solubilised carot-
enoid-containing chromoplasts may have greater advantages
than the use of acetonitrile since it involves a green method
eliminating the contamination provided by the organic
solvent, and obtaining an extract richer in lycopene with
intact chromoplasts that could prevent their oxidation. This
optimised protocol demonstrates the effectiveness of the
biodegradable solvent SDS for extraction of liposoluble
compounds, such as lycopene. Thus, this method allows
us to respond to the great demand from the food indus-
try to produce innovative added-value ingredients from
by-products using a sustainable extraction method. The
extracted carotenoids could be used for the technological
and nutritional enrichment of novel foods and/or the design
of nutraceuticals or cosmetics.
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