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Abstract
Recently, β- carotene has gained tremendous importance as a bioactive molecule due 
to the growing awareness of the harmful effects of synthetic products. β- carotene 
is a high- value natural pigment that has the highest demand in the global carotenoid 
market owing to its proven antioxidant properties relevant for several diseases. To 
date, Dunaliella salina is the most important producer of natural β- carotene and is the 
subject of important industrial efforts. However, the extraction of β- carotene remains 
challenging since all the proposed techniques present a risk of product contamination 
or loss of quality due to solvent residuals and low yields. The purpose of this study 
was to set up a green, ecological, and innovative process of extraction of the two 
major β- carotene isomers from the halophilic microalgae Dunaliella salina. Based on 
molecular modeling, docking, and drug design, we conceived and synthesized two 
chimeric peptides (PP2, PP3) targeting specifically the two major isomers: all- trans or 
9- cis β- carotene. The experimental protocol used in this study demonstrated the abil-
ity and the efficacy of those two peptides to cross the cell membrane and bind with 
high affinity to β- carotene isomers and exclude them toward the extracellular medium 
while preserving the integrity of living cells. Interestingly, the tested peptides (PP2, 
PP3) exhibit significant β- carotene extraction yields 58% and 34%, respectively, from 
the total of the β- carotene in microalgae cells. In addition to its simplicity, this pro-
cess is fast, independent of the source of the β- carotene, and selective. These results 
would allow us to set up a green, ecological, and very profitable process of extraction 
from microalgae containing high amounts of β- carotene. Our innovative approach is 
highly promising for the extraction of Dunaliella salina biomass on an industrial scale.
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1  |  INTRODUC TION

Carotenoids are natural pigments that are responsible for the bright 
colors of many fruits, vegetables, and algae. They also might be found 
in photosynthetic organisms like fungi and bacteria (Maoka, 2020). 
Most of these carotenoids have been extensively studied for their 
health benefits as antioxidant or anti- cancer agents. Moreover, they 
are widely used as valuable natural food colorants to the food indus-
try. This is argued by the fact that carotenoids could not be synthe-
sized by human beings from endogenous precursors; they are mostly 
acquired from the diet. Thereby, the global market for all carotenoids 
was US$ 1.5 billion in 2017 and is expected to reach US$ 2.0 billion 
by year 2026 (Ambati et al., 2019).

β- Carotene is one of the extensively used carotenoids, mainly in 
food, drug, and cosmetic industries (Krinsky, 2000). β- Carotene is a 
lipophilic high- value compound and a precursor of vitamin A (retinol) 
that belongs to the chemical class of isoprenoids (terpenoids) and is 
indispensable to allow proper function of the retina, epidermis, and 
mucous membranes (Chichili et al., 2005). Several studies showed 
antioxidant properties of β- carotene in vitro and in animal models. 
Thus, β- carotene has gained interest especially for its nutraceutical 
properties and its ability to prevent several diseases such as cardio-
vascular disease, cancer, inflammation, diabetes, and neural prob-
lems, including the possible prevention and treatment (Mayne, 1996; 
Nasri et al., 2014; Stahl & Sies, 2005). Recently, researchers found 
that β- carotene supplementation shows promising improvements in 
microbiota composition, and a reduced risk of diseases caused by 
microbiota dysbiosis (Lyu et al., 2018).

Nevertheless, β- carotene is composed of two major stable geo-
metric isomers: all- trans β- carotene, the common natural form of 
this pigment, and 9- cis β- carotene. Several experimental studies 
have suggested that the 9- cis β- carotene has a higher antioxidant 
and anti- cancer potency than that of the all- trans isomers (Levin & 
Mokady, 1994; Xuebo & Osawa, 2007). 9- cis β- carotene is one of the 
most potent precursors of retinoids. Recent evidence has suggested 
that 9- cis β- carotene might serve as an effective treatment for a 
range of retinoid dystrophies, including type 2 diabetes, obesity, 
certain types of cancer (breast, cervical, ovarian, and colorectal), 
mild, chronic plaque psoriasis, and a range of cardiovascular diseases 
(Hieber et al., 2000). To date, the large- scale β- carotene production 
is performed by either chemical synthesis using or from limited se-
lective natural resources. However, the synthesis of 9- cis β- carotene 
is scarce and difficult compared to all- trans forms. The difficulty 
in such synthesis is reflected by the high price of 9- cis β- carotene 
reaching €500,000/g (Harvey & Ben- Amotz, 2020).

Dunaliella Salina is a genus of unicellular algae belonging to the 
family Polyblepharidaceae. In stress conditions (high salinity, high 
light intensity, or nutrient starvation), Dunaliella Salina produces nat-
urally high amounts of carotenoids (up to 14% of its dry mass) as 
a protection mechanism. This massive accumulation of β- carotene 
has led to interesting biotechnological applications (Tafreshi & 
Shariati, 2009; Xu & Harvey, 2019). In fact, these microalgae are 
commercially advantageous to cultivate for industrial applications 

as they exhibit fast growth with simple nutritional requirements. 
Interestingly, Dunaliella Salina naturally produce large concentrations 
of all- trans (50% of β- carotene composition) and 9- cis β- carotene 
(>40% of β- carotene composition). With this isomer composition, 
the algae- derived pigment is claimed to be healthier than the syn-
thetic products (Harvey & Ben- Amotz, 2020; Xu et al., 2018).

Previous studies have reported several optimum processes for 
β- carotene extraction from Dunaliella salina. Mainly, the described 
methods used edible oil, with or without conventional organic sol-
vent, where ethanol and acetone were identified as the best co- 
solvent for extraction of β- carotene from D. salina. Furthermore, 
liquid or supercritic CO2 extraction crystallization, ultrasonic- 
assisted extraction, and microwave- assisted extraction were also 
highlighted (Hejazi et al., 2002; Poojary et al., 2016).

All these methods require the destruction of large amounts of bio-
logical biomass to obtain the pure molecule. In addition, the risk of prod-
uct contamination or loss of quality due to organic solvent residuals in 
the extracts provokes a rising need for innovative extraction methods. 
One potential approach in this direction is a new non- destructive pro-
cess based on peptide for β- carotene extraction from D. salina. In fact, 
the importance of this process lies in its advantages over cited meth-
ods. This new process is based on the use of chimeric peptides formed 
by a cell- penetrating peptide fused with β- carotene- binding peptides 
targeting all- trans or 9- cis β- carotene, in order to obtain a high yield and 
pure molecules without destroying the microalgae cells.

2  |  MATERIAL AND METHODS

2.1  |  Conception, molecular model, and docking of 
the peptides

The models of the penetrating peptide, the specific peptide target-
ing β- carotene, as well as the chimeric peptides were constructed 
using the PEP- FOLD3 software (Lamiable et al., 2016). Then re-
fined using the NAMD software (Humphrey et al., 1996; Wong & 
Goscinski, 2012). Before the minimization with NAMD, the pep-
tide structure files are generated with VMD software (Humphrey 
et al., 1996; Wong & Goscinski, 2012). During the minimization cycle 
with NAMD, 1000 minimization cycles were used for all models at a 
temperature of 25°C. Minimization was performed under the Charm 
force field.

The structure of cis and trans β- carotene was downloaded from 
the PubChem database and minimized with the NAMD software. 
The chimeric peptides and minimized cis and trans β- carotene were 
used as partners in the docking using Autodock Vina software.

During the docking procedure, all chimeric peptides were used 
as receptor, almost of his bonds were defined as no rotatable and cis 
or trans β- carotene were used as a ligand and kept rigid. Grid map 
representing the target was constructed with the dimensions of the 
peptides.

The free three- dimensional (3D) molecular structures of the re-
ceptor or complexed with cis or trans β- carotene were visualized 
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using the molecular visualization software PyMOL (http://www.
pymol.org/) (Brunger et al., 2009) and the ligand– peptide complex 
interaction obtained was visualized by the Python Molecular viewer 
1.5.6 (Sanner, 2005) and the two- dimensional representation was 
performed by Discovery Studio Visualizer 20.1.0 (Biovia, 2020).

2.2  |  Solid- phase synthesis of selected peptides

Solid- phase synthesis was manually performed using amino acids 
with Fmoc amino protected function. The resin used is a Rink amide 
resin, it has a molecular weight of 495.575 g/mol, and its extent of 
labeling is 0.5 mmoles/g. In each experiment, 0.125 mmole of a rink 
amide resin was used as a starter. The amino acid coupling step re-
quires an alkaline medium, provided by the addition of DIPEA, as 
well as catalysts such as Pybop or HcTU or EDC. The elimination 
of the Fmoc- protecting group is generally ensured by a strong base 
such as piperidine. For the amino acid side chain, the elimination of 
their protective groups as well as solid polymers is conducted using a 
strong acid, such as TFA. To get rid of amino acid excess or coupling 
agents, simple washing with DMF is necessary (Mosbah et al., 2019). 
To ensure that the amino acid coupling is done, the “Kaiser test” was 
performed. This test requires two solutions A and B whose com-
positions are as follows: Solution A: a mixture of pyridine (49 ml) + 
20 ml ethanol +0.8 g phenol +1 ml of KCN (1 mM); and Solution B: a 
mixture of 1 g ninhydrin +20 ml ethanol.

2.3  |  Synthesized peptides verification

After achieving the synthesis of desired peptides: 
Seq 1: VAGWWWWGTRRMKWKK- NH2, and Seq 2: 
YGYVPSRWWGTGRRMKWKK- NH2, they were cleaved from the 
solid phase using a strong acid: trifluoroacetic acid (TFA), 0.5% 
water, and 0.5% triisopropylsilane (TIS) as scavengers. Peptides 
precipitation requires treatment with cold ether (2v/v) followed by 
centrifugation. The resulting white pellet proves the presence of a 
synthesized peptide. We obtained, after lyophilization, unpurified 
peptides in spongy form, which were weighed to determine the 
quantities of each one and calculate synthesis yield. Theoretical mo-
lecular weights of peptides were calculated using Protein Prospector 
software and the experimental mass of each peptide was verified 
by LCMS.

2.4  |  Experimental activity assay of β- carotene 
extraction from Dunaliella salina via peptide system

2.4.1  |  Microalgae culture

Culture conditions of Dunaliella salina were settled according to sci-
entific research for a maximum production of β- carotene (culture 
medium composition, culture temperature, UV intensity, salinity, 

etc.) (Zarandi- Miandoab et al., 2019). For optimum culture, the tem-
perature was maintained at 21°C, a light intensity of 18,000 lux was 
applied, the salinity was 43 gr/L, and the nitrogen concentration was 
45 mg/L. Cultures were carried out in 2 L glass flasks and maintained 
in controlled conditions until pinkish color appeared. Microalgae 
cells were counted per milliliter of culture using a Malassez cell so 
that the peptide concentration needed to extract β- carotene can be 
estimated.

After a sonication, 5 ml of a culture was centrifuged for 30 min 
at 5000 rpm in centricons (Millipore, ultracel 10 kDa). The concen-
trated filtrate obtained is subjected to an OD reading at 450 nm to 
estimate the initial β- carotene concentration. An OD of standard 
range of β- carotene was previously realized.

One- hundred microliters of the two peptide solutions, PP2 and 
PP3, prepared at 250 mg/ml in water, pH 7, was added to 5 ml of 
the microalgae solutions at 106cell/L to extract β- carotene. A read-
ing of the OD at 450 nm was carried out after a different reaction 
time of 30 min, 1 h, and 1 h 30 min between the peptide and the 
microalgae and a centrifugation of 30 min at 5000 rpm in centri-
cons (Millipore, ultracel 10 kDa). The blank used in this experiment 
was undergoing the same procedure without the peptide addition. 
All the manipulations described here were performed in triplicates.

2.4.2  |  Dunaliella salina culture after β- 
carotene extraction

To ensure the validity of the strategy adopted in the extraction of 
β- carotene from microalgae, a control step is performed to verify 
cell viability and normal multiplication. In fact, microalgae solutions 
which have been treated with peptide solutions were cultivated 
under optimal conditions of salinity and luminosity after having 
noted their OD at 750 nm (corresponding to chlorophyll).

A microscopic observation (×100) of the Dunaliella salina cul-
ture was carried out to verify the cell growth state after β- carotene 
extraction.

3  |  RESULTS

3.1  |  Conception of the chimeric penetrating and 
β- carotene- binding peptides

In this step, we firstly selected peptide sequences targeting β- 
carotene from the literature (Binder et al., 2016). All peptides were 
described as specifically binding to β- carotene, but the authors did 
not specify if they are belonging to cis or trans β- carotene. To deter-
mine their specificity toward the two above isomers, we carried out 
a 3D model of each peptide.

Two specific peptides (P1: VAGWWWWGT and P2: YGYVPSR) 
(Figure 1a) were selected from the phage display library described by 
Binder and his collaborators in 2013 and Janssen and his collaborators 
in 2004 (Binder et al., 2016). Peptide's selection was based on peptide 

http://www.pymol.org/
http://www.pymol.org/
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ability to bind trans β- carotene isomer and cis β- carotene isomers. 
Using docking binding energy, we select one peptide (P1) with a high 
affinity to the trans isoform of β- carotene and a peptide (P2) with a 
high affinity to the cis form.

After that, we used a penetrating peptide, whose sequence is as 
follows: RRMKWKK (Figure 1a) from the cell- penetrating database 
(Gautam et al., 2012; Watson et al., 2017). In fact, this peptide is 
dedicated to cross the cell membrane and vesicle.

The chimeric peptides (PP2 and PP3) were then conceived 
and verified by molecular modeling using PEP- FOLD3 software 
(Lamiable et al., 2016), minimization by NAMD software (Figure 1), 
and AutoDock Vina (Trott & Olson, 2010) for the docking to the cis 
and trans β- carotene (Figure 1). The structure of all models was vali-
dated by Procheck (Laskowski et al., 1993).

In fact, the two β- carotene- binding peptides were attached to a 
penetrating peptide for a dual role: penetrating the cell membrane and 
extracting cis and/or trans β- carotene molecules from Dunaliella salina 
cells. We assume that peptides should be able to enter and exit cells 
by the same mechanism.

The model was validated by docking the two chimeric peptides to 
the cis and trans β- carotene models and an adjustment was made in 
order to increase the interaction of the fixing or binding peptide to cis 
and trans β- carotene (Figure 1). The binding energy of the peptides 
PP2 was the same for the trans and cis β- carotene with an energy 
of binding near to ΔG = −6.3 Kcal/mole. In contrast, the energy of 
binding of the PP3 was dramatically different between the cis and 
trans β- carotene with ΔG= −6.4 Kcal/mole corresponding to the cis 
isomer and ΔG= −5.2 Kcal/mole for the trans β- carotene. This result 
suggests a high selectivity of the PP3 toward the cis β- carotene form.

3.2  |  Synthesis of the chimeric penetrating 
peptides β- carotene- binding peptides

Peptides were then synthesized by solid- phase peptide synthesis. 
Indeed, 0.125 mmol of Fmoc amide resin is used for each peptide 
to obtain 222 mg and 235 mg, respectively, of peptidyl resin, giving 
after cleavage 77 mg of PP2 peptide and 89 mg of PP3. The results 

F I G U R E  1  Molecular Modulization, docking, and interaction of PP2 and PP3 with cis– trans conformations of β- carotene. (a) Structure 
of trans β- carotene (sticks), (b) structure of 9- cis β- carotene (sticks), (c) superimposition of the result of docking (Autodockvina) of the trans 
β- carotene (red) and 9- cis β- carotene (cyan) to the chimeric peptide PP3. (d) Superimposition of the result of docking (Autodockvina) of the 
trans β- carotene (red) and 9- cis β- carotene (cyan) to the chimeric peptide PP2. (e) Docking result of the most energetically favorable solution 
of the complex PP3/trans β- carotene, the energy of interaction of the most favorable solution was printed. (f) Docking result of the most 
energetically favorable solution of the complex PP3/cis β- carotene, the energy of interaction of the most favorable solution was printed. 
(g) Docking result of the most energetically favorable solution of the complex PP2/trans β- carotene, the energy of interaction of the most 
favorable solution was printed. (h) Docking result of the most energetically favorable solution of the complex PP2/cis β- carotene, the energy 
of interaction of the most favorable solution was printed. (i) The complex PP3/trans β- carotene was stabilized by a few of hydrophobic 
interaction. (j)The complex PP3/cis β- carotene was stabilized by many hydrophobic interaction. (k): The complex PP2/trans β- carotene was 
stabilized by a many hydrophobic interaction. (l) The complex PP2/cis β- carotene was stabilized by many hydrophobic interactions
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of peptides synthesis were shown in Tables 1 and 2. The mass of 
those peptides was verified using LC- MS approach; Crude peptides 
were used in β- carotene extraction.

3.3  |  β- Carotene extraction from Dunaliella salina 
via peptide system

The synthesized peptides were then tested for their ability to per-
form extraction of β- carotene from Dunaliella salina. The evolution 
profile of β- carotene extraction by peptide PP2 and PP3 is shown 
in Figure 2. It can be clearly seen that the increase in extraction 
time significantly enhances the β- carotene yields. The two curves 
showed that the extraction of β- carotene increases with time, which 
indicates that PP2 and PP3 allow both dose- dependent extraction 
of β- carotene. This is expressed by an increase in OD at 450 nm until 
reaching a value of 0.078 for PP2, which corresponds to 58% of the 
total content of β- carotene in the solution and a value of 0.057 for 
PP3 corresponding to 38% of the total content of β- carotene in the 
solution. Also, visually the middle becomes pinkish. The quantity of 
β- carotene extracted at a fixed dose confirmed by the projection 
of the standard range curve shows that PP2 allows better extrac-
tion compared to PP3. Based on a statistical analysis of data, it was 
found that a maximum extraction efficiency of β- carotene could be 
achieved using PP2 at 90 min, but PP3 reaches the maximum of ca-
rotenoid extraction at 60 min before PP2 (at 30 min).

3.4  |  Microalgae culture after β- 
carotene extraction

After β- carotene extraction, a culture of the remaining microalgae 
was performed for 7 days and the OD was measured on the last day 
to ensure growth recovery and multiplication.

The absorbance at 750 nm of the Dunaliella culture has increased 
in comparison to the initial culture. This increase in OD was reflected 
in the color shift from light pink to dark green of the microalgae cul-
ture, which proves that cells are in a good state of growth by pro-
ducing chlorophyll pigments (Figure 3). In fact, the evaluation of 
cell growth after β- carotene extraction by PP2 and PP3 is shown 
in Figure 4, indicating a strictly increasing curve in accordance with 

time evolution. Our results suggest that following specific second-
ary metabolites peptides- based extraction, there was no cell lysis. 
These results are confirmed by a microscopic observation (x100) of 
the Dunaliella culture which shows that the cells are in a state of 
growth and they are mobile (Figure 5).

4  |  DISCUSSION

At present, the carotenoids market is projected to grow to USD 2.0 
billion by 2026. In the field of biotechnology, there is a big atten-
tion toward natural carotenoids especially to β- carotene produc-
tion. Hence, the β- carotene extraction from natural resources is 
experiencing an exponential evolution in several fields of industrial 
production. In fact, it has a highly added value in preventing many 
diseases, in cosmetics and as natural colorant in food (Bogacz- 
Radomska & Harasym, 2018; Wichuk et al., 2014). In addition, some 
forms of β- carotene, like the 9- cis β- carotene, are difficult to syn-
thesize chemically and overpriced (estimated €500,000/g). Among 
the natural sources, Dunaliella salina is a green microalgae that of-
fers the highest concentration of natural β- carotene (Xu et al., 2018). 
Despite the huge efforts made during the last decade to develop 
optimum processes and methods, extraction of natural β- carotene 
from Dunaliella salina remains challenging because of several limita-
tions such as final product contamination, low yields or high costs, 
and degradation of the biomass (Khan et al., 2018).

In the current study, we aimed to set up an innovative strategy 
that allows at the same time a high yield product and a sustainable 
process for the industrial development of algae. Thus, we performed 
for the first time the extraction of β- carotene from Dunaliella sa-
lina using specific peptides targeting β- carotene (both trans and 
cis forms) denoted with cargo peptide. Cargo peptides or cell- 
penetrating peptides are known in the literature for their roles in the 
transport of even large drug molecules. The mechanisms used by 
these peptides to cross cell membranes are well described and range 
from direct passage to specific port formation or to vesicle forma-
tion followed by endocytosis or exocytosis (Böhmová et al., 2018; 
Falanga et al., 2020; Gestin et al., 2017; Kardani et al., 2019; Ramsey 
& Flynn, 2015; Sahni et al., 2020). The passage of these peptides 
through the cell membrane is very rapid (5– 20 min) (Zorko & 
Langel, 2005). These penetrating peptides have the capacity to cross 
the cell membrane in both directions as already described in the lit-
erature (Popa et al., 2019).

Interestingly, our pilot- scale results showed a significant yield 
of final extracted β- carotene. According to our docking models, the 

TA B L E  1  Yield of PP2 and PP3 Synthesis by SPPS

PP2 PP3

Estimated theoretical molar mass (g/mol) 2219.68 2442.91

Experimental molar mass obtained (g/mol) 2220.12 2443.16

Experimental mass obtained (mg) 222 235

Number of active resin sites (mmol) 0.125

Expected theoretical mass expected (mg 
for 0.125 mmol)

277.46 305.36

Estimated theoretical molar mass (g/mol) 
222/277.36

80 76.96

TA B L E  2  Estimation of attached peptide molecules per 
microalgae cell

PP2 PP3

Mass of stock solution (mg/mmol) 77 89

Mass used (mg/mmol) 25 25

Number of cells per 5 ml 5000
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two chimeric peptides do not show the same energy of interaction 
toward cis and trans β- carotene. The chimeric PP2 seems to inter-
act equally to both isoforms. However, the chimeric PP3 seems 
to be more specific to the cis β- carotene form. Consequently, the 
yield of extracted β- carotene using PP2 was higher than using 
PP3. Thereby, these differences suggest that PP2 may be able 
to extract both trans and cis β- carotene fraction, whereas PP3 
is more specific to target only the cis β- carotene fraction. In ad-
dition, the obtained results using this pioneer method are in line 
with those reported previously in the Dunaliella salina model. In 
fact, it is well described that Dunaliella salina accumulates up to 
50% of all trans β- carotene and up to 40% of 9- cis β- carotene 
(Harvey & Ben- Amotz, 2020).

Traditionally, the most performed methods for β- carotene ex-
traction used organic solvent extraction, which may be toxic and has 
some pollution concerns (Adadi et al., 2018). As an alternative, the 
use of supercritical CO2 (scCO2) has been developed to overcome 

some limitations of traditional extractions. Although it has better 
stability than the organic solvent extraction, the use of scCO2 needs 
a dried biomass, which is energy intensive (Patel et al., 2019).

It is clear that β- carotene extraction with a peptide system 
seems to be different from other described methods (Poojary 
et al., 2016). In fact, our extraction system could be directed accord-
ing to the extraction target as it is possible to design specific pep-
tide sequences to extract specific molecules such as chlorophyll and 
phycobiliproteins.

This process is extremely accurate since it is based on binding 
molecules in accordance with a specific fixing pattern, allowing a spe-
cific extraction at almost 100%. While other extraction techniques, 
like supercritical coupled with adsorbents (silica gel), allow the ex-
traction of β- carotene isomers, as described by Mendes and his col-
laborators in 2003 (Mendes et al., 2003; Srinivas & King, 2010), this 
process could be qualified as the most specific extraction technique 
as it extracts pure β- carotene molecules which could be intended for 
pharmaceutical or cosmetic use. Nevertheless, this pioneer method 
could overcome the highly expensive price of the chemical synthesis 
of the cis β- carotene form.

Nevertheless, our method allowed the conservation of biomass 
that could be reused for further extractions. From an environ-
mental perspective, the described process is non- destructive and 
eco- friendly. Indeed, the extraction of β- carotene from microalgae 
compared to conventional methods, such as supercritical carbon 
dioxide and organic solvent extraction (Riyahi & Shimeld, 2007), 
offers several advantages such as cheaper and easier extraction, 
higher yields, and no seasonal variations (in comparison to plant 
source).

However, long- term exploitation of algal resources entails a lack 
of raw materials that consequently causes ecological imbalance and 

F I G U R E  2  Kinetic of β- carotene 
extraction using the chimeric peptides (a) 
PP2 and (b) PP3

F I G U R E  3  Cultivation of Dunaliella 
salina under optimal conditions before 
and after β-  carotene extraction. (a) 
Immediately before extraction. (b) After 
extraction using PP3. (c) After extraction 
using PP2

F I G U R E  4  Growth evaluation of Dunaliella salina cells after β- 
carotene extraction by PP2 and PP3
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serious damages. The described process is considered as a “Green 
Process” thanks to its soft characteristic to extract β- carotene from 
the algae cell without destroying the cell integrity or functionalities. 
It is crucial to mention that Dunaliella salina and some other algal 
species have complex life cycles that include, in addition to the di-
vision of mobile vegetative cells, the possibility of sexual reproduc-
tion (Oren, 2005). The fusion of two gametes of equal size to form a 
zygote has been documented in several studies. Oren has reported 
in his review the possibility of two reproduction mechanisms in dif-
ferent salinity conditions. These details about Dunaliella salina re-
production limit large-  scale extraction of β- carotene by traditional 
methods. Hence, using the described peptide system to extract β- 
carotene proves to be an excellent alternative to preserve cell viabil-
ity and skirt culture renewal problem.

5  |  CONCLUSION

In the present work, we have performed a new bioprocess of β- 
carotene extraction from Dunaliella salina, marine microalgae, and a 
strong producer of this molecule under UV and salinity stress con-
ditions. The described bioprocess is distinguished from other ex-
traction techniques by the ability to obtain β- carotene produced by 
Dunaliella salina cells without disturbing or affecting the integrity of 
cell membranes. This is ensured by short- chain peptides, designed to 
cross the living cell membrane, to fix the molecule of interest and to 
bring it to the extracellular environment. This invented bioprocess 
could be a future alternative for interested industries to produce 
pure β- carotene with an eco- friendly and non-  destructive process.

ACKNOWLEDG EMENTS
The authors are grateful to the ISBST, Biotechpole, Univ. Manouba, 
Sidi Thabet, Tunisia, for providing infrastructural facilities and 
assistance.

CONFLIC T OF INTERE S T
The authors declare no conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data available upon request from the last author, Dr. Amor Mosbah 
(amor.mosbah@isbst.uma.tn).

ORCID
Soumaya Kouidhi  https://orcid.org/0000-0002-3987-8617 
Wissem Mnif  https://orcid.org/0000-0002-8123-4743 
Nada Alqarni  https://orcid.org/0000-0003-2206-8850 
Soukaina Abdelwahed  https://orcid.org/0000-0002-8438-9433 
Alaeddine Redissi  https://orcid.org/0000-0001-8412-9298 
Nihel Ammous  https://orcid.org/0000-0002-5744-0328 
Boulbaba Selmi  https://orcid.org/0000-0001-6854-5339 
Ali Gargouri  https://orcid.org/0000-0001-5009-9000 
Sami Achour  https://orcid.org/0000-0003-1209-7551 
Ameur Cherif  https://orcid.org/0000-0001-7310-3842 
Amor Mosbah  https://orcid.org/0000-0001-5642-8805 

R E FE R E N C E S
Adadi, P., Vasilyevna, B., & Krivoshapkina, E. (2018). Selected methods 

of extracting carotenoids, characterization, and health concerns: A 
review. Journal of Agricultural and Food Chemistry, 66, 5925– 5947. 
https://doi.org/10.1021/acs.jafc.8b01407

Ambati, R. R., Gogisetty, D., Aswathanarayana, R. G., Ravi, S., Bikkina, 
P. N., Bo, L., & Yuepeng, S. (2019). Industrial potential of carot-
enoid pigments from microalgae: Current trends and future pros-
pects. Critical Reviews in Food Science and Nutrition, 59, 1880– 1902. 
https://doi.org/10.1080/10408 398.2018.1432561

Binder, T. P., Rao, A. G., Yamamoto, Y., & Hanke, P. D. (2016). Peptide 
Domains That Bind Small Molecules of Industrial Significance. United 
States Patent. https://paten timag es.stora ge.googl eapis.com/6d/
c0/51/cf8bc fd22e 9344/US944 7150.pdf

Biovia, D. S. (2020). Discovery studio visualizer, San Diego, CA, USA.
Bogacz- Radomska, L., & Harasym, J. (2018). β- Carotene— Properties and 

production methods. Food Quality and Safety, 2, 69– 74. https://doi.
org/10.1093/fqsaf e/fyy004

Böhmová, E., Machová, D., Pechar, M., Pola, R., Venclíková, K., 
Janoušková, O., & Etrych, T. (2018). Cell- penetrating peptides: A 
useful tool for the delivery of various cargoes into cells. Physiological 
Research, 67(Suppl 2), S267– S279. https://doi.org/10.33549/ physi 
olres.933975

Brunger, A. T., Wells, J. A., & Warren, L. (2009). DeLano 21 June 1972– 3 
November 2009. Nature Structural & Molecular Biology, 16(12), 
1202– 1203. https://doi.org/10.1038/nsmb1 209- 1202

Chichili, G. R., Nohr, D., Schäffer, M., von Lintig, J., & Biesalski, H. K. 
(2005). Beta- carotene conversion into vitamin A in human reti-
nal pigment epithelial cells. Investigative Ophthalmology & Visual 
Science, 46, 3562– 3569. https://doi.org/10.1167/iovs.05- 0089

Falanga, A., Lombardi, L., Galdiero, E., Genio, V. D., & Galdiero, S. (2020). 
The world of cell penetrating: The future of medical applica-
tions. Future Medicinal Chemistry, 12(15), 1431– 1446. https://doi.
org/10.4155/fmc- 2020- 0140

F I G U R E  5  Microscopic observation 
of Dunaliella Salina before (a) and after (b) 
β- carotene extraction (×100)

mailto:amor.mosbah@isbst.uma.tn
https://orcid.org/0000-0002-3987-8617
https://orcid.org/0000-0002-3987-8617
https://orcid.org/0000-0002-8123-4743
https://orcid.org/0000-0002-8123-4743
https://orcid.org/0000-0003-2206-8850
https://orcid.org/0000-0003-2206-8850
https://orcid.org/0000-0002-8438-9433
https://orcid.org/0000-0002-8438-9433
https://orcid.org/0000-0001-8412-9298
https://orcid.org/0000-0001-8412-9298
https://orcid.org/0000-0002-5744-0328
https://orcid.org/0000-0002-5744-0328
https://orcid.org/0000-0001-6854-5339
https://orcid.org/0000-0001-6854-5339
https://orcid.org/0000-0001-5009-9000
https://orcid.org/0000-0001-5009-9000
https://orcid.org/0000-0003-1209-7551
https://orcid.org/0000-0003-1209-7551
https://orcid.org/0000-0001-7310-3842
https://orcid.org/0000-0001-7310-3842
https://orcid.org/0000-0001-5642-8805
https://orcid.org/0000-0001-5642-8805
https://doi.org/10.1021/acs.jafc.8b01407
https://doi.org/10.1080/10408398.2018.1432561
https://patentimages.storage.googleapis.com/6d/c0/51/cf8bcfd22e9344/US9447150.pdf
https://patentimages.storage.googleapis.com/6d/c0/51/cf8bcfd22e9344/US9447150.pdf
https://doi.org/10.1093/fqsafe/fyy004
https://doi.org/10.1093/fqsafe/fyy004
https://doi.org/10.33549/physiolres.933975
https://doi.org/10.33549/physiolres.933975
https://doi.org/10.1038/nsmb1209-1202
https://doi.org/10.1167/iovs.05-0089
https://doi.org/10.4155/fmc-2020-0140
https://doi.org/10.4155/fmc-2020-0140


    |  1935KOUIDHI et al.

Gautam, A., Singh, H., Tyagi, A., Chaudhary, K., Kumar, R., Kapoor, P., & 
Raghava, G. P. S. (2012). CPPsite: A curated database of cell pen-
etrating peptides. Database (Oxford), 2012, bas015. https://doi.
org/10.1093/datab ase/bas015

Gestin, M., Dowaidar, M., & Langel, Ü. (2017). Uptake mechanism of 
cell- penetrating peptides. Advances in Experimental Medicine 
and Biology, 1030, 255– 264. https://doi.org/10.1007/978- 3- 
319- 66095 - 0_11

Harvey, P. J., & Ben- Amotz, A. (2020). Towards a sustainable Dunaliella 
salina microalgal biorefinery for 9- cis β- carotene produc-
tion. Algal Research, 50, 102002. https://doi.org/10.1016/j.
algal.2020.102002

Hejazi, M., Lamarliere, C., Rocha, J. M., Vermuë, M., Tramper, J., 
& Wijffels, R. H. (2002). Selective extraction of carotenoids 
from the microalga Dunaliella salina with retention of viabil-
ity. Biotechnology and Bioengineering, 79, 29– 36. https://doi.
org/10.1002/bit.10270

Hieber, A., King, T., Morioka, S., Fukushima, L., Franke, A., & Bertram, 
J. (2000). Comparative effects of all- trans β- carotene vs. 9- cis β- 
carotene on carcinogen- induced neoplastic transformation and 
connexin 43 expression in murine 10t1/2 cells and on the differen-
tiation of human keratinocytes. Nutrition and Cancer, 37, 234– 244. 
https://doi.org/10.1207/S1532 7914N C372_17

Humphrey, W., Dalke, A., & Schulten, K. (1996). VMD: Visual molecular 
dynamics. Journal of Molecular Graphics, 14(1), 33– 38. https://doi.
org/10.1016/0263- 7855(96)00018 - 5

Kardani, K., Milani, A., H. Shabani, S., & Bolhassani, A. (2019). Cell pen-
etrating peptides: The potent multi- cargo intracellular carriers. 
Expert Opinion on Drug Delivery, 16(11), 1227– 1258. https://doi.
org/10.1080/17425 247.2019.1676720

Khan, M. I., Shin, J. H., & Kim, J. D. (2018). The promising future of mi-
croalgae: Current status, challenges, and optimization of a sustain-
able and renewable industry for biofuels, feed, and other products. 
Microbial Cell Factories, 17, 36. https://doi.org/10.1186/s1293 
4- 018- 0879- x

Krinsky, N. I. (2000). Dietary Reference Intakes for Vitamin C, Vitamin 
E, Selenium, and Carotenoids. Chapter 8: β- Carotene and Other 
Carotenoids (pp. 352– 382). The National Academies of Sciences, 
Engineering, and Medicine-  Washington, DC. The National 
Academies Press. https://doi.org/10.17226/ 9810

Lamiable, A., Thévenet, P., Rey, J., Vavrusa, M., Derreumaux, P., & Tufféry, 
P. (2016). PEP- FOLD3: Faster de novo structure prediction for lin-
ear peptides in solution and in complex. Nucleic Acids Research, 44, 
W449– W454. https://doi.org/10.1093/nar/gkw329

Laskowski, R., Macarthur, M. W., Moss, D. S., & Thornton, J. (1993). 
PROCHECK: A program to check the stereochemical quality of 
protein structures. Journal of Applied Crystallography, 26, 283– 291. 
https://doi.org/10.1107/S0021 88989 2009944

Levin, G., & Mokady, S. (1994). Antioxidant activity of 9- cis compared to 
all- trans beta- carotene in vitro. Free Radical Biology and Medicine, 
17, 77– 82. https://doi.org/10.1016/0891- 5849(94)90009 - 4

Lyu, Y., Wu, L., Wang, F., Shen, X., & Lin, D. (2018). Carotenoid supple-
mentation and retinoic acid in immunoglobulin A regulation of the 
gut microbiota dysbiosis. Experimental Biology and Medicine, 243, 
613– 620. https://doi.org/10.1177/15353 70218 763760

Maoka, T. (2020). Carotenoids as natural functional pigments. Journal of 
Natural Medicines, 74, 1– 16. https://doi.org/10.1007/s1141 8- 019- 
01364 - x

Mayne, S. T. (1996). Beta- carotene, carotenoids, and disease preven-
tion in humans. The FASEB Journal, 10, 690– 701. https://doi.
org/10.1096/fasebj.10.7.8635686

Mendes, R. L., Nobre, B. P., Cardoso, M. T., Pereira, A. P., & Palavra, A. 
F. (2003). Supercritical carbon dioxide extraction of compounds 
with pharmaceutical importance from microalgae. Inorganica 
Chimica Acta, 356, 328– 334. https://doi.org/10.1016/S0020 
- 1693(03)00363 - 3

Mosbah, A., Chouchane, H., Abdelwahed, S., Redissi, A., Hamdi, M., 
Kouidhi, S., Neifar, M., Slaheddine Masmoudi, A., Cherif, A., & Mnif, 
W. (2019). Peptides fixing industrial textile dyes: A new biochem-
ical method in wastewater treatment. Journal of Chemistry, 2019, 
e5081807. https://doi.org/10.1155/2019/5081807

Nasri, H., Baradaran, A., Shirzad, H., & Rafieian- Kopaei, M. (2014). New 
concepts in nutraceuticals as alternative for pharmaceuticals. 
International Journal of Preventive Medicine, 5, 1487– 1499.

Oren, A. (2005). A hundred years of Dunaliella research: 1905– 2005. 
Saline Systems, 1, 2. https://doi.org/10.1186/1746- 1448- 1- 2

Patel, A. S., Kar, A., Dash, S., & Dash, S. K. (2019). Supercritical fluid ex-
traction of β- carotene from ripe bitter melon pericarp. Scientific 
Reports, 9, 19266. https://doi.org/10.1038/s4159 8- 019- 55481 - 4

Poojary, M. M., Barba, F. J., Aliakbarian, B., Donsì, F., Pataro, G., Dias, 
D. A., & Juliano, P. (2016). Innovative alternative technologies to 
extract carotenoids from microalgae and seaweeds. Mar Drugs, 14, 
214. https://doi.org/10.3390/md141 10214

Popa, C., Shi, X., Ruiz, T., Ferrer, P., & Coca, M. (2019). Biotechnological 
production of the cell penetrating antifungal PAF102 peptide in 
pichia pastoris. Frontiers in Microbiology, 27(10), 1472. https://doi.
org/10.3389/fmicb.2019.01472

Ramsey, J. D., & Flynn, N. H. (2015). Cell- penetrating peptides transport 
therapeutics into cells. Pharmacology & Therapeutics, 154, 78– 86. 
https://doi.org/10.1016/j.pharm thera.2015.07.003

Riyahi, K., & Shimeld, S. M. (2007). Chordate betagamma- crystallins 
and the evolutionary developmental biology of the vertebrate 
lens. Comparative Biochemistry and Physiology Part B: Biochemistry 
and Molecular Biology, 147, 347– 357. https://doi.org/10.1016/j.
cbpb.2007.03.014

Sahni, A., Qian, Z., & Pei, D. (2020). Cell- penetrating peptides escape 
the endosome by inducing vesicle budding and collapse. ACS 
Chemical Biology, 15(9), 2485– 2492. https://doi.org/10.1021/acsch 
embio.0c00478

Sanner, M. F. (2005). A component- based software environment for vi-
sualizing large macromolecular assemblies. Structure, 13, 447– 462. 
https://doi.org/10.1016/j.str.2005.01.010

Srinivas, K., & King, J. W. (2010). Supercritical Carbon Dioxide and 
Subcritical Water: Complementary Agents in the Processing of 
Functional Foods. In J. Smith, & E. Charter (Eds.), Functional Food 
Product Development (pp. 39– 78). John Wiley & Sons, Ltd. ISBN 
978- 1- 4443- 2335- 1.

Stahl, W., & Sies, H. (2005). Bioactivity and protective effects of natural 
carotenoids. Biochimica Et Biophysica Acta, 1740, 101– 107. https://
doi.org/10.1016/j.bbadis.2004.12.006

Tafreshi, A. H., & Shariati, M. (2009). Dunaliella biotechnology: Methods 
and applications. Journal of Applied Microbiology, 107(1), 14– 35. 
https://doi.org/10.1111/j.1365- 2672.2009.04153.x

Trott, O., & Olson, A. J. (2010). AutoDock Vina: Improving the speed and 
accuracy of docking with a new scoring function, efficient optimi-
zation and multithreading. Journal of Computational Chemistry, 31, 
455– 461. https://doi.org/10.1002/jcc.21334

Watson, G. M., Kulkarni, K., Brandt, R., Del Borgo, M. P., Aguilar, M.- I., & 
Wilce, J. A. (2017). Shortened penetratin cell- penetrating peptide is 
insufficient for cytosolic delivery of a Grb7 targeting peptide. ACS 
Omega, 2, 670– 677. https://doi.org/10.1021/acsom ega.6b00561

Wichuk, K., Brynjólfsson, S., & Fu, W. (2014). Biotechnological produc-
tion of value- added carotenoids from microalgae. Bioengineered, 5, 
204– 208. https://doi.org/10.4161/bioe.28720

Wong, A. K. L., & Goscinski, A. M. (2012). A VMD plugin for NAMD sim-
ulations on amazon EC2. Procedia Computer Science, 9, 136– 145. 
https://doi.org/10.1016/j.procs.2012.04.015

Xu, Y., & Harvey, P. J. (2019). Carotenoid production by Dunaliella salina 
under red light. Antioxidants, 8, 123. https://doi.org/10.3390/antio 
x8050123

Xu, Y., Ibrahim, I. M., Wosu, C. I., Ben- Amotz, A., & Harvey, P. J. (2018). 
Potential of new isolates of Dunaliella salina for natural β- carotene 

https://doi.org/10.1093/database/bas015
https://doi.org/10.1093/database/bas015
https://doi.org/10.1007/978-3-319-66095-0_11
https://doi.org/10.1007/978-3-319-66095-0_11
https://doi.org/10.1016/j.algal.2020.102002
https://doi.org/10.1016/j.algal.2020.102002
https://doi.org/10.1002/bit.10270
https://doi.org/10.1002/bit.10270
https://doi.org/10.1207/S15327914NC372_17
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1080/17425247.2019.1676720
https://doi.org/10.1080/17425247.2019.1676720
https://doi.org/10.1186/s12934-018-0879-x
https://doi.org/10.1186/s12934-018-0879-x
https://doi.org/10.17226/9810
https://doi.org/10.1093/nar/gkw329
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1016/0891-5849(94)90009-4
https://doi.org/10.1177/1535370218763760
https://doi.org/10.1007/s11418-019-01364-x
https://doi.org/10.1007/s11418-019-01364-x
https://doi.org/10.1096/fasebj.10.7.8635686
https://doi.org/10.1096/fasebj.10.7.8635686
https://doi.org/10.1016/S0020-1693(03)00363-3
https://doi.org/10.1016/S0020-1693(03)00363-3
https://doi.org/10.1155/2019/5081807
https://doi.org/10.1186/1746-1448-1-2
https://doi.org/10.1038/s41598-019-55481-4
https://doi.org/10.3390/md14110214
https://doi.org/10.3389/fmicb.2019.01472
https://doi.org/10.3389/fmicb.2019.01472
https://doi.org/10.1016/j.pharmthera.2015.07.003
https://doi.org/10.1016/j.cbpb.2007.03.014
https://doi.org/10.1016/j.cbpb.2007.03.014
https://doi.org/10.1021/acschembio.0c00478
https://doi.org/10.1021/acschembio.0c00478
https://doi.org/10.1016/j.str.2005.01.010
https://doi.org/10.1016/j.bbadis.2004.12.006
https://doi.org/10.1016/j.bbadis.2004.12.006
https://doi.org/10.1111/j.1365-2672.2009.04153.x
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1021/acsomega.6b00561
https://doi.org/10.4161/bioe.28720
https://doi.org/10.1016/j.procs.2012.04.015
https://doi.org/10.3390/antiox8050123
https://doi.org/10.3390/antiox8050123


1936  |    KOUIDHI et al.

production. Biology (Basel), 7, 14. https://doi.org/10.3390/biolo 
gy701 0014

Xuebo, L., & Osawa, T. (2007). Cis astaxanthin and especially 9- cis as-
taxanthin exhibits a higher antioxidant activity in vitro compared 
to the all- trans isomer. Biochemical and Biophysical Research 
Communications, 357, 187– 193. https://doi.org/10.1016/j.
bbrc.2007.03.120

Zarandi- Miandoab, L., Hejazi, M.- A., Bagherieh- Najjar, M.- B., & 
Chaparzadeh, N. (2019). Optimization of the four most effective 
factors on β- carotene production by Dunaliella salina using response 
surface methodology. Iranian Journal of Pharmaceutical Research, 
18, 1566– 1579. https://doi.org/10.22037/ ijpr.2019.1100752

Zorko, M., & Langel, U. (2005). Cell- penetrating peptides: Mechanism 
and kinetics of cargo delivery. Advanced Drug Delivery Reviews, 
57(4), 529– 545. https://doi.org/10.1016/j.addr.2004.10.010

How to cite this article: Kouidhi, S., Mnif, W., Alqarni, N., 
Abdelwahed, S., Redissi, A., Ammous, N., Selmi, B., Gargouri, 
A., Achour, S., Cherif, A., & Mosbah, A. (2022). Design and 
use of chimeric peptides in a new non- destructive ecological 
process applied to the extraction of all trans/9- cis β- carotene 
isomers from Dunaliella salina. Food Science & Nutrition, 10, 
1928– 1936. https://doi.org/10.1002/fsn3.2809

https://doi.org/10.3390/biology7010014
https://doi.org/10.3390/biology7010014
https://doi.org/10.1016/j.bbrc.2007.03.120
https://doi.org/10.1016/j.bbrc.2007.03.120
https://doi.org/10.22037/ijpr.2019.1100752
https://doi.org/10.1016/j.addr.2004.10.010
https://doi.org/10.1002/fsn3.2809

	Design and use of chimeric peptides in a new non-­destructive ecological process applied to the extraction of all trans/9-­cis β-­carotene isomers from Dunaliella salina
	Abstract
	1|INTRODUCTION
	2|MATERIAL AND METHODS
	2.1|Conception, molecular model, and docking of the peptides
	2.2|Solid-­phase synthesis of selected peptides
	2.3|Synthesized peptides verification
	2.4|Experimental activity assay of β-­carotene extraction from Dunaliella salina via peptide system
	2.4.1|Microalgae culture
	2.4.2|Dunaliella salina culture after β-­carotene extraction


	3|RESULTS
	3.1|Conception of the chimeric penetrating and β-­carotene-­binding peptides
	3.2|Synthesis of the chimeric penetrating peptides β-­carotene-­binding peptides
	3.3|β-­Carotene extraction from Dunaliella salina via peptide system
	3.4|Microalgae culture after β-­carotene extraction

	4|DISCUSSION
	5|CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


