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Abstract: The growing demand for phycobiliproteins from microalgae generates a significant
volume of by-products, such as extraction cakes. These cakes are enriched with products of interest
for the cosmetic market, namely free fatty acids, particularly polyunsaturated (PUFA). In this work,
two cakes, one of spirulina and one of Porphyridium cruentum, were valorized using innovative
natural hydrophobic deep eutectic solvents (NaDES) based on alkanediols. The most promising
NaDES, as determined by physicochemical properties and screening, are mixtures of alkanediol and
fatty acid. These include the mixture of 1,3-propanediol and octanoic acid (1:5, mol/mol) and 1,3-
propanediol and octanoic and decanoic acid (1:3:1, mol/mol). Two extractive processes were
implemented: ultrasound-assisted extraction and an innovative mechanical process by dual
asymmetric centrifugation. The second process resulted in the production of extracts significantly
enriched in PUFA, ranging from 65 to 220 mg/g dry matter with the two cakes. The extracts and
NaDES demonstrated good safety with respect to epidermal keratinocyte viability. The study of
their impact on commensal and pathogenic cutaneous bacteria demonstrated significant effects on
viability of Staphylococcus aureus and Staphylococcus epidermidis while preserving Corynebacterium
xerosis and Cutibacterium acnes. These results highlight the potential of valorizing these co-products
using alkanediol-based NaDES, in a strategy combining an active vector (NaDES) and a growth
regulator extract, for the management of cutaneous dysbiosis involving staphylococci.

Keywords: spirulina; Porphyridium cruentum; biorefinery; eutectic solvent; free fatty acids; skin
microbiota; alkanediol

1. Introduction

Microalgae represent a unique sustainable resource of biomolecules for several industrial
sectors, including the cosmetic and food industries. Microalgae can produce numerous types of
biomolecules, such as proteins, pigments (phycobiliprotein, carotenoids, chlorophylls),
polysaccharides, and lipids, with particular emphasis on their abundance of polyunsaturated fatty
acids (PUFA) [1].

Microalgae were usually used as powder or global extract, targeting one class of metabolite for
one defined species. For example, Spirulina (Arthrospira platensis) or Porphyridium cruentum were
extracted for their high content of phycobiliproteins (phycocyanin and phycoerythrin, respectively)
[1]. Phycobiliproteins (PBP) are highly promising metabolites exhibiting antioxidant, anti-cancer and
anti-inflammatory activity [2—4]. The growing demand of phycobiliprotein-concentrated product in
food market led to the extraction of increasing amount of microalgal biomass, using water as the main
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solvent [4]. By-product generated were usually used as is, even if other high value metabolites like
free fatty acids (FFA) could be still valorized. Spirulina is known to present a wide profile of FFA,
especially rich in polyunsaturated fatty acids (PUFA) [5]. P. cruentum exhibited a more limited FFA
profile, generally characterized by a high amount of long chain PUFA, especially arachidonic (C20:4)
and eicosapentanoic acids (C20:5) [6].

In fact, FFA were potential new topic antibiotics, as they were known as physiological skin
microbiota regulators [7,8]. One major possible valorization of microalgae FFA is cosmetic market to
produce active ingredient to regulate skin microbiome. In fact, unbalanced skin microbiota is linked
to various skin disorders like dryness, eczema, or atopic dermatitis (AD) [9-11]. Especially, a
predominance of Staphyllococcus aureus was reported in lesional skin of patients suffering from AD
[9,10]. One alternative strategy to antibiotic treatment is the prevention of S. aureus proliferation by
topical addition of moisturing agent and/or physiological microbiome regulator like FFA [11,12]. In
this case, PUFA were highlighted as main class of interest exhibiting both microbiota regulation and
moisturing effect [7,12].

With the growing demand of PBP enriched product for food and cosmetic market, an increasing
amount of PBP’s extraction by-products is generated each year, that could be considered as an
opportunity for FFA valorization. FFA are generated during PBP extraction by lipidome degradation
due to intense thermal and agitation treatment, explaining that they are usually considered as
lipidome degradation indicator in biofuel production. FFA are still industrially extracted using toxic
solvents such as chloroform/methanol or hexane/methanol mixture, but greener alternatives were
recently described like Natural Deep Eutectic Solvents (NaDES) [3,13,14].

In a thermodynamically point of view, NaDES refers to liquids prepared by mixing pure
compounds that displays significant negative deviation from ideality, owing to their eutectic point
temperature being considerably lower than that of the ideal mixture [15,16]. NaDES are obtained by
mixing hydrogen bond-donors with a hydrogen-bond acceptor using a suitable molar ratio, based on
natural compounds. They are mostly composed of primary metabolites, such as organic acids, amino
acids, and sugars [16]. Hydrophobic DES (HDES) were recently introduced in the literature [17-20].
Those HDES were composed of a combination of menthol or thymol with sugars, polyols or fatty
acids or a combination of short chain fatty acids [17-22].

DES were usually described as powerful solvent for microalgal biomass pre-treatment in biofuel
production [23]. Recently some DES were reported as valuable solvent for algal hydrophobic
metabolites extraction. Fucoxanthin and chlorophyll of a diatom, Thalassoria andamanica, were
extracted using a set of DES based on benzyltriethylammonium and fatty acids [24]. Fucoxanthin wax
also extracted from an alga, Tisochrysis lutea, using NaDES based on fatty acid and terpene, like
Thymol/C8 [25]. A set of HDES based on oleic acid and terpene, like thymol or geraniol, was also
screened for asthaxanthin extraction from Haematococcus pluvialis [26]. Considering microalgae lipids,
omega 3 lipid were recovered from Nannochloropsis using choline chloride-based DES but was
focusing on ester lipid and not FFA [27]. Our group have recently reported the extraction of FFA from
fresh spirulina biomass using a panel of NaDES [3,13,14]. Fatty acid based NaDES, especially
(C9/C10/C12, 3:2:1, mol/mol/mol), were reported as solvent with high capacity of FFA solubilization,
but were highlighted as more specific of saturated FFA [3,14]. Fatty acid-based DES were also
reported as potential antimicrobial media for drugs vectorization [28]. NaDES based on menthol and
alkanediol (1,3-propanediol, 1,2-octanediol) were also highlighted as selective solvent for
monounsaturated FFA (MUFA) and PUFA but with lower solubilization capacity [13].

Indeed, to produce ready-to-use cosmetic ingredient for skin microbiota regulation, NaDES
components should be in line with European and Chinese cosmetic regulation, which exclude choline
chloride, and most of the terpene considered as allergens [29]. Combining FFA, natural skin
microbiota regulators, with antimicrobial DES based on fatty acids, should result in enriched extracts
that could favor the regulation of microbiota diversity and prevent the S. aureus-associated dysbiosis,
linked to skin disorders such as AD or sensitive skin.

In this work, we explored the design of a new class of HDES based on alkanediol to improve
PUFA extraction performances. NaDES solubilization capacity towards carotenoids and palmitic acid
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was investigated. The most performant NaDES were screened on cakes of Spirulina and P. cruentum,
resulting of PBP water extraction. Two extractions process were challenged: ultrasonic extraction and
an innovative dual asymmetric centrifugation (DAC). A selection of resulting extracts was then tested
on keratinocytes and four bacterial species of skin microbiota to highlight potential benefit for skin
dysbiosis prevention.

2. Results and Discussion
2.1. Alkanediol-Based NaDES Design and Characterization

Alkanediol based NaDES were already described in the literature, mostly combined with
chlonine chloride, for polar metabolites extraction [30-32]. Some recent work reported the interest of
combining alkanediol with different HBA to enhance the extraction of hydrophobic metabolites like
terpenes [33], and curcumin [34]. Most of the NaDES described then were either not compatible with
a cosmetic use or too polar to extract FFA. Our lab recently highlights the potential of Menthol-
alkanediol combination to extract PUFA from fresh Spirulina biomass [13], highlighting the potential
of alkanediol for our purpose.

To design our alkanediol-based NaDES library, the Smart NaDES selection strategy recently
described by our group was applied [13]. Raw materials were first selected in accordance with
European and Chinese cosmetic regulations [29], to avoid the metabolites/NaDES separation step.
Two alkanediols were then selected: 1,3-prodanediol and 1,2-octanediol, as HBD components. To
prepare a wide range of alkanediol based NaDES, HBA of large range of polarity were selected from
glycerol to octanoic acid (Table 1).

Most of the alkanediol based NaDES produced were easy to prepare using stirring and heating
protocol, at low temperature (between 50 and 60 °C) except for NaDES containing citric acid. In
general, the density was acceptable for extraction process (between 0.88 to 1.28). Especially, NaDES
based on alkanediol and fatty acids exhibited the lowest density, allowing easy transfer and handling
(Table 1).

Water miscibility of resulting alkanediol-based NaDES was then investigated. In fact, microalgal
cakes were media with low dry matter content. Therefore, NaDES of interest should not be miscible
to water to avoid high water amount transfer during extraction step, that could impact extract
preservation. Only alkanediol combination with almost one fatty acid or menthol or proline were
found to be immiscible to water.

To select the most relevant NaDESs, the solubilization capacity of each NaDES was explored on
two reference compounds: 3-carotene to mimic carotenoids of interest in cakes, and palmitic acid to
explore FFA solubilization capacity. Alkanediol-based NaDES performances were compared to well-
known reference solvents: hexane/acetone (60:40,v/v) for carotenoids and ethylacetate for palmitic
acid.

Solubilization results were shown on the heatmap in Figure 1.
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Figure 1. Heatmap of solubilization capacity of selected alkanediol-based NaDES towards 3-carotene

and palmitic acid.
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Table 1. Alkanediol based NaDES composition and physico-chemical properties.

NaDES code Component 1 Component 2 Component 3 Molar Ratio (water%) Heating* (°C) Density (g/mL) Water miscibility
PC8 Octanoic acid - 1:5 50 0.914 -
PM L-Menthol - 1:1 60 0.946 -
PG Glycerol - 1:1 60 1.135 +
PCit Citric acid - 1:1 80 1.272 +

PLac Lactic acid - 1:1 50 1.109 +
1,3-propanediol
PLev Levulinic acid - 1:1 50 1.095 +
PP Proline - 8:1 60 1.072 +
PGC8 Glycerol Octanoic acid 2:1:1 50 1.028 -
PLevC8 Levulinic acid Octanoic acid 2:1:1 50 1.018 -
PC8C10 Octanoic acid Decanoic acid 1:3:1 20 0.912 -
OCs8 Octanoic acid - 1:5 50 0.901 -
OM L-Menthol - 1:1 60 0.886 -
OG Glycerol - 1:1 60 1.010 -
OCit Citric acid water 1:1 (20%) 80 1.161 +
OLac Lactic acid - 1:1 60 0.975 +
1,2-octanediol
OLev Levulinic acid - 1:1 60 0.980 +
or Proline - 8:1 60 0.941 -
OGC8 Glycerol Octanoic acid 2:1:1 50 0.967 -
OLevC8 Levulinic acid Octanoic acid 2:1:1 50 0.956 -
0OC8C10 Octanoic acid Decanoic acid 1:1:2 50 0.900 -

* heating temperature used for NaDES synthesis.As we could see on the heatmap, most of the 1,2-octanediol containing NaDES exhibited good solubilization ability of palmitic acid, except those
containing lactic or citric acids. On the contrary, only few 1,3-propanediol based NaDES exhibited satisfying palmitic acid solubilization: PC8, PM and PC8C10. This is expected regarding the
difference of logP of the two alkanediols (1.05 vs 1.5) and the alkane chain length.
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Considering carotenoids, only three NaDES have shown performances similar to the reference
hexane/acetone mixture: PC8, PC8C10 and OCS8. [3-carotene with high unsaturated structure could
provide a good approximation of both carotenoids and PUFA behavior in NaDES.

The three NaDES combining good performances either for palmitic acid or [3-carotene were then
selected to perform cakes extraction: PC8, PC8C10, and OCS.

2.2. FFA Extraction Using Hydrotrope-Based NaDES
2.2.1. Cakes Characterization

A. platensis and P. cruentum pretreated cakes were first characterized as starting point. Impact of
the preliminary phycobiliproteins extraction on cell integrity was investigated at both macroscopic
and microscopic levels. Dyes and lipid content were titrated. Also pigments diversity and FFA profile
were established using HPLC and LC-ESI-MS analysis. The dry matter (DM) rate of the biomasses
was measured by gravimetry (Table 2).

Table 2. Cakes’ characteristics (dry matter, pigment, and lipid content). Datas represent the mean +
SD. DM = dry matter.

Phycobiliprotein Chlorophylls Carotenoids
icroal DM (¢ D D
Microalgae Code M (%) (mg/g DM) (mg/g DM) 5=3 (mg/g DM)
n=3 n=3
A. platensis Sp-Cake 17.2 84.8+04 44+0,1 1.6+0,1
P. cruentum Pc-Cake 9.0 129+0.2 1.9+0.1 0.8+0.1

A. platensis was morphologically characterized by long, unbranched, spirally coiled filaments.
Length and curl might vary depending on growing conditions. The fresh biomass (Sp-Fresh)
exhibited a typical long spiral structure, about 250 um long, as the dominant form (Figure 2). The A.
platensis cake, by-product of PBP water extraction, exhibited a dramatic cellular damage with only
cellular debris visible. The cells were individualized, ranging from 5 to 7.5 um length (Figure 2).
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Figure 2. Microscopic photographs of biomasses, before and after phycobilliproteins (PBP) extraction.
Sp- and Pc- fresh (biomass before extraction), Sp- and Pc-cake (resulting by-product).
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P. cruentum is represented by cells with spherical shape, ranging size from 5 to 7 um, red to
brown. As for Spirulina, fresh biomass (Pc-Fresh) exhibited negligible impact on the cell wall as
typical spherical structures were observed (Figure 2). Surprisingly, the preliminary extraction of PBP
(Pc-cake) did not seem to impact dramatically the cell structure but we can observe several shining
and empty cells with a length around 4-5 um.

The preliminary extraction of PBP had then an important impact on cell-wall in both cases,
which may favor the mass transfer during lipid extraction process. This data was a crucial point to
investigate the possibility of sequential extraction of PBP and FFA. Moreover, in the case of FFA, the
cellular damage could be a good indicator of FFA rate, as they are recognized as lipidome
degradation indicator. Targeting FFA here appeared then a smart strategy to up-cycle these
microalgae wastes.

Considering FFA profile, Sp-Cake highlighted a high w6-PUFA content, as linoleic and y-
linolenic acids, in accordance with literature (Figure 3) [5]. Lower levels of palmitic acid were
observed (above 25%), differing from the usual medium rate of 40% found in the litterature [5]. Sp-
Cake exhibited the highest FFA rate (25 mg/g DM), as we could expect according to cell wall
degradation.

Considering P. cruentum, FFA profile highlighted a high level of arachidonic acid (C20:4, w6),
almost 80% of total FFA (60 mg/g DM) (Figure 3). These amounts were 5-fold higher than those
usually found in the literature [6]. Low levels of eicosapentaenoic acid (EPA, C20:5, w3) were
observed, as well as low rates of palmitic (C16:0) and linoleic acid (C18:2, w6). Those FFA were
usually described at higher rates [6].

Cakes relative FFA profile
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Figure 3. FFA profile of Sp- and Pc-Cakes in cumulative (left) or relative (right) view, according to
LC-ESI-MS data.

Considering pigment profiles of Spirulina and P. cruentum cakes, as we can see in Table 1
spirulina exhibited higher chlorophylls and carotenoids’ content than P. cruentum. Sp-Cake content
reached 4.4 mg/g DM for chlorophylls and 1.6 mg/g DM for carotenoids, in comparison with P.
cruentum that exhibited content close to 2 mg/g DM and 1 mg/d DM of chlorophylls and carotenoids
respectively.

2.2.2. Ultrasound Assisted Extraction (UAE)

First UAE was explored to extract FFA using the three selected NaDES PC8, PC8C10 and OCS8.
UAE was already described as a green and relevant technology to extract FFA from spirulina cakes
using conventional solvent [3].

As we can see on Figure 4, the pigment profile of all extracts was almost similar for P. cruentum
and closely related for spirulina. The main difference was the lower amount of carotenoids found in
OC8 extract of spirulina cake.
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Figure 4. Pigment profile of NaDES cake extracts of spirulina (Sp) and P. cruentum (Pc).

Considering now the FFA extraction (Figure 5), OC8 and PC8C10 exhibited the best extraction
performances on both cakes, with a FFA amount between 50-60 mg/g DM spirulina, and 20-30 mg/g
DM P. cruentum. PC8 perfomances were twice lower with amount of 25 mg/g DM and 15 mg/g DM
for spirulina and P. cruentum respectively.
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Figure 5. FFA profile of Sp- and Pc-Cakes UAE extracts in cumulative (left) or relative (right) view,
according to LC-ESI-MS data.

The main target of interest in FFA pool are the unsaturated ones (MUFA and PUFA). On Figure
5, for Spirulina cake extraction, it appeared clearly thatPC8 was the most performant NaDES
regarding MUFA and PUFA selectivity (67% of FFA profile) followed by OC8 (53 %) and PC8C10
(40%). For spirulina, PC8 appeared then as the best NaDES for our purpose combining high
carotenoids and PUFA amounts, even if recovery should be improved. OC8 and PC8C10 exhibited
closely related performance considering FFA. However, given the lower carotenoids levels observed
in OC8, PC8 and PC8C10 were selected for spirulina extraction.

On P. cruentum, the most performant NaDES was the PC8C10 with unsaturated FFA rate of 67%
of the FFA profile. It was important to note that this high amount was mostly composed of
arachidonic acid, and that no MUFA were observed and as well as low level of linoleic acid. PC8 with
lower unsaturated FFA (25%) exhibited on the contrary a more diversified profile, in accordance with
the envisaged extract use. In fact, it has been shown that FFA diversity favored of a better microbiota
balance [7,8,12]. OC8 exhibited the lowest selectivity again towards PUFA (only 5% of FFA). Thus,
considering P. cruentum, only PC8 was selected for further investigation.
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2.2.3. Dual Asymmetric Centrifugation (DAC) Extraction

Recently, our group explored an innovative mechanical extraction, the Dual Asymmetric
Centrifugation (DAC), to enhance flavonoids and carotenoids extraction from marigold with NaDES
[35]. This new process allowed to work at room temperature with higher extraction recovery thanks
to intense mixing between biomass and NaDES.

As PC8 and PC8C10 use for cakes extraction led to interesting FFA profile but with moderate
recovery, DAC was investigated as alternative extraction process. In fact, as DAC process is
performed at room temperature, in comparison with UAE that generated temperature rising during
extraction (up to 50°C), this alternative process could prevent PUFA and MUFA degradation and
then increase their extraction.

Extraction time (30 min) remains identical to UAE, but the rotation speed was modulated as it
has a major impact on mixing intensity. Two rotation speed were then investigated: a low one (500
rpm) and a high one (2500 rpm).

As shown in Figure 6, the pigment recovery increased with speed rotation for both microalgae
cakes. With PC8 the carotenoids amount increased 6-fold, from 1.5 mg/g DM using UAE to 8 mg/g
DM with DAC at 2500 rpm. The performance of DAC at 2500 rpm was even more impressive on P.
cruentum (10-fold) and with PC8C10 on spirulina (25-fold).
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Figure 6. Pigment recovery from Spirulina (left) and P. cruentum (right) cakes using DAC process and
compared to UAE.
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Figure 7. FFA profile of Sp- and Pc-Cakes UAE and DAC extracts in cumulative (left) or relative (right)
view, according to LC-ESI-MS data.

Considering FFA recovery, the use of DAC process, particularly at 2500 rpm, dramatically
improved the extraction performances for all NaDES screened and the two microalgae cakes.

Considering Spirulina, FFA amount raised from 26 mg/g DM to 65 mg/g DM with PC8 and from
47 mg/g DM to 218 mg/g DM for PC8C10. It is also important to note that the FFA profile, using the
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DAC process, was then dominated by PUFA and MUFA (almost 90% of FFA). In particular, linoleic
acid (w6 PUFA) represented 79 and 74% of the FFA fraction of Sp-PC8-2500 and Sp-PC8C10-2500
extracts, respectively. This is particularly interesting for cosmetic use as linoleic acid is well known
as a major inflammation and microbiota regulator for skin [7,10,12].

Considering P. cruentum, FEA amount raised from 11 mg/g DM to 173 mg/g DM using PC8C10.
Again, MUFA and FFA relative proportion increased to reach almost 90 % of the FFA profile, with a
more diversified profile. Indeed, linoleic acid was found at an equivalent rate to arachidonic acid.
This extract exhibited then a more interesting profile for our purpose.

The DAC process at high rotation speed was an interesting option to considered to enhance
FFArecovery from PBP extraction cakes, especially MUFA and PUFA. During all extraction
experiments, the temperature was maintained below 35°C, that could explain the preservation of
PUFA in the extracts.

Three samples were then selected to be biologically investigated: Sp-PC8-2500, Sp-PC8C10-2500
and Pc-PC8-2500.

2.3. Biological Evaluation for Cosmetic Use

Before considering a potential cosmetic use of our alkanediol based NaDES extract, the
harmlessness on skin and the impact on microbiota were preliminary investigated, using
keratinocytes, the most abundant cell type of the epidermis, and four bacterial species of the skin
microbiota.

To separately highlight NaDES and metabolites effects, all experiments were performed using
NaDES alone and resulting extracts.

2.3.1. Impact on Keratinocytes Viability

To investigate the safety of NADES and extracts for dermatological applications, the in vitro
viability of HaCaT cells, an immortalized human keratinocytes line, was evaluated after a 24h
treatment using the XTT colorimetric assay, which measures cellular metabolic activity, and lactate
dehydrogenase (LDH) release assay, a marker for cell lysis. The concentrations of the compounds
were set at 25, 50, 100, and 200 pg/mL, as described by Wils et al. [14]. In addition to a negative control
(unstimulated cells), a DMSO control was considered as the NaDES and extracts were diluted in
DMSO. No impact of DMSO was observed at the highest concentration.

100+
)
S 80 B Sp-PC8-DAC 2500
£ B2 Sp-PC8C10-DAC 2500
- 601 Bl Pc-PC8-DAC 2500
Z 40 O PCs
3 PC8C10
20+
0-

Concentration (pg/mL)

Figure 8. Cell viability of keratinocytes after treatment with alkanediol-based NaDES or NaDES
extracts (XTT assay). Results are expressed as percentage of cell viability relative to unstimulated
control cells. Data represent the mean + SEM of four independent experiments. *p < 0.05, **p < 0.01,
**p < 0.001.

Overall, except for the Sp-PC8-2500 extract and PC8C10 NADES, a significant decline in cell
viability is observed only at the maximum concentration of 200 pug/mL in comparison to control cells.
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Subsequently, cell viability gradually increases to 90-100% as the concentration decreases for all
samples tested. Alkanediol-based NaDES and their extracts thus appear to exhibit satisfactory safety
on keratinocytes, as cell viability is approximately 80% at the highest concentration. This slight
toxicity is in accordance with the established cosmetic standards established by Caprin et al. [36],
which permit a viability of 80% for 1% (v/v) of NaDES or extract diluted in the culture medium. This
concentration range is between 8 and 20 pg/mL, depending on the density of the considered NaDES
or extracts. Consequently, all of the samples can be considered safe, with the viability of keratinocytes
only being impacted for concentrations at least 10 times higher. As there is no significant difference
observed between NaDES and the extracts, it can be concluded that the cytotoxicity is mainly due to
the presence of NaDES.

To validate these findings, a second cytotoxicity test, the LDH release assay, was then carried
out. The results obtained did not indicate plasma membrane permeabilization or cell death for all
samples tested even at the highest concentration tested (data not shown). Therefore, the cytotoxicity
observed in the XTT test can be attributed to a slowing down of metabolism rather than real
cytotoxicity. To ensure the cells were healthy (adherent and alive), a microscopic control was also
conducted. Microscopy did not indicate any morphological abnormalities in the treated cells,
confirming the absence of cytotoxicity in the literal sense.

To date, only three publications have evaluated the toxicology of NaDES on HaCaT cells. These
studies found that all of the hydrophilic NaDES tested did not show cytotoxicity on keratinocytes
[14,36]. Regarding the cytotoxicity of hydrophobic NaDES on HaCaT, Silva et al. examined the
toxicity of DES derived from menthol and fatty acids (lauric, stearic or myristic acids) [28,37]. These
DES exhibited cytotoxicity at concentrations of 12 mM and the presence of menthol was found to be
correlated with toxicity. Those data were confirmed by the study of Wils et al., that demonstrated the
cytotoxicity of NaDES based on menthol, with 76% of cell viability observed at 200 pg/mL. Fatty acid-
based NaDES exhibited also a cytotoxicity at high concentrations (200 pg/mL) of 57% and 56% cell
viability for e C8/C12 and C9/C10/C12 NaDES respectively [14]. It was then interesting to note that
de alkanediol/fatty acids combination described here appeared to be safer for keratinocytes.

2.3.2. Impact on Skin Microbiota Bacterial Strains

Cell viability was also assessed in bacteria from the skin microbiota using the XTT assay. The
tests were conducted on four Gram-positive species: Corynebacterium xerosis, Cutibacterium acnes,
Staphylococcus epidermidis, and S. aureus, the latter of which is associated with atopic dermatitis
severity. The cytotoxic profiles induced by NaDES and their extracts at concentrations ranging from
200 pg/mL to 3.125 ug/mL are presented in the following figure (Figures 9).

A dose-response effect is observed in the two species of Staphylococci, whereby an increase in
compound concentration is accompanied by a decline in cell viability (Figure 9). At 200 pg/mL, except
for Pc-PC8 on S. epidermidis, all the compounds are highly deleterious, with a viability of less than
30% for S. aureus and 65% for S. epidermidis. Except for Pc-PC8 and PC8 on S. epidermidis, the difference
with the control is also significant at 100 pg/mL for most of them, with a viability of close to 60-70%.
For the other concentrations tested, viability rises slowly with increasing concentration. At the
minimum concentration, 100% viability is not achieved. The antibacterial activity seems linked to the
presence of NaDES, with few differences between the extract and NaDES alone, except on S.
epidermidis, where NaDES have more advanced antibacterial activity than extracts.

The other two bacterial species, C. acnes and C. xerosis, are much less impacted (Figure 9).
Regarding C. acnes, viability is close to 90-100% for all conditions, with no significant difference
between the control and the highest concentration tested. In contrast, compounds at 200 pg/mL
appear to be toxic for C. xerosis, with a viability of 50-70%. At 100 pg/mL, viability reaches at least
80%, except for PC8 for which viability remains significantly reduced. For all concentrations and
solvents combined, the cytotoxic activity of the extracts on C. xerosis is lower than that of the
corresponding NaDES, particularly at the lowest concentrations (p < 0.05). This observation is
important in the approach developed here, as it highlights a protective effect of the extract regarding
the intrinsic toxicity of the solvent. It can be reasonably concluded that the combined effects of the
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extracts and NaDES would result in a slowing of the metabolism of Staphylococci species, which are
known to be predominant in the dysbiosis of the skin microbiota associated with atopic dermatitis.
The fact that the viability of commensal strains, such as C. xerosis or C. acnes, is less or not impacted
can favor the skin microbiota to tend towards a rebalance. Spirulina extracts appear to be the most
promising, with this duality of effect observable from 50 pg/ml.

Hydrophobic alkanediol-based NaDES therefore appear to have increased toxicity on
Staphylococcal species compared to the commensal flora. This is consistent with the results
previously published by our group on fatty acid based NaDES [14]. Many authors have shown that
low concentrations of saturated FFA are bacteriostatic but higher concentrations cause lysis of
bacteria [8,12,38]. The mechanism of toxicity of (Na)DES on bacteria remains poorly understood
despite research which has intensified in recent years. Just like on eukaryotic cells, toxicity varies
with the concentration and composition of DES. The authors assume that the toxic effect would be
linked to the disruption of cell walls, due to the presence of delocalized charges. The toxic effect
would be accentuated by the presence of an organic acid (acidic pH) and would be less marked in
the presence of NaDES containing water, surely due to the dilution of the NaDES leading to lower
toxicity by distention of the network hydrogen bonds [39]. Nevertheless, the antibacterial effect is an
advantage for NaDES in the context of their use, particularly in the biomedical, agri-food or cosmetic
fields. In addition to potential activity on microbiota and pathogenic germs, this intrinsic activity
would also make it possible to avoid the addition of controversial inputs such as antimicrobial
preservatives. NaDES based on fatty acids and alkanediols therefore showed anti-staphylococci
activity. At the same time, the extracts appear more beneficial for the commensal bacteria.
Hydrophobic NaDES formulations can therefore be considered as a regulator of the microbiota in the
case of S. aureus-associated dysbiosis, particularly in the context of atopic or atopic-prone skin.
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Figure 9. Cellular viability of bacteria after treatment with alkanediol-based NaDES or NaDES
extracts (XTT assay). Results are expressed as percentage viability relative to unstimulated control

cells. Data represent the mean + SEM of four independent experiments. *p < 0.05, **p < 0.01, **p <
0.001.
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3. Materials and Methods
3.1. Raw Material

Spirulina (Arthrospira platensis) (harvested and extracted in July 2019) and Porphyridium cruentum
(harvested and extracted in August 2020) cakes were kindly provided by Aqua Eco Culture
(Lamballe, France). All the biomasses were stored at —20°C. Cakes were obtained after extraction of
phycobiliproteins using internal Aqua Eco Culture process.

3.1.1. Microscopy

The cells before and after phycobilliproteins extraction were observed under trinocular
microscope LEICA L3000 and photographed using a digital camera LEICA EC3 (Leica Camera AG,
Wetzlar, Germany). Photos were edited with the LEICA associated software LAS EZ version 1.6.0.

3.1.2. Dry Matter Determination

Dry matter content was determined using gravimetry. Briefly, 1 g of biomass was introduced in
infrared moisture meter MB23 (Ohaus, Nénikon, Switzerland) until stable mass was observed.

3.2. Chemicals

Ethyl acetate (EtOAc), methanol (MeOH), acetonitrile (ACN), acetone, hexane and propan-2-ol
were purchased from Carlo Erba (Val de Reuil, France). Ammonium formate, DMSO and saturated
and unsaturated fatty acids standards kit were purchased from Merck-Sigma Aldrich (Saint-Quentin
Fallavier, France). Palmitic acid (99%), octanoic acid (99%), levulinic acid (98%), betain (98%), L-
proline (99%), 1,3-propanediol (98%), and 1,2-octanediol (98%) were purchased from Acros Organics
(Geel, Belgium). Formic acid was purchased from Fisher Scientific SAS (Illkirch, France). Nonanoic
acid 98%, decanoic acid 99% and beta-carotene (99%) were purchased from Alfa Aesar (Haverhill,
USA). Water was purified using a Milli-Q system (Millipore Corporation, Bedford, MA, USA). Formic
acid LC-MS grade was purchased from Fisher Scientific SAS (Illkirch, France).

3.3. NaDES Preparation and Characterization
3.3.1. NaDES Preparation

NaDES were prepared by mixing appropriate ratio of HBA and HBD (see Table 1). The mixture
was heated at 50°C or 80°C and stirred until a colorless liquid was obtained.

3.3.2. Density

NaDES density in g/mL was determined by withdrawing one milliliter of NaDES with automatic
pipette set for viscous liquid (AutoRep Rainin, Brand, Wertheim, Germany) and weighing on a
precision balance (Pioneer, Ohaus, Néanikon, Switzerland). All mesures were performed in triplicates.

3.3.3. Water Miscibility

1 mL of water was added to 1 g of NaDES in a graduated hemolysis tube. Phases were mixed at
30°C under magnetic stirring for 1 hour. The samples were then visually analyzed for volume check
of each phase. NaDES was considered as non-miscible with water if NaDES phase volume exhibited
less than 20% variation.

3.3.4. Palmitic Acid and Beta-Carotene Solubilization Ability

For palmitic acid, 500 mg of solvent was added to a 1.5 mL Eppendorf tube, then the appropriate
amount of palmitic acid was added, according to the desired concentrations: 20 mg/mL, 50 mg/mL,
100 mg/mL and 200 g/mL. Solubilization was ensured by a 30-minute ultrasonic cycle (RK-100H,
Bandelin electronic, Berlin, Germany). Solubilization was visually checked: clear sample was
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considered as soluble; non-homogeneous sample or precipitate was considered as saturation limit.
NaDES performances were compared to EtOAc, as biosourced reference solvent.

For beta-carotene, 500 mg of solvent was added to a 1.5 mL Eppendorf tube, then the appropriate
amount of palmitic acid is added, according to the desired concentrations: 1.0 mg/mL, 2.5 mg/mL,
and 5 mg/mL. Solubilization was ensured by a 30-minute ultrasonic cycle (RK-100H, Bandelin
electronic, Berlin, Germany). Solubilization was visually checked: clear sample was considered as
soluble; non-homogeneous sample or precipitate was considered as saturation limit. NaDES
performances were compared to hexane:acetone (60:40, v/v), as reference solvent.

3.4. Extraction Process
3.4.1. NaDES Screening and UAE

Biomass was extracted with NaDES using protocol described in [3], without modifications.

3.4.2. Dual Asymetric Centrifuge Extraction

Spirulina and P. cruentum cakes were extracted using an asymmetric Hauschield Speedmixer
DAC 150 (MP2E solutions, France) the following parameters below. C8/Prop (5:1, mol/mol) and
C8/C10/Prop (3:1:1, mol/mol/mol) (3g) and cakes (0.6 g) were introduced in appropriate vial. Samples
were then extracted at 500, 2500 or 3500 rpm for 30 min.

Resulting extracts were then recovered after centrifugation at 16200g (Rotanta 460R, Hettich,
Sarreguemines, France)

3.5. Analytical Protocols

All extracts and the initial biomass were analyzed in terms of pigment content, lipid content and
FFA and pigment profiles. Spirulina extracts were named “Sp-X” and P. cruentum were named “Pc-
X" according to the solvent used. For example, resulting extract of Spirulina obtained with 1,3-
propanediol:C8 was named “Sp-PC8”.

3.5.1. Pigment Content

Initial biomasses were characterized in terms of global dye content. Biomasses were extracted
by water under magnetic agitation during 2 hours with biomass dry matter/solvent ratio (1/25, w/w).
1 mL of each sample were centrifuged during 10 minutes with a Mini-Centrifuge (Fisher Scientific
SAS, Illkirch, France). The supernatant was then recovered and distributed in 96 well microplates.
Absorbance was measured at 620, 652 nm for C-phycocyanin and 565 nm using a Multiskan GO plate
reader (ThermoFisher Scientific, Villebon Coutaboeuf, France) with Skanlt RE software. Resulting
solid residues were then dissolved in 1 mL of MeOH and absorbance was measured at 450, 645 and
666 nm. Mass concentration of B-phycoerythrin was obtained thanks to equation described by Benett
et al. [40] and the calculations for chlorophylls and carotenoids were established using the equation
described by Boutin et al. [41]. Error was expressed as standard deviation.

NaDES extracts were characterized in terms of chlorophylls and carotenoids content according
to Wils et al. [14]

3.5.2. Dye Profile

The qualitative chlorophylls/carotenoids profile was determined using high-performance liquid
chromatography (HPLC) based on Jaime et al. [2]. The samples from the titration assay were then
filtered through a syringe filter with a porosity of 0.45 um and transferred into HPLC vials. The
samples were analyzed on a Dionex U3000RS HPLC chain equipped with a diode array (Thermo
Fisher Scientific SAS). 5 uL of each sample were then injected into a column (Accucore aQ 150 mm x
3 mm x 2.6 um) accompanied by a precolumn (13 mm x 0.3 mm) (Thermo Fisher Scientific SAS). The
flow was set at 0.8 mL/min and the column temperature was maintained at 30°C. Mobile phases were:
A MeOH/ammonium acetate 0.1 M (aq) (7:3, v/v) and B MeOH 100%. The gradient was set as follow:
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initial solvent B content was 25%, raised to 50% in 0.64 min, then 100% in 6.6 min and maintained it
during 17 min.

3.5.3. FFA Profile

FFA content of biomass was determined using liquid chromatography-mass spectroscopy (LC-
ESI-MS), according to Wils et al. [14], with no modification.

3.6. Biological Evaluation
3.6.1. Sample Preparation

Extracts based on polar NADESs were re-suspended in phosphate-buffered saline solution (PBS,
Gibco) and extracts from non-polar NADESs were solubilized in 5% DMSO final solution.

3.6.2. Determination of Keratinocyte Viability

Human keratinocyte line HaCaT were cultured in 96-well plates at 4 x 104 cells per well in 0.1
mL Dulbecco Modified Eagle’s minimal essential Medium (Gibco, Carlsbad, CA, USA) supplemented
with 10% of FBS and until approximately 80% confluence before being treated by various
concentrations of NADESs and NADESs-extracts for 24 h. Keratinocyte viability was assessed using
the cell proliferation kit II (XTT) and the cytotoxicity detection kit (LDH) (Roche Diagnostics GmbH,
Mannheim, Germany) according to the manufacturer’s protocols.

3.6.3. Determination of Bacterial Viability

Four Gram-positive bacterial strains were used: Staphylococcus aureus ATCC 29213,
Staphylococcus epidermidis CCM 2124, Corynebacterium xerosis ATCC 373, and Cutibacterium acnes
ATCC 6919. S. epidermidis and S. aureus strains were cultured on Mueller-Hinton (MH; Oxoid) agar
plates incubated for 24 h at 37°C in aerobic atmosphere. C. xerosis and C. acnes strains were cultured
on MH agar plates supplemented with 5% defibrinated horse blood (Oxoid) at 37°C for 72 h in aerobic
atmosphere and anaerobic atmosphere, respectively. The effect of NADESs and NADESs-extracts on
bacteria viability was investigated using the tetrazolium sodium XTT reduction assay (cell
proliferation kit II, Roche). For the XTT assay, bacteria were suspended in PBS containing 10% of
brain heart infusion (BHI) medium and used at final bacterial concentrations of 10¢ colony forming
unit (CFU)/mL for S. aureus and C. xerosis, 107 CFU/mL for S. epidermidis and 109 CFU/mL for C. acnes.
Bacterial concentrations were determined by measuring the optical density (OD) of the suspension
at 600 nm and by CFU counts for each strain controlled by serial 10-fold dilutions of the bacterial
suspensions and plating on MH or blood-supplemented MH agar plates depending of the species.
Bacteria in presence or absence of NADESs and NADESs-extracts at various concentrations were
incubated for 4 h at 37°C prior to adding XTT/menadione reagent. After 2 h at 37 °C, the absorbance
at 490 nm with a wavelength correction at 620 nm was read using a microplate reader (Tecan Infinite
F50, Tecan).

3.7. Statistical Analysis

Results were analyzed by GraphPad Prism version 5 (GraphPad Software, La Jolla, CA, USA).
The statistical significance was evaluated by the one-way ANOVA Kruskall-Wallis test followed by
the Dunn’s comparison test. Differences were significant at p< 0.05.

4. Conclusions

This study demonstrated the significance of alkanediol-based NaDES for the valorization of
spirulina and P. cruentum cakes. The novel NaDES enabled the production of FFA profiles enriched
in PUFA of dermatological interest. The utilization of the innovative DAC extraction process
represents a notable advancement in terms of the recovery of these PUFAs. Indeed, at high speed,
this process made it possible to increase the recovery of FFA by a minimum factor of 10 and to
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promote the preservation of PUFA by working at room temperature. The enriched extracts obtained
as well as the new NaDES based on alkanediols showed increased tolerance on keratinocyte cultures
compared to other HDES described in the literature. Furthermore, these NaDES and extracts
demonstrated dose-dependent cytotoxic effects on two strains of staphylococci while preserving
commensal species, an effect which can be due to the metabolites present in the cakes, particularly
PUFAs. This work highlights the relevance of combined use of intrinsically active alkanediol-based
NaDES and biomass extracts for alternative approaches in the management of skin dysbiosis.

Author Contributions: Conceptualization, L.B.D. and C.B.; methodology, L.B.D. and C.B.; investigation, L.W.,
M.Y., N.B,; resources, A.C. and M.P.; writing—original draft preparation, L.W. and L.B.D.; writing —review
and editing, L.B.D. and C.B.; supervision, L.B.D. and C.B; project administration, L.B.D.; funding acquisition,
L.B.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the French National Research Agency (ANR-19-CE43-0001-01) and the
Région Centre Val de Loire (PhD Grant).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Raw datasets generated during this study are available from the corresponding
authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision
to publish the results.

References

1. Dolganyuk, V.; Belova, D.; Babich, O.; Prosekov, A.; Ivanova, S.; Katserov, D.; Patyukov, N.; Sukhikh, S.
Microalgae: A Promising Source of Valuable Bioproducts. Biomolecules 2020, 10, 1153,
do0i:10.3390/biom10081153.

2. Jaime, L.; Mendiola, J.A.; Herrero, M.; Soler-Rivas, C.; Santoyo, S.; Sefiorans, F.J.; Cifuentes, A.; Ibanez, E.
Separation and Characterization of Antioxidants from Spirulina Platensis Microalga Combining Pressurized
Liquid Extraction, TLC, and HPLC-DAD. ] Sep Sci 2005, 28, 2111-2119, doi:10.1002/jssc.200500185.

3.  Wils, L; Yagmur, M.; Phelippe, M.; Montigny, B.; Clément-Larosiére, B.; Jacquemin, J.; Boudesocque-
Delaye, L. Alternative Solvents for the Biorefinery of Spirulina: Impact of Pretreatment on Free Fatty Acids
with High Added Value. Mar Drugs 2022, 20, 600, doi:10.3390/md20100600.

4.  Pagels, F.; Guedes, A.C.; Amaro, H.M.; Kijjoa, A.; Vasconcelos, V. Phycobiliproteins from Cyanobacteria:
Chemistry and Biotechnological Applications. Biotechnol Adv 2019, 37, 422-443,
doi:10.1016/j.biotechadv.2019.02.010.

5. Miihling, M.; Belay, A.; Whitton, B.A. Variation in Fatty Acid Composition of Arthrospira (Spirulina)
Strains. | Appl Phycol 2005, 17, 137-146, d0i:10.1007/s10811-005-7213-9.

6.  Rebolloso Fuentes, M. Biomass Nutrient Profiles of the Microalga Porphyridium Cruentum. Food Chem
2000, 70, 345-353, doi:10.1016/S0308-8146(00)00101-1.

7. Ruffell, S.E.; Miiller, KM.; McConkey, B.]. Comparative Assessment of Microalgal Fatty Acids as Topical
Antibiotics. ] Appl Phycol 2016, 28, 1695-1704, doi:10.1007/s10811-015-0692-4.

8.  Desbois, A.P.; Smith, V.]. Antibacterial Free Fatty Acids: Activities, Mechanisms of Action and
Biotechnological Potential. Appl Microbiol Biotechnol 2010, 85, 1629-1642, doi:10.1007/s00253-009-2355-3.

9. Gong,J.Q.; Lin, L.;Lin, T.; Hao, F.; Zeng, F.Q.; Bi, Z.G.; Yi, D.; Zhao, B. Skin Colonization by Staphylococcus
Aureus in Patients with Eczema and Atopic Dermatitis and Relevant Combined Topical Therapy: A
Double-Blind Multicentre Randomized Controlled Trial. British Journal of Dermatology 2006, 155, 680687,
doi:10.1111/].1365-2133.2006.07410.X.

10. Alexander, H.; Paller, A.S.; Traidl-Hoffmann, C.; Beck, L.A.; De Benedetto, A.; Dhar, S.; Girolomoni, G.;
Irvine, A.D.; Spuls, P.; Su, J; et al. The Role of Bacterial Skin Infections in Atopic Dermatitis: Expert
Statement and Review from the International Eczema Council Skin Infection Group. British Journal of
Dermatology 2020, 182, 1331-1342, doi:10.1111/BJD.18643.

11. Mohammad, S.; Karim, M.R,; Igbal, S.; Lee, ].H.; Mathiyalagan, R.; Kim, Y.J.; Yang, D.U.; Yang, D.C. Atopic
Dermatitis: Pathophysiology, Microbiota, and Metabolome — A Comprehensive Review. Microbiol Res 2024,
281, 127595, doi:10.1016/].MICRES.2023.127595.

12. Desbois, A.; Lawlor, K. Antibacterial Activity of Long-Chain Polyunsaturated Fatty Acids against
Propionibacterium Acnes and Staphylococcus Aureus. Mar Drugs 2013, 11, 4544-4557,
doi:10.3390/md11114544.


https://doi.org/10.20944/preprints202405.1747.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 May 2024 d0i:10.20944/preprints202405.1747.v1

17

13. Hilali, S.; Van Gheluwe, L.; Yagmur, M.; Wils, L.; Phelippe, M.; Clément-Larosiere, B.; Montigny, B.;
Jacquemin, J.; Thiery, E.; Boudesocque-Delaye, L. NaDES-Based Biorefinery of Spirulina (Arthrospira
Platensis): A New Path for Sustainable High Value-Added Metabolites. Sep Purif Technol 2024, 329, 125123,
doi:10.1016/].SEPPUR.2023.125123.

14. Wils, L.; Leman-Loubiére, C.; Bellin, N.; Clément-Larosiére, B.; Pinault, M.; Chevalier, S.; Enguehard-
Gueiffier, C.; Bodet, C.; Boudesocque-Delaye, L. Natural Deep Eutectic Solvent Formulations for Spirulina:
Preparation, Intensification, and Skin Impact. Algal Res 2021, 56, 102317, doi:10.1016/]. ALGAL.2021.102317.

15. Afonso, J.; Mezzetta, A.; Marrucho, LM.; Guazzelli, L. History Repeats Itself Again: Will the Mistakes of
the Past for ILs Be Repeated for DESs? From Being Considered Ionic Liquids to Becoming Their Alternative:
The Unbalanced Turn of Deep Eutectic Solvents. Green Chemistry 2023, 25, 59-105,
doi:10.1039/D2GC03198A.

16. Abranches, D.O.; Coutinho, J.A.P. Everything You Wanted to Know about Deep Eutectic Solvents but Were
Afraid to Be Told. Annu Rev Chem Biomol Eng 2023, 14, 141-163, doi:10.1146/annurev-chembioeng-101121-
085323.

17.  Florindo, C.; Branco, L.C; Marrucho, LM. Quest for Green-Solvent Design: From Hydrophilic to
Hydrophobic (Deep) Eutectic Solvents. ChemSusChem 2019, 12, 1549-1559, d0i:10.1002/cssc.201900147.

18. van Osch, D.J.G.P.; Dietz, CH.J.T,; van Spronsen, J.; Kroon, M.C.; Gallucci, F.; van Sint Annaland, M,;
Tuinier, R. A Search for Natural Hydrophobic Deep Eutectic Solvents Based on Natural Components. ACS
Sustain Chem Eng 2019, 7, 2933-2942, doi:10.1021/acssuschemeng.8b03520.

19. Sanati, A.; Malayeri, M.R,; Busse, O.; Weigand, ].J. Inhibition of Asphaltene Precipitation Using
Hydrophobic Deep Eutectic Solvents and Ionic Liquid. ] Mol Lig 2021, 334, 116100,
doi:10.1016/J.MOLLIQ.2021.116100.

20. Van Osch, D.J.G.P.; Dietz, CH.].T.; Warrag, S.E.E.; Kroon, M.C. The Curious Case of Hydrophobic Deep
Eutectic Solvents: A Story on the Discovery, Design, and Applications. ACS Sustain Chem Eng 2020, 8,
10591-10612, d0i:10.1021/ACSSUSCHEMENG.0C00559.

21. Silva, Y.P.A; Ferreira, T.A.P.C.; Jiao, G.; Brooks, M.S. Sustainable Approach for Lycopene Extraction from
Tomato Processing By-Product Using Hydrophobic Eutectic Solvents. | Food Sci Technol 2019, 56, 1649-1654,
doi:10.1007/513197-019-03618-8.

22. Verma, R.; Banerjee, T. Liquid-Liquid Extraction of Lower Alcohols Using Menthol-Based Hydrophobic
Deep Eutectic Solvent: Experiments and COSMO-SAC Predictions. Ind Eng Chem Res 2018, 57, 3371-3381,
doi:10.1021/ACS.IECR.7B05270.

23. Muhammad, G.; Xu, J.; Li, Z.; Zhao, L.; Zhang, X. Current Progress and Future Perspective of Microalgae
Biomass Pretreatment Using Deep Eutectic Solvents. Science of The Total Environment 2024, 924, 171547,
doi:10.1016/].SCITOTENV.2024.171547.

24. Singh, K; Krishna Paidi, M.; Kulshrestha, A.; Bharmoria, P.; Kumar Mandal, S.; Kumar, A. Deep Eutectic
Solvents Based Biorefining of Value-Added Chemicals from the Diatom Thalassiosira Andamanica at
Room Temperature. Sep Purif Technol 2022, 298, 121636, doi:10.1016/].SEPPUR.2022.121636.

25. Xu, D.; Chow, ].; Weber, C.C.; Packer, M.A ; Baroutian, S.; Shahbaz, K. Evaluation of Deep Eutectic Solvents
for the Extraction of Fucoxanthin from the Alga Tisochrysis Lutea — COSMO-RS Screening and
Experimental Validation. ] Environ Chem Eng 2022, 10, 108370, doi:10.1016/].JECE.2022.108370.

26. Pitacco, W.; Samori, C.; Pezzolesi, L.; Gori, V.; Grillo, A.; Tiecco, M.; Vagnoni, M.; Galletti, P. Extraction of
Astaxanthin from Haematococcus Pluvialis with Hydrophobic Deep Eutectic Solvents Based on Oleic Acid.
Food Chem 2022, 379, 132156, doi:10.1016/J.FOODCHEM.2022.132156.

27. Sousa, S.C.; Freitas, A.C.; Gomes, A.M.; Carvalho, A.P.; Sousa, S.C.; Freitas, A.C.; Gomes, A.M.; Carvalho,
A.P; Pt, A. Citation: Extraction of Nannochloropsis Fatty Acids Using Different Green Technologies: The
Current Path. 2023, doi:10.3390/md21060365.

28. Silva, ].M.; Silva, E.; Reis, R.L.; Duarte, AR.C. A Closer Look in the Antimicrobial Properties of Deep
Eutectic Solvents Based on Fatty Acids. Sustain Chem Pharm 2019, 14, 100192, doi:10.1016/j.scp.2019.100192.

29. Jeong, KM.; Ko, J.; Zhao, J.; Jin, Y,; Yoo, D.E.; Han, S.Y; Lee, ]. Multi-Functioning Deep Eutectic Solvents
as Extraction and Storage Media for Bioactive Natural Products That Are Readily Applicable to Cosmetic
Products. | Clean Prod 2017, 151, 87-95, doi:10.1016/j.jclepro.2017.03.038.

30. Vieira, V.; Calhelha, R.C,; Barros, L.; Coutinho, J.A.P.; C. F. R. Ferreira, L; Ferreira, O. Insights on the
Extraction Performance of Alkanediols and Glycerol: Using Juglans Regia L. Leaves as a Source of Bioactive
Compounds. Molecules 2020, 25, 2497, doi:10.3390/molecules25112497.

31. Aravena, P.; Cea-Klapp, E.; Gajardo-Parra, N.F.; Held, C.; Garrido, ].M.; Canales, R.I. Effect of Water and
Hydrogen Bond Acceptor on the Density and Viscosity of Glycol-Based Eutectic Solvents. | Mol Lig 2023,
389, 122856, doi:10.1016/].MOLLIQ.2023.122856.

32. Yue, J; Zhu, Z,; Yij, J.; Li, H,; Chen, B.; Rao, J. One-Step Extraction of Oat Protein by Choline Chloride-
Alcohol Deep Eutectic Solvents: Role of Chain Length of Dihydric Alcohol. Food Chem 2022, 376, 131943,
doi:10.1016/].FOODCHEM.2021.131943.


https://doi.org/10.20944/preprints202405.1747.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 May 2024 d0i:10.20944/preprints202405.1747.v1

18

33. Ozturk, B.; Gonzalez-Miquel, M. Alkanediol-Based Deep Eutectic Solvents for Isolation of Terpenoids from
Citrus Essential Oil: Experimental Evaluation and COSMO-RS Studies. Sep Purif Technol 2019, 227, 115707,
doi:10.1016/].SEPPUR.2019.115707.

34. Yu, W, Bo, Y; Luo, Y.; Huang, X.; Zhang, R.; Zhang, J. Enhancing Effect of Choline Chloride-Based Deep
Eutectic Solvents with Polyols on the Aqueous Solubility of Curcumin-Insight from Experiment and
Theoretical Calculation. Chin | Chem Eng 2023, 59, 160-168, doi:10.1016/].CJCHE.2023.01.005.

35. Boudesocque-Delaye, L.; Ardeza, LM.; Verger, A.; Grard, R.; Théry-Konég, I.; Perse, X.; Munnier, E. Natural
Deep Eutectic Solvents as a Novel Bio-Based Matrix for Ready-to-Use Natural Antioxidants-Enriched
Ingredients: Extraction and Formulation Optimization. Cosmetics 2024, 11, 17,
d0i:10.3390/cosmetics11010017.

36. Benoit, C.; Virginie, C.; Boris, V. The Use of NADES to Support Innovation in the Cosmetic Industry. In;
2021; pp. 309-332.

37. Silva, ].M.; Pereira, C. V.; Mano, F,; Silva, E.; Castro, V.I.B.; S&-Nogueira, I.; Reis, R.L.; Paiva, A.; Matias,
A.A.; Duarte, A.R.C. Therapeutic Role of Deep Eutectic Solvents Based on Menthol and Saturated Fatty
Acids on Wound Healing. ACS Appl Bio Mater 2019, 2, 43464355, doi:10.1021/acsabm.9b00598.

38. Kodicek, E.; Worden, A.N. The Effect of Unsaturated Fatty Acids on Lactobacillus Helveticus and Other
Gram-Positive Micro-Organisms. Biochemical Journal 1945, 39, 78-85, d0i:10.1042/bj0390078.

39. Radogevié, K.; Canak, L; Pani¢, M.; Markov, K.; Bubalo, M.C.; Frece, J.; Sr¢ek, V.G.; Redovnikovié, LR.
Antimicrobial, Cytotoxic and Antioxidative Evaluation of Natural Deep Eutectic Solvents. Environmental
Science and Pollution Research 2018, 25, 14188-14196, d0i:10.1007/s11356-018-1669-z.

40. Bennett, A.; Bogorad, L. COMPLEMENTARY CHROMATIC ADAPTATION IN A FILAMENTOUS BLUE-
GREEN ALGA. ] Cell Biol 1973, 58, 419-435, doi:10.1083/jcb.58.2.419.

41. Boutin, R.; Munnier, E.; Renaudeau, N.; Girardot, M.; Pinault, M.; Chevalier, S.; Chourpa, I.; Clément-
Larosiere, B.; Imbert, C.; Boudesocque-Delaye, L. Spirulina Platensis Sustainable Lipid Extracts in Alginate-
Based Nanocarriers: An Algal Approach against Biofilms. Algal Res 2019, doi:10.1016/j.algal.2018.11.015.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202405.1747.v1

	1. Introduction
	2. Results and Discussion
	2.1. Alkanediol-Based NaDES Design and Characterization
	2.2. FFA Extraction Using Hydrotrope-Based NaDES
	2.2.1. Cakes Characterization
	2.2.2. Ultrasound Assisted Extraction (UAE)
	2.2.3. Dual Asymmetric Centrifugation (DAC) Extraction

	2.3. Biological Evaluation for Cosmetic Use
	2.3.1. Impact on Keratinocytes Viability
	2.3.2. Impact on Skin Microbiota Bacterial Strains


	3. Materials and Methods
	3.1. Raw Material
	3.1.1. Microscopy
	3.1.2. Dry Matter Determination

	3.2. Chemicals
	3.3. NaDES Preparation and Characterization
	3.3.1. NaDES Preparation
	3.3.2. Density
	3.3.3. Water Miscibility
	3.3.4. Palmitic Acid and Beta-Carotene Solubilization Ability

	3.4. Extraction Process
	3.4.1. NaDES Screening and UAE
	3.4.2. Dual Asymetric Centrifuge Extraction

	3.5. Analytical Protocols
	3.5.1. Pigment Content
	3.5.2. Dye Profile
	3.5.3. FFA Profile

	3.6. Biological Evaluation
	3.6.1. Sample Preparation
	3.6.2. Determination of Keratinocyte Viability
	3.6.3. Determination of Bacterial Viability

	3.7. Statistical Analysis

	4. Conclusions
	References

