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Résumé

Cette étude porte sur la conception, la caractérisation et les interactions moléculaires présentes
dans le SNEP, elles ont été analysées a 1'aide de méthodologies informatiques, notamment des
calculs de théorie fonctionnelle de la densité (TFD) et des simulations de dynamique
moléculaire (DM), afin d'évaluer la force des liaisons hydrogeéne et la stabilité de la structure.
L'efficacité d'extraction du contenu phénolique total (CPT), de la teneur totale en flavonoides
(CFT) et de tannins condensés (TC) s'est révélée considérablement supérieure dans tous les
extraits SNEP-POL par rapport aux extraits traditionnels a I'éthanol (EtOH-POL). La
chromatographie liquide a haute performance avec détection 1'évaluation biologique des
solvants eutectiques profonds naturels (SNEPs) utilisés pour l'extraction des ingrédients
pharmaceutiques actifs (IPA) des feuilles de Portulaca oleracea L. (POL). par réseau de diodes
(CLHP-DRD) a été utilisée pour isoler les principaux composés antioxydants, validant ainsi les
rendements d'extraction accrus du SNEP par rapport a I'EtOH. L'efficacité antioxydante a été
¢valuée au moyen de tests antiradicalaires, qui ont indiqué des valeurs de CEsg
significativement plus faibles dans les extraits SNEPs-POL lorsqu'ils sont juxtaposés a des
extraits d'EtOH-POL, ces résultats étant encore corroborés par le test de capacité antioxydante
équivalente du Trolox (CAET). L'efficacité antimicrobienne du SNEP-POL a ét¢ évaluée contre
des souches bactériennes a Gram positif et a Gram négatif, révélant des propriétés
bactériostatiques prononcées, en particulier contre Staphylococcus aureus et Escherichia coli.
De plus, les effets cytotoxiques du SNEPs-POL ont ét¢ examinés sur des cellules
d'adénocarcinome gastrique AGS, démontrant un déclin de la viabilité cellulaire dépendant de
la dose.

Des évaluations de toxicité aigu€ in vivo ont été réalisées sur des rats Wistar afin d'établir le
profil de sécurité du SNEP sélectionné, une dose de 200 pL ayant été jugée siire pour une
administration quotidienne. Pour étudier le potentiel hépatoprotecteur du STHEP, des rats
Wistar ont recu 200 pL. de SNEP-POL par jour pendant cinq jours, puis du méthotrexate (MTX)
(20 mg/kg) pour induire une hépatotoxicité. Des marqueurs de la fonction hépatique ainsi que
des évaluations histopathologiques ont été réalisés pour déterminer l'efficacit¢é du STHEP.
Parmi les formulations évaluées, STHEPs G1 et G7 ont démontré les effets hépatoprotecteurs
les plus robustes, atténuant significativement le stress oxydatif, les marqueurs inflammatoires
et les dommages endothéliaux tout en inhibant la progression de la fibrose hépatique.
L'évaluation histopathologique a confirmé que STHEPs 1, 3, 4 et 7 bloquaient efficacement le
développement de la stéatose hépatique, tandis que STHEPs 5 et 6 démontraient une efficacité
réduite pour soulager la congestion sinusoidale.

Ces résultats soulignent les promesses du SNEPs en tant que solvants durables pour 'extraction
et la stabilisation de composés bioactifs, STHEPs présentant une nouvelle stratégie
d'hépatoprotection contre les lésions hépatiques induites par le MTX. La synthése de
méthodologies computationnelles et expérimentales permet d'élucider les mérites structuraux
et fonctionnels des SNEPs, facilitant ainsi leur application potentielle dans des formulations
pharmaceutiques et des interventions thérapeutiques.

Mots clés : Portulaca oleracea, HPLC-DAD, SNEP, STHEP, Hepatoprotection, AGS.



Abstract

This study explores the design, characterization, and biological evaluation of NADESs for the
extraction of active pharmaceutical ingredients (APIs) from Portulaca oleracea leaves (POL),
The molecular interactions within NADESs were explored using computational approaches
such as density functional theory (DFT) calculations and molecular dynamics (MD) simulations
to assess hydrogen bond strength and structural stability. Extraction efficiency of TPC, TFC
and CT was significantly higher in all NADESs-POL extracts, comparing them to conventional
EtOH-POL extract. HPLC-DAD was employed to isolate major antioxidant compounds,
confirming enhanced extraction yields in NADESs compared to EtOH. Antioxidant activity
was assessed using anti-radical scavenging assays, revealing significantly lower ECso values in
NADESs-POL compared to EtOH-POL extracts, these findings were further confirmed by
Trolox equivalent antioxidant capacity (TEAC). The antimicrobial activity of NADESs-POL
was evaluated against Gram-positive and Gram-negative bacterial strains, demonstrating potent
bacteriostatic effects, particularly against Staphylococcus aureus and Escherichia coli.
Furthermore, the cytotoxic effects of NADESs-POL were investigated in AGS gastric
adenocarcinoma cells, indicating a dose-dependent reduction in cell viability.

In vivo acute toxicity studies were conducted in Wistar rats to determine the safety profile of
selected NADESs, through which 200 pL was determined a safe dose for daily administration.
To evaluate the hepatoprotective potential of THEDESs, Wistar rats received 200 pL of
NADESs-POL daily for five days, followed by MTX administration (20 mg/kg) to induce
hepatotoxicity. Liver function markers and histopathological examinations were performed to
assess THEDES efficacy. Among the tested formulations, THEDESs G1 and G7 exhibited the
most potent hepatoprotective effects, significantly reducing oxidative stress, inflammatory
markers, and endothelial damage while preventing hepatic fibrosis. Histopathological analysis
confirmed that THEDESs 1, 3, 4, and 7 effectively prevented hepatic steatosis, whereas
THEDESSs 5 and 6 were less effective in mitigating sinusoidal congestion.

These findings underscore the potential of NADESs as sustainable solvents for extracting and
stabilizing bioactive compounds, with THEDESs offering a novel hepatoprotective strategy
against MTX-induced liver injury. The integration of computational and experimental
approaches highlights the structural and functional advantages of NADESs, paving the way for

their application in pharmaceutical formulations and therapeutic interventions.

Key words: Portulaca oleracea, HPLC-DAD, NADES, THEDES, Hepatoprotection, AGS.
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GI: Gastrointestinal
HaCaT cells: Spontaneously immortalized, human keratinocyte line
HaCat: Human keratinocytes
HBA: Hydrogen-bond acceptor
HBD: Hydrogen-bond donor
HEK: Human epidermal keratinocytes
HIFs : Homoisoflavonoids
HNADES: Hydrophobic natural deep eutectic solvents
HPLC: High - performance liquid chromatography
HT29: Colorectal cancer cells.
ICH: International council for harmonisation
LD50: Median lethal dose
LIM: limonene

MD: Molecular dynamic



ME: Microemulsion

Mpro: Main protease

MTX: Methotrexate

NADES:s: Natural deep eutectic systems
NSAIDs: non-steroidal anti-inflammatory drugs
PAS: Periodic acid-schiff

PCL: Polycaprolactone

PME: Particle-mesh Ewald

POL: Portulaca oleracea L.

PLV: polyvinylpyrrolidone K30

PPO: Polyphenol oxidase

PPAR-a: Peroxisome proliferator-activated receptor alpha
PS: Penicillin—streptomycin

PVA: Poly-vinyl alcohol

RBD: Receptor-binding domain.

SSPs: Stable states pictures

TBd: Trypan blue dye

TFC : Total flavonoid content

THEDES:S : Therapeutic deep eutectic systems
TMPRSS: Transmembrane serine protease 2
TNF:Tumor necrosis factor

TPC: Total phenolic content

UAE: Ultrasound assisted extraction

VMD: Visual molecular dynamics
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Portulaca oleracea L. (commonly known as purslane) is a globally distributed plant
valued for its nutritional and medicinal properties (Kumar et a/., 2022). Traditionally consumed
in various forms: fresh, cooked, or fermented. Purslane is recognized as one of the richest
terrestrial sources of omega-3 and omega-6 fatty acids, ascorbic acid, tocopherols, glutathione,
and B-carotene (Simopoulos et al., 1992). The name Portulaca originates from the Latin words
"porto" (to carry) and "lac" (milk), referring to the characteristic milky sap found in its tissues

(Kumar et al., 2022; Chugh et al., 2019).

Beyond its nutritional composition, purslane is a rich source of specialized metabolites,
including alkaloids, catecholamines, phenolic acids, flavonoids, lignans, terpenoids, and
betalains (Kumar et al., 2022). These bioactive compounds are associated with various health
benefits, such as antioxidant, anti-diabetic, anti-obesity, anti-cancer, and anti-atherosclerotic
properties (Nemzer et al., 2020a). Notably, phenolic acids like caffeic, p-coumaric (Erkan,
2012), ferulic, gallic and gentisic acids, benzoic, and anisic acids (R. Silva et Carvalho, 2014a)
have been identified in purslane, contributing to its pharmacological potential. Additionally,
flavonoids such as quercetin (Aghababaei & Hadidi, 2023), rutin, kaempferol (Silva dos Santos
et al., 2021), and luteolin exhibit anti-inflammatory, antitumor, antiviral, and cardioprotective
effects (Chagas et al., 2022). A newly identified alkaloid, oleraurea, has shown
anticholinesterase activity, suggesting a possible role in Alzheimer’s disease treatment
(Konrath et al., 2013). Given the increasing global interest in plant-based nutraceuticals, as
highlighted by the Food and Agriculture Organization (FAO) (Klapp et al., 2022), optimizing
the extraction of these bioactive compounds is crucial for their effective utilization in
pharmaceutical and functional food industries, many studies have shown improved yields of
the extracted bioactive compounds, especially antioxidants after having optimized certain
parameters (Bi et al., 2013; Chen et al., 2018; A. Pandey et al., 2018; L. Wu et al., 2020; Z. Xu
etal., 2021; G. Zhao et al., 2017).

The extraction of phytochemicals from P. oleracea has been extensively studied using
qualitative and quantitative analytical tools. Traditional solvent-based extraction methods
commonly employ ethanol (X. F. Liu et al., 2015), methanol (Habibian et al., 2020), acetone
(Gatea et al., 2017), and hexane (Dheyab et al., 2021) While ethanol and methanol are widely
used in phytopharmacy and considered relatively safe, their large-scale use and disposal can
pose environmental and health challenges including toxicity, high cost, volatility, flammability,

and poor biodegradability (Log et Moi, 2018). Additionally, solvent residues necessitate
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extensive purification steps before in vivo or clinical applications due to potential toxicity risks.
The International Council for Harmonisation (ICH) has established guidelines recommending
the use of less toxic solvents and defining toxicologically acceptable residual levels in
pharmaceuticals (International Council for Harmonisation (ICH), 2024) highlighting the need
for more sustainable alternatives for extracting bioactive compounds from plants, including
toxicity, high cost, volatility, flammability, and poor biodegradability. Additionally, solvent
residues necessitate extensive purification steps before in vivo or clinical applications due to

potential toxicity risks.

Deep eutectic systems (DESs) have emerged as promising green solvents for natural
product extraction (Abranches et al., 2019a; Florindo et al., 2019), offering advantages over
conventional organic solvents. A subclass known as natural deep eutectic solvents (NADESs)
is particularly appealing due to its biocompatibility, low volatility, biodegradability, and ease
of synthesis. NADESs have demonstrated high extraction efficiency for bioactive compounds
in various plant matrices, such as Camellia oleifera flowers (Ma, Liu, Tan, et al., 2018a), orange
peel (Vinas-Ospino, Pani¢, Bagovi¢, et al, 2023; Vifias-Ospino, Pani¢, Radojci¢-
Redovnikovié, et al., 2023), and grape skin (Cvjetko Bubalo et al., 2016). However, research
on NADESs-based extraction of P. oleracea remains scarce, with only one study reporting its

effectiveness in extracting dopamine (K. Liu et a/., 2022).

(UAE) using NADESSs represents an innovative and eco-friendly approach to enhancing
phytochemical yield (Bakirtzi et al., 2016; Bosiljkov et al., 2017; Chen et al., 2018; Y. Li et
al., 2020; Meng et al., 2018; G. Zhao et al., 2017). UAE facilitates the disruption of plant cell
walls through acoustic cavitation, increasing the recovery of bioactive compounds while
reducing solvent consumption, labor, and energy costs (Demesa et al., 2024). While most
studies on NADESs-based phenolic extraction utilize hydrophilic eutectic solvents (primarily
choline chloride-based systems) (Molnar et al., 2018; Weng et Toner, 2018; B.Y. Zhao et al.,
2015), even the only study highlighted the use of eutectic solvents for extraction of dopamine
from P. oleracea was with hydrophilic choline chloride-based NADES (K. Liu et al., 2022),
the potential of hydrophobic terpene-based NADESs in combination with UAE remains

unexplored for P. oleracea.

Despite the extraction of bioactive compounds such as bioactive compounds from
Portulaca oleracea, their in vivo bioavailability often remains low, limiting therapeutic

efficacy. Factors such as poor solubility, rapid metabolism, and limited absorption contribute
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to this challenge. For instance, a study identified six new alkaloids from P. oleracea, but their
pharmacokinetic profiles were not extensively explored, leaving their bioavailability uncertain
(Su et al., 2023). Similarly, while P. oleracea contains various bioactive compounds like
flavonoids and alkaloids, comprehensive studies on their in-vivo bioavailability are limited,
hindering the understanding of their therapeutic potential (Y. X. Zhou et a/., 2015a). Addressing
these bioavailability issues is crucial for developing effective therapeutic applications of P.

oleracea bioactives.

This study aims to (i) identify the most efficient NADESs for extracting phenolic
antioxidants from P. oleracea and compare it with ethanol-based extraction, (ii) optimize key
extraction parameters, including hydrogen bond donor/acceptor molar ratio, sonication
duration, and acid incorporation in NADESs, to maximize recovery of total phenolics,
flavonoids, condensed tannins, and separate specific bioactive compounds (caffeic acid,
syringic acid, p-coumaric acid, ferulic acid, gallic acid, rutin, and quercetin), (iii) assess the
antioxidant potential of the extracts using multiple assays (DPPH, Trolox), (iv) evaluate
antimicrobial activity against selected Gram-positive, Gram-negative bacteria, and yeast to
determine the impact of NADESs and NADESs-enriched P. oleracea extracts, (v) investigate
the in vitro anticancer potential of therapeutic deep eutectic systems (THEDESs) incorporating
P. oleracea bioactive compounds, (vi) conduct in vivo acute toxicity studies to establish the
toxicological profile of NADESs before any potential in-vivo or clinical use, and (vii) examine
the hepatoprotective effects of THEDESs in mitigating methotrexate-induced liver injury. By
addressing these objectives, this research contributes to the growing interest in green extraction

technologies and their potential applications in nutraceutical and pharmaceutical formulations.
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1 Eutectic mixtures

A eutectic mixture refers to a specific composition of at least two solid components that
undergoes a phase transition to a liquid state at a distinct temperature, known as the eutectic
point. This temperature represents the lowest melting point achievable among all possible
compositions of the components (Alonso et al., 2016). As illustrated in Figure 1, the melting
points of the individual pure components (A or B) are invariably higher than that of the eutectic
mixture. This characteristic highlights the unique thermodynamic properties of eutectic

systems, which are widely studied for their applications in various scientific and industrial

fields.
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Figure 01: Scheme of the diagram of phases of two components (Francisco Pena-Pereira and
Inmaculada de la Calle. 2018)

1.1 Deep eutectic systems (DESs)

Deep eutectic systems (DESs) are a class of innovative solvents composed of eutectic
mixtures involving Lewis or Brensted acids and bases. These mixtures can incorporate a diverse
range of anionic, cationic, or even neutral species. Lewis acids and bases are defined by their
ability to accept or donate electron pairs, respectively, while Bronsted acids and bases are
characterized by their capacity to donate or accept protons (Tomé et al., 2018). The interactions
between the components of DESs “typically a halide salt or hydrogen-bond acceptor (HBA)
and a hydrogen-bond donor (HBD)” are primarily governed by hydrogen bonding, although
electrostatic forces and van der Waals interactions may also play a role. The properties of DESs,

such as their solubility and stability, are influenced by the purity of their individual constituents.
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DESs are generally hydrophilic due to their ability to form extensive hydrogen bonds,
making them highly soluble in aqueous solutions. However, recent studies have also reported
the development of hydrophobic DESs, expanding their potential applications (van Osch et al.,
2015; Ribeiro et al., 2015).

1.2 Natural deep eutectic systems (NADESs)

NADES are a specific type of DESs formed by natural products, such as organic acids,
amino acids, sugars, choline halides or urea (Dai et al., 2013a). These natural products
commonly offer chemical diversity, renewability, biodegradability and reduced toxicity. Some
examples of NADES include mixtures formed by fructose/glucose/sucrose, malic acid/citric

acid, glucose/sorbitol/malic acid or choline chloride/proline/malic acid.

1.3 Therapeutic deep eutectic systems (THEDESs)

Therapeutic deep eutectic systems (THEDESs) represent a specialized category of deep
eutectic systems (DESs) designed for pharmaceutical and therapeutic applications. In
THEDES:s, an active pharmaceutical ingredient (API) serves as one of the constituents of the
eutectic mixture (Tomé et al., 2018). These systems are particularly advantageous for
enhancing the solubility and permeability of drugs, thereby improving their bioavailability and
therapeutic efficacy.

Several examples of THEDESs have been documented, including combinations such as
menthol/ibuprofen, lidocaine/ibuprofen, and choline chloride/menthol complexed with APIs
like acetylsalicylic acid, benzoic acid, and phenylacetic acid. Additionally, mixtures of choline
chloride/urea and choline chloride/malonic acid have been explored with APIs such as benzoic
acid, danazol, griseofulvin, and itraconazole (Tomé et al., 2018). These examples illustrate the

versatility of THEDESs in addressing challenges related to drug formulation and delivery.

2 Routes of THEDESSs delivery

Therapeutic deep eutectic systems (THEDESs) can be administered through various
routes, including oral, transdermal, intravenous, vaginal, and buccal delivery. Among these, the
transdermal route has garnered significant attention due to the unique ability of DESs to
facilitate the transport of larger molecules across the skin. This property makes THEDESs
particularly promising for transdermal drug delivery, offering a non-invasive and efficient

method for administering medications as reported by (Javed et al., 2024).
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2.1 Transdermal delivery

Transdermal drug delivery offers a safer and more convenient alternative to oral
administration. However, challenges such as poor water solubility of drugs complicate their
incorporation into hydrophilic biopolymer systems. One promising solution is the use of
therapeutic deep eutectic systems (THEDESs) for transdermal delivery. Several DESs have
shown potential in enhancing the delivery of both small and large molecules. Notably, choline-
based systems, such as the choline and geranic acid system, have been widely explored for this
purpose. Additionally, a eutectic mixture of lidocaine and thymol incorporated into a
microemulsion (ME) demonstrated extended anesthetic activity and skin compatibility, offering
a promising approach for topical anesthesia (Y. Wang, Wang, et al., 2019). Another study
highlighted the combination of skin needling with a lidocaine and prilocaine THEDES, which
significantly improved pain management compared to THEDES alone (Fabbrocini et al., 2014).
Furthermore, THEDESs of menthol and flurbiprofen stabilized within mesoporous silica hosts
have been developed. This approach stabilizes amorphous menthol and controls the drug’s

release profile, showcasing the versatility of THEDESSs in drug delivery (Cordeiro et al., 2017).

2.2 Oral delivery

A novel approach utilizing a natural deep eutectic system (NADES) was developed to
enhance the oral delivery of RA-XII, a unique natural cyclopeptide with anti-tumor properties.
This amorphous solid dispersion demonstrated significant advantages for oral cancer therapy,
offering a non-invasive and patient-friendly alternative. The strategy effectively improved the
solubility, permeability, and bioavailability of RA-XII, highlighting its potential in
pharmaceutical applications (M. Liu et al., 2021).

Similarly, therapeutic deep eutectic systems (THEDESs) of celecoxib were formulated
using a supercritical CO: technique to enhance its oral bioavailability. Various processing
methods, including evaporation crystallization, spray drying, and supercritical fluid techniques,
were employed. Among these, the supercritical CO2> method resulted in superior dissolution
rates, underscoring its effectiveness in improving drug solubility and absorption (Hong et al.,

2022).

2.3 Buccal delivery

Buccal drug delivery represents a promising non-invasive strategy for therapeutic

administration. However, the effective systemic delivery of proteins and peptides via this route
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remains challenging. To address this, chitosan was employed as a mucoadhesive polymer, while
deep eutectic solvents (DESs) functioned as transport enhancers in the formulation of a
biodegradable polymeric patch for insulin buccal delivery. Notably, a viscoelastic CAGE-
insulin gel, structured with two layers of biodegradable polymer, achieved a sevenfold increase
in insulin transport across porcine buccal mucosa in an ex vivo model (Vaidya et Mitragotri,

2020).

2.4 Intravenous delivery

A deep eutectic solvent (DES)-based formulation was developed for the intravenous
administration of verteporfin, utilizing a lipoidal DES composed of choline and oleate to
enhance its solubility in stable nanocomplexes. This approach significantly improved cellular
uptake, retention, penetration, and in vivo tumor accumulation of the drug. These findings
suggest the potential of DES-based systems for optimizing intravenous chemotherapy delivery

(Kim et al., 2021).
2.5 Percutaneous delivery

A study developed a menthol/camphor-based eutectic system of tacrolimus for
percutaneous delivery to treat atopic dermatitis. This nanoscale system demonstrated enhanced
drug delivery and treatment efficacy, effectively addressing atopic dermatitis while minimizing

skin irritation (Yixuan Wang et al., 2019).
2.6 Vaginal delivery

A THEDES containing metronidazole was developed for intravaginal application to
treat bacterial vaginosis. The system utilized a polycaprolactone (PCL) matrix, processed using
a bench-scale twin-screw hot melt extruder, to achieve extended drug release. The THEDES-
PCL matrix demonstrated a faster onset of action and controlled drug release over seven days,

proving to be more effective than oral therapy (Li et al., 2021)
3 Medical applications of NADES and THEDESs
3.1 Pharmaceutical applications of natural deep eutectic systems (NADESs)

A key characteristic of NADESs is their ability to form eutectic mixtures with lower
melting points than their individual components. This phenomenon is attributed to strong

molecular interactions, including hydrogen bonding and n-m stacking, which disrupt the
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crystalline structure and promote the formation of a stable liquid phase (Liu et a/., 2021). The
versatility of NADES allows for fine-tuning their physicochemical properties; such as viscosity,
polarity, and melting point by adjusting the composition and ratio of their constituents, making
them adaptable for various applications, including drug delivery, extraction, biocatalysis, and

chemical synthesis (Figure 02).
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Figure 02: Various pharmaceutical applications of THEDES (Shamama Javed et al., 2024)
3.1.1 NADES:s in drug delivery

The biocompatibility, biodegradability, and ability of NADESs to solubilize
hydrophobic or poorly water-soluble drugs have positioned them as promising candidates for
pharmaceutical applications. As alternative solvents or carriers in drug formulations, NADES
offer several advantages, including improved drug solubility, enhanced bioavailability, and

controlled release properties (Liu et al., 2021)

Another notable advantage of NADESs is their natural origin, aligning with the
increasing demand for sustainable and eco-friendly alternatives in various industries. By
utilizing renewable resources, NADESs reduce dependence on synthetic solvents, thereby

minimizing environmental impact.
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3.1.2 Cryoprotective properties of NADESs

Additionally, NADESs exhibit cryoprotective effects, which can be beneficial for
preserving biological materials during freezing and thawing processes. Cryopreservation
techniques often rely on synthetic cryoprotectants such as dimethyl sulfoxide (DMSO) and
glycerol. However, their toxicity limits their use in clinical applications. NADES, on the other
hand, function as natural cryoprotective agents (CPAs), mimicking the protective mechanisms
of antifreeze proteins and sugars by preserving cellular integrity during freezing and thawing

(Marcantonini et al., 2022)

Recent studies have evaluated NADESs as CPAs in mammalian cell lines, including
L929 and HaCaT cells, using the vitrification method. The results demonstrated their
effectiveness in cryopreservation, highlighting their potential as a safer alternative to traditional
CPAs (Jesus et al., 2021; Jesus, Duarte et Paiva, 2022). Additionally, a deep eutectic solvent
composed of proline and glycerol was found to be an efficient cryoprotectant with lower

toxicity than its individual components (Bryant et al., 2022).

3.2 Therapeutic applications of therapeutic deep eutectic systems (THEDESs)

3.2.1 THEDESSs in cancer treatment

Cancer remains a major global health challenge, necessitating alternative therapies with
enhanced efficacy and fewer side effects. Therapeutic deep eutectic systems (THEDESs) have
emerged as promising carriers for anticancer drugs due to their simple preparation, stability,
and cost-effectiveness. Several studies have explored the potential of THEDESs in cancer
treatment by incorporating anticancer drugs into these systems, for cancer prevention as shown

in (Figure 03).

One study developed temperature-responsive eutectic formulations for doxorubicin
using fatty acids (stearic and myristic acid) combined with liquid lipids like oleic acid. These
formulations, prepared via hot melt encapsulation and sonication, demonstrated enhanced
permeability. Toxicity assessments, including acute toxicity studies and hemolysis assays,

confirmed their safety compared to free doxorubicin (Parveen et al., 2022).

In another approach, THEDESs were formulated by combining natural terpenes with
anticancer properties (safranal, menthol, and linalool) with non-steroidal anti-inflammatory

drugs (NSAIDs) such as flurbiprofen, ibuprofen, and ketoprofen. Among these, a menthol-
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ibuprofen (3:1) mixture significantly improved drug solubility and bioavailability (Pereira et
al., 2022). Additionally, in vitro studies on colorectal cancer models suggested that an
ibuprofen-perillyl alcohol-based THEDESs could serve as a promising alternative to

conventional therapies (Silva et al., 2020).
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Figure 03: Pharmacological mechanism of cancer prevention by THEDESs (Shamama Javed

etal., 2024)

Furthermore, a limonene (LIM)-based THEDES was developed for cancer treatment
due to LIM’s known anticancer activity. Various formulations, including IBU:LIM (1:4),
IBU:LIM (1:8), and menthol:LIM (1:1), were tested for their antiproliferative effects against
HT29 colorectal cancer cells. The LIM:IBU (1:4) combination exhibited synergistic effects,

highlighting its potential application in anticancer therapies (Pereira et al., 2019).
3.2.2 THEDESs and wound healing

Recent studies have highlighted the wound healing potential of hydrophobic THEDESs
formulated with menthol and saturated fatty acids such as stearic, myristic, and lauric acids

(Figure 04). The menthol-stearic acid THEDES was evaluated for cytotoxicity on HACaT cells
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and was found to be non-cytotoxic while exhibiting significant wound healing properties (J. M.

Silva, Pereira, et al., 2019).
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Figure 04: Wound healing potential of hydrophobic THEDESs (J. M. Silva, Pereira, et al.,
2019).

Another study explored the development of green poly (vinyl alcohol) (PVA) nanofibers
using NADES for the rapid dissolution and delivery of acetylsalicylic acid (aspirin) and honey.
These nanofibers demonstrated biocompatibility, non-cytotoxicity, and benefits such as
targeted drug delivery, improved solubility, and controlled drug release. In vivo experiments
revealed an accelerated wound healing process, with an impressive 85.2% improvement in
wound closure observed six days post-surgery using PVA-DES-honey nanofibers (Zhang et al.,
2021).

3.2.3 Hepatoprotective effects of THEDESs

Eutectic mixtures incorporating silymarin and polyvinylpyrrolidone K30 (PVP K30) in
different ratios were formulated and assessed for their hepatoprotective and anti-inflammatory
properties. The resulting solid dispersion of silymarin with PVP K30 significantly enhanced
solubility by five times compared to pure silymarin. This improved solubility contributed to
superior hepatoprotective and anti-inflammatory effects observed in the developed formulation

(Sherikar et al., 2021).
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3.2.4 Fortification of bioactive molecules with THEDESs

Therapeutic deep eutectic solvents (THEDESs) provide an effective strategy for
stabilizing bioactive compounds, ensuring their preservation and efficacy across various
applications. These systems play a crucial role in protecting sensitive bioactive molecules, such
as drugs, natural extracts, enzymes, and proteins, thereby enhancing their stability, shelf life,

and therapeutic potential.

One notable advantage of THEDES:S lies in drug stabilization. By encapsulating drugs,
THEDES:S shield them from degradation caused by external factors such as light, heat, oxygen,
and pH fluctuations. This protective environment helps maintain drug potency and prolongs
efficacy, leading to improved therapeutic outcomes. Additionally, THEDES contribute to
preserving natural extracts, which often contain fragile bioactive compounds susceptible to
degradation. Acting as solvents or carriers, THEDESs help prevent oxidation and extend the
shelf life of these extracts, ensuring their integrity for applications in nutraceuticals and

cosmeceuticals (Javed et al., 2024).

4 Mechanisms of action of NADESs and THEDESSs

Natural deep eutectic systems (NADESs) and therapeutic deep eutectic systems
(THEDES) exhibit unique mechanisms of action that make them promising for various

pharmaceutical and biotechnological applications.

4.1 Interaction with cell membranes and enhancement of bioavailability

NADES can interact with cell membranes, altering their permeability and facilitating
the transport of bioactive molecules across biological barriers. This interaction primarily occurs
due to NADES's ability to form hydrogen bonds with membrane components, which can disrupt
lipid structure and increase membrane fluidity (Cajnko et al., 2023). Recent studies have
indicated that hydrophobic natural deep eutectic solvents (HNADES) exhibit antimicrobial
properties, primarily through interactions with bacterial cell membranes. These solvents can
integrate into the lipid bilayer of bacterial membranes, enhancing membrane permeability and

leading to cellular lysis (Bedair, Samir and Mansour, 2024; Gidado M. J. et al., 2025)

4.2 Modulation of oxidative stress and inflammation

Some NADES components possess intrinsic antioxidant properties. When used as

solvents or co-solvents, they can reduce oxidative stress by scavenging free radicals,
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contributing to anti-inflammatory effects (Figure 3). This modulation of oxidative stress is
crucial in the treatment of various inflammatory conditions (Cajnko et al., 2023), Recent studies
have demonstrated that terpene-based NADESs and THEDESs exhibit inherent antiradical
(antioxidant) activity (Rodrigues et al., 2020 ; Sebbah et al., 2025).

4.3 Enzymatic interactions and metabolic pathways

NADESs can influence enzymatic activity by stabilizing enzymes or modifying their
conformation. For instance, certain NADESs have been shown to stabilize thermolabile
enzymes, enhancing their activity at high temperatures. Additionally, by modulating enzyme-
substrate interactions, NADESs can affect metabolic pathways, opening new opportunities for
the development of innovative therapeutic strategies (Cajnko et al., 2023). additionally, it was
recently suggested that acidic eutectic mixtures stabilize phenolic extracts by inhibiting the
action of polyphenol oxidase (PPO) (Sebbah et al., 2025). While specific studies on acidic
eutectic mixtures, acidulants like citric acid and ascorbic acid are commonly used to lower pH,

thereby inhibiting PPO and reducing enzymatic browning in foods (Liang et al., 2024).

4.4 Solubility enhancement of APIs

Solubility is a critical factor influencing the efficacy of active pharmaceutical
ingredients (APIs), particularly those with poor water solubility. natural deep eutectic solvents
(NADESs) and therapeutic deep eutectic systems (THEDESs) have emerged as effective

solubilizers, improving drug dissolution and stability (Figure 05).

NADES, composed of naturally derived hydrogen bond donors (HBDs) and acceptors
(HBAs), create a solubilizing microenvironment by forming extensive hydrogen bonding
networks. This interaction disrupts the crystalline structure of APIs, enhancing their solubility.
Studies have demonstrated that NADES-based formulations significantly improve the solubility
of hydrophobic bioactives like curcumin, quercetin, and rutin (Jelinski, Przybytek and

Cysewski, 2019).

THEDESSs, an advanced subclass of NADESs incorporating bioactive pharmaceutical
compounds, further enhance solubility by acting as both a solvent and a stabilizer. For example,
THEDESs incorporating non-volatile terpenoids have shown superior dissolution properties for
hydrophobic compounds, making them promising carriers for poorly water-soluble drugs

(Faggian et al., 2016).
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Figure 05: Increased solubility of most insoluble APIs (Junxiao Zhu et al., 2023)

Additionally, NADESs have been explored in various drug delivery systems, including
oral and dermal applications. Their tunable viscosity and polarity enable the dissolution of both
hydrophilic and lipophilic APIs, making them ideal candidates for solubility enhancement
strategies (Lomba et al., 2021).

4.5. Bioavailability enhancement of delivered APIs

Beyond solubility enhancement, NADESs and THEDESs significantly impact the
bioavailability of delivered APIs by improving absorption, distribution, and systemic uptake.
Bioavailability refers to the proportion of an administered drug that reaches systemic circulation
in an active form, and NADESs-based formulations have been shown to improve this parameter
through multiple mechanisms. NADESs enhance gastrointestinal absorption by increasing API
solubility in gastric and intestinal fluids. They also modulate intestinal permeability, potentially
interacting with efflux transporters to reduce drug elimination. In a study on rutin, its oral
bioavailability in mice was significantly improved when formulated in NADESs compared to
conventional solvents (Faggian et al., 2016). In transdermal applications, NADESs and
THEDESs serve as permeation enhancers, facilitating drug transport across the stratum
corneum. Their ability to solubilize both lipophilic and hydrophilic molecules makes them
effective carriers for topical formulations, potentially replacing traditional penetration

enhancers (Lomba et al., 2021).

14



PART II

Portulaca oleracea (Purslane) and its

bioactive compounds



Bibliographic Review

1 General presentation of Portulaca oleracea L.

Portulaca oleracea, commonly known as purslane, is a succulent annual herb that
thrives in various climates across the globe. Historically, it has been utilized in traditional
medicine and as a nutritious food source in many cultures. Purslane is recognized for its high
content of omega-3 fatty acids, vitamins, and minerals, contributing to its reputation as a health-

promoting plant (Zhou et al., 2015b).

Figure 06: Natural habitat and parts of purslane plant. (a) Purslane plant in natural habitat; (b)
young stem with leaves; (c) harvested plant showing roots; and (d) young fruits, known as

pyxidia with black-colored seeds (Kumar et al., 2022b)

2 Taxonomy and botanical characteristics
2.1 Taxonomy and distribution

The exact origin of Portulaca oleracea remains uncertain, though it is often linked to
arid regions such as North Africa. Archaeological pollen analysis suggests its presence in the
New World before Columbian times. Its succulent stems and fleshy leaves indicate adaptation
to desert climates, particularly in the Middle East and India. Today, purslane is widely
distributed across Europe, Africa, North America, Australia, and Asia (Vishal Chugh et al.,
2019). The taxonomy of Purselane is here reported as classified by The National Resources

Conservation Service, USDA (United States Department of Agriculture) 2012 :

e Kingdom: Plantae
e Clade: Angiosperms

e Clade: Eudicots
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e Order: Caryophyllales
e Family: Portulacaceae
e Genus: Portulaca

e Species: P. oleracea

2.2 Botanical characteristics

P. oleracea is characterized by its smooth, reddish, and mostly prostrate stems. The
leaves are fleshy, oval-shaped, and tend to cluster at stem joints and ends. The plant produces
small yellow flowers with five heart-shaped petals, which can appear throughout the year,
depending on environmental conditions. Following flowering, seed capsules form, which split

open upon maturation to release numerous tiny seeds (Kumar et al., 2022b).

3. Diverse metabolites of P. oleracea and their bioactivities

3.1 Phenolic acids and their biological effects

Phenolic acids are essential specialized metabolites found in plants, derived from
benzoic and cinnamic acids (Vincente et al., 2014; Chandrasekara, 2019). They are
characterized by carboxylic acid groups associated with phenolic compounds (Kumar and Goel,
2019). Several phenolic acids, such as caffeic acid, p-coumaric acid, ferulic acid, gallic acid,
gentisic acid, benzoic acid, and anisic acid, have been identified in purslane (Silva and
Carvalho, 2014b; V. Sicari, 2018). Additionally, Santiago-Saenz et a/. detected the presence of

caffeic, gallic, vanillic, ferulic, and syringic acids in this plant (Santiago-Saenz et al., 2018)

These bioactive compounds exhibit potent antioxidant, anti-inflammatory, and
antimicrobial properties, contributing to various health benefits. Caffeic acid and ferulic acid,
for instance, play a crucial role in reducing oxidative stress and protecting cells from damage
linked to chronic diseases such as cardiovascular disorders and neurodegenerative conditions.
Gallic acid has been reported for its anticancer potential, while p-coumaric acid and syringic
acid contribute to metabolic health by regulating glucose levels and lipid metabolism. The
presence of these phenolic acids in purslane underscores its potential as a functional food with

therapeutic applications.

3.2 Flavonoids and their pharmacological properties

Plant flavonoids are a large group of naturally occurring phenyl chromones found in

various parts of plants, including the roots, stems, flowers, and fruits (Middleton, 1996). These
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bioactive compounds are well known for their antioxidant, anti-inflammatory, antitumor,
antiviral, and antibacterial activities (Cushnie and Lamb, 2011). Flavonoids also play a crucial
protective role against coronary diseases by improving vascular function and reducing oxidative

stress in blood vessels (Cazarolli et al., 2008).

Several flavonoids, such as apigenin, kaempferol, luteolin, quercetin, isorhamnetin,
kaempferol-3-O-glucoside, and rutin, have been isolated from purslane (V. Sicari, 2018 ; Xu et
al., 2006) identified five flavonoids—kaempferol, apigenin, myricetin, quercetin, and luteolin-
using capillary electrophoresis with electrochemical detection. Among these, quercetin has
demonstrated neuroprotective effects by significantly improving learning and memory in mice,
suggesting its potential role in preventing neurodegenerative diseases such as Alzheimer’s (Lu
et al., 2006). As lately in 2018 Santiago-Saenz et al. have quantified myricetin in purslane,
further supporting its role as a flavonoid-rich plant. Additionally, three newly identified
flavonoids, oleracone C, D, and E, were reported for the first time in purslane (Yang et al.,

2018).

Apigenin, another major flavonoid found in purslane, has demonstrated antibacterial
properties against pathogenic bacteria, including Pseudomonas aeruginosa, Salmonella
typhimurium, Proteus mirabilis, Klebsiella pneumoniae, and Enterobacter aerogenes (Nayaka
et al., 2014). The presence of these bioactive compounds highlights purslane’s potential as a

functional food with cardiovascular, neuroprotective, and antimicrobial benefits.

3.3 Homoisoflavonoids and their potential applications

Homoisoflavonoids (HIFs) are a distinct class of plant compounds that differ from
flavonoids by an additional carbon atom (Castelli et Lopez, 2017). To date, over 300 HIFs have
been identified in various plant species (Lin, Liu and Ye, 2014). These bioactive molecules
exhibit antimicrobial, antimutagenic, anti-inflammatory, antidiabetic, and antioxidant
properties (Siddaiah et al., 2006; Abegaz, Mutanyatta-Comar et Nindi, 2007; Melilli et al.,
2020).

Purslane is a notable source of HIFs, with several significant compounds synthesized
by the plant. Duan et al. (2009) recently isolated two novel HIFs, oleracone J and oleracone K,
while Nemzer (Nemzer, Al-Taher and Abshiru, 2020b) recently identified four others,
portulacanones A-D, from its aerial parts. Additionally, Yang et al. (2018) discovered

oleracone C as a unique HIF in purslane. Another key compound, (E)-5-hydroxy-7-methoxy-
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3-(2'-hydroxybenzyl)-4-chromanone (HM-Chromanone), demonstrated a protective effect
against glucose-induced apoptosis in pancreatic -cells, highlighting its antidiabetic potential
(Park et al., 2019). Moreover, HIFs have been shown to inhibit 5-lipoxygenase, an enzyme
linked to inflammatory conditions such as asthma, allergic rhinitis, and osteoarthritis (Siddaiah
et al., 2006). These findings underscore purslane’s richness in HIFs and their potential

therapeutic applications.

3.4. Terpenoids from P. oleracea

Terpenoids, also known as isoprenoids, are organic compounds derived from isoprene
units and are widely synthesized in plants and other organisms (Tholl, 2015). Purslane has been
identified as a rich source of terpenoids, with Elkhayat, Ibrahim, and Aziz (2008) reporting
portulene as a newly discovered diterpene. In addition, several other terpenoids, including
portuloside A, portuloside B, lupeol, friedelane, taraxerol, portaraxeroic acid A, and

portaeaxeroic acid B, have been isolated from this plant (Wang et Yang, 2010; Mir et Ali, 2016).
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Figure 07: Terpenoids in EOs diverse and sustainable antimicrobial, anti-inflammatory,

antioxidants (Tohfa Siddiqui et a/., 2024).
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These bioactive terpenoids contribute to various health benefits. Lupeol and taraxerol
exhibit strong anti-inflammatory and antioxidant properties, which may help combat oxidative
stress-related diseases (Figure 07). Additionally, some terpenoids have been linked to
anticancer, hepatoprotective, and antimicrobial effects, making purslane a promising source of

natural therapeutic agents.

3.5. Other phytochemicals and their bioactivities

Purslane is a rich source of diverse phytochemicals, including various organic acids,
phenolic compounds, and sterols. Research has identified numerous organic acids in different
parts of P. oleracea, such as oxalic acid, butanedioic acid, phenylpropionic acid, p-
hydroxybenzoic acid, lauric acid, vanillic acid, myristic acid, pentadecanoic acid, palmitoleic
acid, palmitic acid, heptadecanoic acid, oleic acid, stearic acid, arachidic acid, behenic acid,
quinolinecarboxylic acid, indole-carboxylic acid, catechol, lonchocarpic acid, fumaric acid,
aconitic acid, citric acid, and malic acid (Oliveira et al., 2009; Wang and Yang, 2010; Wang,
Zhang and Wang, 2017; Chugh Vishal et al., 2019). Among these, oxalic and citric acids are
the most abundant (Oliveira et al., 2009; Petropoulos et al., 2015).

Additionally, phenolic compounds like 3-caffeoylquinic acid and 5-caffeoylquinic acid
have been identified, contributing to the plant’s strong antioxidant properties. Purslane also
contains allantoin, a byproduct of purine metabolism with wound-healing and skin-protective
effects (Selamoglu, 2018). Other notable phytoconstituents include N, N'-dicyclohexylurea, -
sitosterol, and B-sitosteryl glucoside, which have been associated with anti-inflammatory and

cholesterol-lowering benefits (Asia N Rashed et al., 2004).

These phytochemicals collectively contribute to purslane’s potential in promoting
health, offering antioxidant, anti-inflammatory, and lipid-lowering effects, making it a valuable

dietary component.
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1 Classification of terpenes and terpenoids

Terpenes are volatile hydrocarbons naturally produced by numerous plants and some
animals, primarily as secondary metabolites in response to stress. In plants, they serve as
infochemicals, attractants, or repellents, and at higher concentrations, act as potent defenses
against pathogens due to their high toxicity (Paduch et al., 2007). Structurally, terpenes are
composed of multiple isoprene units (C5HS8), linked head to tail to form linear chains or
arranged into rings (Aqil et al., 2007a). Terpenoids, a subclass of terpenes, contain oxygen
molecules and are formed through biochemical modifications such as the removal or addition
of methyl groups (Pandey et al., 2017). These oxygenated derivatives include alcohols,
aldehydes, esters, ethers, epoxides, ketones, and phenols, with notable examples being
carvacrol, citronellal, geraniol, linalool, linalyl acetate, piperitone, menthol, and thymol. Both
terpenes and terpenoids exhibit diverse biological activities, including anticancer, anti-allergic,
antibacterial, and antioxidant properties (Masyita et al., 2022). The main terpenes and

terpenoids used in this study are all shown in (Figure 08).
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Figure 08: Monoterpens classified into 3 subclasses: Cyclic monoterpenes (Fenchone,
Carvone, Menthol), Phenolic monoterpenes (Carvacrol, Thymol, Eugenol), Acyclic

monoterpenes (Linalool, Geraniol, Citronellol) (Fan, Sebbah, et al., 2021)
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1.1 Monoterpenes
They are dimers of isoprene and can be divided into acyclic, monocyclic, bicyclic, and
tricyclic compounds. Monoterpene derivatives typically containing oxygen or nitrogen

atoms are known as monoterpenoids.

1.1.1 Cyclic monoterpene (Fenchone, Carvone, Menthol)

Fenchone (C10H160) is a bicyclic monoterpene ketone naturally present in essential oils
derived from Foeniculum vulgare (fennel) and Artemisia absinthium (wormwood). It has a
camphoraceous aroma and is widely used in the fragrance and flavor industries, particularly in

herbal and minty compositions.

Biologically, fenchone exhibits antimicrobial, antifungal, antioxidant, and anti-
inflammatory activities. It has also been explored for its potential as a natural preservative in
food and cosmetic formulations. Fenchone's low toxicity and versatility make it a valuable

compound in both traditional and modern applications (Ahmad et al., 2022).

Carvone (C10H140) is a monoterpene ketone found predominantly in the essential oils

of Mentha spicata (spearmint) and Carum carvi (caraway). It exists as two enantiomers:

1. (R)-Carvone (commonly found in caraway seeds) with a spicy, earthy aroma.

2. (S)-Carvone (commonly found in spearmint leaves) with a sweet, minty aroma.

(A) (S)

Figure 09: Two different configurations of carvone, (R)-Carvone and (S)-Carvone (Bouyahya

etal., 2021).
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Carvone is extensively utilized in the food and flavor industries to impart characteristic
flavors in chewing gums, toothpastes, and baked goods. It also demonstrates various biological
properties, including antimicrobial, antifungal, antioxidant, anti-inflammatory, and insecticidal
activities (Bouyahya et al., 2021). Furthermore, carvone has shown potential in agriculture as
a natural herbicide and in pharmacology for its therapeutic effects, including anticancer and
analgesic properties. Indeed, has an antiproliferative potential by induction of apoptosis and the
G2/Mcell cycle arrest as shown in Figure 10. Carvone can induce anticancer effects by two
main mechanisms: (1) intrinsic apoptotic action via decreasing Bcl2 and decreasing Bax, as
well the release of cytochrome C which induce caspases expression and PARP cleavage; (2)

cell cycle arrest at G2/M via its action on cyclin-dependent kinase 1.)
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Figure 10: Pharmacological applications of carvone (Bouyahya et a/., 2021)

Menthol (C10H200) is a cyclic monoterpene alcohol obtained from essential oils of
Mentha canadensis L. (cornmint) and Mentha x piperita L. (peppermint) (Aqil et al., 2007a;
Kamatou et al., 2013). It is known for its upper respiratory tract decongestant properties and its
multiple biological properties, such as analgesic, antimicrobial, antifungal, antipruritic,
penetration-enhancing, chemopreventive, anticancer and anti-inflammatory activities (Aqil et
al., 2007a; Kamatou et al., 2013). Moreover, menthol is an agonist of the transient receptor
potential melastatin 8 (TRPMS) thus, it can chemically activate this cold-sensitive receptor and
elicit a cooling effect or sensation and an analgesic effect (Kamatou et al., 2013; Liu et al.,

2016).
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1.1.2 Phenolic monoterpenes (Carvacrol, Thymol, Eugenol)

Carvacrol (C10H140) as it appears in figure 07, is a monoterpene phenol primarily
obtained from the essential oils of Origanum vulgare L. (oregano) and Thymus capitatus L.
(thyme). It is well recognized for its potent antimicrobial, antifungal, and antioxidant properties,
as well as additional biological activities, including anti-inflammatory, anticancer, and
antiparasitic effects. Carvacrol is widely used in the pharmaceutical, food, and agricultural
industries due to its bioactivity and natural origin. Furthermore, carvacrol interacts with
bacterial membranes and disrupts their integrity, which underlies its strong antimicrobial action.
It also exhibits modulatory effects on ion c