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Abstract

The cosmetic industry is currently undergoing rapid expansion, driven by the increasing demand
for skincare products, particularly anti-aging formulations aimed at counteracting visible signs of
skin aging in an increasingly aging population. In parallel, this sector is facing unprecedented
challenges linked to the global climate crisis, which has fostered heightened consumer awareness
regarding sustainability and environmental impact. As a result, there is growing pressure to develop
cosmetic products that combine efficacy, safety, and sustainability, spanning from raw material

selection and extraction processes to formulation design and final product performance.

Within this context, the main objective of this PhD project was the development of an innovative
and sustainable semi-solid anti-aging cosmetic formulation through an integrated and
multidisciplinary approach. The project covered the bioprospecting and selection of plant-based
active ingredients adapted to extreme environments, the use of low-impact extraction techniques,
the evaluation of relevant biological activities, and the development of a functional cosmetic
formulation. In parallel, recognizing that not all selected extracts might be suitable for cosmetic anti-
aging applications, alternative biological uses were explored to ensure their scientific and functional

valorization.

Two plant species native to or dominant in the United Arab Emirates (UAE) were selected as case
studies: Prosopis cineraria (Ghaf), the national tree of the UAE, and Avicennia marina, the only
mangrove species naturally occurring in the region. Both species thrive under harsh environmental
conditions, including high salinity, drought, and extreme temperatures, which are known to drive

the biosynthesis of distinctive secondary metabolites with potential biological relevance.

In the first phase of the project, hydroalcoholic extracts obtained from different plant parts of both
species were screened for their potential anti-aging properties. Antioxidant activity was evaluated
alongside the inhibitory capacity against key enzymes involved in extracellular matrix (ECM)
remodeling, namely elastase, collagenase, and hyaluronidase. Ghaf extracts consistently exhibited
outstanding radical scavenging activity and robust, biologically relevant inhibition of all tested
enzymes, regardless of the plant portion. These results highlighted Ghaf as a highly promising

multifunctional anti-aging candidate and supported the feasibility of using a single extract
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representative of the whole plant. In contrast, A. marina extracts showed only moderate antioxidant
activity and limited enzyme inhibition, insufficient to justify further cosmetic formulation

development.

Based on these findings, the second phase of the project focused on Ghaf extract as an anti-aging
active ingredient and its incorporation into a sustainable cosmetic formulation. A representative
whole-plant Ghaf extract was chemically characterized by UHPLC-DAD-HRMS/MS, revealing a
polyphenol-rich profile dominated by catechins and flavonoid derivatives. The extract confirmed
strong antioxidant activity and exhibited inhibitory effects against elastase, collagenase,
hyaluronidase, and tyrosinase, addressing multiple biochemical pathways involved in skin aging.
In parallel, a sustainable oil-in-water Pickering emulsion was developed using natural stabilizers
and a Design of Experiments (DoE) approach. The selected formulation featured a minimal INCI
list, avoided heating, and maintained excellent physical stability. Importantly, incorporation of Ghaf
extract did not compromise the physicochemical, rheological, or microstructural properties of the

emulsion, resulting in a stable semi-solid cosmetic prototype.

Finally, given the limited cosmetic anti-aging potential of A. marina, a third phase adopted a
bioprospecting-oriented strategy to explore alternative biological applications. Comprehensive
phytochemical profiling of extracts from different plant parts identified 49 compounds, including
several phenylethanoid glycosides and triterpene saponins reported for the first time in A. marina
and mangroves. Antioxidant assays and in vitro cytotoxicity tests against cancer and normal cell
lines revealed strong, plant-part-specific bioactivities, particularly for root and pericarp extracts.
These findings highlighted A. marina as a valuable source of bioactive compounds with antioxidant

and anticancer potential, supporting its further investigation beyond cosmetic applications.

Overall, this PhD project demonstrates the value of an integrated, evidence-based, and
sustainability-oriented approach to the valorization of plant resources. By combining
bioprospecting, biological screening, phytochemical characterization, and formulation
development, the work provides a comprehensive framework for the development of natural
cosmetic actives while remaining adaptable to alternative biomedical applications when

appropriate.
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1 Introduction

1.1 Global context: wellness, luxury market, and personal care evolution

Wellness and personal care have become increasingly central themes in contemporary society. In
the context of growing environmental stressors, urban pollution, and lifestyle-related challenges,
self-care is no longer perceived as a secondary or purely aesthetic practice, but rather as an essential
component of individual health and well-being [1]. This shift has been further amplified by the
COVID-19 pandemic, which represented a critical turning point in public awareness of personal
health. Beyond its systemic effects, COVID-19 was also associated with dermatological
manifestations and skin barrier alterations in certain individuals, contributing to increased attention

toward skin health and protective care routines|[2].

Within this framework, cosmetic products have played an important role as accessible tools for daily
self-care[3]. Together with the effects of globalization, digitalization, and expanding consumer
access to information, this renewed focus on personal well-being has contributed to the global
growth of the cosmetic industry[4]. According to the European Commission Regulation No.
1223/2009, cosmetics are defined as “any substance or mixture intended to be placed in contact with
the external parts of the human body (epidermis, hair system, nails, lips and external genital organs)
or with the teeth and the mucous membranes of the oral cavity with a view exclusively or mainly to
cleaning them, perfuming them, changing their appearance, protecting them, keeping them in good
condition or correcting body odours”[5]. While this regulatory definition frames cosmetics primarily
as external-use products, consumer perception has progressively evolved toward recognizing
skincare as an integral component of overall wellness rather than a purely appearance-driven
practice. Indeed, although many personal care products formally fall under the cosmetic category,
consumer demand has increasingly shifted toward skincare-oriented products[6]. Traditionally
associated with aesthetic enhancement, skincare today encompasses broader concepts such as
prevention, skin health maintenance, comfort, and self-esteem, reflecting a wider sociocultural
transformation that spans all genders and age groups[7]. In parallel, economic development and
technological progress have contributed to reshaping the concept of “healthy skin,” fostering
demand for products capable of improving hydration, preventing premature aging, and mitigating

visible signs of photoaging][8].
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Demographic trends further reinforce this expansion. Population aging and increased life
expectancy have generated a growing consumer demand for effective strategies aimed at preserving
a youthful and healthy appearance over time[9]. Consequently, anti-aging skincare has emerged as
one of the most dynamic segments of the cosmetic market, driving continuous research into novel

ingredients, mechanisms of action, and scientifically substantiated claims[10].

Alongside these developments, growing lifestyle and fashion trends, strongly influenced by social
media impact and communication explosion, have fueled the expansion of the luxury market,
including the luxury cosmetics sector[11]. Whereas luxury was historically associated primarily with
the possession of material goods, contemporary luxury increasingly emphasizes personal
experience, meaningfulness, and self-expression. In line with this sociological shift, luxury has
progressively moved from a paradigm of “having” to one of “being,” where products are expected

to deliver not only performance but also values, identity, and emotional engagement[11].

In this evolving context, luxury cosmetics have transitioned from an exclusive focus on sensory
experience to a more holistic approach that integrates efficacy, ingredient quality, ethical sourcing,
and environmental responsibility[12]. As consumers become more attentive to sustainability and
transparency, even the luxury segment has embraced natural, high-quality ingredients and
scientifically validated formulations[13]. Consequently, luxury skincare products have attained a
dominant position within the broader cosmetic market, driven by their emphasis on innovation,

performance, and perceived added value[14].

Overall, the growing centrality of personal well-being, combined with demographic changes and
the expansion of the luxury sector, continues to drive the evolution of the cosmetic industry. Within
this landscape, skincare stands out as a key area of innovation, where the pursuit of effective, high-
quality, and scientifically supported products aligns with contemporary notions of wellness, self-

care, and sustainable luxury.

1.2 Sustainability as a driver in modern cosmetics

Sustainability is one of the most urgent challenges faced by modern societies, representing one of
the most impacting drivers shaping contemporary industrial development[15]. The current climate
emergency has resulted in disastrous and interconnected consequences including soil desertification

and degradation, loss of biodiversity, and depletion of water resources. As a result, consumer
5
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awareness and attitudes have progressively evolved. Modern consumers are increasingly conscious
of the environmental footprint associated with everyday products and are actively seeking cosmetic
formulations that align with sustainability principles, ethical sourcing, and reduced ecological
impact[16]. In addition, the constant increase in world’s population further intensifies the demand
for natural resources and accelerates resource depletion[17]. Consequently, industries characterized
by large-scale consumption of raw materials, including the cosmetic industry, are facing an urgent

need to undergo a comprehensive ecological transition.

In particular, the continuous market expansion that the cosmetic sector is experiencing, driven by
both the growing centrality of personal care and the demographic trends such as population aging
and increased life expectancy, amplifies the environmental responsibility associated with cosmetic
production, making long-term sustainability vision not just a marketing advantage but a strategic
requirement for sectoral resilience and regulatory compliance[15]. Indeed, some current regulations
have further reinforced this transition such as, for instance, the banned use of microplastics in rinse-
off cosmetic products that have pushed manufacturers to reformulate existing products and rethink

ingredient selection and formulation strategies[18].

Importantly, sustainability in cosmetics must be addressed through a holistic perspective, involving
all stages of the product supply chain[19]. At the design and sourcing stage, sustainability
considerations embrace the selection of renewable, traceable, and responsibly sourced raw
materials, with increasing attention toward plant-based ingredients and waste products[20][21] .
During manufacturing, sustainable practices focus on reducing energy consumption, minimizing
waste generation, and favoring low-impact processing technologies, including the use of renewable
energy sources and mild processing conditions[22]. Packaging represents another critical aspect, as
cosmetic packaging must ensure product stability and safety while minimizing environmental
pollution, leading to growing interest in recyclable, biodegradable, or refillable packaging
solutions[23] . Finally, distribution, consumer use, and post-use phases are increasingly considered,
with efforts directed toward reducing carbon emissions, improving product biodegradability, and
facilitating proper waste management [24]. Among all these steps, the selection of ingredients
remains one of the most critical and challenging steps. While consumers strongly associate
sustainability with natural-origin ingredients, the use of botanical raw materials does not inherently

guarantee environmental sustainability or product performance. Balancing ecological responsibility
6
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with formulation efficacy, stability, and safety represents a major scientific and technological

challenge for cosmetic research and development [19].

Recent market analyses estimate that the global natural cosmetics sector reached approximately
USD 33 billion in 2025, and natural-ingredient formulations currently account for a substantial
portion of the ‘clean beauty’ segment (32.6%), reflecting a strong consumer-driven demand for
sustainably sourced products [25]. Consequently, cosmetic companies are progressively favoring
plant-based, eco-friendly ingredients and are investing in environmentally responsible extraction
and processing technologies. In this context, green extraction approaches, such as ultrasound-
assisted extraction, microwave-assisted extraction, and the use of low-toxicity or renewable solvent
systems, have gained considerable attention as viable strategies to reduce environmental impact
while preserving bioactive compound integrity[26]. Nevertheless, despite this growing interest,
botanical-derived actives still represent a relatively limited fraction of the global cosmetic ingredient
market. This gap highlights the need for continued research into new plant sources, as well as for
the development of innovative extraction and formulation strategies capable of translating

sustainability principles into effective cosmetic products.

Overall, the ecological transition of the cosmetic sector has transformed sustainability from a
secondary consideration into a central driver of innovation. The increasing demand for sustainable,
high-performance cosmetic products has therefore intensified the search for novel natural
ingredients and environmentally responsible processing methods, positioning bioprospecting and

green chemistry at the core of modern cosmetic research.
1.3 Microplastics in cosmetics

Microplastics are small plastic particles (0.1-5 mm) that have emerged over the last decade as a major
global environmental and public health concern[27]. They originate from multiple sources,
including plastic packaging, textiles, fishing gear, and cosmetic and personal care products (PCCPs),
with the latter representing a significant contributor due to the rapid expansion of the cosmetic

market[28].

In cosmetics, microplastics are classified as primary, when intentionally added to formulations, or
secondary, when generated through the degradation of plastic packaging[29]. Since their

introduction in the 1980s, primary microplastics have been widely used to improve product
7
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performance, serving as exfoliating agents, texture modifiers, opacifiers, and rheology enhancers,
owing to their durability, low cost, and formulation versatility[30]. However, their insolubility,
resistance to degradation, and environmental persistence, have led to their widespread

accumulation in aquatic and terrestrial ecosystems, air, food chains, and ultimately in the human

body[31].

Growing evidence suggests that microplastics may impair skin barrier function, trigger
inflammatory responses, alter the skin microbiome, and potentially accelerate skin aging
processes[32]. In response to these environmental and health concerns, regulatory actions and public
awareness initiatives have intensified worldwide, driving the cosmetic industry toward the

progressive elimination of microplastics from PCCPs[33].

As a result, considerable research efforts are now focused on the development of sustainable
alternatives, including biodegradable polymers and natural materials such as cellulose- and starch-
based systems, capable of replacing microplastics without compromising formulation
performance[34]. The phase-out of microplastics therefore represents one of the key challenges for

modern cosmetic science.

Given the relevance of this topic, during my PhD I'helped draft a comprehensive review addressing
the microplastic issue, current regulatory actions, and potential eco-friendly alternatives, attached

at the end of this thesis.

1.4 Skin aging and the anti-aging role of natural compounds

The skin is the largest, most complex, and most exposed organ of the human body and, as such, it is
the tissue in which aging-related alterations become most visibly apparent[35]. Beyond its aesthetic
implications, skin aging has gained increasing relevance from a biological, social, and economic

perspective, due to its impact on barrier function, immune defense, and overall skin health[36].

The skin is composed of three main layers (Figure 1.1)[37]: the epidermis, the outermost barrier
primarily constituted by keratinocytes and melanocytes; the dermis, a connective tissue rich in
fibroblasts and extracellular matrix (ECM) components; and the hypodermis, a highly vascularized
and innervated layer dominated by adipose tissue that provides mechanical and metabolic

support[38]. Among these layers, the dermis plays a key role in determining skin mechanical
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properties, as it contains a highly organized ECM network composed of collagen fibers, elastic fibers,
proteoglycans, and glycosaminoglycans, which collectively confer tensile strength, elasticity, and

hydration.

Stratum Corneum
Stratum Lucidum

Stratum Granulosum

'ﬁ@ v o onT 5 Stratum Spinosum
%'MA@W@%%M —— Stratum Basale

Epidermis [ 3
Dermis |

Adipose Tissue

Collagen

T~ Fibroblasts
Collagen Fibroblasts

Blood Vessels  Elastin

Elastin

Figure 1.1. Representation of the skin structure composed of epidermis, dermis and adipose tissue

(hypodermis).

Skin aging is a complex and irreversible biological process that affects all three skin layers, although
dermal alterations are particularly determinant[39]. Age-related changes include dermal thinning,
fragmentation and reduction of collagen and elastin fibers, decreased regenerative capacity, altered
pigmentation patterns, and progressive loss of skin firmness and elasticity[40]. Clinically, these
changes manifest as wrinkles, sagging, dryness, uneven pigmentation, and loss of skin tone and

softness[41].

From an etiological point of view, skin aging results from the combined contribution of intrinsic
aging, driven by genetic and hormonal factors, and extrinsic aging, caused by environmental
stressors[42]. Intrinsic aging is associated with cellular senescence, telomere shortening,
physiological hormonal decline, and cumulative oxidative damage generated by normal cellular
metabolism[43]. Extrinsic aging, on the other hand, is largely preventable and is predominantly
driven by ultraviolet (UV) radiation (photoaging), which accounts for up to 80% of visible skin

aging, as well as by air pollution, smoking, poor nutrition, sleep deprivation, and chronic stress[44].

Despite their different origins, intrinsic and extrinsic aging converge on common molecular

pathways, most notably oxidative stress, ECM degradation, and skin hyperpigmentation, which
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together represent the main biological hallmarks of cutaneous aging and the primary targets for

anti-aging cosmetic strategies[45].
1.4.1 Oxidative stress

Oxidative stress is recognized as a key driver of skin aging, representing a primary target for
preventive intervention[46]. Reactive oxygen species (ROS) are continuously generated as by-
products of cellular metabolism, particularly within mitochondria, and play physiological roles in
cell signaling. However, when ROS production exceeds the neutralizing capacity of endogenous

antioxidant systems, oxidative stress occurs[47].

The skin comes with endogenous antioxidant defense systems, including superoxide dismutase
(SOD), catalase, and glutathione. These defenses progressively decline with age and may become
insufficient to contrast ROS accumulation, making skin cells more vulnerable to oxidative
damage[48]. Excessive ROS induces lipid peroxidation, protein oxidation[49], and DNA damage,

impair mitochondrial function, reduce ATP production, and accelerate cellular senescence[50].

UV radiation represents the most influent extrinsic source of ROS in the skin. UV-induced oxidative
stress not only damages cellular components directly but also activates signaling cascades that
upregulate matrix metalloproteinases (MMPs), thereby linking oxidative stress to ECM
degradation[51]. Elevated ROS levels have been shown to reduce collagen content, disrupt fibroblast

function, and promote wrinkle formation and loss of elasticity[52].

For these reasons, scavenging excess ROS is one of the most established and effective approaches to
counteract both intrinsic and extrinsic skin aging. Natural antioxidants have therefore gained
significant attention in cosmetic science. Plant-derived compounds such as polyphenols, flavonoids,
carotenoids, and vitamins exhibit strong radical-scavenging activity and can restore redox balance
within skin cells[48]. Botanical extracts from green tea, rosemary[53], turmeric[54], acai berry,
resveratrol-rich plants, and quercetin-containing sources have been widely reported to protect
against photoaging, reduce inflammation, and improve overall skin appearance[55], [56]. As a result,
topical antioxidants are now considered essential components of comprehensive anti-aging skincare

strategies.

10
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1.4.2 Extracellular matrix remodeling

The integrity of the ECM is fundamental to maintaining skin structure, elasticity, and mechanical
resistance. The dermal ECM is a highly dynamic network composed primarily of collagen fibers,
which provide tensile strength; elastic fibers, formed by elastin and fibrillin, which confer resilience
and elasticity; and proteoglycans and glycosaminoglycans, such as hyaluronic acid (HA), which

regulate hydration and tissue viscoelasticity.

During skin aging, ECM homeostasis is progressively disrupted as a result of increased oxidative
stress and cellular senescence. Excess ROS activates intracellular signaling pathways, notably the
mitogen-activated protein kinase (MAPK) cascade, leading to activation of the transcription factor
activator protein-1 (AP-1)[57]. AP-1 upregulates the expression of several matrix metalloproteinases
(MMPs), including collagenases and elastases, while simultaneously suppressing the transforming
growth factor-p3 (TGF-f)/Smad signaling, which is essential for collagen synthesis[58]. In parallel,
the expression of tissue inhibitors of metalloproteinases (TIMPs) is reduced, further exacerbating

ECM degradation[59].

Senescent fibroblasts contribute to this process through the secretion of a senescence-associated
secretory phenotype (SASP), characterized by elevated levels of MMPs and pro-inflammatory
cytokines such as IL-6 and IL-8[60]. This chronic inflammatory microenvironment accelerates
collagen fragmentation, elastic fiber disorganization, and loss of dermal integrity[61]. As a
consequence, aged skin exhibits reduced collagen and elastin content, impaired mechanical strength,

and visible sagging.

In addition to collagen and elastin, age-related changes also affect glycosaminoglycans, particularly
HA[62]. It plays a crucial role in skin hydration, cell migration, and tissue repair but has a relatively
short half-life in the skin[63]. Its levels decline with age due to both oxidative damage and increased
activity of hyaluronidases. Excessive HA degradation results in moisture loss, reduced skin volume,
and wrinkle formation. Because HA turnover is rapid, modulation of hyaluronidase activity

represents an attractive target for observing early anti-aging effects[64].

Nature provides a vast reservoir of bioactive compounds capable of modulating ECM-related
enzymes. Polyphenols, flavonoids, cinnamic acid derivatives, terpenoids, and lipid-based

phytochemicals have been shown to inhibit collagenase, elastase, and hyaluronidase activities, while
11
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simultaneously exerting antioxidant and anti-inflammatory effects. For example, shea butter has
been reported to enhance collagen production while inhibiting proteolytic enzymes[65], and
soybean isoflavones, such as genistein, promote elastin and collagen synthesis while reducing
elastase activity[66]. These multifunctional properties make plant-derived compounds particularly

suitable for preserving ECM integrity in aging skin.
1.4.3 Skin hyperpigmentation

Pigmentary alterations represent another hallmark of skin aging, particularly in photoaged skin.
Tyrosinase is the key regulatory enzyme of melanogenesis, catalyzing the initial and rate-limiting
steps in melanin synthesis within melanocytes[67]. Although melanin is essential for
photoprotection, enhancing the skin’s defense against UV radiation and other environmental or
hormonal factors, excessive or dysregulated melanin production leads to hyperpigmentation
disorders such as solar lentigines, melasma, and age spots[68]. Excessive UV exposure leads to
increased ROS generation, which can further stimulate tyrosinase activity and melanogenic
signaling pathways. This ROS-mediated hyperactivation of melanogenesis contributes to uneven
skin tone and exacerbates visible signs of photoaging[69]. In aged skin, the situation is further
complicated by alterations in dermal-epidermal communication. Senescent fibroblasts exhibit
reduced insulin-like growth factor-1 (IGF-1) production, impairing the protective DNA damage
response of keratinocytes and indirectly affecting melanocyte behavior. This dysregulated paracrine
signaling promotes pigmentary instability and increases susceptibility to age-related skin

disorders[70].

Consequently, tyrosinase inhibition is a key strategy in cosmetic anti-aging formulations, not only
to reduce hyperpigmentation but also to indirectly limit ROS-associated melanogenic pathways.
Natural tyrosinase inhibitors, including flavonoids, phenolic acids, and other plant-derived
compounds, have emerged as safer alternatives to conventional depigmenting agents, aligning

efficacy with improved tolerability and sustainability[71].

Taken together, oxidative stress, ECM remodeling, and skin hyperpigmentation represent tightly
interconnected mechanisms that collectively drive skin aging (Figure 1.2)[72]. Oxidative stress acts

as a common upstream trigger, amplifying enzymatic degradation of the ECM and stimulating

12
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aberrant melanogenesis. As a result, there is a growing demand for cosmetic actives capable of

targeting multiple aging-related pathways simultaneously.
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Figure 1.2. Molecular mechanisms involved in skin aging. Internal and external factors generate ROS that
activate signaling pathways such as MAPK and AP-1 that affect ECM remodeling. Collagen and elastic fiber
break down, and skin collapse leading to wrinkles formation. ROS causes oxidation of DNA, lipids and

proteins leading to cellular disfunction.

In this context, natural compounds stand out as particularly promising candidates. Owing to their
structural diversity and multifunctional biological activities, plant-derived bioactives can exert
antioxidant effects while concomitantly inhibiting collagenase, elastase, hyaluronidase, and
tyrosinase activities. The immense chemical diversity offered by natural biodiversity therefore
represents an exceptional reservoir for the discovery of innovative anti-aging ingredients, capable

of meeting both efficacy and sustainability requirements in modern cosmetic science.
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1.5 Other plant bioprospecting applications

While plants have been discovered as valuable sources of ingredients for cosmetic formulations,
including anti-aging, moisturizing, anti-inflammatory and antioxidants properties, their potential
extends far beyond skin care[73]. The term bioprospecting refers to the systematic exploration of
biological diversity to identify organisms, genes, or metabolites with novel and useful applications
across a range of scientific and industrial fields, without disruption to nature[74]. In the plant
kingdom, bioprospecting has historically served as a cornerstone for drug discovery and biomedical
innovation, reflecting the remarkable chemical diversity that evolved through millions of years of
adaptation to environmental stressors[75]. The global relevance of medicinal plant research is
further underscored by the fact that different geographical regions, characterized by unique
ecological pressures, have generated distinct phytochemical reservoir with region-specific biological
activities[76]. Over evolutionary time, nature has thus produced a vast array of molecules capable

of modulating biological pathways and counteracting a wide spectrum of diseases[77].

At the intersection of ethnobotany and modern pharmacology, plants have been instrumental in the
development of numerous therapeutic agents. Classic examples include artemisinin, the potent
antimalarial compound isolated from Artemisia annua[78], and taxol (paclitaxel), a landmark
chemotherapeutic agent originally derived from Taxus brevifolia[79]. These compounds have
revolutionized clinical practice in their respective fields and clearly exemplify the medical relevance
of plant secondary metabolites. Contemporary bioprospecting research continues to uncover new
bioactive compounds with diverse pharmacological profiles, including antimicrobial[80],
antiviral[81], anti-inflammatory[82], and anticancer activities[83], highlighting plants as enduring

reservoirs of clinically relevant chemical diversity.

Among the wide range of biomedical applications, antimicrobial and anti-tumoral activities are the
most urgent. Indeed, antimicrobial resistance (AMR)[84], together with cancer, represents one of the
most pressing global health challenges[85]. In recent years, the rapid increase in multidrug-resistant
infections and the growing incidence of cancer worldwide have positioned these diseases among
the current and future major causes of death[86][87]. Recent studies have documented the

antibacterial, antibiofilm, and bactericidal properties of extracts from wild edible plants, which are
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being explored as potential solutions against resistant pathogens such as methicillin-resistant
Staphylococcus aureus[88]. Similarly, several established anticancer drugs, including vincristine[89],
vinblastine, and etoposide[90], are of natural origin, and many additional plant-derived or plant-
inspired antitumoral compounds continue to be discovered and developed[91]. These examples
highlight the sustained relevance of natural products as a privileged chemical space for anticancer

drug discovery.

In the context of biopharmaceutical research, plant bioprospecting therefore remains a highly
productive strategy for the identification of new therapeutic candidates. Typically, this process relies
on an integrated workflow that combines phytochemical profiling with targeted biological screening
to correlate chemical composition with bioactivity[92]. This approach enables the prioritization of
specific plant extracts, tissues, or compound classes for further investigation and supports a rational,

mechanism-oriented exploration of plant biodiversity.

Overall, these considerations emphasize that the search for new natural compounds with
therapeutic potential, particularly in the oncological field, remains both timely and scientifically
compelling. Beyond their established cosmetic applications, plant-derived metabolites continue to
offer significant opportunities for biomedical research, reinforcing the rationale for bioprospecting

studies aimed at uncovering alternative and high-impact biological activities.

1.6 Desert and halophytic plants

Plants that live in extreme environments represent unique reservoirs of secondary metabolites[93].
It is well known that plant chemical profiles are strongly affected by environmental conditions[94],
and among stress-adapted species, desert plants and halophytes are considered some of the most
emblematic examples of ecological and metabolic adaptation[95]. These plants are capable of living
and thriving under harsh conditions such as high temperatures, drought, soil salinity, and intense
solar radiation[96]. Prolonged exposure to these abiotic stressors has imposed strong selective
pressure, driving the evolution of distinctive morphological and physiological traits[97]. As a result,
these species produce specific secondary metabolites that not only support plant survival but may

also be beneficial for human applications[96], as several of the stress-response pathways activated
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in plants, such as oxidative stress, inflammation, and dehydration, closely mirror the molecular

mechanisms involved in skin aging[98].

Desert plants (xerophytes) are continuously exposed to high temperatures, extreme UV irradiation,
low rainfall, and poor soil nutrition. In such environments, the main challenges are to maintain
thermoregulation and preserving water[99]. Accordingly, xerophytes have developed characteristic
morphological adaptations, such as reduced leaf surface area[100] and the produce of reflective
waxes or trichomes [101] that limit transpiration and mitigate excessive light exposure. From a
metabolic perspective, several studies have reported that desert plants are particularly rich in
phenolic compounds and polyphenols, often associated with strong antioxidant activity[102], as
well as flavonoids with UV-absorbing properties. These metabolites play a protective role against
oxidative and photo-induced damage and make xerophytic species promising candidates for

antioxidant and photoprotective applications in cosmetic formulations[103].

Halophytic plants are a highly specialized group adapted to saline environments characterized by
high concentrations of soluble salts, fluctuating water levels, hypoxia, elevated temperatures, and
intense UV exposure[104]. Among these stressors, salinity is the most critical, as it causes reduced
water uptake, ionic imbalance, and ROS overproduction[105]. Therefore, halophytes developed
intensive adaptive mechanisms, including ion exclusion or compartmentalization, osmotic
adjustment through compatible solute accumulation, and the enhanced synthesis of stress-related
metabolites. Indeed, extracts and isolated compounds from some halophytes species proved the
presence of high levels of antioxidants, including phenolic compounds and flavonoids, thus
attracting interest as potential multifunctional cosmetic ingredients. For instance, isoorientin
isolated from a halophytic species has been reported to exhibit marked antioxidant and
photoprotective activities, highlighting its suitability for cosmetic applications[106]. Additional
studies have demonstrated that halophytic plants are rich in phenolic and flavonoid compounds
capable not only of scavenging free radicals but also of inhibiting key extracellular matrix-degrading
enzymes[107]. Moreover, a broader screening of multiple halophytic species has revealed consistent
anti-aging-related properties, including antioxidant, anti-wrinkle, and skin-whitening

activities[108].
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Overall, the strong link between environmental stress and secondary metabolite production gives a
boost to the exploration of desert and halophytic plants as reservoirs of natural bioactives. Their
stress-driven chemodiversity reflects unique evolutionary adaptations and offers significant
opportunities for the development of innovative, nature-inspired cosmetic ingredients targeting

skin aging.

1.6.1 United Arab Emirates (UAE) biodiversity

The United Arab Emirates (UAE) lie in the arid subtropical zone, while exposed to the influences of
the surrounding Arabian Gulf and the Indian Ocean[109]. The UAE is a federation of seven emirates
extending along the northern coast of the Arabian Peninsula between approximately 22°50" and 26°
North latitude and 51° and 56° Est longitude[110]. From a geological and bioclimatic perspective,
the country is divided into three main regions: a mountainous area in the east, and a western zone
divided into a coastline and an extensive inland desert. The UAE climate is characterized by extreme
environmental conditions, including pronounced seasonal temperature fluctuations, with summer
temperatures frequently exceeding 48 °C and winter minima occasionally approaching 3 °C[111].
Solar radiation levels are exceptionally high, while annual precipitation is rare and irregular. These
conditions result in an extremely arid climate, nutrient-poor soils, and high evaporation rates, which
in coastal lagoons and bays contribute to elevated salinity levels. Together, heat stress, water
scarcity, intense irradiation, and salinity represent major abiotic constraints shaping both terrestrial

and coastal ecosystems[112].

Despite these harsh conditions, the UAE hosts a remarkably variety of native plant species that have
successfully adapted to survive and thrive under extreme environmental stress. To date, more than
760 indigenous plant species have been identified, many of which are desert plants and
halophytes[113]. Beyond their fundamental ecological roles in providing essential ecosystem
services, several of these species have long been recognized in local traditions for their nutritional
and medicinal value. Indigenous plants therefore represent important biodiversity resources with

ecological, socio-economic, and cultural relevance[114].

Among desert-adapted species, Vachellia flava and Prosopis cineraria (P. cineraria) are particularly

notable. These species are rich in nutrients, have traditionally contributed to local diets, and are
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highly valued for their resilience, as they require minimal water and maintenance[115], [116]. Their
adaptability makes them well suited for sustainable landscaping and urban greening in arid
environments, while their long-standing use in traditional medicine suggests the presence of

bioactive compounds of potential interest for modern applications[111].

Regarding the halophytic vegetation, the Arabian Gulf coastline of the UAE, together with
neighboring regions of Bahrain, Qatar, and Iran, hosts one of the most environmentally extreme
mangrove ecosystems[117]. Mangroves in this region are exposed to exceptionally high salinity
levels of about 65-70 ppt, beyond the typical tolerance limits of mangrove species[118]. Despite these
constraints, mangrove forests form highly productive and unique ecosystems that support diverse
biological communities and provide vital ecosystem services, including carbon sequestration,
coastal protection, and nursery habitats for commercially important fish species[119]. Avicennia
marina (A. marina) is the only mangrove species naturally occurring in the UAE, where it forms
evergreen coastal forests along sheltered shorelines[120]. Recent studies have indicated that
halophytic species growing under UAE environmental conditions accumulate distinctive
phytochemicals, likely thanks to their adaptation to severe salinity, heat, and oxidative stress[121].
This stress-driven metabolic specialization further supports the bioprospecting potential of UAE-

native desert plants and halophytes as sources of natural bioactive compounds.

1.6.1.1 Prosopis cineraria

Prosopis cineraria is a small to moderate sized, thorny, evergreen flowering tree characterized by
irregular branches, belonging to the family Fabaceae (Leguminosae) and the subfamily
Mimosoideae[122] (Figure 1.3)[123]. As one of the most emblematic native plant species of the United
Arab Emirates, P. cineraria, commonly known as Ghaf, has demonstrated an extraordinary ability to
survive under extreme desert conditions. Owing to its ecological resilience and cultural significance,
Ghaf was officially declared the national tree of the UAE in 2008. Beyond its symbolic value,
representing stability and resilience in the desert environment, P. cineraria is an important

component of the region’s natural and cultural heritage[124].
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Figure 1.3. Representation of the Prosopis cineraria Ghaf tree in UAE desert.

As a xerophytic species adapted to arid and semi-arid climates, P. cineraria is widely distributed
across many arid and semi-arid regions (mainly Arabia and India), as native or introduced species.
In addition to its ecological and cultural relevance, Ghaf has attracted increasing scientific interest
as a potential source of raw materials for food, medicinal, and, more recently, high-value

applications such as cosmetics and luxury products[125].

The genus Prosopis has been extensively reported as a rich source of proteins, carbohydrates, lipids,
minerals, and different phytochemical constituents with documented health-promoting effects. P.
cineraria is particularly appreciated for the versatility of its various plant parts, to the extent that it
has been traditionally referred to as the “King of the Desert[116].” Ecologically, the species plays a
crucial role in desert ecosystems by preventing soil erosion and stabilizing dunes through its deep
and extensive root system[126]. Moreover, it contributes to soil improvement by accumulating
organic matter and reducing soil pH, thereby enhancing soil fertility in otherwise nutrient-poor

environments[127]. The plant is also widely used as animal feed in arid regions[116].

19



MISSIONE 4

[: DEGLI STUDI SCUOLA DIDOTTORATO

7 = ISTRUZIONE
= =z N

‘:;' LE UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA RICERCA
z Z

BICOCCA

e
The medicinal value of P. cineraria has been extensively documented in traditional medicine systems,
where different parts of the plant have been employed through oral and topical administration such
as antivenom, antipyretic, analgesic, antihyperglycemic, wound-healing, antioxidant, anti-
inflammatory, and antibacterial agents[128]. These traditional uses highlight the contribution of
multiple plant tissues to its overall pharmacological potential. In contrast, scientific knowledge

regarding the cosmetic applications of P. cineraria remains relatively limited.

Nevertheless, phytochemical investigations of different plant portions suggest that P. cineraria
represents a highly promising candidate for cosmetic research. Methanolic, hydroalcoholic, and
aqueous extracts of the bark have been reported to contain high levels of phenolic compounds and
flavonoids, associated with strong antioxidant activity[129], in addition to lignin and starch, which
are already exploited in cosmetic formulations. Furthermore, well-known antioxidant molecules
such as gallic acid and rutin have been identified in the seeds[130], while leaves have been shown
to contain quercetin and related flavonoid derivatives[131]. Although several studies have explored
the phytochemical constituents underlying the traditional medicinal uses of P. cineraria, substantial
gaps remain regarding the systematic evaluation of its cosmetic potential. To date, only one
formulation-oriented study has been reported, describing the development of an oil-in-water (O/W)
cosmetic emulsion containing 2% P. cineraria bark extract as an active ingredient[132]. The resulting
formulation demonstrated promising efficacy in terms of skin-whitening, moisturizing, anti-acne,
and anti-wrinkle effects[133]. This preliminary evidence further supports the need for more
comprehensive investigations into P. cineraria as a multifunctional cosmetic active, particularly in
light of its stress-adaptive strategies and the presence of well-established antioxidant phytochemical

classes.

1.6.1.2 Avicennia marina

Avicennia marina (A. marina) is a mangrove species belonging to the family Acanthaceae (formerly
classified within Verbenaceae), widely distributed across tropical and subtropical regions worldwide
(Figure 1.4). Its geographical range extends along the tropical coasts of East Africa, South and
Southeast Asia, Australia, the North Island of New Zealand, and several Pacific islands, including
Fiji. In addition, A. marina occurs in temperate regions, particularly in Southwestern Asia, along the

coastline of the Arabian Gulf and the eastern and western coasts of the Red Sea[134].
20
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Figure 1.4. Representation of A.marina plant of UAE.

A. marina is the most dominant and widely distributed mangrove species and represents the
prevailing coastal vegetation along the Arabian Gulf coasts of the UAE, Saudi Arabia, Bahrain,
Qatar, and Iran[135]. Commonly known as the “grey mangrove”, this species grows as shrubs or
trees ranging from approximately 3 to 14 m in height. It is characterized by a grey bark composed
of thin, delicate scales, green leaves bearing fine hairs on the abaxial surface, and small yellow
flowers arranged in clusters of three to five, typically blooming in spring. Reproduction occurs

through propagules, which function as dispersal units[136].

A. marina is among the most stress-tolerant mangrove species, exhibiting remarkable resistance to
extreme environmental conditions such as high salinity, elevated temperatures, strong winds,
intense solar radiation, and anaerobic, waterlogged soils[137]. To survive under these harsh
conditions, the species has evolved highly specialized morphological and physiological adaptations,
including salt-secreting glands on the leaf surface to regulate ionic balance[138] and

pneumatophores that facilitate atmospheric oxygen diffusion to submerged root tissues[139].
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These adaptive traits are closely associated with the biosynthesis of a variety of secondary
metabolites, including aliphatic alcohols, amino acids, carbohydrates, alkaloids, carotenoids, fatty
acids, hydrocarbons, iridoid glycosides, abietane diterpenoid glycosides, carboxylic acids, steroids,
tannins, triterpenes, naphthalene derivatives, flavones, flavonoids, phorbol esters, phenolic
compounds and related metabolites, phytoalexins, inorganic salts, minerals, and vitamins[136].
Collectively, these compounds are considered responsible for the wide range of biological activities
attributed to A. marina, supporting its extensive use in traditional medicine as an anti-inflammatory,

antioxidant, anticancer, antiviral, antimicrobial, and antidiabetic remedy[140].

Despite the growing literature on A. marina, most phytochemical and bioactivity studies have been
conducted on populations from limited geographical regions, representing a significant constraint
in fully understanding the species’ chemo diversity. Given the extreme environmental conditions of
the Arabian Gulf, characterized by exceptionally high salinity, temperature fluctuations, and intense
solar radiation[141], it is plausible that A. marina populations growing in the UAE have undergone
specific metabolic adaptations, including the upregulation of antioxidant defense systems and the

production of distinct secondary metabolites with unique biological activities[137].

For this reason, there is a clear need to further investigate A. marina from the UAE, not only to
expand current knowledge on its pharmacological potential but also to explore less-studied
application areas. Notably, despite the species’ exceptionally high content of antioxidants and
multifunctional bioactive compounds, its potential use as active ingredient in cosmetic formulations
remains largely unexplored. While some studies on Thai mangrove species have begun to
investigate anti-aging cosmetic applications[142], evidence for A. marina is limited primarily to the
use of leaf extracts as cosmetic additives[143]. This substantial knowledge gap highlights A. marina
as a particularly promising and innovative candidate for bioprospecting-driven research aimed at

identifying new natural actives for cosmetic and dermocosmetic applications.

1.7 Cosmetic emulsions

In recent years, there has been a growing demand for cosmetic products designed to meet specific
consumer needs. In particular, skincare products aimed at giving a younger and healthy appearance

are increasingly in demand. To achieve these effects, specific bioactive ingredients must be
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effectively delivered to the skin, while maintaining their stability, bioavailability, and efficacy.
Among the delivery systems employed in cosmetic formulations, emulsions represent one of the

most widely used platforms due to their remarkable versatility and functional properties [144].

Emulsions are colloidal dispersions composed of two immiscible liquids, in which one (the
dispersed phase) is dispersed into the other (the continuous phase) as droplets. The intrinsic
immiscibility of the components results in thermodynamically unstable emulsions, making the
presence of at least one stabilizing agent essential to ensure adequate kinetic stability.
Conventionally, surfactants or amphiphilic polymers are employed for this purpose; by forming a
protective layer around droplets, they reduce interfacial tension between the two fluids. Based on
the nature of the dispersed and continuous phases, emulsions are typically classified as oil-in-water
(O/W) or water-in-oil (W/O) systems, depending on whether oil droplets are dispersed in an
aqueous phase or vice versa[145]. This distinction strongly influences the sensory properties of the
final formulation: O/W emulsions are generally perceived as more comfortable, whereas W/O
emulsions tend to be richer and greasy but are often more effective for the rapid delivery of
hydrophobic active ingredients[145]. More complex systems, called “double emulsions”, have also
been developed like water-in-oil-in-water (W/O/W) and oil-in-water-in-oil (O/W/O), where droplets
of the dispersed phase contain smaller droplets within them. These systems are particularly
attractive for advanced encapsulation strategies and controlled release applications[146] (Figure

1.5)[144].

Emulsions systems
_® Surfactant and/or
co-surfactant
Oil phase
O O O O Water phase

o/W W/0
macro/micro/nanoemulsion  macro/micro/nanoemulsion

® ®
© °®

W/0/W 0o/W/0
macro/nanoemulsion macro/nanoemulsion

Figure 1.5. Graphical representation of simple and double emulsions.
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Emulsions can further be differentiated according to the size of their dispersed droplets, which
significantly affects their stability and optical properties. Macroemulsions typically exhibit droplet
sizes ranging from approximately 0.1 to 100 um and have typical creamy white appearance by
allowing light scattering[147]. Microemulsions, characterized by droplet sizes between 10 and 100
nm and the presence of both surfactant and co-surfactant, form spontaneously and are transparent
systems. Nanoemulsions, with droplet sizes typically between 20 and 200 nm, are translucent
systems that also contain surfactant and co-surfactant but, unlike microemulsions, they do not form

spontaneously and remain thermodynamically unstable despite their high kinetic stability[148].

Historically, surfactants have been extensively used in cosmetic emulsions due to their effectiveness
and relatively low cost. Common examples include polysorbates (e.g., Tween 80), sorbitan esters
(e.g., Span 80), sodium laureth sulfate (SLES), sodium dodecyl sulfate (SDS), and polyethylene glycol
ethers[149], [150], [151]. However, many of these compounds have been associated with adverse
effects, including skin irritation, allergic reactions, and environmental concerns[152]. This has driven
the search for alternative stabilization strategies capable of ensuring formulation stability and

sensory acceptability while offering improved safety and sustainability profiles.

An innovative and increasingly explored alternative involves replacing conventional surfactants
with solid particles, leading to the formation of so-called “Pickering emulsions” (Figure 1.6)[153].
This approach offers many advantages, including enhanced formulation stability, reduced
sensitivity to external factors such as pH, temperature, and oil phase composition, a lower amount
of stabilizing agent required compared to traditional surfactants, and improved biocompatibility, as

the solid particles employed are often derived from natural sources[154].
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Figure 1.6. Schematic representation of O/W and W/O emulsions stabilized with (a) surfactant (conventional

emulsions) and with (b) solid particles (Pickering emulsions).

1.7.1 Pickering emulsions

Pickering emulsions are surfactant-free emulsions stabilized by solid particles that are insoluble in
both the aqueous and oil phases but possess partial wettability toward each phase. This allows the
particles to adsorb irreversibly at the oil-water interface, where they rearrange on the droplets to
form a protective interfacial film. This film provides both physical and, in some cases, electrostatic
stabilization, resulting in long-term stability emulsions[155]. The size of the stabilizing particles also
plays a crucial role in emulsion stability, as particles in the nanometric to submicrometric range
(typically 10-1000 nm) are generally more effective in forming dense interfacial layers. In addition,
the particles should typically be at least one order of magnitude smaller than the emulsion droplets
to ensure efficient interfacial coverage and stabilization [156]. Depending on the nature and
properties of the solid particles employed, Pickering emulsions can be stabilized through three main
mechanisms: (i) the formation of a dense interfacial film around individual droplets, (ii) the creation
of a three-dimensional network of aggregated particles within the continuous phase that
immobilizes the droplets, and (iii) stabilization driven by depletion interactions between particles

(Figure 1.7)[157].
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Figure 1.7. Graphical representation of the three mechanisms of stabilizations of Pickering emulsions:

interfacial film, network structure and depletion interactions.

Initially, Pickering emulsions were stabilized using inorganic solid particles such as silica, alumina,
titanium dioxide, and clays[158]. However, due to concerns related to their limited biodegradability
and biocompatibility, the use of these materials has declined significantly[158]. In response to the
increasing demand for safer and more sustainable cosmetic products, recent research has focused
on natural materials, including proteins (e.g., pea proteins) and polysaccharides, mainly starch,

cellulose, and chitosan[159].

Since these biopolymers do not naturally occur in particulate form, chemical, physical, or enzymatic
modifications are often required to obtain solid or semi-solid particles suitable for Pickering
stabilization[157]. For instance, cellulose which is characterized by a relatively hydrophobic
crystalline region and a more hydrophilic non-crystallin region, is frequently modified to increase
its hydrophobicity[160]. In other cases, particulate complexes are formed by combining
polysaccharides with other polysaccharides, proteins, or polyphenols[155]. However, the
preparation of such materials can be resource-intensive, involving multiple extraction, purification,
and modification steps. Moreover, isolating a single component from the original matrix may lead
to the loss of valuable bioactive compounds, such as polyphenols and flavonoids. In line with
sustainability principles that prioritize functionality over purity and aim to minimize waste, an
emerging research trend involves the use of food industry by-products as Pickering stabilizers[158].
These materials often function as efficient emulsifiers without requiring extensive purification and
may contain both insoluble particles and soluble components with surface-active properties, leading
to the formation of so-called “hybrid Pickering emulsions”[161]. For example, apple pomace derived

from food processing waste has been shown to effectively stabilize emulsions through the combined
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action of insoluble cellulose particles and soluble components such as proteins and pectins[162].
Nevertheless, the use of food by-products may pose challenges in cosmetic applications, particularly
regarding color and aesthetic acceptability, depending on the intended use of the final

formulation[163].

1.7.2 Emulsion characterizations

Given the key role of emulsions in stabilizing and delivering active ingredients, the characterization
of their complex structure, including phase distribution, droplet size and interfacial properties, is

crucial to optimize both performance and stability[164].

Although emulsions can be kinetically stabilized through the use of emulsifiers or particulate
stabilizers, they are inherently thermodynamically unstable systems. Therefore, what is commonly
referred to as emulsion stability is defined by the rate at which destabilization phenomena occur
rather than by true equilibrium[165]. Physical instability results in macroscopic phase separation
and can be classified into five main mechanisms, as summarized in Figure 1.8[166]. Sedimentation
and creaming are gravity-driven phenomena in which dispersed droplets migrate toward the
bottom or the top of the emulsion, respectively, depending on the relative density of the dispersed
and continuous phases. These processes may occur independently or in combination with
coalescence, Ostwald ripening, and flocculation, which are instead related to changes in droplet size.
Specifically, coalescence refers to the irreversible fusion of small droplets into larger ones, Ostwald
ripening involves the slow diffusion of dispersed phase molecules from smaller to larger droplets,

while flocculation describes the reversible aggregation of droplets without fusion[167].
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Figure 1.8. Schematic representation of the different physical instability phenomena of emulsions.

The most commonly employed techniques to evaluate physical instability include visual inspection
and analytical tools such as microscopy and spectroscopy. However, cosmetic emulsions are often
highly concentrated and opaque, which frequently necessitates dilution prior to analysis[168]. This
dilution step may alter the native structure of the system and reduce the accuracy and

representativeness of the measurements.

1.7.2.1 Static Multiple Light Scattering

Static Multiple Light Scattering (SMLS), implemented in instruments such as the TURBISCANE,
enables the investigation of droplet dispersion and its temporal evolution without the need for
sample dilution. This technology is based on the transmission of a photon beam through the sample
along the entire height of a glass vial. After interaction with the dispersed droplets, the scattered
photons are detected by two synchronized detectors. The transmission detector collects the light
passing through the sample (0° from incident beam), while the backscattering detector measures

light scattered at an angle of 135° from incident beam[169] (Figure 1.9)[170].
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Figure 1.9. Schematic representation of Static Multiple Light Scattering (SMLS) technology adopted by
TURBISCANE®.

Both transmission and backscattering intensities depend on droplet size and concentration. By
monitoring these signals as a function of sample height and time, Turbiscan allows the detection of
early destabilization phenomena, even when they are not yet naked-eye visible. Regions with higher
droplet concentration produce increased backscattering signals (BS), whereas less dense regions

result in lower BS[171].

1.7.2.2 Accelerated stability tests

Although SMLS provides highly reliable and sensitive information on emulsion stability, long-term
studies require repeated measurements over extended time periods. To overcome this limitation,
accelerated stability tests are commonly employed to predict long-term stability within a shorter
time[172]. These tests consist of subjecting emulsions to controlled mechanical or thermal stresses
that simulate the environmental conditions encountered during product life cycle. Typical
approaches include centrifugation cycles[173] and storage at different critical temperatures[174],

which accelerate destabilization processes.

1.7.2.3 Rheology

The study of their rheological characteristics is a fundamental tool for investigating emulsion
structure and stability, as it provides insight into deformation behavior and viscoelastic properties.
Rheological parameters reflect the internal organization of the system and are closely related to

droplet interactions, phase volume fraction, and interfacial strength[175].
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The most commonly performed rheological analyses include flow sweep and strain sweep analysis.
Flow sweep analysis evaluates the apparent viscosity as a function of shear rate, allowing the
classification of emulsions as non-Newtonian fluids. Cosmetic emulsions typically exhibit either
shear-thinning or shear-thickening behavior (Figure 1.10)[176], depending on whether viscosity
decreases or increases with increasing shear rate. Shear-thinning (pseudoplastic) behavior is the
most frequently observed and is generally associated with progressive droplet deformation and

alignment along the flow direction, leading to partial disruption of the original microstructure[177].

Non-Newtonian
(Shear Thickening)

Newtonian

Viscosity (Pas) —

Non-Newtonian
(Shear Thinning-Pseudoplastic)

Shear rate (1/s) =>

Figure 1.10. Typical rheological behavior of Newtonian and non-Newtonian fluids.

Strain sweep analysis, on the other hand, is used to identify the linear viscoelastic region (LVR),
defined as the range of deformation within which the emulsion structure remains intact and
responds elastically[178]. This test evaluates the relative contribution of elastic (storage modulus,
G') and viscous (loss modulus, G”) components under increasing strain[179]. Within the LVR, both
moduli remain constant until the yield point, beyond which structural breakdown occurs and G’

and G" begin to change, sometimes intersecting at the flow point[180] (Figure 1.11)[181].

30



MISSIONE 4

ZDLGLISTUDL  SCUQLA DI DOTTORATO

7 S ISTRUZIONE
=< =z N

‘:;' ? UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA RICERCA
z

BICOGCCA

Ig G”
Ig G’

LVR i
1
I

Ty Ty lgT

Ty. yield point / yield stress; Tf: flow point / flow stress

Figure 1.11. Example of strain sweep analysis: the functions of G' and G" show constant plateau values

within the LVR region.
1.7.2.4 Laser diffraction analysis

One of the most widely used techniques for characterizing the size distribution of droplets in
emulsions is laser diffraction particle size analysis. Laser diffraction is a rapid, non-destructive
optical method commonly applied to powders, suspensions, and emulsions to determine volume-
based size distributions over a broad range, typically from tens of nanometers to several millimeters,

depending on the instrument configuration[182].

The operating principle of laser diffraction is based on the measurement of light scattering when a
collimated laser beam interacts with dispersed droplets in a sample. As the laser passes through a
dispersion, droplets of different sizes scatter light at characteristic angles: larger droplets scatter light
predominantly at smaller angles relative to the incident beam, whereas smaller droplets scatter light
at larger angles. The resulting pattern of scattered light is detected by an array of photodetectors
installed at various angles around the sample, and the measured angular intensity distribution is
analyzed mathematically using light-scattering models to compute the droplet size
distribution[183]. The analysis inherently assumes that droplets behave as equivalent spheres, and
the resulting size distribution is reported accordingly as a dimensional distribution, often expressed
in terms of parameters such as D10, D50 (median diameter), and D90, which represent the diameters
below which 10%, 50%, and 90% of the total volume is contained, respectively[184]. In practice, laser

diffraction instruments can be equipped with a wet dispersion module, in which the emulsion
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sample is dispersed in a liquid (typically water or SDS solutions) under gentle agitation to ensure
representative sampling and prevent droplet coalescence or settling during measurement. The
sample flows through the measurement cell while the laser and detectors record the scattered light,

allowing for the real-time determination of the droplet size distribution[185], [186].
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2 Aim

The cosmetic industry is currently experiencing significant growth, driven by the increasing demand
for skincare products, particularly anti-aging formulations aimed at mitigating visible signs of skin
aging in a progressively aging population[1]. At the same time, this sector is facing major challenges
related to the ongoing climate crisis, which has led to heightened consumer awareness regarding
sustainability issues and a growing preference for natural, environmentally friendly, and low-
impact products[2]. In response to these evolving expectations, the cosmetic industry is increasingly
committed to the development of sustainable formulations, integrating responsible raw material
selection, environmentally friendly extraction and production processes, and the design of final

products[3][4].

Within this context, the main objective of this PhD project was the development of an innovative
and sustainable semi-solid anti-aging cosmetic formulation. The project followed an integrated
approach, starting from the bioprospecting and selection of new plant-based active ingredients,
through low-impact extraction processes, and culminating in the formulation of a functional
cosmetic product. In parallel, considering the possibility that the selected plant extracts might not
be suitable for cosmetic anti-aging applications, the project also aimed to explore alternative

biological uses to ensure their scientific and functional valorization.
To achieve these goals, the PhD project was structured into three main steps:
1) Evaluation of the potential anti-aging properties of Prosopis cineraria and Avicennia marina extracts

Prosopis cineraria (commonly known as Ghaf) and Avicennia marina, respectively the national tree of
UAE [5]and the dominant mangrove species along the Arabian Gulf coastline[6], were selected due
to their remarkable adaptive capacity to extreme environmental stresses, which is often reflected in
the biosynthesis of specific secondary metabolites[7]. Although both species are well known in
traditional medicine and cultural practices and have been reported to contain antioxidant
compounds associated with relevant pharmacological activities, their cosmetic applications remain

largely unexplored, making them promising candidates as natural anti-aging actives[8][9].

The first phase of the study aimed to prepare extracts from different plant portions of both species
using a green extraction technique, followed by the screening of their potential anti-aging properties.
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This evaluation was conducted through the assessment of antioxidant activity and the inhibitory
capacity against key enzymes involved in extracellular matrix (ECM) remodeling. In addition, the
secondary objective of this step was the optimization of specific in vitro assay protocols, which was

necessary due to the limited consistency and methodological clarity found in the existing literature.
2) Study of Ghaf extract as an anti-aging active ingredient and its incorporation into cosmetic emulsions

After confirming the anti-aging potential of Ghaf extracts, the second step focused on process
optimization and sustainability by selecting a single Ghaf extract representative of the whole plant.
The aim was to further characterize its anti-aging properties and to evaluate its incorporation into a
cosmetic formulation. Specifically, after the preparation and validation of the bioactivity of the Ghaf
extract, a sustainable base cosmetic emulsion was developed, followed by the inclusion of the extract
as an active ingredient. This step was intended to bridge the gap between bioactivity screening and
practical cosmetic application, assessing the feasibility of Ghaf extract as anti-age ingredient in semi-

solid formulations.

3) Phytochemical characterization of A. marina extracts and investigation of their antioxidant and in vitro

cytotoxic potential

Finally, since A. marina extracts did not prove suitable for cosmetic anti-aging applications, a parallel
investigation was conducted to characterize their phytochemical composition and explore
alternative biological applications. In particular, the antioxidant properties and in vitro cytotoxic
effects of the extracts were evaluated against cancer cell lines, with healthy cell lines used as
comparative control. Although the chemical composition and anticancer activity of A. marina have
been widely reported in the literature[10], studies specifically focused on A. marina populations
growing in the UAE are extremely limited. Given that this species is the only mangrove naturally
occurring in the UAE and is exposed to particularly harsh environmental conditions, it is plausible
that these populations may produce unique secondary metabolites with distinct biological
activities[11]. This aspect further supports the relevance of investigating A. marina extracts beyond

cosmetic applications.
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3 Evaluation of the potential anti-aging properties of Ghaf and

A.marina extracts

3.1 Abstract

The ecological transition of the cosmetics industry emphasizes the need for sustainable formulations
based on natural raw materials without compromising efficacy. Anti-aging skincare is a major
cosmetic application, as skin aging can be accelerated by oxidative stress and ECM degradation
mediated by enzymes. In this context, identifying natural ingredients with antioxidant and enzyme-

modulating properties is of increasing interest.

Ghaf, the national tree of UAE, and A. marina, the only mangrove species naturally occurring in the
UAE, thrive in arid and saline environments and are hypothesized to produce bioactive secondary
metabolites as adaptive responses to environmental stress. Despite their recognized relevance in
traditional medicine and local culture, their cosmetic applications remain poorly explored.
Therefore, this chapter focused on the investigation of the antioxidant and enzyme-modulating
properties relevant to skin aging of hydroalcoholic extracts obtained from different plant portions
of Ghaf (twigs, roots, leaves, and bark) and A. marina (roots, leaves, propagules, pericarps, and

cotyledons) collected in the UAE.

Following the optimization of in vitro enzymatic assay protocols, necessary due to the limited
consistency and methodological clarity found in the existing literature, a comprehensive screening
of the extracts was performed. Ghaf extracts exhibited remarkable radical scavenging activity in the
DPPH assay, significantly outperforming ascorbic acid used as the positive control. Moreover, all
Ghaf extracts demonstrated biologically relevant inhibitory activity against elastase, collagenase,
and hyaluronidase without substantial differences among plant portions. This suggests the
feasibility of using a single extract representative of the whole plant, potentially enhancing
synergistic effects among bioactive compounds while improving process efficiency. In contrast, A.
marina extracts showed only moderate antioxidant activity, comparable to the positive control,
which did not translate into a comparable inhibitory capacity against elastase, collagenase, or
hyaluronidase. Only minor and tissue-specific effects were observed for propagules and cotyledons,

which were insufficient to support their use as primary anti-aging cosmetic ingredients.
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Overall, these results highlight Ghaf as a promising multifunctional natural source for anti-aging

cosmetic applications, providing a strong foundation for subsequent formulation studies.

3.2 Results and Discussion
3.2.1 Plants extraction

To comprehensively capture a broad spectrum of phytochemical classes across a wide polarity range
while adhering to principles of sustainability, the selected portions of Ghaf and A. marina were
subjected to conventional maceration using a green hydro-alcoholic solvent system (50% v/v Milli-
Q water and ethanol). Hydro-alcoholic mixtures are widely recognized for their ability to solubilize
both polar and moderately non-polar secondary metabolites more effectively than pure solvents,
thereby maximizing extraction yields and phytochemical diversity in plant matrices. This improved
extraction efficiency with mixed polar solvents has been documented across multiple species and is
attributed to the intermediate solvent polarity enhancing diffusion and solubilization of diverse

compound classes including polyphenols, flavonoids, glycosides, and saponins[1][2].

The extraction yields, expressed as the weight percentage of lyophilized extract relative to the initial
dry plant material, are summarized in Table 3.1. For Ghaf, the highest yield was observed in bark
(44.00% w/w), followed by twigs (29.48% w/w) and leaves (22.11% w/w), whereas roots exhibited
the lowest yield (11.23% w/w). The pronounced variability in yield across plant tissues likely reflects
differences in anatomical structure and secondary metabolite distribution[3]. Bark tissues often
contain high concentrations of cell-wall bound polyphenolic polymers and other hydrophilic
compounds that are readily solubilized in hydro-alcoholic media, leading to higher extractable
content[4]. Conversely, root tissues may harbor a greater proportion of hydrophobic lipids, waxes,
or tightly bound metabolites, resulting in reduced extract recovery under the chosen solvent
conditions[5]. Intermediate yields in leaves and twigs are consistent with these tissues being
enriched in moderately polar flavonoids, glycosides, and related compounds that are efficiently

extracted by hydro-alcoholic systems[6].
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Table 3.1. Percentage yields of hydroalcoholic extraction of the different portions of Ghaf and A. marina

expressed as a w/w percentage of freeze-dried extract on the dry weight of the initial plant matrix.

Plant Extraction yield
Plant portion
species (% wiw)
Twigs 29.48
Roots 11.23
Ghaf
Leaves 22.11
Bark 44.00
Roots 31.98
Cotyledons 64.73
A. marina Pericarp 41.10
Propagule 39.33
Leaves 34.30

Similarly, extraction of different parts of A. marina revealed substantial inter-tissue differences.
Cotyledons exhibited the highest extraction yield (64.73% w/w), which may be associated with the
intense metabolic activity and storage of reserves (e.g., carbohydrates, glycosylated metabolites, and
osmoprotectants) in embryonic tissues that are highly amenable to dissolution in polar solvent
mixtures[7]. The pericarp (41.10% w/w) and propagule (39.33% w/w) showed comparable yields,
likely reflecting the compositional similarity between these developmentally related structures and
their shared roles in seed protection and nutrient provisioning[8]. Roots (31.98% w/w) and leaves
(34.30% w/w) displayed moderately lower yields, indicating a relatively lower abundance or
accessibility of soluble phytochemicals under the applied extraction conditions. These patterns
suggest that embryonic and storage tissues yield more extractable material than mature vegetative
organs, consistent with observations in other plant systems where seed and cotyledon extracts often

present high levels of soluble metabolites [2].
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The overall higher extraction yields observed in A. marina compared to Ghaf may also reflect
intrinsic biochemical and ecological differences between the two species. Mangrove plants are
exposed to high salinity and osmotic stress and therefore tend to accumulate large amounts of water-
soluble osmoprotective metabolites such as sugars, polyols, glycosides, and other polar compounds
that contribute to osmotic balance and stress tolerance[9], [10]. These metabolites are readily
extracted with hydro-alcoholic solvent systems, which may partially explain the higher extractable
fraction observed in several A. marina tissues compared with Ghaf organs grown in arid terrestrial

environments.

It is also noteworthy that the extraction yields reported here were obtained using a conventional
maceration approach designed to balance extraction efficiency with simplicity and sustainability.
Although this method is widely used for preliminary phytochemical investigations, further
optimization of the extraction process could potentially enhance the recovery of bioactive

compounds from both species.

3.2.2 Evaluation of antioxidant capacity of plants extracts

Given the increasing interest in the cosmetic market for natural resources with anti-aging
applications [11]and considering that oxidative stress is a primary driver of skin aging and age-
associated dermal degradation[12], the antioxidant activity of Ghaf and A. marina extracts was first

evaluated.

3.2.2.1 DPPH Radical Scavenging Activity

The antioxidant capacity of Ghaf and A. marina extracts was assessed using the DPPH radical
scavenging assay. This method evaluates the ability of samples to reduce the stable radical DPPH
by monitoring spectrophotometrically its color transition from violet (oxidized form) to yellow
(reduced form). All extracts were tested at increasing concentrations, and the decrease in absorbance

was converted into percentage scavenging activity normalized on the control (lacking antioxidant).

As shown in Figure 3.1 (a), Ghaf extracts exhibited a concentration-dependent increase in radical
scavenging capacity within the range 0-10 ug/mL, reaching approximately 30—40% inhibition at the
highest tested concentration. Notably, the scavenging profiles of bark, twigs, leaves, and roots were

almost superimposable, indicating the absence of significant differences in antioxidant potential
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among the various plant portions. This behavior suggests a rather homogeneous distribution of
redox-active constituents across Ghaf tissues and is likely attributable to the presence of abundant
phenolic compounds, flavonoids, and other electron- or hydrogen-donating metabolites that
efficiently neutralize free radicals[13]. Recent studies have similarly reported that Ghaf contains high
levels of polyphenols and flavonoids with marked free-radical scavenging potential[14], and that
hydroalcoholic extraction effectively recovers these constituents from different anatomical
tissues[15], often yielding comparable antioxidant responses across plant parts when phenolic

enrichment is widespread rather than tissue-restricted.
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Figure 3.1. Concentration-dependent DPPH radical scavenging activity of Ghaf (a) and A. marina (b) extracts.
The plots show the percentage of DPPH radical scavenging activity as a function of extracts concentrations.
(c) DPPH radical scavenging activity of Ghaf and A. marina extracts, and ascorbic acid expressed as Trolox
equivalents (umol TE/g). Bar graph shows the antioxidant capacity of the extracts compared with ascorbic acid
included as positive control. Values are expressed as mean * standard deviation of two independent

experiments, each in technical triplicate.

The same analysis performed on A. marina required extension of the concentration range due to the
absence of measurable activity in the lower Ghaf-equivalent concentrations. Therefore, A. marina

extracts were evaluated between 0 and 180 ug/mL. As illustrated in Figure 3.1. (b), a concentration-
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dependent increase in DPPH scavenging activity was also observed, although the response
appeared less linear than in Ghaf, which may reflect the higher chemical heterogeneity typically
associated with halophytic species[16]. Halophytes often accumulate structurally diverse
osmoprotectants, phenolics, and secondary metabolites in response to salinity and oxidative
stress[17]; such compositional diversity frequently translates into nonlinear radical-scavenging
profiles because different antioxidant families contribute at different concentration thresholds. At
the highest concentration tested, maximum inhibition reached approximately 88%, although this

value was achieved only at substantially higher extract doses than those required for Ghaf.

Within A. marina extracts, cotyledons and leaves displayed almost overlapping profiles, while the
pericarp exhibited the highest scavenging capacity and the propagule the lowest. This observation
is particularly interesting considering that pericarp and propagule are developmentally associated
structures[18]. Their distinct antioxidant performance may therefore be attributed not to qualitative
chemical differences, but to variations in the relative abundance, extractability, or matrix
accessibility of phenolic and other redox-active compounds. Root extracts showed an antioxidant
behavior comparable to cotyledons and leaves, suggesting that soluble antioxidant metabolites are
distributed across multiple tissues, although generally at lower efficiency than in Ghaf. These
findings align with recent literature describing A. marina extracts as possessing measurable
antioxidant activity but often requiring higher concentrations to achieve strong radical
scavenging[19], likely due to a lower proportion of readily available phenolics relative to other

metabolite classes.

To further quantify and standardize these activities, the results were expressed as pmol Trolox
equivalents per gram of extract (umol TE/g) (Figure 3.1 (c)) with ascorbic acid included as a positive
control. Ghaf extracts demonstrated remarkably high DPPH scavenging capacity, reaching values
of approximately 4300 pmol TE/g for bark and twigs and slightly lower but still elevated values for
leaves and roots. These values were substantially higher than those of ascorbic acid (~800 pmol TE/g
under identical conditions) and far superior to those obtained for A. marina. The latter displayed
much lower overall antioxidant capacity, with most portions yielding around 300 umol TE/g and

only the pericarp reaching ~650 umol TE/g.
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Collectively, these results clearly demonstrate that Ghaf extracts possess outstanding radical
scavenging properties, significantly exceeding a standard reference antioxidant and performing
consistently across plant tissues. Such pronounced antioxidant behavior can be potentially
attributed to a complex phytochemical composition of Ghaf, like polyphenols, flavonoids, and other
redox-active secondary metabolites acting additively or synergistically. The absence of major
differences among Ghaf plant portions further supports the decision, later adopted in this project
thesis, to focus on a single whole-plant representative extract to streamline subsequent
development. Conversely, although A. marina extracts did display antioxidant capacity, their
activity was markedly lower than Ghaf and required much higher concentrations to achieve
comparable effects. This suggests that A. marina may be less attractive as a cosmetic anti-aging
source, while still retaining potential interest for other biological applications explored in the parallel

bioprospecting study described in Chapter 5.

3.2.3 In vitro enzymatic inhibition assays

In addition to antioxidant activity, the anti-aging potential of the extracts was further assessed by
evaluating their ability to inhibit key enzymes involved in extracellular matrix (ECM) degradation,
namely elastase, collagenase, and hyaluronidase. Inhibition of these enzymes contributes to the
preservation of elastin, collagen, and hyaluronic acid, respectively, thereby counteracting the loss of
skin elasticity and firmness associated with cutaneous aging[20]. Accordingly, the next step of the
study focused on determining the inhibitory effects of the plant extracts against these enzymes as

an additional indicator of their anti-aging potential.

3.2.3.1 Protocols optimization

A preliminary survey of the literature on these enzyme inhibition assays revealed the absence of
fully standardized protocols for the evaluation of anti-aging activity, highlighting the need to
establish a simple, rapid, and cost-effective preliminary screening methodology that can be readily
applied to future natural active ingredient candidates. On one hand, commercially available kits
offer convenience and high sensitivity, but they typically employ fluorescent substrates and
proprietary reagents that may obscure basic enzymatic dynamics and may not be readily accessible
in all research settings. On the other hand, numerous colorimetric protocols reported in the literature

allow robust assessment of elastase, collagenase, and hyaluronidase activities; however, these
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protocols varied widely in terms of enzyme and substrate loads, incubation times, and detection
modalities (absorbance vs. fluorescence). Therefore, this study adapted and optimized simple
spectrophotometric assays based on established literature to yield reproducible, plate-based
measurements of enzyme inhibition using absorbance endpoints: a choice that facilitates rapid
throughput, reduced reagent costs, and direct mechanistic insight into the enzymatic reaction. The
adopted methodology aligns with the sustainability goals of this work by minimizing reliance on

single-use commercial kits and emphasizing accessible, mechanistically transparent protocols.

The optimized conditions identified in this step were subsequently applied to the evaluation of the

inhibitory activity of the plant extracts, as described in the following sections.

3.2.3.1.1 Elastase inhibition assay protocol optimization

A comprehensive literature survey was first conducted to identify existing in-vitro protocols
designed to evaluate the inhibitory potential of natural extracts toward elastase. The selected assay
relies on the ability of elastase to hydrolyze a chromogenic synthetic peptide substrate, releasing p-
nitroaniline that can be quantified spectrophotometrically. The decrease in product formation in the
presence of a test sample, compared to the untreated control, therefore represents its inhibitory

capacity after a short reaction time.

Although this assay is widely used, the literature revealed substantial variability in its
implementation, particularly in terms of enzyme units and substrate micromoles employed, final
reaction volumes, substrate type, pre-incubation strategy, and incubation time (Table 3.2). This
variability highlighted the need to establish a simple, rapid, and reproducible protocol, rationally

optimized and suitable for high-throughput screening.
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Table 3.2. Overview of representative literature protocols for elastase inhibition assays, highlighting enzyme
source, substrate, final reaction volume, enzyme and substrate amounts, reaction time, and pre-incubation
strategy. PPE: porcine pancreatic elastase; HLE: human leukocyte elastase; MAAPVN: N-methoxysuccinyl-
Ala-Ala-Pro-Val-p-nitroanilide;, SANA and AAAPVN: N-succinyl-Ala-Ala-Ala-p-nitroanilide; N/A: not
available. Green rows indicate protocols involving pre-incubation of inhibitor/sample with the substrate,

whereas blue rows indicate pre-incubation with the enzyme.

Substrate | Final reaction Enzyme | Substrate | Reaction time
Enzyme source Reference
used volume (mL) U) (umol) (minutes)
MAAPV
PPE 0.20 0.0075 0.25 15 [21]
N
PPE SANA N/A N/A N/A 15 [22]
PPE AAAPVN 0.180 N/A N/A 20 [23][24]
Elastase AAAPVN 0.20 0.0100 0.11 15 [25]
PPE AAAPVN 0.17 0.0500 0.02 5 [25]
DQ™
PPE EnzChek™ kit 0.20 0.0400 N/A 30 [26]
elastin
PPE AAAPVN 0.22 0.0750 0.20 10 [27]
PPE SANA 0.24 0.0006 0.20 10 [28]
PPE AAAPVN 0.20 0.0100 10.00 20 [29]
PPE AAAPVN 0.10 0.0023 0.03 30 [30]
PPE SANA 0.24 0.0006 0.20 10 [31]
HLE SANA 1500.00 37.500 1319.50 10 [32]

Pragmatic constraints were first defined to align the method with the objectives of this work: (i) use
of reaction volumes compatible with 96-well microplate format to enable rapid parallel screening;

(ii) employment of standard, accessible reagents to avoid reliance on commercial kits; (iii) short
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assay times; and (iv) single end-point absorbance readings to minimize data processing while

preserving robustness.

Based on literature evidence and preliminary evaluations, porcine pancreatic elastase was selected
in combination with the chromogenic substrate N-Methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide
(MAAPVN). Although MAAPVN is classically associated with human neutrophil elastase[21][33],
porcine elastase shares similar substrate preferences and is able to hydrolyze AAPV-based
substrates efficiently[21]. The use of porcine elastase ensured assay affordability and sustainability,

enabling the development of a rapid and cost-effective screening tool.

Pre-incubation of the potential inhibitor was performed with the enzyme, rather than with the
substrate. This choice aimed to allow potential interactions between enzyme active/surface sites and
the extract constituents before substrate introduction, which is appropriate for general inhibition

screening rather than mechanistic competition studies.

Regarding enzyme and substrate loads, a preliminary kinetic study was performed to define the
optimal conditions for the untreated condition (enzyme and substrate only), which would
subsequently serve as the reference condition for inhibition experiments. The release of p-
nitroaniline was monitored at 410 nm in kinetic mode over the entire reaction time (15 min) while
varying enzyme and substrate amounts (Figure 3.2). The assay was initially set using 0.01 U elastase
and 0.30 pmol substrate, corresponding to approximately twice the theoretical amount of substrate
expected to be hydrolyzed under uninhibited conditions within 15 min (Condition 1). However, this
configuration resulted in absorbance values exceeding 1.5, which are considered suboptimal for
quantitative accuracy and linearity. To improve assay performance, the enzyme load was reduced
t0 0.0075 U and the enzyme-to-substrate ratio was adjusted accordingly, using 0.1125 umol substrate,
corresponding to the theoretical amount hydrolyzed in 15 min under uninhibited conditions
(Condition 2). Under these conditions, absorbance values ranged between 0.25 and 0.75, which was
considered optimal for assay sensitivity and reliability. This configuration was therefore selected as
the final untreated condition, corresponding to 100% elastase activity (0% inhibition) for subsequent
inhibitor screening experiments. A final reaction volume of 200 uL was selected to maintain

compatibility with 96-well plates and facilitate multi-sample screening.
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Figure 3.2. Kinetic monitoring of p-nitroaniline release at 410 nm during elastase-catalyzed hydrolysis of
MAAPVN under two different enzyme-substrate conditions: condition 1 (0.01 U elastase, 0.30 pumol substrate)
and condition 2 (0.0075 U elastase, 0.1125 pmol substrate). Absorbance was recorded every minute over a 15

min reaction time.

The finalized protocol was subsequently applied to evaluate the inhibitory activity of Ghaf and A.

marina extracts toward elastase.

3.2.3.1.2 Collagenase inhibition assay protocol optimization

Similarly to the elastase assay, an extensive literature survey was conducted to identify existing in
vitro protocols for evaluating the inhibitory activity of plant extracts against collagenase. The
selected assay is based on the spectrophotometric monitoring of an intact chromogenic substrate,
whose absorbance decreases as a result of collagenase-catalyzed cleavage in the absence of potential
inhibitors. The preservation of the uncleaved substrate in the presence of a sample is therefore

directly related to its inhibitory capacity.

Although less pronounced than for elastase assays, the collagenase inhibition protocols reported in
the literature showed notable differences in terms of enzyme and substrate type, final reaction
volumes, especially reaction times, and absolute enzyme and substrate amounts, as summarized in
Table 3.3. This variability highlighted the need to define a simple, rapid, reproducible, and

rationally optimized protocol, suitable for preliminary high-throughput screening of plant extracts.
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Table 3.3. Comparison of representative literature protocols for collagenase inhibition assays, including
enzyme source, substrate, final reaction volume, enzyme and substrate amounts, reaction time, and incubation
strategy. MMP-1: interstitial (fibroblast) collagenase, human recombinant; FALGPA: N-[3-(2-furyl)acryloyl]-
Leu-Gly-Pro-Ala; N/S: not specified; N/A: not available. Blue rows indicate protocols involving pre-incubation

of enzyme with inhibitor/sample, whereas green rows indicate simultaneous incubation of enzyme, substrate,

and inhibitor.
Enzyme Final reaction | Enzyme | Substrate | Reaction time
Substrate used Reference
source volume (mL) U) (umol) (minutes)
Ac-Pro-Leu-Gly-
MMP-1 S-Leu-Leu-Gly- 0.10 N/A N/A 10 [21]
Oet
ChC type IA FALGPA 0.12 0.0110 0.02 20 [23]
MMP-1 and
DQ™collagen 1
MMP-2 of
and 0.20 0.0400 N/A 90 [26]
EnzCheck™
DQ™gelatin
kit
ChC N/S FALGPA 0.15 0.1000 0.12 20 [34]
ChC type I FALGPA 0.57 N/A 0.57 60 [35]
ChC type H FALGPA 0.12 0.0001 0.02 20 [36]

Regarding reagent selection, the synthetic peptide FALGPA was chosen as substrate due to its rapid
hydrolysis, which enables a sensitive and time-efficient assay[37]. It is highly specific for collagenase
activity and is not efficiently cleaved by other proteases, ensuring assay selectivity. As enzyme
source, collagenase from Clostridium histolyticum Class II (type H) was selected, as it is function-
tested and shows a strong preference for short synthetic substrates such as FALGPA. In contrast,
collagenase preparations of types I and IA are crude mixtures containing multiple proteolytic
activities (e.g., collagenase, clostripain, and other proteases), which may compromise assay
specificity[38]. The use of recombinant human MMP-1 and its specific substrate was deliberately

excluded, as it is less accessible and less suitable for large-scale screening. Similarly, commercial kits
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were avoided in favor of a cost-effective and transparent assay design, allowing better control over

reaction parameters and improved sustainability.

Compared to elastase assays, literature protocols for collagenase inhibition show lower variability
in absolute substrate amounts, which typically range between 0.02 and 0.12 pumol, whereas enzyme
units are more variable and often used in excess relative to the substrate hydrolyzed during the
reaction time. Since in this assay the uncleaved substrate is detected spectrophotometrically, the first
optimization step focused on identifying an appropriate substrate amount, corresponding to the
maximum absorbance value and theoretically representing 100% enzyme inhibition. Starting from
literature, 0.02 umol FALGPA (most commonly reported) and a doubled amount (0.04 umol) were
tested, yielding absorbance values of approximately 0.58 and 0.75, respectively. The latter was
selected as optimal, as it provided a sufficiently high absorbance while avoiding signal saturation.
Subsequently, enzyme loading was optimized by fixing 0.04 umol FALGPA and testing two
collagenase amounts: 0.001 U (Condition 1) and 0.01 U (Condition 2). These conditions corresponded
to enzyme amounts capable of hydrolyzing approximately half (Condition 1) or fivefold more
(Condition 2) substrate than the amount theoretically convertible within the 20 min reaction time.
This approach allowed evaluation of both moderate and excess enzyme conditions, the latter being

frequently reported in the literature.

As shown in Figure 3.3, the excess-enzyme condition (Condition 2) provided a clearer and faster
decrease in substrate absorbance during the initial reaction phase, whereas Condition 1 resulted in
minimal absorbance changes. Moreover, the observed kinetic profile (characterized by an initial
decrease in absorbance followed by stabilization at values above zero) is consistent with previously
reported data, where the absorbance of the untreated control decreases within the first minutes
before reaching a plateau[23]. This behavior likely reflects rapid initial substrate turnover followed

by enzyme-substrate equilibrium or partial substrate depletion.
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Figure 3.3. Kinetic monitoring of FALGPA absorbance decrease during collagenase-catalyzed hydrolysis
under two enzyme-loading conditions: condition 1 (0.001 U collagenase, 0.04 pmol FALGPA) and condition 2

(0.01 U collagenase, 0.04 umol FALGPA). Absorbance was recorded every minute over a 20 min reaction time.

Based on these results, 0.04 umol FALGPA and 0.01 U collagenase were selected as optimal
conditions and subsequently used for screening the collagenase inhibitory activity of Ghaf and

Avicennia marina extracts.

Finally, an adaptation of the method employed for reduction of activity calculation was required for
collagenase assays. In literature, the enzyme activity is often calculated using the same equation

employed for elastase assays, as the following equation (1):
B
Collagenase activity % = (K) * 100 (1)

where B is the absorbance in the presence of inhibitor and A is the control absorbance. However, in
the collagenase assay, enzyme activity results in a decrease in absorbance, meaning that the
untreated control corresponds to 100% activity (0% inhibition), while the upper absorbance limit
corresponding to 0% activity (100% inhibition) is not inherently defined. To address this limitation,
the protocol was modified to enable a clear definition of both reference points. Specifically, the pre-
incubation step between enzyme and inhibitor commonly reported in the literature was removed
and replaced by an initial dispensing of substrate and inhibitor/sample, followed by an immediate
absorbance reading corresponding to 0% activity (substrate in the absence of enzyme). Collagenase

was then added, and a second absorbance reading was recorded at the end of the reaction time. This
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approach allowed determination, for each condition, of both the absorbance corresponding to 100%

activity (untreated control) and 0% activity (substrate only).

Accordingly, collagenase activity was calculated using the following equation (2):

(Abspre _Abspost)treated

(Abspre _Abspost)untreated

Collagenase activity (%) = %X 100 (2)

where Abspre is the absorbance recorded in the presence of substrate before enzyme addition
(substrate-only condition), and Abspost is the absorbance recorded after enzyme addition at the end
of the reaction time. Treated and untreated refer to reactions carried out in the presence or absence

of the tested sample, respectively.

3.2.3.1.3 Hyaluronidase inhibition assay protocol optimization

A literature survey was finally conducted to identify in vitro assays suitable for evaluating the
potential inhibitory activity of plant extracts against hyaluronidase. Most of the available studies
refer to the classical turbidimetric assay originally proposed by Kass and Seastone (1944), which
exploits the turbidity generated by hyaluronic acid (HA) when mixed with acidified protein[39]. In
this system, turbidity is directly proportional to the concentration of intact, non-degraded HA and
can therefore be used as an indirect measure of hyaluronidase activity in the presence or absence of

inhibitors.

The protocols identified in the literature were largely consistent in terms of assay principle and
reaction conditions. Typically, bovine testicular hyaluronidase (15 U/mL) is incubated with HA (0.3
mg/mL) for 45 min, after which the reaction is stopped by the addition of an acidified bovine serum
albumin (BSA) solution. The turbidity generated by the remaining intact HA is then measured
spectrophotometrically at 600 nm after 10 min of incubation (Table 3.4). The main variability among
published protocols concerned the final reaction volumes used for the enzyme—substrate incubation,
which ranged from 0.05 to 2 mL (excluding the stopping acidified solution). In the present work, the
literature protocol was maintained in terms of enzyme and substrate type, concentrations, and
incubation times, while a final reaction volume of 0.205 mL was selected as a suitable compromise.
This volume was considered sufficiently small to enable multiwell plate screening while avoiding

excessively low volumes that could compromise pipetting accuracy and assay reproducibility.
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Table 3.4. Comparison of representative literature protocols for turbidimetric assays, to evaluate
hyaluronidase inhibition including the enzyme and substrate type, enzyme and substrate concentrations, final
reaction volume, reaction time between enzyme and substrate, and incubation time with acidified protein

solution prior to absorbance measurement. HA: hyaluronic acid; N/A: not available. Ref.: reference.

Reaction Incubation
Substrate | Final reaction | Enzyme | Substrate
Enzyme source time time Ref.
used volume (mL) (U/mL) (mg/mL)
(minutes) (minutes)
Hyaluronidase HA 2.00 N/A N/A 10 10 [40]
Bovine [36][41]
HA 0.05 N/A 0.3 45 10
hyaluronidase [42]
Bovine
HA 0.25 15 0.3 45 10 [28]
hyaluronidase

To experimentally verify the validity of the assay principle, the proportionality between turbidity at
600 nm and increasing concentrations of HA in the presence of acidified BSA was assessed, using
the maximum HA concentration reported in the literature as the upper limit. As shown in Figure
3.4, a direct linear relationship was observed, with a coefficient of determination (R?) of 0.99 and a
maximum absorbance value of approximately 0.55 at the highest HA concentration tested. These
results confirmed the reliability and sensitivity of the turbidimetric method under the selected

conditions.
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Figure 3.4. Validation of the turbidimetric hyaluronidase assay. Turbidity absorbance at 600 nm as a function
of increasing hyaluronic acid (HA) concentrations in the presence of acidified BSA. Each point represents the

absorbance mean + standard deviation of two technical replicates.

The main modification introduced in this assay, similarly to the collagenase inhibition test,
concerned the calculation and interpretation of absorbance values. In literature reports[28], [42], the
reduction in hyaluronidase activity is calculated using equations analogous to those applied in

elastase assays, like the following equation (3).
. o B 3)
Hyaluronidase activity (%) = (K) * 100

where A represents the untreated condition absorbance, whereas B represents the treated with
sample absorbance, thus without explicitly accounting for the fact that the maximum absorbance
measurable in this system corresponds to the HA-only condition (substrate without enzyme), which
represents the theoretical 0% of activity. Consequently, the measurable absorbance range is bounded
by two well-defined limits: (i) the absorbance of HA incubated with hyaluronidase in the absence of
inhibitors, corresponding to 100% activity, and (ii) the absorbance of HA alone, corresponding to 0%

activity.

To properly normalize the data within this defined absorbance window, the percentage of

hyaluronidase activity was calculated using the following equation (4):

Asample - Aenzyme control

Hyaluronidase activity (%) = 1 — ( ) %X 100 @)

Asubstrate control — Aenzyme control
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where Agmple is the absorbance measured in the presence of enzyme, substrate, and tested extract;
Acnzyme control 18 the absorbance of HA incubated with hyaluronidase in the absence of inhibitors

(100% activity); and Agypstrate control 18 the absorbance of HA alone without enzyme (0% activity).

These optimized conditions and the revised data processing approach were subsequently applied

to investigate the potential hyaluronidase inhibitory activity of Ghaf and A. marina extracts.
3.2.3.2 Elastase inhibition assay

The inhibitory activity of the extracts against elastase was evaluated by quantifying enzyme activity
in the presence of increasing concentrations of Ghaf and A. marina extracts (0-270 pg/mL), or
oleanolic acid as a positive control, by measuring the amount of substrate converted by the enzyme
relative to the untreated control. As shown in Figure 3.5 (a), all Ghaf extracts exhibited elastase
inhibitory activity starting from 50 pg/mL, with a slight dose-dependent trend as extract
concentration increased. At the highest tested concentration, enzyme activity was reduced by
approximately 50%, with a maximum inhibition of 46% observed for the bark extract. Although the
inhibitory effect of all Ghaf extracts was evident, no single plant part displayed a markedly stronger
activity than the others, suggesting a relatively homogeneous distribution of the metabolites

responsible for elastase inhibition across the different tissues of the plant.
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Figure 3.5. Elastase activity in presence of Ghaf (a) and A.marina (b) extracts compared to oleanolic acid used
as positive control. Each bar represents the mean percentage activity + standard deviation of two independent

experiments, each in technical triplicate.
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In contrast, A.marina extracts showed a very limited inhibitory effect on elastase activity (Figure 3.5
(b)). Enzyme activity remained close to the untreated control for most extracts, with values around
80% observed only for cotyledon and propagule extracts at the highest tested concentration. As
observed for Ghaf extracts, a weak dose-dependent trend was detected, possibly due to a fraction of

the enzyme population that remains catalytically active even in the presence of excess inhibitor.

Oleanolic acid reproducibly reduced elastase activity to approximately 60% (Figures 3.5 (a) and (b)),
confirming the reliability of the assay. Notably, while the positive control was more effective than
A. marina extracts, a comparable inhibitory effect was observed between oleanolic acid and Ghaf
extracts at equivalent concentrations, despite the latter being crude extracts. This observation
suggests a higher abundance of active constituents and/or synergistic interactions within Ghaf

extracts.

3.2.3.3 Collagenase inhibition assay

The ability of Ghaf and A. marina extracts to inhibit collagenase activity was also investigated, given
the central role of collagen degradation in skin aging. Collagenase activity was quantified in the
presence of increasing concentrations of plant extracts (0-270 ug/mL), using epigallocatechin gallate
(EGCG, 270 pg/mL) as a reference inhibitor. The reduction in absorbance of the uncleaved substrate
was monitored and expressed as percentage enzyme activity normalized to the control. As shown
in Figure 3.6, all Ghaf extracts induced a marked reduction in collagenase activity, already detectable
at low concentrations and becoming more pronounced from 200 ug/mL forward. At the highest
tested concentration, enzyme activity was reduced to below 30% for root and bark extracts, reaching
a minimum of 16% residual activity for the leaf extract. Overall, all four Ghaf extracts displayed a
similar inhibition profile, with slightly stronger effects observed for roots, leaves, and bark
compared to twigs. EGCG exhibited a comparable, and in some cases weaker, inhibitory effect than
Ghaf root, leaf, and bark extracts at the same concentration, further supporting the hypothesis of
synergistic interactions among the bioactive components of Ghaf. Conversely, among A. marina
extracts, only the cotyledon extract showed any effect on collagenase activity, although very modest,
with enzyme activity remaining around 90% at all tested concentrations (Figure 3.6). Root, pericarp,
propagule, and leaf extracts displayed 100% enzyme activity across the entire concentration range

and were therefore excluded from the graphical representation.
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Figure 3.6. Collagenase activity in presence of increasing concentration of Ghaf extracts and A.marina
cotyledons extract, with ECGC included as positive control. Each bar represents the mean percentage activity

+ standard deviation of two independent experiments, each in technical triplicate.
3.2.3.4 Hyaluronidase inhibition assay

Finally, the inhibitory activity of Ghaf and A. marina extracts against hyaluronidase was evaluated.
This enzyme contributes, together with collagenase and elastase, to the loss of skin structural
integrity and elasticity during aging by accelerating hyaluronic acid (HA) degradation. Enzyme
activity was assessed by measuring the turbidity generated by undigested HA in the presence of
acidified BSA and increasing extract concentrations. When initially tested at the same concentrations
as A. marina extracts (33—66-132 pg/mL), all Ghaf extracts resulted in complete inhibition of
hyaluronidase activity (0% residual activity). To investigate a possible dose-dependent effect, the
extracts were subsequently tested at lower concentrations. As shown in Figure 3.7 (a), Ghaf extracts
induced a strong concentration-dependent inhibition of hyaluronidase, reaching complete inhibition
already at 11 ug/mL for the twig extract and at 33 ug/mL for root and bark extracts. These results
indicate extremely low ICsy values and highlight the remarkable efficacy of Ghaf extracts against
hyaluronidase. Notably, the inhibitory effect exerted by Ghaf extracts exceeded that of the positive

control (oleanolic acid), even though the latter was tested at a higher concentration (100 pg/mL).
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Figure 3.7. Hyaluronidase activity in presence of increasing concentration of Ghaf (a) and A. marina (b)
extracts, compared to oleanolic acid used as positive control. Each bar represents the mean percentage activity

+ standard deviation of two independent experiments, each in technical triplicate.

In contrast, A. marina cotyledon and leaf extracts showed no inhibitory activity, with enzyme activity
remaining close to 100% at all tested concentrations (Figure 3.7 (b)). A slight reduction to
approximately 90% activity was observed only for root and pericarp extracts at the highest
concentration, while the propagule extract displayed the strongest effect, reducing enzyme activity
to approximately 70% from 66 ug/mL onwards. This reduction was nevertheless modest compared
to the pronounced inhibition observed for Ghaf extracts. Overall, these results clearly demonstrate
that Ghaf extracts are highly effective hyaluronidase inhibitors at substantially lower concentrations

than A. marina extracts, which appear largely ineffective.
3.3 Conclusions

This chapter provides a comprehensive preliminary evaluation of the anti-aging potential of Ghaf
and A. marina extracts through an integrated assessment of antioxidant capacity and inhibition of

key enzymes involved in extracellular matrix (ECM) remodeling.

Overall, the results clearly identify Ghaf extracts as particularly promising multifunctional anti-
aging candidates. All Ghaf tissue-specific extracts exhibited consistent antioxidant activity and a
robust inhibitory profile against ECM-degrading enzymes. Specifically, moderate elastase inhibition
was observed at low concentrations, a more pronounced inhibition of collagenase activity was
achieved at higher concentrations (with residual enzyme activity dropping below 50%), and an
outstanding efficacy against hyaluronidase was recorded, with complete enzyme inhibition reached

at remarkably low extract doses. When combined with the strong antioxidant activity observed in
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the DPPH assay, these findings position Ghaf extracts as highly promising natural anti-aging actives
and fully aligned with the objectives of this doctoral project. Furthermore, the enzymatic screening
revealed that individual Ghaf extracts exhibited largely comparable and overlapping inhibition
profiles, with no single plant portion consistently outperforming the others. This homogeneity
suggests a widespread distribution of bioactive constituents throughout the plant and provided a
strong scientific rationale for the subsequent development of a whole-plant representative Ghaf
extract. This strategic choice, aimed at simplifying processing while maintaining bioactivity,

supports the study presented in Chapter 4.

In contrast, A. marina extracts did not demonstrate a comparable inhibitory capacity against elastase,
collagenase, or hyaluronidase. Only minor and isolated effects were observed for specific tissues
(propagules and cotyledons), which were insufficient to justify further development of these extracts
as primary anti-aging cosmetic ingredients. Nevertheless, several A. marina extracts exhibited
measurable antioxidant activity, in some cases approaching that of ascorbic acid. Although this
activity was moderate and required higher concentrations than Ghaf, it suggested that A. marina
extracts may possess alternative biological potential beyond cosmetic anti-aging applications.
Consequently, to fully valorize these extracts, a parallel bioprospecting-oriented study was initiated
to explore their phytochemical composition and potential therapeutic relevance, with particular

focus on antioxidant and in vitro cytotoxic properties, as will be presented in Chapter 5.

Beyond the biological findings, this chapter also provided an important methodological
contribution. Through critical analysis and rational adaptation of existing literature protocols,
optimized spectrophotometric assays for elastase, collagenase, and hyaluronidase inhibition were
established. Combined with antioxidant assays, these methods form a rapid, reliable, cost-effective,
and resource-efficient screening workflow for the preliminary evaluation of the anti-age properties
of plant extracts. This integrated assay platform proved essential for the decision-making process
within this project and represents a valuable, broadly applicable tool for future research aimed at

identifying and prioritizing novel botanical ingredients for cosmetic applications.
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3.4 Materials and methods

3.4.1 Chemicals and materials

2,2-Diphenyl-1-picrylhydrazyl (DPPH), (+)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (Trolox), ascorbic acid, elastase from porcine pancreas (Type IV), N-Methoxysuccinyl-Ala-Ala-
Pro-Val p-nitroanilide (MAAPVN), Trizma®base, oleanolic acid, N,N-Dimethylformamide (DMF)
anydrous, collagenase from Clostridium histolyticum Sigma Blend Type H, N-[3-(2 Furyl)acryloyl]-
Leu-Gly-Pro-Ala (FALGPA), tricine, calcium chloride dihydrate, sodium chloride, epigallocatechin
gallate (ECGC), hyaluronidase type I-S, hyaluronic acid sodium salt from rooster comb, albumin
from bovin serum (BSA), sodium phosphate monobasic, sodium phosphate dibasic, sodium acetate
anhydrous and acetic acid were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure
water (18 MQ)) was prepared by a Milli-Q purification system (Millipore, Bedford, MA, USA), while
ethanol and methanol were purchased from CARLO ERBA Reagents s.r.1. (Milan, Italy). 96-well and

48-well plates were purchased from EuroClone (Pero, Italy).

3.4.2 Plant collection

Samples of different portions of Prosopis cineraria, including twigs, roots, leaves, and bark were
harvested in September 2022 from multiple individuals in the UAE. Flowers and fruits were not
collected, as these tissues were not available at the time of sampling. During the same period,
samples from different parts of A. marina, including leaves, roots, propagules, and cotyledons were
collected from multiple individual plants within the mangrove forest of Ajman Emirate, UAE. The
cotyledons were obtained from seedlings at an early growth stage, when the propagules had already
opened and developed roots. For more precise investigation, propagules were separated into the
pericarp, representing the external protective tissue, and the internal tissues. Thus, in this thesis, the
term pericarp (and pericarp extract) refers exclusively to the external part, while the generic term

propagule (and propagule extract) refers to the internal tissues.

Each type of plants material was pooled by type and immediately freeze-dried after collection. The
dried samples were homogenized using a Grindomix GM 200 knife mill (Retsch, Haan, Germany)
and then sieved through a test sieve (Retsch AS 200, Haan, Germany) with a mesh size range of 300-

600 um to obtain powders with uniform particle size distribution.
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3.4.3 Sample preparation and extraction

Each sample of Ghaf and A. marina thus obtained was subjected to exhaustive ultrasound-assisted
extraction using a thermostatically controlled ultrasonic bath (EImaSonic S 30H; Elma Schmidbauer
GmbH, Singen, Germany). A 50% (v/v) aqueous ethanol solution was selected as extraction solvent
due to its balanced polarity and established suitability for recovering a wide spectrum of bioactive
metabolites, including phenolics (which are well known for their antioxidant properties) [29] [30],
while maintaining low toxicity for subsequent biological assays [31] [32]. For the extraction, 1 g of
powder sample was mixed with 40 mL of solvent (solid-to-solvent ratio 1:40, w/v) in a 50-mL
polypropylene tube, which is commonly applied in metabolite profiling studies [33]. Ultrasonic
extraction was performed at 25 °C for 15 min. To ensure exhaustive recovery of soluble compounds,
the process was repeated several times with fresh solvent until colorless supernatants were obtained.
After each cycle, samples were centrifuged at 3112 x g for 5 min using a ROTINA 380R centrifuge
(Hettich Zentrifugen, Germany), and the resulting supernatants underwent filtration through
Whatman No. 1 filter paper (pore size 7-12 um). The combined filtrates obtained from each sample
were then concentrated under reduced pressure at 40 °C using a Hei-VAP Core rotary evaporator
(Heidolph, Germany) to remove ethanol. The aqueous residues were reconstituted in Milli-Q water
and subjected to a second clarification step by centrifugation at 2375 x g for 10 min to isolate the
water-soluble fractions. The resulting extracts were subsequently lyophilized using an Alpha 1-4
LSCplus freeze dryer (Christ, Germany) to obtain dry extracts. The extraction yields were
determined by calculating the ratio of the weight of dried extract obtained to the initial weight of

dried plant material powder and expressed as a percentage.

3.44 DPPH Radical Scavenging activity

The antioxidant capacity (AOC) of the Ghaf and A. marina extracts were quantified using the 1,1-
diphenyl-2-picrylhydrazyl (DPPHe) radical scavenging assay. The extracts were dissolved in
ultrapure water and tested over a concentration range of 0 —10 pug/mL for Ghaf extracts and of 0 -180
ug/mL for A. marina extracts, while Trolox (0-75 uM) was used as calibration standard starting from
a 5 mM stock solution in methanol, subsequently diluted to generate working standards. Ascorbic
acid solution in ultrapure water was included as a positive control. A fresh 150 uM DPPHe solution

was prepared in ethanol immediately before each experiment and protected from light due to the
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reagent’s photosensitivity. All reactions were carried out in 96-well plates. For each measurement,
10 pL of sample, Trolox standard, or ultrapure water (blank) were added to 190 uL of the operative
DPPH solution, reaching a final reaction volume of 200 pL. Plates were then incubated for 30 min at
room temperature, under gentle orbital shaking (70 rpm) and protected from light. After incubation,
absorbance was recorded at 517 nm using EnSight Multimode Microplate Reader (PerkinElmer,

Waltham, MA,USA).

DPPH scavenging activity (%) was calculated after blank correction using the following equation

():

DPPH scavengig activity % = (1 - %) * 100 5)

0

where A, corresponds to the absorbance of the zero-Trolox standard (0 uM), and Asample corresponds
to the absorbance of the tested sample or Trolox concentration. The antioxidant activity of each
extract was then converted into Trolox Equivalent Antioxidant Capacity (TEAC), by interpolating

the scavenging activity of samples on the Trolox standard curve according to the following equation

(6):

(DPPH scavenging activity %sample— intercept)

TEAC (WM TX) = (6)

slope

where slope and intercept correspond to the linear regression parameter of the Trolox calibration
curve. To normalize the antioxidant activity to the amount of tested material, TEAC values were
further expressed as pmol Trolox equivalents per gram of extract (TE/g), by dividing the
interpolated TEAC values by the corresponding extract concentration tested (g/L). This
normalization allows direct comparison of antioxidant capacity independently of the tested

concentration.
3.4.5 Invitro enzymatic inhibition assays

3.4.5.1 Elastase inhibition assay

The inhibitory activity of the Ghaf and A.marina extracts against elastase was evaluated using a
spectrophotometric assay adapted and optimized from literature protocols. Elastase is a serine

protease involved in the degradation of elastin, a key component of the ECM. The method is based
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on the ability of pancreatic porcine elastase to hydrolyze the synthetic chromogenic substrate N-
Methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide (MAAPVN), resulting in the release of p-

nitroaniline (pNA), which can be quantified by measuring absorbance at 410 nm.

Preliminary experiments were conducted to optimize the assay conditions by testing different
combinations of substrate and enzyme concentrations. Specifically, MAAPVN was evaluated at
working concentrations of 3.5 mg/mL and 1.328 mg/mL, while elastase was tested at 0.5 U/mL and
0.375 U/mL. Enzymatic reactions were monitored kinetically over 15 min to identify conditions that
ensured a linear reaction rate and adequate sensitivity. Based on these optimization studies,
MAAPVN at 1.328 mg/mL and elastase at 0.375 U/mL were selected as the optimal working

concentrations and subsequently used for the inhibition assays.

For the final protocol, a stock solution of MAAPVN (25 mg/mL) was prepared in
dimethylformamide (DMF) and diluted with Tris-HCI buffer (50 mM, pH 8.0) to obtain the working
substrate solution (1.328 mg/mL). Porcine pancreatic elastase was prepared at a concentration of
0.375 U/mL in the same buffer. The assays were carried out in 96-well microplates by mixing 10 uL
of Ghaf or A. marina extracts aqueous solution with 20 puL of the enzyme solution and 120 pL of Tris—
HCI buffer, resulting in final extract concentrations ranging from 50 to 270 pg/mL. The mixtures
were pre-incubated for 15 min at room temperature to allow interaction between the enzyme and
the tested extracts. The reaction was initiated by adding 50 uL of the working substrate solution and
allowed to proceed for 15 min, after which the absorbance was measured at 410 nm using a
microplate reader. Oleanolic acid (OA) was included as positive control under the same

experimental conditions.

Elastase activity was expressed as a percentage relative to the control (enzyme without inhibitor)

and calculated according to the following equation (7):
. B
Elastase activity % = (K) * 100 (7)

where B represents the absorbance in the presence of the inhibitor and A corresponds to the control

absorbance.
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3.4.5.2 Collagenase inhibition assay

The inhibitory activity of the Ghaf and A.marina extracts against collagenase was assessed using a
microplate-based assay adapted and optimized from literature protocols. The assay quantifies the
ability of an extract to inhibit Clostridium histolyticum collagenase (ChC), which catalyzes the
cleavage of the synthetic peptide N-[3-(2-furyl)acryloyl]-Leu-Gly-Pro-Ala (FALGPA). Hydrolysis of
FALGPA results in a decrease in absorbance at 335 nm, enabling spectrophotometric monitoring of
residual non-cleaved substrate. Preliminary optimization experiments were carried out to identify
suitable enzyme and substrate concentrations ensuring a measurable and linear reaction rate.
Different combinations of collagenase (0.1 and 1 U/mL) and FALGPA (1 and 2 mM) solutions were
tested by monitoring the decrease in absorbance at 335 nm over a 20 min kinetic assay. Based on
these experiments, collagenase at 1 U/mL and FALGPA at 2 mM were selected as the optimal
working concentrations and used for subsequent inhibition assays. For the final protocol, assays
were performed in 96-well microplates. Briefly, 30 uL of Ghaf or A. marina extract aqueous solutions
were mixed with 20 uL of FALGPA working solution (2 mM), previously diluted in methanol from
a 4.1971 mM stock solution, and 60 pL of assay buffer (50 mM tricine, 10 mM CaCl,, 400 mM NaCl,
pH 7.5), yielding final extract concentrations ranging from 50 to 270 pg/mL. The plate was
immediately placed in a microplate reader pre-equilibrated at 37 °C, and the absorbance at 335 nm
was recorded to determine the initial value corresponding to the substrate-only condition (0%
activity). The enzymatic reaction was then initiated by adding 10 pL of collagenase solution (1 U/mL
in cold water, freshly prepared immediately before use) to each well. After incubation for 20 min at
37 °C, the absorbance at 335 nm was measured again. Epigallocatechin gallate (EGCG) was used as

a positive control inhibitor under the same experimental conditions.

Enzymatic activity (%) was calculated by comparing the decrease in absorbance in extract-treated

wells with that observed in enzyme-only control wells according to the following equation (8):

(Abspre~Abspog)
.. o/\ pre post/treated
Collagenase activity (%) = (AbS e AbS o) untroned

x 100 (8)

where Abspre is the absorbance recorded in the presence of substrate before enzyme addition

(substrate-only condition), and Abspost is the absorbance recorded after enzyme addition at the end
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of the reaction time. Treated and untreated refer to reactions carried out in the presence or absence

of the tested sample, respectively.

3.4.5.3 Hyaluronidase inhibition assay

The inhibitory effect of the Ghaf and A.marina extracts on hyaluronidase activity was evaluated
using a turbidimetric assay adapted and optimized from literature methods. Hyaluronidase
catalyzes the hydrolytic degradation of hyaluronic acid (HA), a key glycosaminoglycan responsible
for maintaining skin hydration, viscoelasticity, and structural integrity. In this assay, the remaining
non-degraded HA reacts with an acidic bovine serum albumin (BSA) solution to form an insoluble
precipitate whose turbidity is proportional to the amount of intact HA and can be quantified at 600
nm. Prior to testing the extracts, a calibration curve was generated to confirm the linear relationship
between HA concentration and turbidity by analyzing HA solutions ranging from 0 to 0.03% (w/v).
Subsequently, the extracts were tested as following: 5 uL of Ghaf or A. marina extract aqueous
solutions were added to the wells of a 48-well microplate and mixed with 100 puL of hyaluronidase
type I-S solution (15 U/mL) prepared in 20 mM sodium phosphate buffer containing 77 mM NaCl
and 0.01% BSA (pH 7.0), yielding final Ghaf extracts concentrations ranging from 3.7 to 66 pug/mL
and A. marina extracts from 33 to 132 pug/mL. After a 10 min pre-incubation at 37 °C to allow
interaction between the enzyme and the extracts, 100 uL of HA substrate solution (0.03% w/v
dissolved in 300 mM sodium phosphate buffer, pH 5.35) were added to each well, followed by
incubation for 45 min at 37 °C. The enzymatic reaction was terminated by adding 1 mL of acidic
albumin reagent (0.1% BSA, 24 mM sodium acetate, 79 mM acetic acid, pH 3.75). After a further 10
min incubation at room temperature, turbidity was measured at 600 nm using a microplate reader.
Higher absorbance values correspond to higher amounts of intact HA and therefore greater
inhibition of hyaluronidase activity. Oleanolic acid was used as a positive control inhibitor under

the same experimental conditions.

Hyaluronidase activity (%) was calculated according to the following optimized equation (9):

Asam E_AenZ me contro.
Hyaluronidase activity (%) = 1 — ( il ymeconrol ) % 100 9)

Asubstrate control _Aenzyme control
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where Agmple is the absorbance measured in the presence of enzyme, substrate, and tested extract;
Acnzyme control 18 the absorbance of HA incubated with hyaluronidase in the absence of inhibitors

(100% activity); and Agypstrate control 18 the absorbance of HA alone without enzyme (0% activity).
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4 Study on Ghaf extract as anti-age active ingredient and its
inclusion in cosmetic emulsions

4.1 Abstract

The ecological transition of the cosmetics industry is driving the development of sustainable
formulations, from ingredient selection to the final product. In this context, the identification of
plant-based anti-aging active ingredients combined with the design of minimal but efficient delivery
systems represents an actual challenge[1]. Building on the promising bioactivities previously
observed, this chapter aimed to investigate Ghaf extract as a multifunctional anti-aging active and
to develop a sustainable cosmetic formulation suitable for its incorporation, thereby bridging the

gap between bioactivity screening and practical cosmetic application.

A representative whole-plant Ghaf extract was prepared and comprehensively characterized to
evaluate potential synergistic effects while optimizing the overall process. Chemical profiling by
UHPLC-DAD-HRMS/MS revealed a polyphenol-rich composition dominated by catechins and
flavonoid derivatives. The extract confirmed exceptionally high radical scavenging activity in the
DPPH assay, strongly correlated with its elevated total phenolic content. Beyond antioxidant
properties, Ghaf extract exhibited biologically relevant inhibitory activity against elastase,
hyaluronidase, tyrosinase, and collagenase, key enzymes involved in extracellular matrix

degradation and skin pigmentation[2].

In parallel, a formulative study was conducted to develop a sustainable oil-in-water Pickering
emulsion. Several natural powders were screened as potential Pickering stabilizers, and a Design of
Experiments (DoE) approach enabled the identification of a stable and cosmetically appealing base
emulsion with a minimal INCI list, produced without heating and prioritizing natural ingredients.
The incorporation of Ghaf extract did not induce significant changes in physical stability, pH,

rheological behavior, or microstructural integrity of the formulation.

Overall, these results position Ghaf as a multifunctional natural ingredient for dermocosmetic
applications and demonstrate the value of an integrated approach combining bioactivity assessment
with formulation development. Further studies using cellular and ex vivo models are required to

confirm efficacy, safety, and long-term formulation compatibility.
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4.2 Results and Discussion
4.2.1 Plant extraction

Given the lack of significant activity differences among the individual Ghaf extracts observed in
Chapter 3 and considering sustainability and time efficiency, a decision was made to develop a
composite extract representative of the whole Ghaf plant. To this end, dried powders of each plant
portion were homogenized and combined based on their relative abundance in the sampled
biomass, creating a unified plant matrix and the representative matrix thus obtained was then
subjected to hydro-alcoholic extraction. The aggregated Ghaf extract yielded an average extraction
efficiency of 25% w/w + 0.8, with high reproducibility observed across seven independent replicates.
A violin plot (Figure 4.1) displays a narrow, symmetric distribution of extraction yields, indicative

of excellent process robustness and consistent phytochemical recovery.
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Figure 4.1. Violin plot showing the percentage yields of seven independent hydroalcoholic extractions of the

combined Ghaf matrix. The plot depicts the distribution and variability of extraction yields with n=7.

Furthermore, this extraction yield obtained for the Ghaf extract closely corresponds to the average
yield expected from the individual plant portions when considered collectively. In particular, the
yield of the composite extract falls within the range defined by the lower-yielding roots fraction
(11.23%) and the higher-yielding bark fraction (44%), and approximates the mean contribution of
twigs (29.48%) and leaves (22.11%). This outcome is consistent with the preparation strategy
adopted, in which the different plant tissues were combined according to their relative abundance
in the starting biomass. As a result, the overall extraction efficiency reflects the intrinsic extractability

of each tissue rather than being dominated by a single high-yield component. This confirms that the
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hydroalcoholic extraction process behaves in an additive and predictable manner when applied to
a heterogeneous plant matrix. From a methodological perspective, this finding further supports the
robustness of the extraction approach, indicating that no preferential or biased extraction occurred
upon matrix aggregation. From a practical point of view, this approach not only aligns with green
extraction principles but also streamlines workflow by reducing redundancy in extraction steps

without compromising extract quality, facilitating scalable formulation development.

4.2.2 Ghaf extract characterization

This characterization was kindly performed in collaboration with the FoodNutraLab Research Group of the

University of Milano-Bicocca

Accordingly, phytochemical characterization was deliberately performed at this stage of the study,
after the identification of the extract of greatest interest, rather than at an earlier exploratory phase.
This strategy allowed analytical efforts to be focused on a biologically validated extract, ensuring
that the chemical profiling would be directly relevant to the observed anti-aging activities and to the

subsequent stages of the project.

The Ghaf extract thus obtained was subjected to phytochemical profiling using ultra-high
performance liquid chromatography coupled with diode array detection and high-resolution
tandem mass spectrometry (UHPLC-DAD-HRMS/MS), in order to comprehensively characterize
its metabolite composition and to gain insights into the chemical constituents potentially responsible

for the observed biological effects.

The chromatographic profile of the extract is reported in Figure 4.2 and the compounds tentatively
identified are shown in Table 4.1, with their corresponding identification level (IL), which reflects
the confidence of compound annotation based on MSI guidelines (see Section 4.4.4). For compounds
assigned to IL2, the identification relied on comparisons of MS/MS fragmentation data with

published spectra from the literature or spectral databases included directly in the table.
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Figure 4.2. Representative chromatogram of the Ghaf extract.
Table 4.1. HPLC-HRMS data of compounds detected in Ghaf extract.
Error
N° RT (min) [M-HI- Formula Diagnostic products ion (m/z) Name Class IL Ref.
(ppm)
1 0.56  209.0305 CeHi00s 140  115.0039, 89.0246, 85.0297, 71.0140 Galactaric acid®  Dicarboxylic Acid 4  [3]
2 0.85 191.0216 CsHsO7 224 111.0089, 87.0089, 85.0296, Citric acid Tricarboxylic acids 2 [4]
3 1.33  169.0145 CrHeOs 147 125.0247,97.0297, 81.0343, 79.0192, Gallic acid Phenolic acidsand 1  std*
69.0347 derivatives
4 2.82  305.0650 CisH14O7 -3.6 179.0334, 167.0376, 139.0372, (Epi)gallocatechin Catechins 2 5]
137.0254,125.0244, 109.0281
5 6.12  451.2191 - - 405.2136, 389.1100, 287.0162, Unknown - 4 -
179.0567, 161.0463
6 7.67  325.0936 CisHisOs 249  163.0405, 119.0505 Cumaricacid O-  Hydroxycinnamic 2 [6]
glucoside acid derivative
7 8.33  289.0724 Ci1sH140s 2.16  245.0825,221.0826, 205.0511, (Epi)catechin Catechins 1 std*
203.0719, 161.0611, 151.0389,
125.0245, 123.0454, 109.0297, 97.0296
8 8.72  457.0773 C2HisOn 0.44  305.0654, 169.0128, 125.0230 (Epi)gallocatechin Catechins 2 7]
gallate
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9 8.90  431.19282 C19H300s 1.92  385.1875, 223.1343, 205.1241, Drovomifoliol-O- Sesquiterpenoid 2
153,0926 glucoside (roseoside) glycoside [6]
10 9.01 197.0459 CoHioOs 2.70 169.0148, 125.0247, 124.0169 Ethyl gallate Ellagitannins 2 [8]
11 921 5572253 CxH3sO13 323 - Unknown - 4 -
12 941 163.0405 CoHsOs 318  119.0505 p-cumaric acid Hydroxycinnamic 2 [9]
acids
13 10.50 479.0841 C21H20013 1.38  316.0230, 271.0252 myricetin 3-O-beta- Flavonoid- 2 [10]
D-galactopyranoside glycosides
14 1126 463.0891 C21H20012 1.71 316.0232, 271.0256, 179.0565 Myricitrin Flavonoid- 2 [11]
glycosides
15 11.65 577.1574 CyH30Owu  2.77  457.1149, 413.0885, 293.0463 27-O- Flavonoid- 2 7]
rhamnosylvitexin glycosides
16 11.68 609.1479 CH30O01.  2.72  300.0282 Rutin Flavonoid- 1 std*
glycosides
17 11.80 463.0889 C21H20012 1.65  301.0335, 300.0256 Quercetin-3-O- Flavonoid- 2 [10]
galactoside glycosides
(hyperoside)
18 1215 493.0998 C2H»O1z  2.15  330.0389, 315.0155 Patuletin-7-O- Flavonoid- 2 [10]
glucoside glycosides
19 1253 567.2099 CzHsO1iz  3.52  457.1146, 383,0775, 353,0668, Dimethoxylflavanone Flavonoid 3 [12]
341,0668, 293,0461 derivate derivates
20 1331 415.1979 - - 255.4785, 240.5105, 137.0976 Unknown - 4 -
21  13.61 547.1471 C26H2sO13  2.64  383.0777 Unknown - 4 -
22 13.97 5771577 C27H30014 - 559.1448, 457.1127, 395.0760, Apigenin-di-C- Flavonoid- 2 [13]
293.0451, 269.0450 glucoside isomer glycosides [14]
23 1451 577.1578 C27H30014 - 559.1445, 457.1126, 395.0762, Apigenin-di-C- Flavonoid- 2 [13]
293.0457, 269.0444 glucoside isomer glycosides [14]

*std: standard compound, a [M + HCOOH - H]-, b Annotations based on accurate mass and molecular formula only (no MS/MS) MSI
level 4.
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The analysis revealed that the Ghaf extract contains 23 compounds, which mainly belong to the
phenolic compound class. Flavonoids are a heterogeneous group of polyphenols with high
antioxidant activity that are widely distributed in the plant kingdom and are the most representative
of the phenols compounds in the Ghaf extract. In plants, flavonoids can be either aglycones or
glycosides containing hexose, deoxyhexose or pentose sugar moieties. Flavonoid glycosides can be
classified as O-glycosides or C-glycosides according to their sugar linkage[15]. These can be clearly
distinguished by their characteristic MS/MS fragmentation behaviour in negative ion mode. C-
glycosides typically exhibit neutral losses of 30, 90 and 120 Da for hexose sugars, 74 and 104 Da for
deoxyhexose sugars and 60 Da for pentose sugars. Based on this diagnostic fragmentation pattern,
compound 15 was tentatively identified as a C-glycoside. Specifically, the deprotonated molecular
ion [M-H]~ at m/z 577.1574, which corresponds to the molecular formula C;;H3014, was assigned to
2'-O-rhamnosylvitexin. The fragment ion at m/z 457.1146 resulted from the characteristic neutral
loss of 120 Da, confirming the presence of a C-linked hexose moiety. Following this fragmentation
pattern the compounds 22, 23 were identified as C-glycosides. In contrast, O-glycosides exhibit
neutral losses of 162 Da (hexose sugars), 176 Da (glucuronic acid), 146 Da (deoxyhexose sugars) and
132 Da (pentose sugar). Based on this information, the compound 17 with m/z 463.0889 and
molecular formula C21H20012 was tentatively identified as quercetin-3-O-galactoside as indicated by
the fragment ion at m/z 301.0335 corresponded to the loss of hexose sugar (162 Da) with O-linked.
Following this fragmentation pattern the compounds 13, 14, 16 and 18 were identified as O-

glycosides.

A group of flavonoids is represented by flavan-3-ols, to which catechins belong. Peak 4, with an m/z
of 305.0650 (CisH1407) [M-H-], was identified as epigallocatechin, based on its fragmentation
pattern[16]. The main ions produced during fragmentation were 179.0329 ([M-H-C6H603]-),
167.0331 ([M-H-C7H603]-), and 125.0230. The latter corresponds to ring A of the flavonoid.
Meanwhile, peak 8 (m/z 457.0773 (CxHi1s011)) [M-H-], was identified as epigallocatechin gallate,
exhibiting characteristic fragments at m/z 305.0654 and 169.0128 corresponding to epigallocatechin

and gallic acid, respectively.

Flavonoids and phenolic acids are known for their antioxidant activity and their ability to modulate

enzymes involved in the degradation of the extracellular matrix, such as metalloproteinases
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(MMPs). Among the compounds present in the extract, gallic acid shows a marked inhibition of
collagenase, due to the number and arrangement of hydroxyl groups on the benzene ring, which
facilitate interaction with the catalytic site and chelation of the Zn?* ion[17], [18]. Similarly, flavan-
3-ols such as catechin, epicatechin, and epicatechin gallate inhibit collagenase and elastase, with the
galloyl group enhancing their activity. Glycosidic flavonoids, such as quercetin glycosides, also
modulate these proteases; although aglycones are generally more active, glycosylation improves
solubility and stability[18]. Furthermore, this class of molecules is also known for its important anti-
inflammatory and immunostimulatory activity, contributing to a protective and beneficial
effect[19]. Overall, the composition of the hydroalcoholic extract of Ghaf suggests the presence of

bioactive molecules with anti-aging potential, justifying its selection for further functional studies.

4.2.3 Evaluation of antioxidant capacity of Ghaf extract
4.2.3.1 DPPH Radical Scavenging Activity

The antioxidant activity of the newly prepared Ghaf extract was first assessed using the DPPH
radical scavenging assay, expanding the range of tested concentrations in order to better characterize
the dose-response relationship and to directly compare the results with those previously obtained
for extracts derived from individual plant tissues. As shown in Figure 4.3. (a), a clear concentration-
dependent scavenging trend was maintained also for the whole-plant extract, with DPPH
scavenging activity values reaching approximately 60% at the highest newly tested concentration,
exceeding the 30—40% scavenging activity previously observed and confirmed at the former
maximum tested concentration (10 pg/mL). This behavior suggests a relatively homogeneous
distribution of redox-active compounds across the different tissues of the Ghaf plant and is
consistent with the high abundance of phenolic compounds, flavonoids, and other electron- or
hydrogen-donating metabolites identified during the phytochemical characterization of the extract,

which are known to efficiently neutralize free radicals[20].

To further quantify and standardize the observed antioxidant activity, the results were expressed as
micromoles of Trolox equivalents per gram of extract (umol TE/g) and compared with the
previously obtained values. As reported in Figure 4.3 (b), Ghaf extract exhibited a remarkably high
DPPH scavenging capacity, with a mean value of 3092.48 + 233 umol TE/g, corresponding to an

activity almost fourfold higher than that of the positive control, ascorbic acid.
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Although the antioxidant capacity of the whole-plant extract was slightly lower than that previously
measured for the twigs and bark extracts, it was comparable to the values obtained for leaves and
roots extracts. These differences can reasonably be attributed to a dilution effect resulting from the
combination of multiple plant tissues, each contributing distinct but complementary phytochemical
profiles. Importantly, despite these minor variations, all extracts (including the Ghaf extract)
consistently displayed very high antioxidant activities, supporting the robustness of the result.
Overall, the preservation of strong radical scavenging capacity in the representative whole-plant
extract further supports its selection as a biologically relevant and functionally effective material for

subsequent anti-aging and formulation-oriented studies.
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Figure 4.3. (a) Concentration-dependent DPPH radical scavenging activity of the Ghaf extracts obtained from
different plant portions (Twigs, Roots, Leaves and Bark) and the Ghaf extract. The plot shows the percentage
of DPPH radical scavenging activity as a function of extract concentration. (b) DPPH radical scavenging
activity of the same extracts and ascorbic acid expressed as Trolox equivalents (umol TE/g). Values are

expressed as mean + standard deviation of two independent experiments, each in technical triplicate.
4.2.3.2 Total phenolic content (TPC)

Phenolic compounds, including flavonoids and phenolic acids, are known to be the major
contributors to the antioxidant capacity of plants [21] [22]. Accordingly, the total phenolic content
of Ghaf extract was also evaluated by using the Folin—Ciocalteu colorimetric assay. This assay relies
on the reagent reduction by phenolic compounds under alkaline conditions, leading to the
production of a blue coloration detectable in absorbance at 760 nm, proportional to the phenolic

content in the samples. The total phenol content of extract was expressed in terms of gallic acid
87



MISSIONE 4

[: DEGLI STUDI SCUOLA DIDOTTORATO

7 = ISTRUZIONE
= =z N

‘:;' LE UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA RICERCA
z Z

BICOCCA

e
equivalent (ug GAE/mg extract) as described in Section 4.4.5.2. The Ghaf extract exhibited
remarkably high TPC, with a mean value of 281.82 + 14.63 ug GAE/mg of extract, indicative of a rich
presence of secondary metabolites with known redox potential. This finding aligns well with the
strong antioxidant capacity previously observed in the DPPH radical scavenging assay, suggesting
a close relationship between chemical composition and biological activity. Such correlation between
total polyphenol content and antioxidant efficacy is consistently reported in literature, where
polyphenolic compounds (especially flavonoids, tannins, and catechins) are recognized as major

contributors to the antioxidant potential of plant extracts [23].

The UHPLC-DAD-HRMS/MS analysis further confirmed the presence of abundant catechins and
flavonoid derivatives, both known for their ability to donate hydrogen atoms or electrons to
neutralize free radicals, as well as to chelate metal ions involved in oxidative reactions[24]. These
results provide strong evidence that the antioxidant activity of the Ghaf extract can be primarily
attributed to its polyphenolic fraction, although synergistic effects among different compound

classes cannot be excluded.

4.2.4 In vitro enzymatic inhibition assays

After confirming the strong antioxidant activity of the Ghaf extract and more robustly linking this
effect to the high abundance of phenolic compounds identified through phytochemical
characterization and TPC assay, the next step consisted in validating the anti-aging properties

previously observed in enzymatic inhibition assays performed on tissue-specific extracts (Chapter 3).

4.2.4.1 Elastase inhibition assay

For the elastase inhibition assay, the representative Ghaf extract was tested over an expanded
concentration range in order to investigate whether a stronger reduction in enzymatic activity could
be achieved compared with previous experiments. Increasing concentrations of Ghaf extract (12.5-
400 pug/mL) were therefore evaluated, with oleanolic acid included once again as a positive control.
As shown in Figure 4.4, elastase activity was reduced in a weakly concentration-dependent manner,
becoming statistically significant from 25 pg/mL and reaching a plateau at approximately 50%

residual activity at concentrations 2100 pg/mL.
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Figure 4.4. Elastase activity in presence of Ghaf extract compared to oleanolic acid used as positive control.
Each bar represents the mean percentage activity + standard deviation of two independent experiments, each
in technical triplicate. Each enzyme activity reduction was significant compared to untreated condition with

p <0.0001 (§), except for Ghaf at 12.5 pg/mL with p <0.01 (1).

These results confirm the mild elastase inhibitory activity previously observed for extracts obtained
from individual Ghaf plant tissues, while also highlighting the reproducibility and robustness of the
assay. Indeed, the comparable inhibitory effect of oleanolic acid in this experiment (approximately
67% residual activity) relative to the previous assay (around 60%) further supports the reliability of
the test. Moreover, the similar inhibition profile observed for the Ghaf extract reinforces the
hypothesis that elastase inhibition is not attributable to a single specific tissue, but rather to a

relatively uniform distribution of the bioactive constituents across Ghaf plant tissues.

The persistence of a plateau in elastase inhibition, already observed for tissue-specific extracts up to
270 pug/mL and here extending to the highest tested concentration, further supports the hypothesis
that a fraction of the enzyme population remains catalytically active even in the presence of excess
inhibitor. This behavior suggests that the Ghaf extract reaches its maximal inhibitory potential at

relatively low concentrations, a feature that may represent an advantage for topical applications.

4.2.4.2 Collagenase inhibition assay

In parallel, the Ghaf extract was evaluated using the collagenase inhibition assay to verify whether

the combined extract retained the ability to slow down collagen degradation, and to compare its
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activity with that previously observed for Ghaf tissue-specific extracts. In this case, the concentration
range was expanded not by increasing the maximum concentration, given the already pronounced
inhibition observed in earlier experiments, but by introducing lower concentrations and increasing
the number of intermediate points, allowing a more detailed assessment of dose-dependent
variations in enzymatic activity. The resulting data are shown in Figure 4.5. The inhibition profile
revealed a gradual reduction in collagenase activity, becoming significant relative to the untreated
control from 100 pg/mL, followed by a clear dose-dependent trend, reaching a maximal reduction
of approximately 34% at the highest tested concentration. This behavior closely mirrors that
previously observed for Ghaf roots and bark extracts. Overall, the common inhibitory trend
observed across all Ghaf tissue-derived extracts is confirmed for the Ghaf extract, although maximal
inhibition values were occasionally slightly lower than those observed for twigs and leaves extracts.
This difference can reasonably be attributed to a dilution effect arising from the combination of
multiple portions, each contributing active compounds that are not sufficiently heterogeneously
distributed to markedly reduce the overall inhibitory efficacy. These findings therefore further
support the choice of a whole-plant extract as a favorable and pragmatic option. Furthermore, EGCG
reduced collagenase activity to a lesser extent than the Ghaf extract at the same concentration tested,

further underscoring its inhibitory potential in this context.
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Figure 4.5. Collagenase activity in presence of increasing concentration of Ghaf extract and of ECGC as positive
control. Each bar represents the mean percentage activity + standard deviation of two independent
experiments, each in technical triplicate. Each enzyme activity % was significant compared to untreated

condition with p <0.0001 (§) or p < 0.01 (1), except for Ghaf at 12.5, 25 and 50 pg/mL.
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4.2.4.3 Hyaluronidase inhibition assay

Finally, the anti-aging activity of the Ghaf extract was also evaluated in terms of hyaluronidase
inhibition. The same concentration range previously used for tissue-specific Ghaf extracts was
applied, as complete inhibition had already been observed under these conditions. As shown in
Figure 4.6, the Ghaf extract displayed a pronounced inhibitory activity, reducing hyaluronidase
activity almost completely at 66 pg/mL, thereby surpassing the efficacy of oleanolic acid at
considerably lower concentrations. This behavior is consistent with that previously observed for
individual Ghaf portion extracts, with percentage enzyme activity values comparable to the average
inhibition recorded for tissue-specific extracts at the same concentrations. This again can be
attributed to a dilution effect resulting from the combination of different plant components. Overall,
these results confirm the strong inhibitory potential of the Ghaf extract against hyaluronidase,
indicating a robust capacity to counteract ECM degradation and preserve dermal moisture, thereby

contributing to the maintenance of skin hydration and elasticity even at very low concentrations.
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Figure 4.6. Hyaluronidase activity in presence of increasing concentration of Ghaf extract compared to
oleanolic acid used as positive control. Each bar represents the mean percentage activity + standard deviation
of two independent experiments, each in technical triplicate. All enzyme activities reported were significant

compared to untreated condition with p < 0.0001 (§).
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4.2.4.4 Human tyrosinase inhibition assay

Given the strong anti-aging potential demonstrated by the Ghaf extract through antioxidant and
extracellular matrix—related enzymatic inhibition assays, its multifunctionality was further explored
by evaluating its ability to inhibit human tyrosinase. Tyrosinase is the crucial, rate-limiting enzyme
in melanogenesis. It first hydroxylates L-tyrosine to L-DOPA and subsequently oxidizes L-DOPA to
o-dopaquinone, which is further converted into melanin (the pigment responsible for skin, hair, and
eye coloration[25]). Although melanin plays an essential photoprotective role, its excessive
accumulation within the epidermis is associated with several pigmentary disorders, including
lentigo, melasma, and age-related hyperpigmentation[26]. Accordingly, tyrosinase inhibitors
represent valuable candidates for skin-brightening and whitening applications. Ghaf extract was
therefore investigated for human cellular tyrosinase inhibiting abilities in MNT-1 cell lysate. In this
assay the TYR-mediated dopachrome and eumelanin formation was monitored at 478 nm and 600
nm respectively, in the presence or absence of Ghaf extract, with kojic acid included as a positive
control. The resulting typical kinetic profiles were subsequently converted into slope values
normalized on the untreated condition, yielding the percentage of human tyrosinase activity. As
shown in Figure 4.7, kojic acid produced a characteristic sigmoidal dose-response with strong
inhibition, validating the sensitivity and robustness of the assay. Ghaf extract similarly reduced
tyrosinase activity in a concentration-dependent manner, although with lower potency, reaching an
estimated ICso below 100 pg/mL. Despite being less active than kojic acid, this inhibitory effect is

remarkable given the crude, heterogeneous nature of the botanical extract.
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Figure 4.7. Tyrosinase inhibition by kojic acid and Ghaf extract. (a) Dose-response inhibition curve of human
tyrosinase in the presence of kojic acid (positive control), and (b) exposed to increasing concentrations of Ghaf

extract. Data represent mean + SD of three independent experiments (n=3), each in technical triplicate.

Taken together, these findings suggest that the Ghaf extract contains bioactive molecules capable of
modulating melanogenic enzymes, supporting its potential use as a multifunctional cosmetic
ingredient with mild skin-brightening or tone-evening effects. The observed activity, together with
previously demonstrated antioxidant and hyaluronidase-inhibitory properties at low
concentrations, indicates that the extract's dermo-cosmetic potential likely arises from

complementary mechanisms.

4.2.5 Cell viability assay of Ghaf extract on HaCaT cell line

Before proceeding with formulation development, it was essential to evaluate the biocompatibility
of the selected Ghaf extract on skin-relevant cells. Human immortalized keratinocytes (HaCaT) were
therefore used as an in vitro model to assess the effect of the extract on epidermal cell viability and

to define a non-cytotoxic concentration range suitable for cosmetic applications.

To this end, HaCaT cells were treated with increasing concentrations of the Ghaf extract and
incubated for 48 hours. Cell viability was subsequently assessed using the MTS assay, and results
were expressed as the percentage of viable cells relative to the untreated control (Figure 4.8). The

obtained data revealed that the extract maintained high cell viability (>70%) up to concentrations of
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200 pg/mL, followed by a slow decrease reaching 47% of cell viability at the highest tested
concentration. Althought a cytotoxic effect is observed at higher doses, the profile suggests that the
Ghaf extract does not negatively affect HaCaT cell viability within the concentration range relevant
to the enzymatic and antioxidant activities observed in the aforementioned assays. These findings
confirm that the extract can exert meaningful bioactivity without compromising cell viability,
supporting its safe integration into topical formulations. Furthermore, cytotoxicity in monolayer
cultures should be interpreted cautiously, as formulated systems typically reduce the effective

bioavailable concentration of active ingredients[27], [28].
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Figure 4.8. Cell viability (%) of HaCaT cell line treated with Ghaf extract (25-400 pg/mL) for 48 h compared to
untreated condition. Bars represent mean percentage + standard deviation of two independent experiments,

each in technical quadruplicate. § (p <0.0001) and = (p < 0.05) vs untreated condition.
4.2.6 Formulation study with Ghaf extract as anti-age active ingredient

The following results related to the formulation study were conducted during a research period abroad at
AgroParisTech, Chaire de Cosmétologie (Orléans, France) under the supervision of Professor Delphine Hu.c-

Mathis and Professor Richard Daniellou.

Based on the biological findings presented above, which identified the Ghaf extract as a highly
promising anti-aging active, the next step of this study focused on the development and evaluation
of a cosmetic formulation incorporating the Ghaf extract. A facial cream was selected as the delivery
system, as nowadays creams together with serums, represent the most widely attractive and

commercially relevant cosmetic formats for facial skincare applications [29].
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4.2.6.1 Development of base emulsion
4.2.6.1.1 Selection of formulation ingredients

In the framework of developing a base emulsion suitable for the subsequent incorporation of the
Ghaf extract, the initial step focused on the careful selection of raw materials. In line with current
trends in sustainable and eco-conscious skincare, the formulation was designed according to strict
sustainability-driven criteria, including a minimal INCI list, avoidance of heating steps, and the
exclusive use of biodegradable and naturally derived ingredients. To further enhance sustainability
and skin compatibility, a Pickering emulsification strategy was adopted. This approach enables
emulsion stabilization through solid particles rather than conventional surfactants, thereby reducing
the need for synthetic emulsifiers. Pickering emulsions are increasingly recognized as an innovative
and environmentally friendly alternative, offering improved physical stability, enhanced

biocompatibility, and favorable biodegradability profiles [30] [31].

Based on these criteria, the formulation was intentionally designed to include only the essential
components required to obtain a stable emulsion. Water was selected as the water phase solvent,
while the oil phase consisted of a blend of vegetable oils, namely sunflower oil and plum oil.
Sunflower oil was chosen as a widely used, cost-effective lipid base with good emollient
properties[32], whereas plum oil, although more refined, provides a naturally pleasant fragrance,
allowing the formulation to be sensorially appealing without the addition of external fragrance
ingredients[33]. Together, these oils provide a simple yet effective emollient, nourishing, and
sensorially balanced oil phase. Glycerin (5% w/w) and potassium sorbate (0.2% w/w) were included
as humectant and preservative, respectively. The most critical formulation step concerned the
selection of a suitable stabilizing system. For this reason, a preliminary screening was performed to

identify biodegradable natural powders capable of producing physically stable Pickering emulsions.

Three candidate stabilizers were initially evaluated: VITACEL® CF312 Citrus powder, VITACEL®
CS5 Apple powder, and VIVAPUR® CS TEX EASY. The citrus powder is a plant-based dietary fiber
sustainably obtained from citrus peel, characterized by a high water-binding capacity and
amphiphilic behavior, which enhances viscosity, structural integrity, and overall emulsion
stability[34]. The apple powder is an upcycled material derived from food industry by-products and

contains both hydrophilic and hydrophobic domains, facilitating its adsorption at the oil-water
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interface. In addition, the presence of soluble proteins and surface charge contributes to droplet
stabilization[35]. VIVAPUR® CS TEX EASY is a co-processed blend of microcrystalline cellulose,
xanthan gum, and cellulose gum, functioning as a natural, biodegradable, universal thickener and

stabilizer[36].

Four emulsions containing different combinations of these powders were prepared and evaluated
for physical stability using Turbiscan analysis (Figure 4.9 (a)), as well as for visual appearance and
color (Figure 4.9 (b)). Turbiscan is an analytical technique used to assess the physical stability of
dispersions such as emulsions by measuring transmitted and backscattered light along the height of

the sample over time[37]. Among the measured parameters, the backscattering (BS) signal is

particularly informative, as it reflects droplet size distribution and emulsion homogeneity[38].
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Figure 4.9. (a) Physical stability of C+A, V, and V+A emulsions expressed as backscattering (%) profiles along
the sample height, as measured by Turbiscan analysis and (b) the corresponding visual appearance of the
emulsions. C: VITACEL® CF312 Citrus powder, A: VITACEL® CS5 Apple powder, V: VIVAPUR® CS TEX

EASY and their corresponding combinations.

The combination of citrus and apple powders resulted in a physically stable emulsion, characterized
by BS values around 48% and a satisfactory texture, likely thanks to the presence of pectins
contributing to network reinforcement and viscosity enhancement[39]. However, this formulation
exhibited a pronounced brown coloration due to the apple fiber, causing it to be aesthetically
unsuitable for a facial cosmetic product. Consequently, this configuration was excluded from further
studies. When citrus powder was employed as the sole stabilizing agent, the resulting formulation
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displayed a pasty and highly irregular consistency, which prevented Turbiscan analysis (data not

shown), confirming its inadequacy as a standalone emulsifier.

VIVAPUR® CS TEX EASY was subsequently evaluated both in combination with apple powder and
as a single stabilizing agent. The latter condition yielded the most promising results, producing a
white, homogeneous, and physically stable emulsion. Although the BS values were slightly lower
than those observed for apple-containing formulations, this behavior can be reasonably attributed
to differences in particle packing and network architecture. Apple fibers, rich in pectins and proteins,
may generate denser interfacial networks and smaller droplets, leading to higher BS values[39]. In
contrast, the cellulose-based VIVAPUR® system forms a more uniform but less optically dense
network[40], resulting in slightly lower BS values while still ensuring excellent physical stability.
Importantly, the use of VIVAPUR® CS TEX EASY alone allowed the formulation of a stable emulsion
with a minimal ingredient list, without the need for additional stabilizers or thickeners. For these
reasons, the formulation corresponding to condition (V) was selected as the starting point for further

optimization.
4.2.6.1.2 Emulsion optimization with Design of Experiment (DoE)

After selecting the ingredients, a Design of Experiments (DoE) approach was employed to optimize
ingredient concentrations and explore the formulation space. Specifically, glycerin (5% w/w) and
potassium sorbate (0.2% w/w) were fixed, while the concentrations of oil phase and VIVAPUR® CS
TEX EASY were defined as continuous variables, representing the most critical formulation
parameters governing the structure and stability of Pickering emulsions: the oil fraction directly
determines the dispersed phase volume and droplet packing, whereas the concentration of solid
particles controls interfacial coverage and the formation of a stabilizing particulate network around
the droplets. The investigated ranges were selected based on a combination of literature data,
preliminary screening trials, and manufacturer recommendations for the particle stabilizer. The oil
phase was varied between 1040% (w/w), a range commonly explored for oil-in-water cosmetic
emulsions that allows evaluation of systems from relatively dilute dispersions to highly packed
emulsions while maintaining processability and spreadability. The concentration of VIVAPUR® CS
TEX EASY was varied between 3-8% (w/w). The lower bound of this range corresponds to the

typical usage levels recommended for this microcrystalline cellulose-based stabilizer in cosmetic
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formulations, while the upper limit was intentionally extended to explore the formulation space

more comprehensively. The water content was adjusted accordingly to reach 100% w/w.

Using a response surface model, ten combinations were generated by JMP software (Table 4.2),
where “-=” and “+” represent the lower and upper limits of the defined ranges, “a” and “A”
correspond to axial points outside the range, and “0” indicates the central value. Each formulation
was prepared and analyzed by Turbiscan, and the mean backscattering value at time zero (BSy) from
three independent measurements was used as the response variable to build a predictive linear

regression model (Figure 4.10).

Table 4.2. Ten formulation configurations generated by JMP software through DoE, characterized by different
combinations of oil and VIVAPUR® CS TEX EASY content (% w/w).

Configuration Oil VIVAPUR® CS TEX EASY

++ 40.00 8.00
-+ 10.00 8.00
0A 25.00 9.04
00w 25.00 5.50
- - 10.00 3.00
a0 3.79 5.50
A0 46.21 5.50
Oa 25.00 1.96
+- 40.00 3.00
00w 25.00 5.50
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Figure 4.10. Linear regression model predicting the BS, value as function of two continuous variables: oil and
VIVAPUR® CS TEX EASY content (% w/w). The model was generated by JMP software, with BS, values

expressed as the mean of three independent measurements.

The model revealed that oil content exerted a more pronounced influence on BS, values than the
concentration of VIVAPUR® CS TEX EASY. This finding indicates that the internal structure and
droplet organization of the emulsions can be effectively modulated by adjusting the oil fraction.
Higher BS, values are typically associated with emulsions characterized by a high number of small
droplets and a dense internal network, whereas lower BS, values generally reflect systems with

larger droplets and a less compact structure[38].

Although this tunability represents an interesting opportunity for tailoring emulsions to specific
active ingredients, such as reducing droplet surface area for oxidation-prone oils or enhancing
incorporation efficiency for actives requiring deeper matrix integration, this aspect was not further
explored in the present work, as the primary objective at this stage was the identification of a robust

and versatile base formulation suitable for active inclusion.

Turbiscan analysis also provided BS profiles along the entire sample height at time zero for all ten
formulations (Figure 4.11 (a)). Stable plateau profiles were observed for all formulations except A0,
++, and 0A, which exhibited highly irregular BS profiles indicative of emulsion heterogeneity. These
irregularities correspond to localized variations in droplet distribution, leading to increased light
transmission and reduced backscattering signals. The heterogeneity detected by Turbiscan was

consistent with the visual appearance of these samples (Figure 4.11 (b)).

Further insight can be gained from the comparison of BS, values among the different formulations
shown in Figure 4.11. (a). Specifically, formulations 0a and +- exhibited similar BS values of

approximately 35%, whereas a0 and — — showed intermediate values around 45%. Both replicates of
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the central point (00w and 00) yielded BS values close to 50%, while the —+ formulation displayed
the highest BS value, reaching approximately 53%. The lower BS values observed for 0a and +- can
be reasonably attributed to their reduced content of VIVAPUR® CS TEX EASY. Although these
emulsions appeared homogeneous, the lower stabilizer concentration likely resulted in a less
compact internal network, characterized by larger droplet sizes and lower droplet density. In
contrast, formulations a0 and — — are both characterized by reduced oil content, which favors the
formation of a more structured network even in the presence of variable stabilizer levels, likely
leading to smaller droplets and higher packing density. The close agreement between the two
central-point formulations (00) further confirms the reproducibility and reliability of the formulation
process. Finally, the — + formulation exhibited the highest BS value, which can be attributed to the
combined effect of low oil content and high stabilizer concentration, resulting in the most compact
and densely structured emulsion network. As expected, variations in oil and VIVAPUR® CS TEX
EASY content were also reflected in the visual appearance of the emulsions, with higher oil fractions
imparting a more yellowish hue and increased stabilizer content yielding whiter, more opaque

systems (Figure 4.11. (b)).

a) b) -- + - -+ ++ 00

8

<
S

'
S

— 00,

[S]
S

00

Back scattering (%)
3
=

10

Height (mm)

0a 00, OA a0 A0

Figure 4.11. (a) Back scattering (%) profiles of the ten emulsions configuration obtained through DoE at time

0, and (b) the corresponding visual appearance.

To further assess stability, the six formulations initially classified as stable (--, +-, -+, 00, Oa, a0) were
subjected to a centrifugation test to simulate accelerated mechanical stress. Under these conditions,
only formulations a0 and -+ remained completely stable. Formulations 00 and - - exhibited a thin
aqueous layer at the surface, while +- and 0a showed clear phase separation with the formation of

an oil-rich upper layer.
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Based on these results, formulation a0 was selected as the base emulsion, as it provided stability
comparable to -+ while requiring lower amounts of both oil and VIVAPUR® CS TEX EASY. This
composition represents a more sustainable and minimalist option, without compromising physical
robustness. The final composition of this formulation is reported in Table 4.3. From this point
onward, this formulation is referred to as the base emulsion (BE) and was used for subsequent

studies on the inclusion of the Ghaf extract as an active ingredient.

Table 4.3. Base emulsion (BE) composition. Each quantity is expressed as % w/w relative to the emulsion total

weight.
Ingredient Phase Quantity
Demineralized water Water 85.52
Glycerin Water 5

Potassium sorbate Water 0.2

VIVAPUR"® CS TEX EASY Water 5.5

Sunflower oil Oil 2.53

Plum oil Oil 1.26

Overall, the systematic formulation approach described above led to the identification of a
physically stable, minimalist, and fully biodegradable base emulsion. The selected formulation (BE)
combines robustness under mechanical stress with a reduced number of ingredients, and mild
processing conditions, making it particularly suitable as a carrier system for bioactive compounds.
Importantly, the Pickering-based stabilization strategy and the absence of conventional surfactants
minimize the risk of undesired interactions with sensitive phytochemicals. On this basis, the BE was
considered an appropriate and versatile platform for the subsequent inclusion of the Ghaf extract,

enabling the investigation of its physical chemical behavior and stability.
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4.2.6.2 Ghaf extract formulations

After defining and formulating the base emulsion, the Ghaf extract was incorporated as an aqueous
solution (2 mg/mL, based on its solubility in water) at three different concentrations: 3%, 5%, and
10% (w/w), corresponding to final extract concentrations in the formulation of 60, 100, and 200
ug/mL, respectively. The lowest inclusion level (3% w/w) was selected as a rational compromise
between extract concentration range commonly reported in the literature [41] for cosmetic actives
and the favorable safety profile observed in preliminary cell viability assays. Given that the
biological activity and tolerability of an active ingredient may change within a complex formulation
matrix[27], higher extract loadings (5% and 10% w/w) were also evaluated to explore potential
concentration-dependent effects. All Ghaf-containing emulsions were subsequently characterized
and compared with the base formulation in order to evaluate their physicochemical stability and

organoleptic properties.
4.2.6.2.1 Characterization of Ghaf extract formulations
4.2.6.2.1.1 Organoleptic Characteristics

First, the organoleptic properties of the Ghaf-loaded emulsions were evaluated in comparison with
the base emulsion. All formulations were stored for seven days at three different temperatures (4°C,

25 °C, and 45 °C), and the results are summarized in Table 4.4.

102



MISSIONE 4
ISTRUZIONE
UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA RICERCA

;DLGLI STU% SCUOLA DIDOTTORATO

<
=
)
=4
=
2
Z
B

== ONVIIN T

ICOCC

e ——
Table 4.4. Physical study of base emulsion and emulsion with Ghaf extract at different percentages for one
week. Ghaf-containing emulsions correspond to the incorporation of a 2 mg/mL aqueous Ghaf extract solution

at 3, 5, and 10% (w/w), yielding final extract concentrations of 60, 100, and 200 pg/mL, respectively.

7 days
Duration
Storage condition
Parameter 4°C 25°C 45°C Parameter 4°C 25°C 45°C
Appearance Odour
Base emulsion Semisolid Semisolid Semisolid Base emulsion Characteristics Characteristics Characteristics
. . Characteristics, Characteristics, mild Characteristics,
o s s L o ) ) 2
BE + Ghat 3% Semisolid Semisolid Semisolid BE + Ghaf 3% mild herbal herbal mild herbal
. . Characteristics, Characteristics, Characteristics,
o s s N o ) 3 :
BE + Ghat 5% Semisolid Semisolid Semisolid BE + Ghaf 5% strong herbal strong herbal strong herbal
. ] Characteristics, Characteristics, Characteristics,
o - s i o , , 2
BE + Ghat 10% Semisolid Semisolid Semisolid BE + Ghaf10% strong herbal strong herbal strong herbal
Colour 4°C  25°C 45°C 4°C  25°C  45°C 4°C  25°C  45°C
Base emulsion Off white Off white Off white ’ ‘
BE + Ghaf3% Off white Off white Off white
BE + Ghat 5% Off white Off white Off white ) "
BE + Ghat10% Off white  Lightgreyish  Lightbeige BE+ Ghat3% BE+ Ghat5% BE+ Ghaf10%

In detail, both the base emulsion and the formulations containing the Ghaf extract retained a semi-
solid, homogeneous appearance over 7 days, regardless of temperature conditions (4°C, 25°C, or
45°C). A slight color shift from the off white of the base emulsion to a light beige/gray tone was
observed at higher extract concentrations, with further intensification at elevated storage
temperatures. Such behavior is consistent with natural pigment oxidation (e.g., polyphenols and
flavonoids that may undergo mild oxidation or color deepening upon heat exposure[42]). Odor
evaluation revealed an enhancement of the characteristic plum oil scent, complemented by a subtle
vegetal note that increased proportionally with extract content. The odor profile remained stable at
all three storage temperatures, indicating the absence of extract degradation or rancidity phenomena

during the observation period.

4.2.6.2.1.2 Physical stability

Emulsion stability was further monitored by Turbiscan analysis after seven days of storage at 4 °C,
25 °C, and 45 °C (Figure 4.12). The backscattering (BS%) profiles revealed no significant variations
as a function of storage temperature for either the base emulsion or the Ghaf-containing
formulations. Moreover, the BS% values of the emulsions loaded with Ghaf extract were

consistently close to 40%, comparable to those of the base emulsion. These results indicate that the
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incorporation of the aqueous Ghaf extract solution does not adversely affect the internal structure
or physical stability of the Pickering emulsion, confirming that the strength and integrity of the

particulate network remain preserved.
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Figure 4.12. Physical stability of a) base emulsion, and emulsions with Ghaf solution (2 mg/mL) at b) 3, c) 5
and d) 10% w/w, yielding final extract concentrations of 60, 100, and 200 ug/mL, respectively. Results are
expressed as backscattering (%) profiles along the sample height, as measured by Turbiscan analysis after 7-

day storage at 4°C, 25°C and 45°C.
4.2.6.2.1.3 pH determination

The pH values of formulations were 5.6 for the base emulsion and 5.9, 5.8, 5.9 for the emulsions
containing 3%, 5%, and 10% (w/w) of Ghaf extract solution, respectively. Thus, all samples remained
within the dermo compatible acidic range typically recommended for topical applications [43].
Importantly, Ghaf extract solution therefore does not perturb acid-base equilibria within the
emulsion, a desirable feature in cosmetic emulsions, as it prevents irritation potential and ensures

formulation stability and preservative efficacy [44] .
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4.2.6.2.1.4 Centrifugation (accelerated stability) test

The centrifugation test was performed on both the base emulsion and the Ghaf-containing
formulations after 24 h. No phase separation or signs of creaming or sedimentation were observed
in any sample. This result demonstrates that all emulsions were physically stable even under strong
mechanical stress, confirming the excellent interfacial stabilization capacity of VIVAPUR® CS TEX
EASY. The findings suggest that the formulations possess high kinetic stability, which is a strong

predictor of long-term shelf stability and robustness under real storage conditions.

4.2.6.2.1.5 Rheological behavior

The rheological behavior of the base emulsion and of formulations containing increasing
concentrations of Ghaf extract solution at 2 mg/mL (3%, 5%, and 10% w/w) was evaluated to
investigate the effect of extract incorporation on the structural integrity and viscoelastic properties
of the system. Flow and oscillatory measurements were performed at 25 °C using a Discovery HR-

10 rheometer, following the procedure described in Section 4.4.10.4.5.

The flow sweep analysis (Figure 4.13. (a)) revealed a shear-thinning behavior for all samples,
characterized by a marked decrease in viscosity with increasing shear rate, from approximately 10*
Pas at 0.01 s down to below 1 Pa-s at 1000 s™'. This pseudoplastic profile is typical of Pickering-
type emulsions and indicates a stable, structured network that can recover its internal organization
after shear removal[45]. Importantly, the viscosity curves of the Ghaf-containing formulations
perfectly overlapped with that of the base emulsion, confirming that extract solution incorporation
did not significantly alter the microstructure and flow properties of the system. The consistency and
slope of the viscosity profiles remained nearly identical across all tested concentrations, suggesting
that the polysaccharide—cellulose interfacial network provided by VIVAPUR® CS TEX EASY

dominates the rheological response, even in the presence of bioactive solutes.
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Figure 4.13. (a) Viscosity (1) vs. shear rate for all formulations (base emulsion in red; Ghaf solution at 3% (w/w)
in green; Ghaf solution at 5% (w/w) in blue; Ghaf solution at 10% (w/w) in black). (b) Oscillatory strain sweep
curves of storage (G') and loss (G") moduli as a function of oscillation strain (%). Each value represents the

mean + standard deviation of three independent measurements (n=3).

Oscillatory strain sweep tests (Figure 4.13. (b)) further supported these findings. All formulations
exhibited a linear viscoelastic region (LVR) extending up to approximately 63% strain, within which
the storage modulus (G') exceeded the loss modulus (G"), indicating predominantly elastic solid-
like behavior. Beyond this point, both moduli decreased as the structure progressively broke down
under increasing deformation. The near superimposition of G' and G" curves across all samples
confirmed that the addition of the Ghaf extract solution at concentrations up to 10% (w/w) did not

compromise the internal microstructure or viscoelastic balance of the emulsion.

Overall, these results demonstrate that the incorporation of Ghaf extract as aqueous solution does
not negatively impact the mechanical stability or rheological integrity of the Pickering emulsion. The
formulations maintain consistent shear-thinning and viscoelastic properties, essential for good

spreadability, sensory performance, and storage stability in topical cosmetic applications.

4.2.6.2.1.6 Droplet size distribution analysis

The droplet size distribution of the base emulsion and of formulations containing the Ghaf extract
solution at 3%, 5%, and 10% (w/w) was assessed by laser diffraction granulometry. As shown in
Figure 4.14, the measured parameters indicate a consistent micrometric size distribution across all

formulations, with median values ranging between 11.05 and 15.78 pum.
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Figure 4.14. Droplet size distribution parameters of base emulsion and Ghaf-containing emulsions correspond
to the incorporation of a 2 mg/mL aqueous Ghaf extract solution at 3, 5, and 10% (w/w), yielding final extract
concentrations of 60, 100, and 200 pg/mL, respectively. Median, mode, mean droplet diameter, and D90 values
were determined by laser diffraction granulometry and expressed as the mean of three independent

measurements.

Although slight numerical variations were observed, especially an increase in the median and mode
values in the emulsion containing Ghaf solution at 5% (w/w) formulation, the differences remain
within the expected experimental variability and do not indicate a systematic or concentration-
dependent shift in droplet size. Importantly, neither the mean diameter nor the variability among
independent measurements exhibited a progressive trend with increasing extract concentration. The
reported standard deviation values in Table 4.5 (remaining within the narrow interval 0.44-0.52 um)
refer to the variability between replicate measurements, highlighting the high reproducibility of the
droplet diameters across all samples. This observation suggests that the particulate stabilization
mechanism provided by VIVAPUR® CS TEX EASY control droplet formation and stabilization and

is not disrupted by extract loading.

107



MISSIONE 4

ZDLGLISTUDL  SCUQLA DI DOTTORATO

7 S ISTRUZIONE
=< =z N

‘:;' ? UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA RICERCA
z

BICOGCCA

e ——
Table 4.5. Droplet size mean * standard deviation of three measurements of base emulsion and Ghaf-
containing emulsions correspond to the incorporation of a 2 mg/mL aqueous Ghaf extract solution at 3, 5, and

10% (w/w), yielding final extract concentrations of 60, 100, and 200 ug/mL, respectively.

Mean (um) Std Dev

Base emulsion 10.43 0.50
BE + Ghaf 3% 9.81 0.44
BE + Ghaf 5% 13.24 0.51
BE + Ghaf 10% 9.29 0.46

From a formulation perspective, this structural stability together with the consistent rheological
behavior and physical stability described above, is a desirable feature for consistent texture, stability,

and sensorial performance in cosmetic applications.

4.3 Conclusions

Taken together, the results obtained from the antioxidant and enzymatic inhibition assays clearly
identify the Ghaf extract as a highly promising candidate for cosmetic anti-aging applications within
the scope of this project. The extract consistently demonstrated a multifunctional anti-age profile,
characterized by strong radical-scavenging activity, marked inhibition of hyaluronidase at very low
concentrations, in addition to moderate and reproducible inhibitory effects against elastase,
collagenase, and human tyrosinase. This combination of activities is particularly relevant in the
context of skin aging, as it addresses both oxidative stress and key enzymatic pathways involved in
extracellular matrix degradation and pigmentation processes. Importantly, the biological
performance of the whole-Ghaf plant extract (Ghaf extract) closely mirrored the inhibitory profiles
previously observed (Chapter 3) for extracts obtained from individual Ghaf tissues, confirming that
the combination of different plant parts does not compromise bioactivity. On the contrary, this
approach offers practical and conceptual advantages, including reduced processing time and costs,
improved sustainability, and the potential contribution of synergistic interactions among
phytochemicals naturally co-occurring in different tissues. From an industrial and formulation-
oriented perspective, the use of a representative Ghaf extract further aligns with scalability

requirements and regulatory considerations relevant to cosmetic ingredient development.

Furthermore, the strong and broad-spectrum anti-aging potential demonstrated by the Ghaf extract

provided a clear rationale for advancing the project toward an application-driven stage. This
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enabled the subsequent development of a cosmetic base formulation designed to accommodate the
extract as an active ingredient. Through careful ingredient selection and systematic formulation
exploration, a sustainable and innovative Pickering emulsion was successfully developed. The
selected base formulation proved to be a robust and versatile carrier, capable of incorporating
increasing amounts of the aqueous Ghaf extract without compromising physical stability, pH,

rheological behavior, or microstructural integrity.

Overall, the formulation study confirmed that the Ghaf extract can be incorporated at relevant
concentrations while maintaining the key physicochemical attributes required for topical cosmetic
applications. This represents a crucial prerequisite for further development, as it demonstrates
formulation compatibility and stability prior to more advanced biological efficacy and safety
evaluations. Within this framework, a stable and innovative semi-solid cosmetic prototype
containing Ghaf extract as an anti-aging active was successfully obtained. Although the project
covered most of the essential steps involved in the development of a cosmetic active ingredient (from
extraction and biological screening to formulation) the biological evaluation of the final formulation
could not be performed within the timeframe of this study. Nevertheless, the comprehensive
physicochemical characterization achieved represents a solid and necessary foundation for future
investigations aimed at assessing biological efficacy, skin compatibility, and long-term safety of the

formulated product.

4.4 Materials and methods

44.1 Chemicals and materials

2,2-Diphenyl-1-picrylhydrazyl (DPPH), (#)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (Trolox), ascorbic acid, elastase from porcine pancreas (Type IV), N-Methoxysuccinyl-Ala-Ala-
Pro-Val p-nitroanilide (MAAPVN), Trizma®base, oleanolic acid, N,N-Dimethylformamide (DMF)
anydrous, Folin & Ciocalteu's phenol reagent, 3,4,5- Trihydroxybenzoic acid (gallic acid), sodium
carbonate, collagenase from Clostridium histolyticum Sigma Blend Type H, N-[3-(2 Furyl)acryloyl]-
Leu-Gly-Pro-Ala (FALGPA), tricine, calcium chloride dihydrate, sodium chloride, epigallocatechin
gallate (ECGC), hyaluronidase type I-S, hyaluronic acid sodium salt from rooster comb, albumin
from bovin serum (BSA), sodium phosphate monobasic, sodium phosphate dibasic, sodium acetate

anhydrous, acetic acid, phosphate buffered saline (PBS), kojic acid, dimethyl sulfoxide (DMSO), 3,4-
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Dihydroxy-L-phenylalanine (L-DOPA), potassium sorbate, citric acid/sodium hydroxide/hydrogen
chloride (buffer solutions for pH calibration curve), Sodium Dodecyl Sulfate (SDS) were all
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water (18 MQ) was prepared by a
Milli-Q purification system (Millipore, Bedford, MA, USA), while ethanol and methanol were
purchased from CARLO ERBA Reagents s.r.l. (Milan, Italy). Acetonitrile and formic acid were
purchased from Romil Chemicals (Cambridge, UK). High-glucose Dulbecco’s Modified Eagle
Medium (DMEM) with and without L-glutamine, fetal bovine serum (FBS), 1% penicillin—
streptomycin (P/S), L-glutamine, 96-well and 48-well plates were purchased from EuroClone (Pero,
Italy). Sunflower oil (commercial food grade Fruit d’Or) was acquired from a local retail market
(Orléans, France) and used without further purification, whereas plum oil and glycerin were
acquired from AromaZone (Paris, France). VIVAPUR® CS TEX EASY, VITACEL® CS5 Apple
powder and VITACEL® CF312 Citrus powder were kindly provided by JRS Retteinmaier

(Rosenberg, Germany).

4.4.2 Plant material

Samples of different portions of Ghaf, including twigs, roots, leaves, and bark were harvested in
September 2022 from multiple individuals in the United Arab Emirates. Flower and fruits were not
collected, as these tissues were not available at the time of sampling. Each type of plant material was
pooled by type and immediately freeze-dried after collection. The dried samples were homogenized
using a Grindomix GM 200 knife mill (Retsch, Haan, Germany) and sieved (300-600 um; Retsch AS
200) to obtain powders with uniform particle size distribution. However, a unified extraction
approach was adopted to streamline the workflow and support future scale-up. Accordingly, after
lyophilization, mechanical homogenization, and maceration of each plant component, the powders
were combined into a single matrix representative of the whole plant. A final mass of 1 g was
prepared (Table 4.6) by mixing the individual fractions in proportions reflecting their relative
abundance in the sampled plant material (based on the dry weight obtained for each part). This

whole-plant matrix was subsequently used for all extraction procedures reported in this study.
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Table 4.6. Percentage and weight of final Ghaf unified powder.

Total weight (g) of Percentage of each Weight of each portion
Plant portion
obtained powders portion on total (%) (g) used
Twigs 3.77 8.2 0.082
Roots 7.43 16.2 0.162
Leaves 32.01 70.0 0.700
Bark 2.53 5.5 0.055
Total 45.74 100 1

44.3 Sample preparation and extraction

The whole-Ghaf plant matrix (comprehensive of twigs, roots, leaves, and bark) thus obtained was
subjected to ultrasound-assisted extraction using an ElmaSonic S 30H ultrasonic bath (Elma
Schmidbauer GmbH, Singen, Germany). A 50% aqueous ethanol solution (v/v) was selected as
extraction solvent due to its balanced polarity and established suitability for recovering a wide
spectrum of bioactive metabolites, including phenolics (which are well known for their antioxidant
properties) [28] [29], while maintaining low toxicity for subsequent biological assays [30] [31]. For
the extraction, 1 g of plant powder was mixed with 40 mL of solvent (solid-to-solvent ratio 1:40, w/v)
in a 50-mL polypropylene tube, which is commonly applied in metabolite profiling studies [32].
Ultrasonic extraction was performed at 25 °C for 15 min. To ensure exhaustive recovery of soluble
compounds, the process was repeated several times with fresh solvent until colorless supernatant
was obtained. After each cycle, the sample was centrifuged at 3112 x g for 5 min using a ROTINA
380R centrifuge (Hettich Zentrifugen, Germany), and the resulting supernatant was clarified by
filtration through Whatman No. 1 filter paper (pore size 7-12 um). The combined filtrates were then
concentrated under reduced pressure at 40 °C using a Hei-VAP Core rotary evaporator (Heidolph,
Germany) to remove ethanol. The aqueous residue was reconstituted in Milli-Q water and subjected
to a second clarification step by centrifugation at 2375 x g for 10 min to isolate the water-soluble
fraction. The resulting supernatant was subsequently lyophilized using an Alpha 1-4 LSCplus freeze

dryer (Christ, Germany) to obtain dry extract for further characterization. The extraction yield was
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determined by calculating the ratio of the weight of dried extract obtained to the initial weight of

dried plant material powder and expressed as a percentage.

4.4.4 Extract characterization

The chemical characterization of Ghaf extract was performed in negative mode using a Thermo
Scientific Vanquish UPLC system coupled with an Orbitrap Exploris 120 mass spectrometer
(Thermo Scientific, Waltham, Massachusetts, USA). The compounds were separated using a 100 x
2.1 mm, 2.6 um biphenyl column (Phenomenex, Torrance, California, USA). The mobile phase
consisted of 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B) at a
flow rate of 0.4 mL min-1. The following gradient was used: 5% B (0-1 min), 5-30% B (1-7 min), 30-
60% B (7-15 min), 60% B (15-18 min), 60-95% B (18-28 min) with 5 minutes of washing (95% B) and 5
minutes of equilibration (5% B) after each run. The injection volume was 5 pL for each analysis and
the column was set to 30°C. For positive ion mode, the spray voltage was set to 3400 V, while for
negative ion mode it was set to —2500 V. The flow rates of the sheet gas and the auxiliary gas were
set to 40 and 10 arb, respectively. The flow rate of the sweep gas was set to 2 arb. The ion transfer
temperature was set to 325 °C and the vaporizer temperature to 350 °C. The full scan resolution was
set to 60,000 with a scan range of m/z 100-1200 and the ddMS? resolution to 45,000. The dynamic
exclusion duration was set to 8 seconds, with an intensity threshold of 4 x 105, and the collision
energy was normalized to 30%. Metabolite identification followed the Metabolomics Standards
Initiative (MSI) guidelines, which define three confidence levels indicated in the “IL” column
of Table 4: Level 1 (IL1): compounds were unequivocally identified by comparison with authentic
reference standards (retention time, MS/MS spectrum, and exact mass); Level 2 (IL2): tentative
identifications were assigned based on matches between experimental MS/MS spectra and literature
data or spectral libraries (e.g., GNPS, MassBank); Level 3 (IL3): compounds were classified by
spectral similarity to known chemical families and supported by taxonomic evidence. Level 4 (IL4):

unknown compounds.

44.5 Antioxidant capacity and Phytochemical content

4.4.5.1 DPPH Radical Scavenging Assay

The antioxidant capacity (AOC) of the Ghaf extract was quantified using the 1,1-diphenyl-2-

picrylhydrazyl (DPPHe) radical scavenging assay. The extract was dissolved in ultrapure water and
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tested over a concentration range of 1.25-20 pg/mL, while Trolox (0-75 pM) was used as calibration
standard starting from a 5 mM stock solution in methanol, subsequently diluted to generate working
standards. Ascorbic acid solution in ultrapure water was included as a positive control. A fresh 150
uM DPPHe solution was prepared in ethanol immediately before each experiment and protected
from light due to the reagent’s photosensitivity. All reactions were carried out in 96-well plates. For
each measurement, 10 pL of sample, Trolox standard, or ultrapure water (blank) were added to 190
uL of the operative DPPH solution, reaching a final reaction volume of 200 uL. Plates were then
incubated for 30 min at room temperature, under gentle orbital shaking (70 rpm) and protected from
light. After incubation, absorbance was recorded at 517 nm using EnSight Multimode Microplate

Reader (PerkinElmer, Waltham, MA,USA).

DPPH scavenging activity (%) was calculated after blank correction using the following equation
(10):

DPPH scavengig activity% = (1 - %) * 100 (10)

0

where A, corresponds to the absorbance of the zero-Trolox standard (0 uM), and Asample corresponds
to the absorbance of the tested sample or Trolox concentration. A Trolox calibration curve was
constructed by plotting the overmentioned activity % versus Trolox concentration (uM), yielding

the equation (11):
Y = 0.979x + 3.0218 (R? — 0.9791) (11)

The antioxidant activity of the Ghaf extract was then converted into Trolox Equivalent Antioxidant
Capacity (TEAC), by interpolating the scavenging activity of sample on the Trolox standard curve

according to the following equation (12):

(DPPH scavenging activity %sample— intercept)

TEAC (WM TX) = (12)

slope

where slope and intercept correspond to the linear regression parameter of the Trolox calibration
curve. To normalize the antioxidant activity to the amount of tested material, TEAC values were
further expressed as pmol Trolox equivalents per gram of extract (TE/g), by dividing the

interpolated TEAC values by the corresponding extract concentration tested (g/L). This
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normalization allows direct comparison of antioxidant capacity independently of the tested

concentration.

4.4.5.2 Total phenolic content (TPC)

The total phenolic content of the Ghaf extract was quantified using the Folin—Ciocalteu method
described by Dewanto et al. [33] in 48-well microplate-adapted, with minor modifications. The
extract was solubilized in 80% methanol with sonication, and 62.5 uL of the resulting solution were
added to each well, together with 250 uL of ultrapure water, yielding final extract concentrations
ranging from 7.8 to 62.5 ug/mL. Wells containing water instead of extract served as negative
controls. Subsequently, 62.5 uL of Folin-Ciocalteu reagent (2 N) were added, and the mixture was
incubated for 5 min at room temperature. Then, 62.5 uL of 7% (w/v) sodium carbonate were added
to initiate color development. Plates were incubated 90 min at room temperature in the dark, after
which absorbance was measured at 760 nm using a microplate reader. A standard calibration curve
was generated using gallic acid dissolved in 80% methanol at final concentrations of 0.24, 0.49, 0.98,

1.95,3.91, 7.81, and 15.63 ug/mL, yielding the equation (13):
Y = 0.1071X + 0.0991 (R? = 0.9998) (13)

Total phenol content was expressed as micrograms of gallic acid equivalents per milligram of extract
(ug GAE/mg). Values are expressed as mean + standard deviation of two independent experiments,
each in technical triplicate. The assay relies on the reduction of the Folin-Ciocalteu reagent by
phenolic compounds under alkaline conditions, producing a blue molybdenum-tungsten complex

quantifiable spectrophotometrically.

4.4.6 Invitro enzymatic inhibition assays
4.4.6.1 Elastase inhibition assay

The inhibitory activity of the Ghaf extract against elastase (a serine protease involved in the
degradation of elastin, a key component of the extracellular matrix) was evaluated using the
following optimized spectrophotometric assay. The method is based on the ability of pancreatic
porcine elastase to hydrolyze the synthetic chromogenic substrate N-Methoxysuccinyl-Ala-Ala-Pro-
Val p-nitroanilide (MAAPVN), releasing p-nitroaniline (pNA), which can be quantified by

measuring absorbance at 410 nm. A stock solution of MAAPVN (25 mg/mL) was prepared in
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dimethylformamide (DMF) and subsequently diluted in Tris-HCI buffer (50 mM, pH 8.0) to obtain
the working substrate solution (1.328 mg/mL). Porcine pancreatic elastase was prepared at a
concentration of 0.375 U/mL in the same buffer. Assays were performed in 96-well microplates by
mixing 10 puL of Ghaf extract aqueous solution with 20 uL of enzyme solution and 120 uL of buffer,
resulting in final extract concentrations ranging from 12.5 to 400 pug/mL. The mixture was pre-
incubated for 15 min at room temperature to allow interaction between the enzyme and the extract.
Subsequently, 50 uL of the working substrate solution were added to initiate the reaction. After 15
min, absorbance at 410 nm was recorded using a microplate reader. Elastase activity (%) was
calculated by comparing the absorbance of extract-treated wells with that of enzyme controls

(without inhibitor). Oleanolic acid (OA) was included as a positive control.

4.4.6.2 Collagenase inhibition assay

The inhibitory activity of the Ghaf extract against collagenase was assessed using the following
optimized microplate-based assay. The assay quantifies the ability of the extract to inhibit
Clostridium histolyticum collagenase (ChC), which catalyzes the cleavage of the synthetic peptide N-
[3-(2-furyl)acryloyl]-Leu-Gly-Pro-Ala (FALGPA). Hydrolysis of FALGPA results in a decrease in
absorbance at 335 nm, enabling spectrophotometric monitoring of residual non-cleaved substrate.
In a 96-well microplate, 30 uL of Ghaf extract aqueous solutions at concentrations ranging from 0.05
to 1.08 mg/mL were mixed with 20 uL of FALGPA 2mM, previously diluted in methanol from a
4.1971 mM stock, in 60 pL of assay buffer (50 mM tricine, 10 mM CaCl,, 400 mM NaCl, pH 7.5). The
plate was immediately placed in the microplate reader pre-equilibrated at 37°C, and the absorbance
at 335 nm was recorded to determine the value corresponding to 0% activity (substrate in the absence
of enzyme). Collagenase was then added by dispensing 10 uL of enzyme solution (1 U/mL in cold
water, freshly prepared immediately before use) into each well. Following a 20 min incubation at
37°C, the absorbance at 335 nm was measured again. Enzymatic activity (%) was calculated by
comparing the decrease in absorbance in extract-treated wells with that observed in enzyme-only

control wells. Epigallocatechin gallate (EGCG) was used as positive control.

4.4.6.3 Hyaluronidase inhibition assay

The inhibitory effect of the Ghaf extract on hyaluronidase activity was evaluated using the following
optimized turbidimetric assay. Hyaluronidase catalyzes the hydrolytic degradation of hyaluronic
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acid (HA), a key glycosaminoglycan responsible for maintaining skin hydration, viscoelasticity, and
structural integrity. In this assay, the remaining non-degraded HA reacts with an acidic bovine
serum albumin (BSA) solution to form an insoluble precipitate whose turbidity is proportional to
the amount of intact HA and can be quantified at 600 nm. 5 uL of Ghaf extract aqueous solutions
were added to wells of a 48-well microplate and mixed with 100 uL of hyaluronidase type I-S (15
U/mL prepared in 20 mM sodium phosphate buffer containing 77 mM NaCl and 0.01% BSA, pH
7.0), yielding to Ghaf extract final concentrations ranging from 3.7 to 66 pug/mL. After a 10 min pre-
incubation at 37 °C to allow interaction between the enzyme and the extracts, 100 pL of HA substrate
solution (0.03% w/v dissolved in 300 mM sodium phosphate buffer, pH 5.35) were added to each
well, followed by a 45 min incubation at 37°C. The reaction was terminated by adding 1 mL of acid
albumin reagent (0.1% BSA, 24 mM sodium acetate, 79 mM acetic acid, pH 3.75). After a further 10
min incubation at RT, turbidity was measured at 600 nm using a spectrophotometric microplate
reader. Increased absorbance reflects higher levels of remaining HA and therefore higher inhibition
of hyaluronidase activity. Hyaluronidase activity (%) was calculated by comparing sample turbidity
with that of the control conditions, where 0% activity corresponds to the turbidity of HA incubated
in the absence of enzyme, and 100% activity corresponds to HA fully hydrolyzed by the enzyme

(untreated condition). Oleanolic acid was used as positive control.

4.4.6.4 Human tyrosinase inhibition assay

Lyophilized Ghaf extract was dissolved in PBS and serially diluted to obtain concentrations ranging
from 400 pg/mL to 0 ug/mL. Kojic acid (1.4 mg/mL to 0 mg/mL) was used as a positive control. Then,
20 pL of each Ghaf extract dilution (in PBS) and positive control (in DMSO) were dispensed in
triplicate into a 96-well plate. The MNT-1 human melanoma cell line (highly pigmented) was lysed
with PBS containing 0.1% Triton X-100. Subsequently, 90 puL of the MNT-1 lysate, diluted to 5 x 10°
cells/mL in PBS, was added to each well. For blank controls (no-enzyme condition), 90 uL of PBS
was added instead of lysate. Finally, 100 uL of L-DOPA substrate solution (4 mM in PBS) was added
to each well. Absorbance was recorded in kinetic mode every 30 min for 18h at 478 nm
(DOPAchrome formation) and 600 nm (eumelanin formation) by using Multiskan SkyHigh
Microplate Spectrophotometer (ThermoFischerScientific, MA,USA). Enzyme activity was expressed

as the percentage slope normalized to the untreated condition (no extract or positive control).
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4.4.7 Cell lines and Culture Conditions

The immortalized human keratinocyte cell line HaCaT was purchased from AddexBio Technologies
(San Diego, CA, USA), and the highly pigmented human melanoma cell line MNT-1 was kindly
provided by AgroParisTech, Chaire de Cosmétologie (Orléans, France). HaCaT cells were cultured
in high-glucose Dulbecco’s Modified Eagle Medium (DMEM, ECB7501, Euroclone, Pero, Italy)
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin-streptomycin (P/S),
and 2 mM L-glutamine. MNT-1 cells were maintained under the same conditions using DMEM
(Gibco, 42430-025), which contains L-glutamine as supplied by the manufacturer. All cell lines were

grown at 37 °C in a humidified incubator with 5% CO, and 95% air.

4.4.8 Cell viability assay

The cytotoxicity of Ghaf extract was investigated using the in vitro colorimetric MTS assay (CellTiter
96® AQueous One Solution Cell Proliferation Assay, Promega, Madison, WI, USA) on an immortalized
human keratinocyte cell line (HaCaT) following the manufacturer’s protocol. This assay detects the
mitochondrial cell activity, measuring the conversion of MTS by NADPH and NADH produced by
dehydrogenase enzymes in soluble formazan product, whose absorbance can be recorded at 490 nm.
Briefly, 5x10° cells in 100 pL of growth medium were seeded in a 96-well microplate. After an
incubation of 24 hours at 37°C in 5 % CO», the medium was removed and cells were treated with 9
extracts concentrations (0, 25, 50, 100, 140, 200, 270, 350 and 400 pg/mL). After 48 hours of incubation,
the treated medium was replaced and 20 pL of MTS solution were added. After 2 hours at 37°Cin 5
% COg2, formazan product was detected by using a microplate reader at 490 nm. Cell viability was
expressed as a mean percentage compared with the untreated cells and medium with MilliQ water

at the same concentration (10% v/v) of extract-treated wells was used as blank.

449 Statistical analysis

Statistical analyses were conducted using one-way analysis of variance (ANOVA) followed by
Tukey’s honest significant difference (HSD) post hoc test. Data are presented as mean values *
standard deviation (SD). All tests assumed normal distribution and the statistical significance was
considered when p < 0.05. Statistical analyses were performed by using GraphPad Prism (version

10.4.1).
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4.4.10 Development and characterization of cosmetic emulsions
4.4.10.1 Cream formulation

Oil-in-water (O/W) Pickering emulsions (semisolid formulations) were formulated. The continuous
water phase, together with potassium sorbate used as preservative and glycerin as humectant was
prepared by mixing with a mechanical stirrer. A combination of vegetable oils (sunflower oil and
plum oil) was employed as the dispersed phase (oil phase). Specific natural Pickering stabilizers
were added in suitable phases according to their solubility. No heating step was applied during
formulation. The water phase was gradually added to the oil phase, and emulsification was
performed for 3 minutes at 10,000 rpm using the high-shear homogenizer POLYTRON® PT 10-35GT
(Kinematica, AG, Switzerland). This procedure was followed for each emulsion, except for the ones
involving VIVAPUR® CS TEX EASY that required a little adjustment. Specifically, this powder was
pre-activated in water at 2000 rpm by using Hei-TORQUE Core mechanical stirrer (Heidolf,
Schwabach, Germany). After a resting period of 15 minutes, the water phase was completed by

adding the humectant and the preservative.
4.4.10.2 Development of base emulsion
4.4.10.2.1 Selection of ingredients

For the preliminary trials, water, glycerin, and potassium sorbate were selected as the water phase,
while sunflower oil and plum oil were used as the oil phase. This formulation framework was
adopted to explore different natural powders as potential Pickering stabilizers. Each emulsion was
prepared following the procedure described in the section above, with VITACEL® CS5 Apple
powder and VITACEL® CF312 Citrus powder added to the oil phase, and VIVAPUR® CS TEX EASY

added to the water phase. The specific emulsions composition is summarized in Table 4.7.
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Table 4.7 Composition (% w/w) of emulsions containing different powders as possible Pickering stabilizers;

C: VITACEL® CF312 Citrus powder, A: VITACEL® CS5 Apple powder, V: VIVAPUR® CS TEX EASY and their

corresponding combinations.

Ingredient Phase C+A C V+A v
Demineralized water Water 73.88 73.88 74.88 74.88
Glycerin Water 5 5 5 5
Potassium sorbate Water 0.2 0.2 0.2 0.2
VIVAPUR” CS TEX EASY Water - - 3 4
Sunflower oil Oil 8.17 10 10.5 10.5
Plum oil Oil 4.08 5 5.5 55
VITACEL® CF312 Citrus powder Oil 2.67 6 - -
VITACEL® CS5 Apple powder Oil 6 - 1 -

4.4.10.2.2 Design of experiment (DoE)

A response surface model, specifically a Central Composite Rotatable Design (CCRD), with two
central points was generated using JMP statistical software (SAS Institute Inc., Cary, NC, USA). The
concentration of VIVAPUR® CS TEX EASY (3-8% w/w) and the oil concentration (10-40% w/w) were
selected as continuous factors (x variables). The response variable (y) was emulsion stability,
assessed by physical stability measurements performed with Turbiscan analyzer. The software
generated ten different combinations of the two independent variables (Figure 4.15). Each
formulation was prepared and analyzed, and the resulting stability values of backscattering value

at time zero (BSo) were used to build a predictive linear regression model.
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Figure 4.15. Graphical representation of the ten combinations VIVAPUR® CS TEX EASY % (X1) and Oil % (X2)
generated by JMP statistical software according to Central Composite Rotatable Design (CCRD). “~” and “+”
represent the lower and upper limits of the defined ranges, “a” and “A” correspond to axial points outside the

range, and “0” indicates the central value.
4.4.10.3 Ghaf extract formulations

A formulation study was conducted to evaluate the physicochemical stability of the selected base
emulsion containing the Ghaf extract obtained from hydroalcoholic extraction (50% EtOH/water).
An aqueous solution of Ghaf extract was prepared at a concentration of 2 mg/mL and used as active
ingredient. The extract solution was incorporated into the water phase at inclusion levels of 3%, 5%,
and 10% (w/w), corresponding to final extract concentrations in the formulation of 60, 100, and 200

ug/mL, respectively (Table 4.8) prior to emulsification with the oil phase.
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Table 4.8. Base emulsions (BE) percentage composition (% w/w) containing Ghaf extract as aqueous solution

(2 mg/mL) at 3, 5, and 10% (w/w), yielding final extract concentrations of 60, 100, and 200 pg/mL, respectively.

Ingredient Phase BE + Ghaf 3% BE + Ghaf 5% BE + Ghaf 10%
Demineralized water Water 82.52 80.52 75.52
Glycerin Water 5.00 5.00 5.00
Potassium sorbate Water 0.20 0.20 0.20
VIVAPUR® CS TEX

EASY Water 5.50 5.50 5.50

Ghaf solution 2mg/mL Water 3.00 5.00 10.00
Sunflower oil Oil 2.53 2.53 2.53
Plum oil Oil 1.26 1.26 1.26

Each emulsion was then characterized in terms of organoleptic properties, physical stability, pH,

accelerated stability, rheological behavior and droplet size distribution analysis.

4.4.10.4 Emulsions characterization

4.4.10.4.1 Organoleptic characteristics

Organoleptic properties of the emulsions, including appearance, odor, and color, were assessed

under standardized conditions (fixed lighting, location, and black background). Evaluations were

performed from immediately after preparation (to) up to 7 days of storage at room temperature. In

addition, BE and emulsions containing Ghaf extract solution as active were stored at 4 °C, 25 °C, or

45 °C, and visual inspections were conducted at predefined time points to monitor possible changes

in homogeneity, phase separation and color over time. Odor was evaluated by direct smelling, and

color was recorded for each sample.
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4.4.10.4.2 Physical stability

Physical stability was evaluated using a Turbiscan analyzer (Turbiscan™ LAB, Formulaction,
France). A fixed volume of each emulsion was transferred into transparent glass vials and analyzed
by static multiple light scattering. For the base emulsion (BE) and for emulsions containing the Ghaf
extract solution as active ingredient, Turbiscan measurements were performed immediately after
preparation (to) and after 1 h, 2 h, 24 h, 48 h, and 7 days. In addition, these samples were stored at 4
°C, 25 °C, and 45 °C, and analyzed at the same time intervals to evaluate their stability under
different temperature conditions. In contrast, emulsions C+A, V+A, V, and those prepared according
to the design of experiment (DoE) were analyzed only at room temperature immediately after
preparation (to), in order to assess their initial dispersion state and phase homogeneity. Stability was
assessed through the backscattering (BS%) profiles, plotted as backscattering intensity (%) as a

function of sample height (mm) along the vial.

4.4.10.4.3 pH determination

The pH was measured after 24h of preparation at RT using a pH meter 1100L (VWR Phenomenal,
Germany) calibrated with standard buffers at pH 4.0, 7.0, and 9.0. The electrode probe was directly

immersed in the emulsion.
4.4.10.4.4 Centrifugation (accelerated stability) test

The accelerated stability of the ten emulsions prepared according to the design of experiment (DoE),
BE and emulsions containing Ghaf extract solution as active was assessed by centrifugation. Around
each 10 g of each emulsion was transferred into a Falcon tube and centrifugated at 4000 rpm for 30
minutes at 25°C. Phase separation or the appearance of distinct layers was evaluated visually after

centrifugation.
4.4.10.4.5 Rheological behavior

Rheological properties of BE and emulsions containing Ghaf extract solution were studied using a
Discovery HR-10 rheometer (TA Instruments, DE, USA) by placing each sample between a 40 mm
diameter sandblasted plate. Two types of measurements were performed at 25°C: flow sweep
analysis by setting shear rate ranging from 0.01 to 1000 s™! to measure the viscosity profile and strain

sweep oscillatory test performed at a fixed frequency of 1 Hz, with strain ranging from 0.01% to
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1000% to investigate linear viscoelastic region (LVR) limits. For both analyses, samples were allowed

to equilibrate for 3 minutes prior to measurement.
4.4.10.4.6 Droplet size distribution analysis

Droplet size distribution was measured for BE and emulsions containing Ghaf extract solution by
using a SALD-2300 laser diffraction granulometer equipped with the SALD-MS23 Flow Cell with
Sampler mode (Shimadzu, Japan). For each test, 2 g of emulsion were dispersed in either 18 g of
water or 1% (w/v) SDS solution under magnetic stirring at room temperature for ~30 minutes until
homogeneous dispersion was achieved. The suspension was then introduced dropwise into the flow
cell. Measurements were conducted using the Fraunhofer optical model, suitable for micron-sized
samples with unknown refractive indices (set to 3.00 — 0.20i). Each sample was analyzed in triplicate,
at a light intensity corresponding to an absorbance of ~0.07. The software returned normalized
droplet size distributions (um), along with mean, mode, median, standard deviation, and D90

percentiles.
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5 Phytochemical composition of A. marina extracts and

investigation of antioxidant and in vitro cytotoxic potential

This chapter was adapted and modified from the following published work:

Cerri, F.*, De Santes, B.*, Spena, F.*, Salvioni, L., Forcella, M., Fusi, P., Pagliari, S., Stahl, H., Galli, P., Colombo,
M., Giustra, M., Campone, L. (2025). Phytochemical profiling, antioxidant activity, and in vitro cytotoxic
potential of Mangrove Avicennia marina. Pharmaceuticals, 18(9), 1308, *equal contribution.

5.1 Abstract

Avicennia marina (Forsk.) Vierh., a widely distributed mangrove species, is known for its diverse
secondary metabolites with potential pharmacological applications[1]. Despite its dominance in the
Arabian Gulf, where A. marina may have adapted to extreme environmental conditions with a
distinct set of bioactive molecules, research in this region remains limited. Even though A. marina
was initially selected together with Ghaf as potential natural anti-aging ingredients for this PhD
project, the results obtained from preliminary screening did not justify pursuing the same
formulation-driven development pathway adopted for Ghaf. Consequently, a parallel
bioprospecting-oriented strategy was undertaken to further valorize A. marina by exploring

alternative biological applications.

Therefore, this chapter is focused on the investigation of the phytochemical composition, antioxidant
activity, and in vitro cytotoxicity of extracts from different plant parts, including roots, leaves,
propagules, pericarps, and cotyledons, collected in the United Arab Emirates. Extracts were
analyzed using ultra-pressure liquid chromatography coupled with high-resolution mass
spectrometry (UPLC-HRMS). Antioxidant activity was assessed using DPPH and ABTS assays,
while cytotoxicity was evaluated against human cancer and normal cell lines. Analysis revealed 49
compounds, including iridoid glycosides, hydroxycinnamic acids, phenylethanoid glycosides,
flavonoid glycosides, and triterpene saponins, several reported for the first time in A. marina and
mangroves. The pericarp and root extracts exhibited the highest scavenging activity (DPPH: 187.14
+2.87 and 128.25 + 1.12; ABTS: 217.16 + 2.67 and 147.21 + 2.42 umol TE/g, respectively), correlating
with phenylethanoid content. The root extract also displayed the highest cytotoxicity, with ICso
values of 58.46, 81.98, and 108.10 pg/mL against MDA-MB-231, SW480, and E705, respectively. In

silico analysis identified triterpene saponins as potential contributors. Overall, these findings
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highlight A. marina, and particularly its root extract, as a promising source of bioactive compounds
with antioxidant and anticancer potential, supporting its further investigation as a reservoir of novel

therapeutic candidates beyond cosmetic applications.

5.2 Results
5.2.1 Characterization of Avicennia marina extracts

This characterization was kindly performed in collaboration with the FoodNutraLab Research Group of the

University of Milano-Bicocca.

To investigate the bioprospecting potential of A. marina from the Arabian Gulf, a comprehensive
UHPLC-ESI-HRMS analysis was performed on hydroalcoholic extracts obtained from different
plant portions. Roots, leaves, cotyledons, pericarps, and propagules of A. marina displayed distinct
metabolite profiles. The chromatographic profiles of the extracts are provided in Supplementary
informations (Figure §1.1-S1.5), and the list of tentatively identified compounds is shown in Table
5.1, along with their corresponding identification level (IL), which reflects the confidence of
compound annotation based on MSI guidelines (Section 5.5.4). For compounds assigned to IL2, the
identification relied on comparisons of MS/MS fragmentation data with published spectra from the
literature or spectral databases. The specific references used to support each IL2 assignment are

included directly in the table.

Table 5.1. UHPLC-ESI/HRMS data of compounds detected in Avicennia marina extracts. The main fragmention

for each compound is indicated in bold.

RT
No. [M-H]- Formula A ppm MS/MS Name Class Part IL Ref.
(min)
665.2134, 485.1499,
701.1893 Cotyledons/pericarps
1 058 C24Ha2021 -2.1677 443.1393, 383.1182,  Stachyose  Tetrasaccharides 1.2 2]
_ /propagules/roots
(M+cll 3411075, 179.0549
Tricarboxylic
2 099 191.0188 CsHsO7 6.3850 111.0073 Citric acid Cotyledons/pericarps  IL2 [3]
acids
211.0605, 167.0700, Leaves/cotyledons/pe
Geniposidic
3 387 373.1139 CisH22010 0.3221 149.0597, 123.0440, Iridoid glycosidesricarps/propagules/ro  IL2 [4]
acid
105.0333 ots
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Hydroxycinnami
191.0551, 179.0339, Caffeoylquinic
4 403 353.0875 CisHisOs 0.8633 c acids and Roots L2 [5]
161.0233, 135.0439  acid isomer

derivatives
213.0756, 169.0857,
Mussaenosidic Leaves/cotyledons/pe
5 4.05 3751291 CieH24010 1.5167 151.0753, 133.0644, Iridoid glycosides L2 [6]
acid ricarps/propagules
125.0595, 107.0490
213.0747, 169.0854,
151.0748, 133.0644, (Epi)loganic
6 433 3751285 CisH24O10 3.1119 Iridoid glycosides Leaves IL2 [6]
125.0591, 113.0230, acid
107.0484
179.0334, 161.0228, Phenylethanoid
7 453  487.1451 C2xH2s013 1.2588 Cistanoside F Pericarps L2 [7]
135.0435 glycosides
179.0335, 165.0389,
8 480 327.0715 C1aHi1609 1.9983 147.0283,135.0434, Unidentified - Leaves
105.0178
191.0550, 179.0337, Hydroxycinnami Leaves/cotyledons/pe
Caffeoylquinic
9 509 353.0871 CisHis09 —-3.0904 173.0442, 161.0232, cacidsand  ricarps/propagules/ro  IL2 [5]
acid isomer
135.0439, derivatives ots
209.0635, 179.0337, Hydroxycinnami
Caffeoyl
10 547  371.0982 CisHisO11 -8.7858 161.0228, 135.0435, c acids and Leaves 1L2 [47118]
hexaric acid
129.0178 derivatives
275.0218, 167.0338,
Ci1sH200m1
11 5.60  443.0655 —-0.3243 152.0105, 123.0440, Unidentified - Roots
S
108.0204
235.0963, 191.1062,
Flavonoid
12 565 415.1603 Ci9Hzs010 1.6114 173.0958, 149.0953, Icariside D1 Leaves L2 [48][9]
glycosides
137.0590, 101.0226
621.1807, 529.1554,
459.1488, 251.0549, Suspensaside Phenylethanoid
13 593  639.1964 C29H36016-5.2193 Pericarps/roots IL2  [10][11]
179.0337, 161.0232, isomer glycosides
151.0387
621.1807, 529.1554,
459.1488, 251.0549, Suspensaside Phenylethanoid
14 595 639.1964 C29H36016-5.2193 Pericarps/roots L2 [10][11]
179.0337, 161.0232, isomer glycosides
151.0387
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493.1708, 375.1275,

323.0758, 213.0752,
Hydroxycinnami
179.0334, 169.0854,
15 6.14 5371628 C2sH30013 -2.6672 Grandifloroside  cacid and Leaves 1.2 [12]
161.0230, 151.0750,
derivatives
135.0435, 125.0593,

107.0486

383.0758, 311.0549,
16 633  619.1644 C29Hsz2015 3.9407 Unidentified - Pericarps/roots
267.0646

621.1817, 529.1554,
459.1493, 251.0549 Suspensaside Phenylethanoid

17 641  639.1929 Cx9Hs6O16 0.2477 Roots IL2  [10][11]
179.0338, 161.0236, isomer glycosides

151.0385

357.1176, 169.0854,

163.0385, 151.0749,
Leaves/cotyledons/pe
18 6.65  521.1658 CasHsz0012 1.2446 145.0280, 125.0591, Marinoid C Iridoid glycosides ) 1L3 [13]
ricarps
119.0486, 117.0329,

107.0486

621.1822, 459.1499,
Suspensaside Phenylethanoid
19 6.65 653.2091 C29H34017 9.55333 179.0338, 161.0234, Roots IL2 [10][11]
methyl ether glycosides
151.0388, 135.0437

Verbascoside

461.1657, 161.0233, Phenylethanoid Leaves/pericarps/root

20 6.79 623.1981 C29H3¢015 0.0705 (acteoside) IL2 [14]
113.0283 glycosides S
isomer

301.0324, 300.0264, Quercetin 3-O- Flavonoid [15][16]
21 69 463.0874 C21H20012 1.7229 Roots IL2

271.0235, 255.0285 hexoside glycosides [17]

621.1824, 459.1499,
[-ethyl-OH-  Phenylethanoid
22 7.02 6672239 CsiHwxO1s 0.6864 179.0338, 161.0235, Pericarps L2 [18][19]
verbascoside glycosides
151.0386, 135.0436

Verbascoside
Phenylethanoid Leaves/pericarps/root
23 711  623.2001 CHs36O15-3.1336 461.1661, 161.0235,  (acteoside) 1L2 [25]
glycosides s
isomer
461.1652, 179.0337, Phenylethanoid [49,50][
24 721  621.1838 C29H34015-2.0992 Suspensaside A Roots L2
161.0233, 151.0387 glycosides 10][11]
Kaempferol-3- Flavonoid
25 721  461.0718 CxuHisOn 1.6222 285.0391 Leaves L2 [20]

O-glucuronide glycosides
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26

721

681.2063

C31H3s017 -3.9236

519.1708, 490.1321,
181.0129, 179.0334,
161.0230

Unidentified - Pericarps

27

7.3

447.0926

C21H20011 1.5287

327.0494, 285.0648,
284.0315, 255.0288,
227.0338, 151.0013

Kaempferol 3-

Flavonoid [16][21]

Roots IL2

O-glucoside glycosides [22][23]

28

7.40

623.1658

CasH32016 —6.4750

315.0494, 314.0421,
300.0258, 299.0187,
271.0234

Isorhamnetin-

3-O-rutinoside

Flavonoid

Leaves/pericarps L2 [24]

glycosides

29

7.40

491.0828

C22H20013 0.6385

315.0499, 300.0264

Isorhamnetin

Flavonoid

Leaves 1L2 [25]

glucuronide glycosides

30

7.51

535.1477

Ca25H2s013 —=3.7032

329.1021, 179.0338,
161.0232, 149.0595,
135.0438

Unidentified - Leaves/Pericarps

31

7.51

477.1036

C22H2:012 -5.1250

315.0467, 314.0420,
285.0392, 271.0236,
257.0441, 243.0286,

Isorhamnetin 7-

Flavonoid

Leaves 1L2 [25]

glucoside glycosides

32

7.61

471.1874

C22H32011 -0.4545

287.1273, 263.1278,
219.1379, 201.1273,
186.1036, 147.1166

Unidentified - Pericarps

33

7.86

519.1143

C24H24013 0.2199

315.0472, 314.0423,

299.0186, 285.0383,

271.0236, 257.0443,
243.0286

Unidentified - Leaves

34

7.90

553.1556

CasH30014 1.2256

329.1021, 197.0445,
182.0206, 153.0454,
149.0596, 131.0489,

Cotyledons/pericarps

Marinoid D Iridoid glycosides IL3 [13]

/propagules/roots

35

7.95

505.1757

Ca2sH29011 0.2000

357.1184, 213.0757,
195.0650, 169.0857,
151.0753, 147.0439,
125.0596, 113.0230,
107.0487, 103.0539

Marinoid A Iridoid glycosides Leaves IL3 [13]

36

8.03

519.1505

Ca2sH28012 0.5766

313.1072, 295.0961,

163.0388, 149.0596,

145.0282, 131.0490,
119.0487

Leaves/cotyledons/pe
Unidentified -
ricarps/roots
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300.0589, 299.0554, Diosmetin 7- Flavonoid
37 8.03 475.0887 C22H20012-1.0510 Leaves 1L2 [26]
285.0358, 284.0318.  glucuronide glycosides
343.1176, 325.1064,
193.0495, 175.0387, Leaves/cotyledons/pe
38 824 549.1616 Ca26Hs30013-0.4279 Unidentified -
149.0595, 134.0360, ricarps/roots
131.0489
179.0333, 161.0234, Phenylethanoid
39 836 591.2119 C29H36013 —6.0539 Jionoside C Pericarps L2 [27]
133.0282, 113.0228 glycosides
Unknown
Triterpene
40 862 8254276 CuHeO16 0.2536 663.3744, 601.3735  triterpene Roots IL3  [28][29]
saponins
saponin
193.0485, 183.1010,
41 870  539.2152 C26H36012-3.3318 175.0382, 149.0591, Unidentified - Leaves
131.0485, 121.0642
193.0485, 185.1166,
42 880 541.2285 C26Hs3s012 1.0147 175.0382, 149.0591, Unidentified - Leaves
131.0485, 121.0642
Unknown
663.3744, 601.3735, Triterpene
43 8.88  825.4285 Ca2HecO16 -0.8354 triterpene Roots IL3  [28][29]
487.3421 saponins
saponin
Trihydroxy-

285.0345, 284.0313,
44 897  299.0546 CicH1206 5.0379 methoxyflavon Flavones Leaves 1L2 [30]
256.0363, 227.0334
e

Medicoside G
(medicagenic Triterpene
45 899 8254273 Ca2HesO16 0.6166 663.3744, 601.3735, Roots IL2  [28][29]
acid 3,28-di- saponins
glucoside)

Esculentoside C
689.3884, 647.3788, Triterpene  Cotyledons/pericarps
46 908 809.4316 CiHesOs 1.5979 (phycolaccosid L2 [31][32]
629.3680, 585.3786 saponins /propagules/roots
eD)

281.1170, 195.0649,
47 930 505.1711 C2sH300u 0.8600 151.0750, 147.0438, Unidentified - Leaves
133.0645, 107.0486

279.1010, 253,0854,

48 9.38 503.1572 Ca2sH2s011 —2.6077 Unidentified - Leaves/pericarps

209.0954, 195.0647,
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147.0437, 131.0486,
103.0536
Azukisaponin Triterpene
49 954  809.4342 CiHesO1s-1.6102 647.3797, 471.3469 Roots L2  [33]

I saponins

Analysis detected a total of 49 compounds across all plant parts. Triterpene saponins are a
heterogeneous secondary metabolite consisting of a terpene-based aglycone linked to one or more
sugar chains, commonly glucose (=162 Da), glucuronic acid (-176 Da), and pentoses (-146 Da) [34].
For example, compound 49, which has an m/z of 809.4342 and a molecular formula of C42H66015,
displayed characteristic MS/MS fragments at m/z 647.3797 [M-H-162] and 471.3469 [M-H-162-176],
corresponding to sequential losses of sugar moieties. Based on this fragmentation and the molecular
formula, it was identified as Azukisaponin III. Using similar fragmentation patterns, compounds 40,
43, 45, and 46 were also assigned as triterpene saponins[28], [29], [31], [32], [33]. Phenylethanoid
glycosides are often based on (-D-glucosides of 2-phenylethanol, often with a-L-rhamnose (Rha)
substitution at C-3' of the glucose, resembling variants of verbascoside [35]. Simple phenylethanoid
glycosides such as acteoside, isoacteoside, and plantamajoside exhibit similar fragmentation
patterns in MS/MS experiments. These are characterized by neutral losses of 162, 152, or 146 m/z,
which are associated with the presence of caffeic acid, glucose, rhamnose, and the phenethanol
aglycone. Diagnostic fragment ions at m/z 179, 161, and 135 indicate the presence of caffeoyl,
anhydroglucose, and anhydrophenethanol. Additionally, losses of water (—18 Da) or CO2 (44 Da)
are frequently observed [36]. Based on this information, the compounds 7, 13, 14, 17, 20, 22, 23, 24,
and 39 belonged to the phenylethanoid glycosides group. Flavonoid glycosides are a group of
secondary metabolites that are widely distributed throughout the plant kingdom. Depending on the
bond of the sugar portion, they are divided into O-glycosides or C-glycosides and can be
distinguished by their unique MS/MS fragmentation spectra, which depend on the nature of the
sugar fraction. Generally, C glycosides exhibit neutral losses of 30, 90, and 120 Da for hexose sugars;
74 and 104 Da for deoxyhexose sugars; and 60 Da for pentose sugars. In contrast, O-glycosides
exhibit neutral losses of 162 Da (hexose sugars), 176 Da (glucuronic acid), 146 Da (deoxyhexose
sugars), and 132 Da (pentose sugars) [37]. Based on this information, compounds 12, 21, 25, 27, 28,

29, 31, and 37 were identified as O-glycosides. Iridoid glycosides exhibit distinct fragmentation
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patterns that depend on the structure of the aglycone ring, the presence of functional groups, and
the degree of unsaturation. Typically, a neutral loss of 162 Da is observed, corresponding to the
breakage of the bond with the glucoside fraction. Subsequently, the formation of fragments due to
the loss of water (18 Da) and the carboxyl group (44 Da) is also observed, together with characteristic
fragments resulting from aglycone ring cleavage. Peak 3 with m/z 373.1139 and molecular formula
C16H22010 was identified as geniposidic acid based on its MS/MS spectrum. Fragment m/z
211.0605 corresponded to the loss of hexose sugar (162 Da), followed by the presence of fragments
m/z 167.0700 and 149.0597, reflecting subsequent losses of H20 (-18 Da) and CO2 (-44 Da),
respectively [38]. Furthermore, fragment 123.0440 is characteristic of the genistein ring. Based on the
different fragmentation patterns, compounds 5, 6, 18, 34, and 35 were identified as iridoid
glycosides. Tissue-specific profiling revealed clear metabolic differentiation among parts, with the
leaves containing the highest number of secondary metabolites (26), followed by the pericarps (23),
roots (23), cotyledons (10), and propagules (6). Notably distinct distribution patterns were observed
for specific classes of compounds across the different A. marina extracts. The results show that
triterpene saponins occur almost exclusively in the root extract (five in roots and only one each in
cotyledons, pericarps, and propagules; none in leaves). Phenylethanoid glycosides were
predominantly found in root and pericarp extracts (seven in each), with only two detected in leaves
and none in cotyledons and propagules. Flavonoid glycosides were mainly associated with leaf
extract (six in leaves, two in roots, one in pericarps, and absent in cotyledons and propagules). In
contrast, iridoid glycosides and hydroxycinnamic acid and derivatives showed a more uniform
distribution across all the extracts. Analysis confirmed several compounds previously reported in
A. marina, including caffeoylquinic acid, geniposidic acid, marinoid A, C, and D, acteoside, quercetin
3-O-hexoside, kaempferol 3-O-glucuronide, isorhamnetin-3-O-rutinoside, diosmetin 7-glucuronide,
and jionoside C [13], [39], [40], [41], [42] Additionally, cistanoside F and kaempferol 3-O-glucoside
were also detected, previously reported in other mangrove species but not in A. marina [43], [44]. To
our knowledge, several compounds such as mussaenosidic acid, (epi)loganic acid, caffeoylglucaric
acid, icariside D1, suspensaside, grandifloroside, suspensaside methyl ether, suspensaside A,
isorhamnetin glucuronide, isorhamnetin 7-glucoside, medicoside G, esculentoside C, and

azukisaponin III have been newly reported in mangrove species.
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5.2.2 Antioxidant activity
5.2.2.1 DPPH and ABTS assays

The antioxidant activity of A. marina extracts was evaluated using DPPH and ABTS assays, two
spectrophotometric assays widely used to assess the free radical scavenging activity of natural

compounds. The results are shown in Figure 5.1.

—
()]
—

(b)

DPPH scavenging activity (umol TE/g)
ABTS scavenging activity (umol TE/g)

Roots Cotyled Pericarps P Leaves Roots Cotyledons Pericarps  Propagules Leaves

Extracts Extracts

Figure 5.1. DPPH (a) and ABTS (b) radical scavenging activity of A. marina extracts expressed as pmol Trolox
equivalents per gram of sample matrix (umol TE/g). The bars represent the mean + standard deviation (SD)
from n = 3 independent experiments. Different lowercase letters indicate statistically significant differences

between extracts (p < 0.05).

The DPPH assay showed that the pericarp extract exhibited the highest radical scavenging activity,
with a Trolox equivalent antioxidant capacity (TEAC) value of 187.14 + 2.87 umol TE/g. This was
followed by the extracts of root (128.25 + 1.12 umol TE/g), cotyledon (58.23 + 3.49 umol TE/g), leaf
(65.12 £ 1.52 umol TE/g), and propagule (38.72 + 6.96 umol TE/g). Similarly, the ABTS assay (Figure
22.b) confirmed that the root and pericarp extracts exhibit high antioxidant activity compared to the
other parts of the plant. In fact, the pericarp extracts again displayed the highest TEAC value (217.16
+ 2.67 umol TE/g), followed by the root (147.21 + 2.42 umol TE/g), leaf (64.98 + 0.84 umol TE/g),
cotyledon (54.46 + 1.95 pumol TE/g), and propagule (32.23 + 2.53 umol TE/g) extracts.

5.2.2.2 Correlation Between Compound Classes and Antioxidant Activity

The pericarp and root extracts, which exhibited the highest antioxidant activity, are also the ones
that contain a high number of phenylethanoid glycosides, compared to the other extracts, which

may explain their higher activity. To explore the potential associations between the phytochemical
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composition of each extract and their antioxidant capacity, a Spearman correlation analysis was
performed between the number of compounds in each major chemical class and the measured
antioxidant activities (DPPH and ABTS assay) across the five plant-part extracts (n = 5) (Table 5.2).
The analysis revealed a significant positive correlation between the number of phenylethanoid
glycosides in the extracts and DPPH activity (o = 0.949; p = 0.014). ABTS activity showed a similar
trend, though the correlation did not reach statistical significance (o0 = 0.791; p = 0.111). Antioxidant
activity showed no statistically significant correlations with the number of other classes of
compounds, including flavonoid glycosides, iridoid glycosides, hydroxycinnamic acids and
derivatives, and triterpene saponins (all p > 0.05). Given the small sample size and the use of

compound counts (not concentrations), these associations should be considered exploratory.

Table 5.2. Spearman correlation coefficients (0) between the number of compounds per chemical class and the

antioxidant activity (DPPH and ABTS assays). Statistically significant correlations are indicated in bold (p

value < 0.05).
DPPH ABTS
Compound Class
o-Value p-Value p-Value p-Value

Iridoid glycosides -0.103 0.870 0.510 0.935
Hydroxycinnamic acid and derivatives =~ —0.112 0.858 0.224 0.718
Phenylethanoid glycosides 0.791 0.111 0.949 0.014
Flavonoid glycosides 0.205 0.741 0.574 0.322
Triterpene saponins 0.447 0.450 0.224 0.718

5.2.3 In Vitro Cytotoxic Activity

The cytotoxic effects of A. marina extracts (leaf, cotyledon, pericarp, propagule, and root) were
evaluated against a panel of human cancer cell lines using the MTT assay. Four concentrations (20,
60, 180, and 540 ug/mL) were tested on two colorectal cancer cell lines (SW480 and E705) (Figure
5.2) and three additional cancer cell lines: MDA-MB-231 (triple-negative breast cancer), U-87

(glioblastoma), and HeLa (cervical cancer) (Figure 5.3). Furthermore, two non-cancerous cell lines,
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MRC-5 (normal human fibroblasts) and CCD 841 (healthy human mucosa), served as controls to

assess extract selectivity (Figure 5.4). The complete data for all concentrations and cell lines are

reported in Table S1.
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Figure 5.2. Cell viability (%) of SW480 (a) and E705 (b) human colorectal cancer cell lines treated with A. marina
extracts (20-540 ug/mL) for 48 h. Bars represent mean + standard error of the mean (SEM) from n = 3
independent experiments. Different lowercase letters indicate statistically significant differences between

extracts (p < 0.05) and were assigned independently for each concentration.
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Figure 5.3. Cell viability (%) of MDA-MB-231 (a), U-87 (b), and HeLa (c) human cancer cell lines treated with

A. marina extracts (20-540 ug/mL) for 48 h. Bars represent mean =+

(SEM)fromn=3independentexperiments.
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differences between extracts (p < 0.05) and were assigned independently for each concentration.
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Figure 5.4. Cell viability (%) of CCD 841 (a) and MRC-5 (b) healthy human cell lines treated with A. marina
extracts (20-540 pg/mL) for 48 h. Bars represent mean + standard error of the mean (SEM) from n = 3
independent experiments. Different lowercase letters indicate statistically significant differences between

extracts (p < 0.05) and were assigned independently for each concentration.

Among the extracts, cotyledon, pericarp, and propagule generally exhibited the lowest cytotoxic
activity, reducing cell viability by no more than 70% at the highest concentration (540 ug/mL) across
all cell lines. The exception was the pericarp extract, which reduced viability of HeLa cells to 60.30%.
The leaf extract showed low cytotoxicity at lower concentrations. At 60 pg/mL, cell viability remains
near 80% for SW480, E705, and MDA-MB-231 and was 70.44% for HeLa. In the non-cancerous cell
lines, viability was even higher: 88.59% and 86.86% for CCD 841 and MRC-5, respectively. However,
at 540 pg/mL, the extract reduced viability to 50-60% in most cell lines, particularly 50.98% for
SW480, 63.91% for E705, 53.00% for MDA-MB-231, 59.77% for U-87, 54.96% for HelLa, and 61.01%
for CCD 841, while the least reduction occurred in MRC-5 (71.26%). Among all extracts, the root
extract exhibited the highest cytotoxic activity. At 180 ug/mL, it reduced cell viability to 29.47%
(SW480), 42.40% (E705), 35.26% (MDA MB-231), 53.06% (U87), 52.00% (HeLa), 46.60% (CCD 841),
and 60.15% (MRC-5). These reductions were statistically significant compared to all other extracts,
except for E705, where differences with the leaf extract were not significant, and for HeLa. At 540
pg/mL, cytotoxicity remained similar across most lines, although viability dropped further in SW480
and E705 (22.93% and 27.03%, respectively). These findings highlight the notable activity of the root
extract, particularly at the highest concentrations, against SW480, E705, and MDA-MB-231 cell lines
(Figure 5.5). Notably, at 180 pg/mL, the cytotoxic activity of the root extract in these cell lines was

significantly greater than in non-cancerous MRC-5 cells, while no significant difference was
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observed compared to the healthy mucosa cell line CCD 841. Additionally, at 540 ug/mL, viability
of SW480 cells was significantly lower than that of CCD 841.
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Figure 5.5. Cell viability (%) of the cancer cell lines treated with A. marina root extract (180 and 540 pug/mL) for
48h. Bars represent mean + standard error of the mean (SEM) from n=3independent experiments. Different
lowercase letters indicate statistically significant differences between extracts (p < 0.05) and were assigned

independently for each concentration.

Given this pronounced response, the analysis focused on dose-response effects in SW480, E705, and
MDA-MB-231. Each cell line was treated with ten increasing concentrations of root extract (2 to 540
ug/mL; Figure S6), and the ICso values were 81.98 ug/mL for SW480, 108.10 ug/mL for E705, and
57.93 ug/mL for MDA-MB-231

5.2.4 In Silico Analysis

Given the strong cytotoxic activity observed for the A. marina root extract in vitro, an in silico analysis
was conducted to evaluate the predicted biological activities of the compounds found exclusively or
predominantly in this extract. PASS Online predicted potential cytotoxicity-related effects, including
antineoplastic activity, apoptosis induction (caspase 3/8 stimulation and apoptosis agonism), TP53
expression enhancement, NF kB stimulation, cytostatic activity, lipid peroxidase inhibition, and
inhibition of ICAM-1 expression [45], [46]. The complete list of predicted biological activities for

compounds exclusive of the root extract is provided in Table S2 in Supplementary informations.

Among the primary peaks detected in the root extract, the triterpene saponins medico side G and
azukisaponin III were found exclusively in the root extract, while esculentoside C was detected at

high levels in the roots and in trace amounts in other extracts. These compounds showed high
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predicted probabilities (Pa) for antineoplastic activity (0.870, 0.905, and 0.908 for medicoside G,
esculentoside C, and azukisaponin III, respectively), caspase 3/8 stimulation (0.994/0.984,
0.989/0.986, and 0.964/0.934), apoptosis agonism (0.901, 0.862, and 0.883), and NF-«xB stimulation
(0.965, 0.917, and 0.904). They were also predicted to inhibit ICAM-1 expression (0.908, 0.961, and
0.987) and lipid peroxidase activity (0.927, 0.952, and 0.991). Additional compounds found
exclusively in the root extract, including I, suspensaside A, kaempferol 3-O-glucoside, and quercetin
3-O-hexoside, were also predicted to exhibit antineoplastic activity with Pa values of 0.804, 0.863,
0.834, and 0.833, respectively. Kaempferol 3-O-glucoside and quercetin 3-O-hexoside also showed
cytostatic activity (Pa: 0.811 and 0.825), enhancement of TP53 expression (Pa: 0.952 and 0.959) and

lipid peroxidase inhibition (0.960 and 0.976, resp.).

5.3 Discussion

UHPLC-ESI/HRMS analyses enabled the characterization of A. marina extracts, revealing a total of
49 compounds, unevenly distributed across plant parts. The leaf extract contained the highest
number of secondary metabolites, followed by pericarps, roots, cotyledons, and propagules.
Notably, this study distinguishes between the external tissue of the propagule (here consistently
called pericarp) and the internal tissues of the propagule (here consistently called simply propagule)
which are often analyzed as a single fruit unit in other studies. The propagule, which consists mainly
of the embryo, contained few compounds, likely due to the focus on primary metabolites essential
for germination [47]. In contrast, the pericarp, which serves a protective function, was significantly
richer in secondary metabolites [48], particularly phenylethanoid glycosides. Similarly, cotyledons
had low metabolite diversity and a profile similar to propagules but showed some additional peaks.

These may reflect early biosynthesis of stress-related compounds in developing seedlings.

The compounds identified, including phenylethanoid glycosides, flavonoid glycosides, iridoid
glycosides, hydroxycinnamic acid and derivatives, and triterpene saponins, are well known for their
ecological roles in protecting plants from abiotic stressors such as drought, high salinity, intense
sunlight, and elevated temperatures [49], [50], [51]. These classes are widely reported in A. marina
from other regions, and some metabolites identified here have been documented previously,

suggesting a shared core phytochemical profile with global populations [52].
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However, differences from previous studies were observed. Firstly, a distinctive feature of A. marina
elsewhere is the presence of naphthalene derivatives [52], which were not detected in our samples.
This absence may reflect tissue specificity, as most of these compounds were extracted from
branches, or differences in extraction methods [53]. More importantly, several compounds detected
in this study have never been reported before in A. marina. These include one kaempferol-glycosides
and two isorhamnetin glycosides. Notably, monohydroxy B-ring-substituted flavonoid glycosides
(e.g., kaempferol-, diosmetin-, and isorhamnetin-glycosides) were more abundant than dihydroxy
types, a pattern opposite to that expected under UV stress, where dihydroxy forms typically
dominate due to their antioxidant potential [54]. This shift may reflect Gulf-specific regulation of
flavonoid biosynthesis rather than species-specific traits, as it is not evident in previous reports [52].
The study identified novel compounds among the iridoid glycosides and hydroxycinnamic acids,
but the most notable findings were within phenylethanoid glycosides and triterpene saponins, the
latter all newly reported in A. marina. The high abundance of phenylethanoid glycosides in roots is
consistent with their reported accumulation under water stress [50], while the accumulation of
triterpene saponins is associated with osmotic stress response [51], [55]. These trends suggest that
UAE-grown A. marina may possess a distinctive phytochemical profile shaped by the extreme
environmental conditions of the Arabian Gulf [56], [57]. Nonetheless, inter-regional comparisons are
limited due to methodological differences. Future comparative studies using standardized LC-MS
protocols would enhance our understanding of mangrove chemical ecology and support

bioprospecting efforts.

The identified metabolite classes are associated with various biological activities, including
antioxidant, anticancer, antimicrobial, and anti-inflammatory [50], [56]. In particular,
phenylethanoid glycosides are well-documented antioxidants, showing both DPPH and ABTS
radical scavenging activity [58]. In this study, extracts of the pericarp and root were rich in these
compounds and showed the highest antioxidant activity (187.14 + 2.87 and 217.16 + 2.67 umol TE/g
for the pericarps; 128.25 + 1.12 and 147.21 + 2.42 umol TE/g for the roots). The strong positive
Spearman correlation between the number of phenylethanoid glycosides and DPPH activity (o =
0.949; p = 0.014) supports the hypothesis that these compounds contribute to radical scavenging in
the extracts. Key phenylethanoid glycosides identified in this study, such as cistanoside F, acteoside,

and jionoside C, are known for their potent antioxidant activity [59], [60], while less-studied
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molecules such as suspensaside and suspensaside A warrant further exploration. Our correlation
findings are exploratory and do not prove causation. Definitive attribution will require targeted

quantification of candidate phenylethanoid glycosides and subsequent activity testing.

In terms of cytotoxic activity, the cotyledon, pericarp, and propagule extracts showed negligible
effects on cancer cell lines, even at the highest concentrations. In contrast, the leaf and root extracts
displayed cytotoxicity at higher doses. The leaf extract showed limited cytotoxicity at lower
concentrations but reduced viability (50-60%) at 540 pg/mL in several cancer cell lines. This agrees
with Momtazi-Borojeni et al. [61], who reported no toxicity at low concentrations but moderate
effects at higher doses (250 pg/mL). The root extract had the most promising cytotoxic profile,
particularly against SW480, E705, and MDA-MB-231 cancer cell lines. At 540 pug/mL, it reduced cell
viability below 40% but showed lower toxicity against normal cell lines (MRC-5 and CCD 841). These
findings agree with previous studies showing selective cytotoxicity of root extracts towards cancer
cell lines [62]. ICso values for SW480, E705, and MDA-MB-231 were 81.98, 108.10, and 57.93 ug/mL,
respectively. Based on the criteria established by the National Cancer Institute (NCI, USA) and the
Geran protocol, which classified cytotoxicity as high when ICso values are < 20pg/mL, moderate
between 21 and 200 pg/mL, weak between 201 and500 pg/mL, and absent above 500 pg/mL ,[63]
this corresponds to moderate cytotoxic activity. While these ICso values were not compared with a
standard drug, they suggest the presence of active compounds. The values reported here are for
crude extracts; further fractionation and isolation of active constituents are expected to yield more
potent compounds, for which in vivo and clinical potential could be more realistically assessed
through comparison with standard anticancer drugs. These are potentially triterpene saponins,

which were only detected in the roots.

Triterpene saponins are gaining attention in cancer research due to their ability to target tumor-
related pathways while maintaining low toxicity [64]. Although widespread in medicinal plants [65],
their occurrence in mangroves is less documented, with only a few studies published on this topic
[66]. In silico prediction using PASS software indicated a strong cytotoxic potential for several
saponins identified in the root extract, including medicoside G, esculentoside C, and azukisaponin
III. Additionally, two unidentified saponins suggest the presence of a potentially novel structure

that merits further isolation and structural characterization. Other compounds specific to the root
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extract, such as suspensaside A and kaempferol 3-O-glucoside, showed high predicted probabilities

for antineoplastic effects.

Given that the root extract exhibited the highest cytotoxicity, further work will focus on bioactivity-
guided fractionation of this extract, with particular emphasis on isolating the triterpene saponin-rich
fraction. These purified fractions will be tested for cytotoxicity alongside a standard anticancer drug
(e.g., doxorubicin) to identify the compounds responsible for the observed activity. Mechanistic
studies, including apoptosis assays, cell cycle analysis, and molecular pathway investigations, will
be conducted to elucidate the modes of action. Such comprehensive analyses, together with the
targeted quantification of candidate constituents, will clarify structure-activity correlations and
enhance both therapeutic efficacy and selectivity. Importantly, these efforts, combined with further
purification and structural elucidation, could identify promising novel lead compounds suitable for

subsequent in vivo evaluation and development as potential anticancer agents.

5.4 Conclusions

The findings of this study highlight A. marina as a valuable source of bioactive compounds with
promising therapeutic applications. The pericarp and root extracts exhibited the highest antioxidant
activity, possibly due to the presence of phenylethanoid glycosides, which are known for their
antioxidant activities. Among all extracts tested, the root extract displayed the strongest cytotoxicity,
in particular against the triple-negative breast cancer cell line MDA-MB-231 and two colorectal
cancer cell lines, SW480 and E705, with ICso values of 58.46, 81.98, and 108.10 pg/mL, respectively.
In silico predictions identified triterpene saponins, including medicoside G, esculentoside C, and
azukisaponin III, as likely contributors to these effects. The detection of triterpene saponins not
previously reported from mangroves, together with several phenylethanoid glycosides and other
compounds not earlier described in A. marina, is noteworthy. Plants adapted to extreme
environments can accumulate distinctive secondary metabolites, and our plant-part-specific UPLC-
HRMS analysis of UAE-grown A. marina provides region-specific evidence that complements
existing phytochemical surveys. Moreover, combining this untargeted phytochemical investigation
with biological activity screening and in silico analysis/statistical correlation offers a practicable
approach to rapidly link observed activities to plant-part-specific compounds. To advance these

observations towards pharmacological relevance, future work should focus on bioactivity-guided
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fractionation of the extracts, structural elucidation, and targeted quantification of key compounds,
along with mechanistic in vitro assays. These efforts will help clarify structure—activity correlations
and potentially lead to the identification of a novel therapeutic candidate from this stress-adapted

mangrove species.

Within the framework of this doctoral project, these findings provide a clear scientific rationale for
the strategic redirection of A. marina away from cosmetic anti-aging applications toward a
bioprospecting-oriented investigation of its therapeutic potential. While the preliminary anti-aging
screening did not support the inclusion of A. marina extracts in a formulation-driven cosmetic
development pathway, the comprehensive phytochemical and biological profiling presented in this
chapter unequivocally demonstrates that this species represents a rich and underexplored source of

bioactive compounds with relevant antioxidant and cytotoxic properties.

In this context, the present work exemplifies an adaptive and evidence-based research strategy, in
which plant extracts were not evaluated according to a single predefined application, but rather
valorized based on their most promising biological activities. The identification of portion-specific
cytotoxic effects, together with the detection of previously unreported triterpene saponins and
phenylethanoid glycosides in UAE-grown A. marina, highlights the importance of geographic origin

and environmental adaptation in shaping phytochemical diversity and bioactivity profiles.

5.5 Materials and methods
5.5.1 Chemicals

Ethanol absolute, analytical-grade methanol, 1,1-diphenyl-2-picrylhydrazyl (DPPH*®), and 2,2-
azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS**) reagents were obtained from Sigma-Aldrich
(Milan, Italy), while methanol and formic acid of LC-MS grade were sourced from Romil
(Cambridge, UK). Ultrapure water (18 MQ) was prepared by a Milli-Q purification system
(Millipore, Bedford, MA, USA).

5.5.2 Plant material

Samples were collected from different parts of A. marina, including leaves, roots, propagules, and
cotyledons. The cotyledons were obtained from seedlings at an early growth stage, when the

propagules had already opened and developed roots. All samples were harvested in September 2022
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from multiple individual plants within the mangrove forest of Ajman Emirate, UAE. Although no
herbarium voucher specimen was deposited, the plant material was identified based on
morphological characteristics following established taxonomic keys [67]. This identification is
supported by the fact that A. marina is the only mangrove species forming the evergreen coastal
forests of the UAE [68], and its presence in the region has been validated by previous molecular

analyses [69], [70].

For more precise phytochemical characterization, propagules were separated into the pericarp,
representing the external protective tissue, and the internal tissues. Thus, in the manuscript, the term
pericarp (and pericarp extract) refers exclusively to the external part, while the generic term
propagule (and propagule extract) refers to the internal tissues. Each type of plant material (e.g., all
collected leaves, roots, pericarps, propagules, and cotyledons) was pooled by type and immediately
freeze-dried after collection. The dried samples were homogenized using a Grindomix GM 200 knife
mill (Retsch, Haan, Germany) and then sieved through a test sieve (Retsch AS 200, Haan, Germany)

with a mesh size range of 300-600 pm to obtain powders with uniform particle size distribution.

5.5.3 Sample preparation and extraction

Root, leaf, cotyledon, pericarp, and propagule samples of A. marina underwent exhaustive
ultrasound-assisted extraction using a thermostatically controlled ultrasonic bath (Sonorex TK 52;
Bandelin electronic, Berlin, Germany). Each sample was extracted under controlled conditions (25
°C, 15 min) with 50% aqueous ethanol (v/v) at a solid-to-solvent ratio of 1:10 (w/v), which is
commonly applied in metabolite profiling studies [71]; specifically, 1 g of powdered sample was
mixed with 10 mL of solvent in a 50-mL polypropylene tube. A 50% aqueous ethanol solution was
selected as the extraction solvent due to its effectiveness as a green, low-toxicity system, making it
well-suited for bioactivity screening [72]. Ethanol-water mixtures offer a balanced polarity and are
widely recognized for their ability to efficiently extract a broad range of bioactive compounds,
particularly polyphenolic metabolites, which are well known for their antioxidant properties
[73][74]. Moreover, this solvent was selected to ensure low toxicity in downstream biological assays,
in case traces of solvent remain after evaporation, and because non-polar solvents or higher ethanol
concentrations could reduce solubility in aqueous assay media, potentially compromising the

suitability of the extracts for biological testing.
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To ensure complete extraction, the process was repeated three times with fresh solvent. Following
each extraction, the mixtures were centrifuged (13,000x g, 10 min), and the supernatants underwent
filtration through Whatman No. 1 filter paper. The combined extracts were concentrated under
pressure at 40 °C using a rotary evaporator to remove ethanol and subsequently lyophilized (Alpha

1-2 LD freeze dryer, Christ, Germany) to obtain dry residues for further analysis.

The extraction yields of A. marina were determined by calculating the ratio of the weight of dried
extract obtained to the initial weight of dried plant material powder and expressed as a percentage.
The yields were 34.23% for roots, 65.02% for cotyledons, 61.76% for pericarps, 38.55% for propagules,
and 33.72% for leaves.

5.5.4 Extracts characterization

The chemical characterization of extracts was performed in negative mode using liquid
chromatography coupled with electrospray ionization (ESI) and high-resolution mass spectrometry
(UPLC-ESI/HRMS). A Waters ACQUITY UPLC system coupled with a Waters Xevo G2-XS QTof
Mass Spectrometer (Waters Corp., Milford, MA, USA) was used. The extracts were dissolved in
ultrapure water at a concentration of 100 ug/mL, and then 5 uL of each sample was injected into a
Biphenyl column (100 mm x 21 mm, 2.6 pm; Phenomenex, Torrance, CA, USA). The
chromatographic gradient was conducted with solvent A (0.1% formic acid in water) and solvent B
(0.1% formic acid in methanol), starting with 95% A for 1 min, followed by a linear gradient to 95%
B over 10 min, and 4 min of column washing at 95% B. The flow rate was maintained at 0.4 mL/min.
The ESI source was operated under the following conditions: electrospray capillary voltage of 1.5
kV, source temperature of 140 °C, and desolvation temperature of 600 °C. MS spectra were acquired
in full range mode, covering a mass range of 100-1000 m/z. MS/HRMS analysis was performed using
data-dependent scan (DDA), selecting the two most intense ions from the HRMS scan for collision-
induced dissociation (CID) with the following conditions: a minimum signal threshold of 500,000,
isolation width at 2.0, and normalized collision energy of 30%. Metabolite identification followed
the Metabolomics Standards Initiative (MSI) guidelines, which define three confidence levels
indicated in the “IL” column of Table 1: Level 1 (IL1): compounds were unequivocally identified by
comparison with authentic reference standards (retention time, MS/MS spectrum, and exact mass);

Level 2 (IL2): tentative identifications were assigned based on matches between experimental
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MS/MS spectra and literature data or spectral libraries (e.g.,, GNPS, MassBank); Level 3 (IL3):
compounds were classified by spectral similarity to known chemical families and supported by

taxonomic evidence.

Novelty verification was performed using general literature databases (e.g., Google Scholar) and the
chemical database SciFinder®. In SciFinder®, each tentatively identified compound was queried by
chemical name, and all related references were investigated using keywords such as “Avicennia
marina”, “Avicennia”, and “mangroves”. This process allowed determination of whether a
compound had been previously reported in A. marina, other species within the genus Avicennia, or

other mangrove species, or if it represents a first identification in mangroves.

5.5.5 Antioxidant activity assessment

The antioxidant capacities (AOCs) of the exhaustive extracts of A. marina (leaves, roots, pericarps,
propagules, and cotyledons) were evaluated using 1,1-diphenyl-2-picrylhydrazyl (DPPHe) and 2,2-
azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTSe+) assays according to Cannavacciuolo et al.
[75]. The extracts were dissolved in ultrapure water and analyzed at a concentration of 0.5 mg/mL,
with Trolox (0-500 uM) serving as a standard. The antioxidant activity was expressed as pumol
Trolox equivalents per gram of sample matrix (TE/g MTX), representing the pmol of a standard

Trolox solution exerting the same antioxidant capacity as 1 mg/mL of the tested extracts.

In the DPPH assay the stock solution of DPPH (5 mM) was prepared by dissolving 3.9 mg of DPPH
in 100 mL of methanol and subsequently diluted to 100 uM to obtain the operating solution. This
solution was prepared just before use and protected from light due to the photosensitivity of the
reagent. The assay was set up in an Eppendorf by mixing 50 uL of sample with 950 pL of operative
DPPH, and the mixture was incubated in the dark for 30 min. Subsequently, 200 uL of the solution

was transferred to an absorbance reading plate at the 515 nm wavelength.

For the ABTS assay, the stock solution of ABTS (7 mM) was diluted with phosphate-buffered saline
(PBS; 5 mM, pH 7.4) to achieve working concentrations. The assay was performed by combining 5
uL of diluted sample (or PBS control) and 500 pL of ABTS radical cation solution (0.1 mM in PBS).
The reaction mixtures were protected from light and incubated at 30 °C for 60 min to allow complete
radical scavenging. Absorbance measurements were then recorded at 734 nm using a microplate

reader.
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5.5.6 Cytotoxicity evaluation
5.5.6.1 Cell lines and culture conditions

Normal human fibroblasts (MRC-5), human glioblastoma (U-87), human triple-negative breast
cancer (MDA-MB-231), human colorectal cancer (SW480), and human healthy mucosa (CCD841) cell
lines were purchased from the American Type Culture Collection (Manassas, VA, USA). The human
cervical cancer cell line (HeLa) was acquired from System Biosciences, and the human colon cancer
cell line (E705) was provided by the Fondazione IRCCS Istituto Nazionale dei Tumori (Milan, Italy).
The E705 cell line represents epithelial tissue cells of colorectal adenocarcinoma derived from a

patient at the National Cancer Institute in Milan.

MRC-5, U-87, and HeLa cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) high
glucose medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1%
penicillin/streptomycin (P/S), and 2 mM L-glutamine. MDA-MB-231 cells were maintained in
Minimum Essential Medium (MEM) with Earl’s Salts supplemented with 10% heat-inactivated FBS,
1% P/S, 2 mM L-glutamine, and 0.1 mM MEM Non-Essential Amino Acids (MEM NEAA). E705 and
SW480 cell lines were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FBS,
100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine. The CCD 841 cell line was
grown in EMEM medium supplemented with 10% heat-inactivated FBS, 1% P/S, 2 mM L-glutamine,
and 0.1 mM non-essential amino acids. All cell lines were incubated at 37 °C in a humidified
atmosphere containing 5% CO2 and 95% air. Cell culture media and reagents were purchased from

EuroClone (Pero, Italy).

5.5.6.2 Cell viability assay

The cytotoxicity of A. marina extracts was evaluated using the MTT assay (CellTiter96®Non-
Radioactive Cell Proliferation Assay, Promega, Madison, WI, USA) following the manufacturer’s
protocol. The extract powders were solubilized in Milli-Q water, and four extract concentrations (20,
60, 180, and 540 pg/mL) were tested on all cell lines. Additionally, for the root extract, an extended
dose-response analysis using ten concentrations (2, 10, 20, 40, 60, 100, 140, 180, 360, and 540 ug/mL)
was performed on selected cell lines to enable ICso determination. ICso values were calculated only

for extract—cell line combinations tested with this ten-point dilution series.

149



MISSIONE 4

[: DEGLI STUDI SCUOLA DIDOTTORATO

7 = ISTRUZIONE
= =z N

‘:;' LE UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA RICERCA
z Z

BICOCCA

e ——
No positive control drugs were included in this preliminary screening, as the primary objective was
to assess and compare the relative cytotoxicity of different A. marina extracts. Comparative analysis
with standard anticancer agents will be incorporated in subsequent studies on purified fractions or

isolated compounds.

Briefly, HeLa, MRC-5, U-87, and MDA-MB-231 cells were seeded into 96-well plates (from
Euroclone, Pero, Italy) at a density of 5 x 10° cells/well in 100 pL of growth medium, while E-705 and
SW-480 cells were seeded at a density of 8 x 10° cells/well. After 24 h of incubation at 37 °C in 5%
CO:, the medium was replaced, and cells were treated with various concentrations of A. marina
extracts. Following 48 h of treatment, the medium was replaced, and 15 uL of MTT solution was
added to each well. After 3 h of incubation at 37 °C, formazan crystals were solubilized using 100
uL of stop solution and incubated under stirring for 1 h. Reduced MTT was quantified using a UV-
vis plate reader (EnSight Multimode Microplate Reader, PerkinElmer, Waltham, MA, USA) at 570

nm with a reference wavelength of 630 nm.

Cell viability was expressed as a percentage relative to untreated cells (negative control), and
medium with MilliQ water at equivalent concentrations (10% v/v) was used as a blank. Dose-
response curves and the ICso values, representing the extract concentration required to inhibit 50%
of cell viability relative to untreated control cells, were generated using GraphPad Prism v10.5.0

software.

5.5.7 In Silico Analysis

To identify potential bioactive compounds responsible for the cytotoxic effect, an in silico prediction
of biological activity was performed using PASS Online software

(https://www.way2drug.com/PASSOnline/index.php; accessed on July 15, 2025), a predictive tool

from Way2Drug Services. The reliability of PASS for predicting in vitro cytotoxic activity has been

demonstrated in previous studies [76], [77], including those focusing on triterpene saponins [78].

The canonical Simplified Molecular Input Line Entry System (SMILES) of each compound was
gathered from SciFinder» and was used to run the software. The program independently calculates
the estimated predictive biological activities based on structure—activity relationships, providing Pa
(probability of activity) and Pi (probability of inactivity) values for each activity. Only activities with

Pa>0.7 were considered, as this threshold indicates a high likelihood that the substance will exhibit
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the predicted activity in experimental settings, although the probability of the compound being an
analogue of a known pharmaceutical agent remains high [79]. Notably, when Pa > 0.9, as frequently

observed in our study, the likelihood of false-positive predictions is insignificant [76].

The predicted anticancer-related activities included antineoplastic activity, apoptosis-related effects
(apoptosis agonist, caspase 3/8 stimulation), TP53 expression enhancement, NF-kB modulation,
cytostatic activity, lipid peroxidase inhibition, and ICAM-1 expression inhibition. These results were
analyzed in relation to the cytotoxicity data of the MTT assay to establish potential correlations

between the phytochemical composition and the observed cytotoxicity against cancer cells.

5.5.8 Statistical Analysis

Statistical analyses were conducted on data generated from three replicates. Cytotoxic activity
results are presented as mean * standard error of the mean (SEM). Antioxidant activity results are
reported as mean + standard deviation (SD). Before statistical analysis, the assumption of normality
was assessed using the Shapiro-Wilk test. The homogeneity of the variances was evaluated using
Levene’s test. When normality and homogeneity assumptions were met, a one-way analysis of
variance (ANOVA) was performed, followed by Tukey’s honest significant difference (HSD) post
hoc test to assess pairwise differences between the means of the group. In cases where the
assumption of homogeneity of the variances was not met, Welch’s ANOVA was applied, followed

by the Games-Howell post hoc test. Statistical significance was considered when p <0.05.

The correlation between phytochemical composition and antioxidant activity was assessed using
Spearman’s rank correlation coefficient (two-tailed). For each plant-part extract (n = 5), the number
of tentatively identified compounds in each major chemical class (phenylethanoid glycosides,
flavonoid glycosides, iridoid glycosides, hydroxycinnamic acids and derivatives, and triterpene
saponins) was correlated with antioxidant activity (DPPH and ABTS, mean values). Statistical

significance was set at p <0.05. All analyses were conducted with IBM SPSS Statistics v29.0.2.0.
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5.6 Supplementary informations
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Figure S1. Representative chromatogram of the leaf extract of A.marina.
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Figure S2. Representative chromatogram of the cotyledon extract of A.marina.
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Figure S3. Representative chromatogram of the pericarp extract of A.marina.
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Figure S4. Representative chromatogram of the propagule extract of A.marina.
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Figure S5. Representative chromatogram of the root extracts of A.marina.

Table S1. Cytotoxicity of Avicennia marina extracts on the tested cell lines at four concentrations (20—
540pg/mL). Cell viability is expressed as a percentage relative to untreated cells (negative control). Standard

error of the mean (SEM) is also reported.

Cell Extract Roots Cotyledons Pericarps Propagules Leaves
line conc.
Cell SEM Cell SEM Cell SEM Cell SEM Cell SEM
(ug/mL)
viability viability viability viability viability
(%) (%) (%) (%) (%)
SW480 20 92,84 1,83 99,21 4,09 97,64 3,19 97,62 4,84 91,61 1,55
60 61,92 4,00 97,25 1,85 92,42 4,93 97,89 0,49 78,80 3,02
180 29,47 3,20 89,80 1,27 89,63 4,27 95,61 1,07 63,95 4,28
540 22,93 2,42 79,51 0,15 70,95 3,80 91,30 3,32 50,98 2,82
E705 20 94,40 2,85 98,20 1,24 94,33 1,71 97,74 1,64 78,50 2,93
60 74,94 3,42 96,94 3,50 93,48 4,00 97,59 3,86 78,67 4,26
180 42,30 3,77 92,77 5,92 84,34 7,33 91,45 3,48 65,22 6,57
540 27,03 3,81 84,76 5,44 81,71 6,96 87,57 5,58 63,91 9,56
20 89,26 2,25 94,24 3,95 94,68 2,07 96,37 5,59 87,46 5,05
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MDA- 60 61,27 3,37 87,76 3,46 85,62 7,82 95,83 516 80,37 5,79
MB-231
180 35,26 1,30 84,44 4,81 82,19 9,32 96,41 5,75 69,46 8,36
540 36,47 1,90 80,29 4,39 82,62 8,10 85,50 4,03 53,00 484
U-87 20 92,49 5,55 99,97 2,02 91,47 1,55 99,38 3,26 82,61 6,94
60 7708 | 1016 | 101,03 | 3,29 88,72 2,65 99,89 3,09 79,86 3,78
180 53,06 4,39 95,16 2,69 86,18 2,02 99,32 1,63 70,18 575
540 47,99 6,03 96,81 742 86,97 6,13 98,85 3,52 59,77 8,42
HeLa 20 84,11 4,33 95,98 2,94 95,72 381 | 10093 | 085 84,28 5,20
60 75,36 4,73 91,05 3,59 85,63 3,88 99,86 2,90 70,44 8,82
180 52,00 4,79 77,94 4,91 68,55 6,14 96,37 1,97 61,00 8,50
540 50,91 2,31 72,71 4,68 60,30 8,12 91,82 2,64 54,96 8,68
CCD 20 85,66 648 | 10050 | 229 95,77 368 | 10134 | 295 98,25 4,32
841
60 6258 | 1288 | 98,06 3,92 92,16 2,76 98,97 3,07 88,59 6,13
180 46,60 4,554 90,40 3,16 85,26 1,53 94,45 5,48 66,22 437
540 47,50 8,69 80,90 514 81,34 4,76 83,91 6,35 61,01 1,22
MRC-5 20 92,36 1,25 93,64 5,58 96,99 2,88 93,50 4,33 94,79 7,38
60 78,79 545 92,72 4,79 91,75 3,82 88,01 2,78 86,86 6,28
180 60,15 4,56 89,19 4,81 83,34 3,16 87,30 1,93 82,82 5,68
540 56,13 527 89,19 7,67 77,21 4,81 85,23 3,21 71,26 4,66
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Figure S6. Cell viability of three human cancer cell lines treated with root extracts (2-540 pg/mL) for 48 h.

Average values + SE are shown.

Table S2. Probable cytotoxicity-related biological activities of 7 compounds tentatively identified in the root
extract of A. marina by PASS (Prediction of Activity Spectra for Substances). Pa = probable biological activity

of compound; only activities with Pa > 0.7 are shown.

Compound Class Cytotoxicity-related activities (Pa)

Caspase 3 stimulant (0.814)

Hydroxycinnamic acid and Antineoplastic (0.804)
Campneoside I

derivatives Caspase 8 stimulant (0.727)

Lipid peroxidase inhibitor (0.701)

Lipid peroxidase inhibitor (0.976)
TP53 expression enhancer (0.959)
Quercetin 3-O-hexoside Flavonoid glycosides

Antineoplastic (0.833)

Cytostatic (0.825)
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Caspase 3 stimulant (0.801)

Apotosis agonist (0.792)

Antineoplastic (0.863)
Suspensaside A Phenylethanoid glycosides
Caspase 8 stimulant (0.743)

Lipid peroxidase inhibitor (0.960)

TP53 expression enhancer (0.952)

Antineoplastic (0.834)
Kaempferol 3-O-glucoside Flavonoid glycosides

Cytostatic (0.811)

Caspase 3 stimulant (0.772)

Apoptosis agonist (0.772)

Caspase 3 stimulant (0.994)
Caspase 8 stimulant (0.984)

Trascription factor NF-kB stimulant
(0.965)

Medicoside G Triterpene saponins
Lipid peroxidase inhibitor (0.927)
ICAM]1 expression inhibitor (0.908)

Apoptosis agonist (0.901)

Antineoplastic (0.870)

Caspase 3 stimulant (0.989)

Caspase 8 stimulant (0.986)

ICAM1 expression inhibitor (0.961)
Esculentoside C Triterpene saponins

Lipid peroxidase inhibitor (0.952)

Trascription factor NF-kB stimulant

(0.917)

157



MISSIONE 4

ZDLGLISTUDL  SCUQLA DI DOTTORATO

7 S ISTRUZIONE
=< =z N

‘:;' E UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA RICERCA
>

BICOGCCA

Antineoplastic (0.905)
Apoptosis agonist (0.862)

Antineoplastic (lung cancer) (0.807)

Lipid peroxidase inhibitor (0.991)
ICAM]1 expression inhibitor (0.987)
Caspase 3 stimulant (0.964)
Caspase 8 stimulant (0.934)

Azukisaponin III Triterpene saponins Antineoplastic (0.908)

Trascription factor NF-kB stimulant

(0.904)
Apoptosis agonist (0.883)

Antineoplastic (lung cancer) (0.791)
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6 General conclusions and future perspectives

This PhD project was conceived and developed within the contemporary context of the cosmetic
industry’s dual challenge: the growing demand for effective anti-aging products and the urgent
need to improve sustainability across the entire product lifecycle. By integrating bioprospecting,
biological screening, phytochemical analysis, and formulation science, the work addressed these

challenges through a holistic and flexible research strategy.

The initial screening phase clearly demonstrated that Prosopis cineraria (Ghaf) represents a highly
promising natural source of anti-aging bioactivity. All Ghaf extracts exhibited strong antioxidant
capacity and consistent inhibition of key enzymes involved in extracellular matrix degradation,
including elastase, collagenase, and hyaluronidase. The lack of marked differences among plant
parts provided a strong scientific rationale for the development of a whole-plant representative
extract, enabling process simplification, improved sustainability, and potential synergistic effects
among phytochemicals. In addition, the optimization of in vitro enzymatic assays addressed
methodological gaps in the literature and resulted in a robust, cost-effective, and reproducible

screening platform that can be broadly applied in future research on cosmetic actives.

Building on these results, the second part of the project successfully translated biological potential
into a formulation-driven application. The Ghaf extract was shown to possess a multifunctional anti-
aging profile, combining antioxidant activity with inhibition of enzymes related to ECM degradation
and pigmentation. The formulation study further demonstrated that sustainability-oriented
cosmetic development is achievable without compromising performance. Through careful
ingredient selection and a Design of Experiments approach, a stable oil-in-water Pickering emulsion
with a minimal INCI list was developed. The successful incorporation of Ghaf extract without
altering stability, rtheology, or microstructure represents a critical step toward practical cosmetic
application and confirms formulation compatibility at relevant concentrations. Although biological
testing of the final formulation could not be completed within the timeframe of this PhD, the
comprehensive physicochemical characterization provides a solid foundation for future studies

addressing efficacy, safety, and skin-compatibility. In addition, permeability studies should be
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conducted to evaluate the capability of the bioactive constituents to cross the stratum corneum and

reach the derma, where they are expected to exert their effects.

In contrast, Avicennia marina extracts did not meet the requirements for cosmetic anti-aging
applications, as evidenced by their limited enzyme inhibitory activity. Rather than representing a
limitation, this outcome underscored the importance of adopting an adaptive and evidence-based
research strategy. By redirecting the investigation toward a bioprospecting-oriented approach, the
project successfully revealed the therapeutic potential of A. marina, particularly its root and pericarp
extracts. The identification of previously unreported triterpene saponins and phenylethanoid
glycosides in UAE-grown populations highlights the influence of extreme environmental conditions
on phytochemical diversity and bioactivity. The observed antioxidant and cytotoxic effects,
supported by in silico analysis, position A. marina as a valuable and underexplored source of
bioactive compounds with potential anticancer applications. In this context, future research should
focus on bioactivity-guided fractionation of the most active extracts, with particular emphasis on
isolating and characterizing the triterpene saponin-rich fractions that may contribute to the observed
cytotoxic activity. Such studies would help clarify structure-activity relationships and could
ultimately support the identification of novel therapeutic candidates derived from this stress-

adapted mangrove species.

More broadly, the encouraging results obtained in this work open several additional research
directions that are relevant for both cosmetic and pharmaceutical development. In particular, further
efforts should focus on the quantitative phytochemical characterization of the extracts,
complementing the qualitative profiling performed in this study. Targeted quantification of key
bioactive compounds would represent a crucial step toward extract standardization and quality
control, ensuring batch-to-batch consistency despite the intrinsic variability associated with plant-
derived raw materials. In parallel, the industrial feasibility of the proposed applications should be
evaluated through scalability studies of both the extraction procedures and the formulation
processes. Such investigations would include optimization of extraction yield and reproducibility,
assessment of long-term formulation stability, and adaptation of laboratory-scale preparation

methods to industrial manufacturing conditions.
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Taken together, this doctoral work exemplifies a comprehensive framework for the sustainable
valorization of plant resources. Rather than pursuing a single predefined application, plant extracts
were evaluated and developed according to their most promising biological activities. This flexible
strategy not only maximized scientific output but also aligned with principles of sustainability,
efficiency, and responsible innovation. The findings of this project contribute novel insights into the
bioactivity of stress-adapted plant species from the UAE and provide practical methodologies and
conceptual guidance for future research in cosmetic science, natural product chemistry, and

bioprospecting-driven drug discovery.
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Abstract

Background: Avicennia marina (Forsk.) Vierh., a widely distributed mangrove species,
is known for its diverse secondary metabolites with potential pharmacological applica-
tions. Despite its dominance in the Arabian Gulf, where A. marina may have adapted to
extreme environmental conditions with a distinct set of bioactive molecules, research in
this region remains limited. Methods: This study investigates the phytochemical compo-
sition, antioxidant activity, and in vitro cytotoxicity of extracts from different plant parts,
including roots, leaves, propagules, pericarps, and cotyledons, collected in the United
Arab Emirates (UAE). Extracts were analyzed using ultra-pressure liquid chromatography
coupled with high-resolution mass spectrometry (UPLC-HRMS). Antioxidant activity was
assessed using DPPH and ABTS assays, while cytotoxicity was evaluated against human
cancer and normal cell lines. Results: Analysis revealed 49 compounds, including iridoid
glycosides, hydroxycinnamic acids, phenylethanoid glycosides, flavonoid glycosides, and
triterpene saponins, several reported for the first time in A. marina and mangroves. The
pericarp and root extracts exhibited the highest scavenging activity (DPPH: 187.14 + 2.87
and 128.25 + 1.12; ABTS: 217.16 + 2.67 and 147.21 + 2.42 pmol TE/g, respectively), corre-
lating with phenylethanoid content. The root extract also displayed the highest cytotoxicity,
with ICs values of 58.46, 81.98, and 108.10 pug/mL against MDA-MB-231, SW480, and
E705, respectively. In silico analysis identified triterpene saponins as potential contributors.
Conclusions: These findings highlight the root extract of A. marina as a promising source
of bioactive compounds with potential antioxidant and anticancer applications, supporting
further exploration for novel therapeutic candidates.

Keywords: mangroves; Avicennia marina; natural products; bioactive compounds; phyto-
chemical analysis; UPLC-HRMS; antioxidant activity; cytotoxicity; triterpene saponins
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1. Introduction

Avicennia marina (Forsk.) Vierh, commonly known as the grey mangrove, is a true
mangrove species [1] belonging to the Acanthaceae family. It is widely distributed across
tropical and subtropical regions, including Africa; South, Southeast, and Southwest Asia;
the Malay Archipelago; the North Island of New Zealand; Australia; the Southwest Pacific;
and the Maldives [1-3].

The chemical profile of A. marina has been extensively studied, leading to the identifi-
cation of diverse classes of bioactive molecules, including flavonoids, iridoid glycosides,
terpenoids, alkaloids, and steroids, as well as a wide range of other metabolites [3-8].

Traditionally, A. marina has been utilized in folk medicine across different countries to
treat several ailments and diseases [9,10]. Furthermore, its extracts and isolated compounds
have demonstrated a wide range of biological activities, including antiviral, antimicrobial,
anthelmintic and antimalarial, analgesic, antioxidant, antifouling, anticancer, antidiabetic,
and anti-inflammatory [3,11]. In particular, extracts of this species have demonstrated
promising in vitro anticancer activity [3]. However, research in this field remains relatively
limited, especially in the context of the Arabian Gulf, where A. marina is the dominant man-
grove species along the coasts of the United Arab Emirates (UAE), Saudi Arabia, Bahrain,
Qatar, and Iran [12]. Ethnobotanical records for A. marina in the Arabian Gulf are scarce
but include traditional uses in Iran for treatments of ulcers, rheumatism, and burns [9],
and in the UAE for its use as an aphrodisiac, antifertility agent, and treatment for scabies
and toothache [13]. A. marina remains largely unexplored here in terms of bioprospecting,
with most studies focusing instead on its distribution, ecological significance, ecosystem
services, and management and conservation [14,15]. Phytochemical investigations have
only examined populations from China, India, Pakistan, Egypt, other Indo-Pacific locations,
and the Red Sea coasts of Saudi Arabia [10,11,16-18].

Previous phytochemical studies on A. marina have generally examined only a few
plant parts, typically aerial parts and primarily leaves, lacking a comprehensive analysis
of plant-part-specific secondary metabolites. Biological activity also presents limitations,
often focusing on few plant parts and, in the case of cytotoxicity, testing only a small
number of cancer cell lines [9-11]. A major gap in existing research of A. marina is the
absence of integrated studies combining detailed phytochemical profiling with antioxidant
and cytotoxic assays across multiple parts of the plant, which is essential for linking
bioactivities to tissue-specific metabolites. Such combined strategies are well established
in plant research [19,20] and have been applied to mangroves [21] as they facilitate the
prioritization of promising extracts and compounds, thereby enhancing efficiency in the
early discovery of bioactive molecules. Moreover, the majority of chemical studies have
relied on GC-MS, which biases detection towards volatile constituents [3,11,16]. Although
GC-MS can also characterize phenolic compounds, abundant in mangroves [22], it requires
a derivatization step that is both complex and time-consuming [23]. In contrast, ultra-
high performance liquid chromatography coupled with high-resolution mass spectrometry
(UPLC-HRMS) has emerged as a powerful platform for untargeted metabolomic profiling
of complex plant matrices, offering superior sensitivity, selectivity, and mass accuracy, and
enabling comprehensive detection and identification of secondary metabolites, especially
phenolics [24-27].

In addition to these methodological gaps, the limited geographical scope of previous
studies represents a crucial limitation in fully understanding the phytochemical diversity
and bioactivity of A. marina. The Arabian Gulf is characterized by extreme environmental
conditions, including elevated seawater temperatures, hypersalinity, and high turbidity,
driven by its arid climate and shallow basin [28], and summer air temperatures can reach
50 °C [29], further stressing local ecosystems. Since the chemical composition of plants is
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influenced by geographical, environmental, and climate factors [30-32], plants exposed
to such stresses often respond by increasing the accumulation of secondary metabolites,
such as flavonoids, iridoid glycosides, and phenylethanoid glycosides, which enhance their
tolerance to adverse conditions and also possess bioactivities of pharmacological interest,
including antioxidant and anticancer [33-39].

It is plausible that A. marina in the Arabian Gulf may have adapted to extreme con-
ditions through metabolic changes and the induction of antioxidant defense systems [40],
potentially resulting in a distinct set of secondary metabolites with unique biological activi-
ties. Consequently, the objective of this study is to conduct a comprehensive investigation
of A. marina grown in the UAE by characterizing the secondary metabolite composition
of multiple parts of the plant, including roots, leaves, propagules (pericarps and internal
tissues), and cotyledons, and evaluating their potential health benefits through antioxidant
and cytotoxic activity assays in vitro.

Unlike previous studies, this work employs UPLC-HRMS to present a detailed phyto-
chemical profile of each tissue type, allowing for the identification of specific compounds
of A. marina and their localization within the plant. Furthermore, while the antioxidant and
anticancer potentials of A. marina extracts have been previously reported [3,11], this study
provides a comprehensive evaluation of antioxidant and cytotoxic activities of all plant
parts, along with expanded cytotoxic screening in multiple cancer cell lines. In addition,
in silico predictions of biological activities were applied to compounds identified in the
extracts. This multi-level approach addresses existing regional and methodological gaps
and lays the groundwork for the discovery of bioactive compounds from plants adapted to
extreme environmental conditions.

2. Results
2.1. Characterization of Avicennia marina Extracts

Roots, leaves, cotyledons, pericarps, and propagules of A. marina displayed distinct
metabolite profiles. The chromatographic profiles of the extracts are provided in Supple-
mentary Material (Figures S1-S5), and the list of tentatively identified compounds is shown
in Table 1, along with their corresponding identification level (IL), which reflects the confi-
dence of compound annotation based on MSI guidelines (see Section 4.4). For compounds
assigned to IL2, the identification relied on comparisons of MS/MS fragmentation data
with published spectra from the literature or spectral databases. The specific references
used to support each IL2 assignment are included directly in the table.
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Table 1. UHPLC-ESI/HRMS data of compounds detected in Avicennia marina extracts. The main fragment ion for each compound is indicated in bold.
No. RT (min) [M - H]~ Formula A ppm MS/MS Name Class Part IL Ref.
701.1893 B 665.2134, 485.1499, 443.1393, . Cotyledons/pericarps/
1 0.58 [M + CI]- CpsHypOnq 2.1677 383.1182, 341.1075, 179.0549 Stachyose Tetrasaccharides propagules,/roots L2 [41]
2 0.99 191.0188 CgHgO7 6.3850 111.0073 Citric acid Tricarboxylic acids Cotyledons/pericarps IL2 [42]
211.0605, 167.0700, 149.0597, Geniposidic Sl . Leaves/cotyledons/pericarps/
3 3.87 373.1139 C16H2 019 0.3221 123.0440, 105.0333 acid Iridoid glycosides propagules/roots 1L2 [43]
. Hydroxycinnamic
4 4.03 353.0875 C16H1509 0.8633 191.0551, 179.0339, 161.0233, Caffeoylquinic acids and Roots L2 [44]
135.0439 acid isomer ..
derivatives
213.0756, 169.0857, 151.0753, Mussaenosidic . . Leaves/cotyledons/
5 4.05 375.1291 CreH24010 15167 133.0644, 125.0595, 107.0490 acid Iridoid glycosides pericarps/propagules L2 [45]
213.0747, 169.0854, 151.0748, (Epi)loganic - .
6 4.33 375.1285 Ci16H24019 3.1119 133.0644, 125.0591, 113.0230, 107.0484 acid Iridoid glycosides Leaves 1L2 [45]
7 453 487.1451 CoiHpgOp3  1.2588 179.0334, 161.0228, 135.0435 Cistanoside F Ph;?}f’clzg?;::‘d Pericarps L2 [46]
179.0335, 165.0389, 147.0283, . o
8 4.80 327.0715 C14H1609 1.9983 135.0434, 105.0178 Unidentified - Leaves
.. Hydroxycinnamic .
9 509 353.0871 C16H1500 30904 191.0550, 179.0337, 173.0442, Caff.eo.qumruc acids and Leaves/cotyledons/pericarps/ Lo [44]
161.0232, 135.0439, acid isomer R propagules/roots
derivatives
Hydroxycinnamic
209.0635, 179.0337, 161.0228, Caffeoyl .
10 5.47 371.0982 C15H16011 —8.7858 135.0435, 129.0178 hexaric acid ac1'ds a.nd Leaves L2 [47]
derivatives
275.0218, 167.0338, 152.0105, . e
11 5.60 443.0655 CigHpy0O011S  —0.3243 123.0440, 108.0204 Unidentified - Roots
235.0963, 191.1062, 173.0958, . Flavonoid
12 5.65 415.1603 C19H28019 1.6114 149.0953, 137.0590, 101.0226 Icariside D1 glycosides Leaves 1L2 [48]
621.1807, 529.1554, 459.1488, Suspensaside Phenylethanoid
13 5.93 639.1964 Cy9H36016 —5.2193 251.0549, 179.0337, 161.0232, P yet Pericarps/roots IL2  [49,50]
isomer glycosides

151.0387
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Table 1. Cont.
No. RT (min) [M - H]~ Formula A ppm MS/MS Name Class Part IL Ref.
621.1807, 529.1554, 459.1488, Suspensaside Phenylethanoid
14 5.95 639.1964 Cp9H36014 —5.2193 251.0549, 179.0337, 161.0232, P yiett Pericarps/roots L2 [49,50]
isomer glycosides
151.0387
493.1708, 375.1275, 323.0758,
213.0752, 179.0334, 169.0854, . . Hydroxycinnamic
15 6.14 537.1628 Cy5H30013 —2.6672 161.0230, 151.0750, 135.0435, Grandifloroside acid and derivatives Leaves 1L2 [51]
125.0593, 107.0486
16 6.33 619.1644 Cy9H3,015 3.9407 383.0758, 311.0549, 267.0646 Unidentified - Pericarps/roots
621.1817, 529.1554, 459.1493, Suspensaside Phenylethanoid
17 641 639.1929 CooHz6O16 02477 551 0549 179.0338, 161.0236, 1510385 isomer glycosides Roots L2 [49,50]
357.1176, 169.0854, 163.0385,
18 6.65 521.1658 Co5H30012 1.2446 151.0749, 145.0280, 125.0591, Marinoid C Iridoid glycosides Leaves/cotyledons/pericarps  IL3 [7]
119.0486, 117.0329, 107.0486
621.1822,459.1499, 179.0338, Suspensaside Phenylethanoid
19 665 653.2091 Ca9H34017 - 9.55333 161.0234, 151.0388, 135.0437 methyl ether glycosides Roots L2 149,501
Verbascoside Phenylethanoid
20 6.79 623.1981 Co9H36015 0.0705 461.1657,161.0233, 113.0283 (acteoside) | ycosi des Leaves/pericarps/roots 1L2 [52]
isomer gy
301.0324, 300.0264, 271.0235, Quercetin Flavonoid
21 6.9 463.0874 Cy1H9012 1.7229 55,0285 3-O-hexoside glycosides Roots IL2  [53-55]
621.1824, 459.1499, 179.0338, [-ethyl-OH- Phenylethanoid .
2 7.02 667.2239 Ca1Hu0016 0.6864 161.0235, 151.0386, 135.0436 verbascoside glycosides Pericarps L2 56,571
Verbascoside Phenylethanoid
23 7.11 623.2001 Cp9H36015 —3.1336 461.1661, 161.0235, (acteoside) yier Leaves/pericarps/roots 1L2 [52]
. glycosides
isomer
461.1652,179.0337, 161.0233, Suspensaside Phenylethanoid
24 7.21 621.1838 Co9H34015 —2.0992 151.0387 A glycosides Roots L2 [49,50]
Kaempferol-3- Flavonoid
25 7.21 461.0718 Cy1H15012 1.6222 285.0391 O-glucurcnide glycosides Leaves L2 [58]
26 7.21 681.2063 C31H35017 —3.9236 519.1708, 490.1321, 181.0129, Unidentified - Pericarps

179.0334, 161.0230
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Table 1. Cont.
No. RT (min) [M - H]~ Formula A ppm MS/MS Name Class Part IL Ref.
327.0494, 285.0648, 284.0315, Kaempferol Flavonoid
27 73 447.0926 ConHaOn - 1.5287 255.0288, 227.0338, 151.0013 3-O-glucoside glycosides Roots L2 [55,59-61]
Isorhamnetin-
315.0494, 314.0421, 300.0258, Flavonoid .
28 7.40 623.1658 CogH3,014 —6.4750 299.0187, 2710234 .S—O—. glycosides Leaves/pericarps 1.2 [62]
rutinoside
Isorhamnetin Flavonoid
29 7.40 491.0828 CyoHy0O13 0.6385 315.0499, 300.0264 . . Leaves L2 [63]
glucuronide glycosides
329.1021, 179.0338, 161.0232, . - .
30 7.51 535.1477 Cy5Hp5013 —3.7032 149.0595, 135.0438 Unidentified - Leaves/Pericarps
315.0467, 314.0420, 285.0392, Isorhamnetin Flavonoid
31 751 4771086 CpHpOn - —51230 271.0236, 257.0441, 243.0286, 7-glucoside glycosides Leaves L2 163l
287.1273, 263.1278, 219.1379, . o .
32 7.61 471.1874 CyH3,011 —0.4545 201.1273, 1861036, 147.1166 Unidentified - Pericarps
315.0472, 314.0423, 299.0186,
33 7.86 519.1143 Co4Hp4 013 0.2199 285.0383, 271.0236, 257.0443, Unidentified - Leaves
243.0286
329.1021, 197.0445, 182.0206, L Dy . Cotyledons/pericarps/
34 7.90 553.1556 Cy5H30014 1.2256 153.0454, 149.0596, 131.0489, Marinoid D Iridoid glycosides propagules/roots 1L3 [7]
357.1184, 213.0757, 195.0650,
35 7.95 505.1757 Cr5H9011 0.2000 169.0857, 151.0753, 147.0439, Marinoid A Iridoid glycosides Leaves 1L3 [7]
125.0596, 113.0230, 107.0487, 103.0539
313.1072, 295.0961, 163.0388, . . Leaves/cotyledons/
36 8.03 519.1505 CostasOr2 05766149 5506, 145.0282, 1310490, 119.0487 ~ Uriclentified i pericarps/roots
300.0589, 299.0554, 285.0358, Diosmetin Flavonoid
37 8.03 475.0887 CyoHy0O1p —1.0510 284.0318. 7-glucuronide elycosides Leaves L2 [64]
343.1176, 325.1064, 193.0495, . i Leaves/cotyledons/
38 8.24 549.1616 CosHa0O13 04279155 1367 149.0595, 1340360, 131.0489 ~ Umidlentified i pericarps /roots
179.0333, 161.0234, 133.0282, . . Phenylethanoid .
39 8.36 591.2119 Cp9Hz6013 —6.0539 113.0228 Jionoside C glycosides Pericarps 1L2 [65]
Unknown Triterpene
40 8.62 825.4276 Cy4He6O16 0.2536 663.3744, 601.3735 triterpene sapoEins Roots L3 [66,67]

saponin
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Table 1. Cont.
No. RT (min) [M - H]~ Formula A ppm MS/MS Name Class Part IL Ref.
193.0485, 183.1010, 175.0382, . o
41 8.70 539.2152 CpH3z6012 —3.3318 149.0591, 131.0485, 121.0642 Unidentified - Leaves
193.0485, 185.1166, 175.0382, . o
42 8.80 541.2285 CyeH3g012 1.0147 149.0591, 131.0485, 121.0642 Unidentified - Leaves
Unknown .
. Triterpene
43 8.88 825.4285 CyoHgO16 —0.8354 663.3744, 601.3735, 487.3421 triterpene . Roots L3 [66,67]
- saponins
saponin
285.0345, 284.0313, 256.0363, Trihydroxy-
44 8.97 299.0546 C16H120¢ 5.0379 207 0334 methoxyflavone Flavones Leaves IL2 [68]
Medicoside G
(medicagenic Triterpene
45 8.99 825.4273 CyoHgO16 0.6166 663.3744, 601.3735, acid 3,28-di- saponins Roots L2 [66,67]
glucoside)
Esculentoside . .
16 908 809.4316 CioHegO1s 1.5979 689.3884, 647.3788, 629.3680, C (phycolacco- Trlterp.ene Cotyledons/pericarps/ Lo [69,70]
585.3786 . saponins propagules/roots
side D)
281.1170, 195.0649, 151.0750, . o
47 9.30 505.1711 Cy5H30011 0.8600 147.0438, 133.0645, 107.0486 Unidentified - Leaves
279.1010, 253,0854, 209.0954, . o .
48 9.38 503.1572 Co5Hpg011 —2.6077 195.0647, 147.0437, 131.0486, 103.0536 Unidentified - Leaves/pericarps
49 9.54 809.4342 CpHeO15  —1.6102 647.3797, 471.3469 Azulkisaponin Triterpene Roots L2 [71]

I

saponins
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Analysis detected a total of 49 compounds across all plant parts. Triterpene saponins
are a heterogeneous secondary metabolite consisting of a terpene-based aglycone linked
to one or more sugar chains, commonly glucose (—162 Da), glucuronic acid (—176 Da),
and pentoses (—146 Da) [72]. For example, compound 49, which has an m/z of 809.4342
and a molecular formula of C4,HgO15, displayed characteristic MS/MS fragments at m/z
647.3797 [M-H-162] and 471.3469 [M-H-162-176], corresponding to sequential losses of
sugar moieties. Based on this fragmentation and the molecular formula, it was identified
as Azukisaponin III. Using similar fragmentation patterns, compounds 40, 43, 45, and 46
were also assigned as triterpene saponins [66,67,69-71].

Phenylethanoid glycosides are often based on (3-D-glucosides of 2-phenylethanol,
often with a-L-rhamnose (Rha) substitution at C-3’ of the glucose, resembling variants
of verbascoside [73]. Simple phenylethanoid glycosides such as acteoside, isoacteoside,
and plantamajoside exhibit similar fragmentation patterns in MS/MS experiments. These
are characterized by neutral losses of 162, 152, or 146 m/z, which are associated with the
presence of caffeic acid, glucose, rhamnose, and the phenethanol aglycone. Diagnostic
fragment ions at m/z 179, 161, and 135 indicate the presence of caffeoyl, anhydroglucose,
and anhydrophenethanol. Additionally, losses of water (—18 Da) or CO; (—44 Da) are
frequently observed [74]. Based on this information, the compounds 7, 13, 14, 17, 20, 22, 23,
24, and 39 belonged to the phenylethanoid glycosides group.

Flavonoid glycosides are a group of secondary metabolites that are widely distributed
throughout the plant kingdom. Depending on the bond of the sugar portion, they are
divided into O-glycosides or C-glycosides and can be distinguished by their unique MS/MS
fragmentation spectra, which depend on the nature of the sugar fraction. Generally, C-
glycosides exhibit neutral losses of 30, 90, and 120 Da for hexose sugars; 74 and 104 Da
for deoxyhexose sugars; and 60 Da for pentose sugars. In contrast, O-glycosides exhibit
neutral losses of 162 Da (hexose sugars), 176 Da (glucuronic acid), 146 Da (deoxyhexose
sugars), and 132 Da (pentose sugars) [75]. Based on this information, compounds 12, 21, 25,
27,28, 29, 31, and 37 were identified as O-glycosides.

Iridoid glycosides exhibit distinct fragmentation patterns that depend on the structure
of the aglycone ring, the presence of functional groups, and the degree of unsaturation.
Typically, a neutral loss of 162 Da is observed, corresponding to the breakage of the
bond with the glucoside fraction. Subsequently, the formation of fragments due to the
loss of water (18 Da) and the carboxyl group (44 Da) is also observed, together with
characteristic fragments resulting from aglycone ring cleavage. Peak 3 with m/z 373.1139
and molecular formula C15H,01¢ was identified as geniposidic acid based on its MS/MS
spectrum. Fragment m/z 211.0605 corresponded to the loss of hexose sugar (162 Da),
followed by the presence of fragments m/z 167.0700 and 149.0597, reflecting subsequent
losses of H20 (—18 Da) and CO2 (—44 Da), respectively [76]. Furthermore, fragment
123.0440 is characteristic of the genistein ring. Based on the different fragmentation patterns,
compounds 5, 6, 18, 34, and 35 were identified as iridoid glycosides.

Tissue-specific profiling revealed clear metabolic differentiation among parts, with
the leaves containing the highest number of secondary metabolites (26), followed by the
pericarps (23), roots (23), cotyledons (10), and propagules (6). Notably distinct distribution
patterns were observed for specific classes of compounds across the different A. marina
extracts. The results show that triterpene saponins occur almost exclusively in the root
extract (five in roots and only one each in cotyledons, pericarps, and propagules; none in
leaves). Phenylethanoid glycosides were predominantly found in root and pericarp extracts
(seven in each), with only two detected in leaves and none in cotyledons and propagules.
Flavonoid glycosides were mainly associated with leaf extract (six in leaves, two in roots,
one in pericarps, and absent in cotyledons and propagules). In contrast, iridoid glycosides
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and hydroxycinnamic acid and derivatives showed a more uniform distribution across all
the extracts.

Analysis confirmed several compounds previously reported in A. marina, including caf-
feoylquinic acid, geniposidic acid, marinoid A, C, and D, acteoside, quercetin 3-O-hexoside,
kaempferol 3-O-glucuronide, isorhamnetin-3-O-rutinoside, diosmetin 7-glucuronide, and
jionoside C [5,7,77-80]. Additionally, cistanoside F and kaempferol 3-O-glucoside were
also detected, previously reported in other mangrove species but not in A. marina [81,82].
To our knowledge, several compounds such as mussaenosidic acid, (epi)loganic acid,
caffeoylglucaric acid, icariside D1, suspensaside, grandifloroside, suspensaside methyl
ether, suspensaside A, isorhamnetin glucuronide, isorhamnetin 7-glucoside, medicoside G,
esculentoside C, and azukisaponin IIT have been newly reported in mangrove species.

2.2. Antioxidant Activity
2.2.1. DPPH and ABTS Assays
The antioxidant potential of A. marina extracts was evaluated using two spectrophoto-

metric assays, ABTS and DPPH, which are widely used to assess the free radical scavenging
activity of natural compounds. The results are shown in Figure 1.
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Figure 1. DPPH (a) and ABTS (b) radical scavenging activity of A. marina extracts expressed as pmol
Trolox equivalents per gram of sample matrix (umol TE/g). The bars represent the mean + standard
deviation (SD) from n = 3 independent experiments. Different lowercase letters indicate statistically
significant differences between extracts (p < 0.05).

The DPPH assay showed that the pericarp extract exhibited the highest radical
scavenging activity, with a Trolox equivalent antioxidant capacity (TEAC) value of
187.14 £ 2.87 pmol TE/g. This was followed by the extracts of root (128.25 & 1.12 pmol
TE/g), cotyledon (58.23 & 3.49 umol TE/g), leaf (55.12 £ 1.52 umol TE/g), and propagule
(38.72 + 6.96 umol TE/g).

Similarly, the ABTS assay confirmed that the root and pericarp extracts exhibit high
antioxidant activity compared to the other parts of the plant. In fact, the pericarp extracts
again displayed the highest TEAC value (217.16 &+ 2.67 pmol TE/g), followed by the root
(147.21 4+ 2.42 ymol TE/g), leaf (64.98 + 0.84 pmol TE/g), cotyledon (54.46 + 1.95 pmol
TE/g), and propagule (32.23 & 2.53 pmol TE/g) extracts.

2.2.2. Correlation Between Compound Classes and Antioxidant Activity

The pericarp and root extracts, which exhibited the highest antioxidant activity, are
also the ones that contain a high number of phenylethanoid glycosides, compared to the
other extracts, which may explain their higher activity. To explore the potential associations
between the phytochemical composition of each extract and their antioxidant capacity, a
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Spearman correlation analysis was performed between the number of compounds in each
major chemical class and the measured antioxidant activities (DPPH and ABTS assay) across
the five plant-part extracts (n = 5) (Table 2). The analysis revealed a significant positive
correlation between the number of phenylethanoid glycosides in the extracts and DPPH
activity (p = 0.949; p = 0.014). ABTS activity showed a similar trend, though the correlation
did not reach statistical significance (p = 0.791; p = 0.111). Antioxidant activity showed
no statistically significant correlations with the number of other classes of compounds,
including flavonoid glycosides, iridoid glycosides, hydroxycinnamic acids and derivatives,
and triterpene saponins (all p > 0.05). Given the small sample size and the use of compound
counts (not concentrations), these associations should be considered exploratory.

Table 2. Spearman correlation coefficients (p) between the number of compounds per chemical
class and the antioxidant activity (DPPH and ABTS assays). Statistically significant correlations are
indicated in bold (p value < 0.05).

DPPH ABTS
Compound Class
p-Value p-Value p-Value p-Value
Iridoid glycosides —0.103 0.870 0.510 0.935
Hydroxycinnamic acid and ~0.112 0.858 0.224 0.718
derivatives

Phenylethanoid glycosides 0.791 0.111 0.949 0.014
Flavonoid glycosides 0.205 0.741 0.574 0.322
Triterpene saponins 0.447 0.450 0.224 0.718

2.3. In Vitro Cytotoxic Activity

The cytotoxic effects of A. marina extracts (leaf, cotyledon, pericarp, propagule, and
root) were evaluated against a panel of human cancer cell lines using the MTT assay. Four
concentrations (20, 60, 180, and 540 pg/mL) were tested on two colorectal cancer cell
lines (SW480 and E705) (Figure 2) and three additional cancer cell lines: MDA-MB-231
(triple-negative breast cancer), U-87 (glioblastoma), and HeLa (cervical cancer) (Figure 3).
Furthermore, two non-cancerous cell lines, MRC-5 (normal human fibroblasts) and CCD
841 (healthy human mucosa), served as controls to assess extract selectivity (Figure 4). The
complete data for all concentrations and cell lines are reported in Table S1.
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Figure 2. Cell viability (%) of SW480 (a) and E705 (b) human colorectal cancer cell lines treated with
A. marina extracts (20-540 pug/mL) for 48 h. Bars represent mean =+ standard error of the mean (SEM)
from n = 3 independent experiments. Different lowercase letters indicate statistically significant
differences between extracts (p < 0.05) and were assigned independently for each concentration.
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Figure 3. Cell viability (%) of MDA-MB-231 (a), U-87 (b), and HeLa (c) human cancer cell lines treated
with A. marina extracts (20-540 ug/mL) for 48 h. Bars represent mean =+ standard error of the mean
(SEM) from n = 3 independent experiments. Different lowercase letters indicate statistically significant
differences between extracts (p < 0.05) and were assigned independently for each concentration.
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Figure 4. Cell viability (%) of CCD 841 (a) and MRC-5 (b) healthy human cell lines treated with A.
marina extracts (20-540 pg/mL) for 48 h. Bars represent mean =+ standard error of the mean (SEM)
from n = 3 independent experiments. Different lowercase letters indicate statistically significant
differences between extracts (p < 0.05) and were assigned independently for each concentration.

Among the extracts, cotyledon, pericarp, and propagule generally exhibited the lowest
cytotoxic activity, reducing cell viability by no more than 70% at the highest concentration
(540 pg/mL) across all cell lines. The exception was the pericarp extract, which reduced
viability of HeLa cells to 60.30%.

The leaf extract showed low cytotoxicity at lower concentrations. At 60 pug/mL, cell
viability remains near 80% for SW480, E705, and MDA-MB-231 and was 70.44% for HeLa.
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In the non-cancerous cell lines, viability was even higher: 88.59% and 86.86% for CCD 841
and MRC-5, respectively. However, at 540 pug/mL, the extract reduced viability to 50-60%
in most cell lines, particularly 50.98% for SW480, 63.91% for E705, 53.00% for MDA-MB-231,
59.77% for U-87, 54.96% for HelLa, and 61.01% for CCD 841, while the least reduction
occurred in MRC-5 (71.26%).

Among all extracts, the root extract exhibited the highest cytotoxic activity. At
180 pg/mL, it reduced cell viability to 29.47% (SW480), 42.40% (E705), 35.26% (MDA-
MB-231), 53.06% (U87), 52.00% (HeLa), 46.60% (CCD 841), and 60.15% (MRC-5). These
reductions were statistically significant compared to all other extracts, except for E705,
where differences with the leaf extract were not significant, and for HeLa. At 540 ug/mL,
cytotoxicity remained similar across most lines, although viability dropped further in
SW480 and E705 (22.93% and 27.03%, respectively).

These findings highlight the notable activity of the root extract, particularly at the high-
est concentrations, against SW480, E705, and MDA-MB-231 cell lines (Figure 5). Notably,
at 180 pg/mL, the cytotoxic activity of the root extract in these cell lines was significantly
greater than in non-cancerous MRC-5 cells, while no significant difference was observed
compared to the healthy mucosa cell line CCD 841. Additionally, at 540 pug/mL, viability of
SW480 cells was significantly lower than that of CCD 841.
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Figure 5. Cell viability (%) of the cancer cell lines treated with A. marina root extract (180 and
540 pg/mL) for 48 h. Bars represent mean =+ standard error of the mean (SEM) from n = 3 independent
experiments. Different lowercase letters indicate statistically significant differences between extracts
(p < 0.05) and were assigned independently for each concentration.

Given this pronounced response, the analysis focused on dose-response effects in
SW480, E705, and MDA-MB-231. Each cell line was treated with ten increasing concentra-
tions of root extract (2 to 540 ug/mL; Figure 56), and the ICs values were 81.98 pug/mL for
SW480, 108.10 pg/mL for E705, and 57.93 ng/mL for MDA-MB-231.

2.4. In Silico Analysis

Given the strong cytotoxic activity observed for the A. marina root extract in vitro,
an in silico analysis was conducted to evaluate the predicted biological activities of the
compounds found exclusively or predominantly in this extract. PASS Online predicted
potential cytotoxicity-related effects, including antineoplastic activity, apoptosis induction
(caspase 3/8 stimulation and apoptosis agonism), TP53 expression enhancement, NF-
kB stimulation, cytostatic activity, lipid peroxidase inhibition, and inhibition of ICAM-1
expression [83,84]. The complete list of predicted biological activities for compounds
exclusive of the root extract is provided in Table S2 in the Supplementary Materials section.
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Among the primary peaks detected in the root extract, the triterpene saponins medico-
side G and azukisaponin III were found exclusively in the root extract, while esculentoside
C was detected at high levels in the roots and in trace amounts in other extracts. These
compounds showed high predicted probabilities (Pa) for antineoplastic activity (0.870,
0.905, and 0.908 for medicoside G, esculentoside C, and azukisaponin III, respectively), cas-
pase 3/8 stimulation (0.994/0.984, 0.989/0.986, and 0.964/0.934), apoptosis agonism (0.901,
0.862, and 0.883), and NF-«B stimulation (0.965, 0.917, and 0.904). They were also predicted
to inhibit ICAM-1 expression (0.908, 0.961, and 0.987) and lipid peroxidase activity (0.927,
0.952, and 0.991).

Additional compounds found exclusively in the root extract, including I, suspensa-
side A, kaempferol 3-O-glucoside, and quercetin 3-O-hexoside, were also predicted to
exhibit antineoplastic activity with Pa values of 0.804, 0.863, 0.834, and 0.833, respectively.
Kaempferol 3-O-glucoside and quercetin 3-O-hexoside also showed cytostatic activity (Pa:
0.811 and 0.825), enhancement of TP53 expression (Pa: 0.952 and 0.959) and lipid peroxidase
inhibition (0.960 and 0.976, resp.).

3. Discussion

UHPLC-ESI/HRMS analyses enabled the characterization of A. marina extracts, re-
vealing a total of 49 compounds, unevenly distributed across plant parts. The leaf extract
contained the highest number of secondary metabolites, followed by pericarps, roots,
cotyledons, and propagules. Notably, this study distinguishes between the external tissue
of the propagule (here consistently called pericarp) and the internal tissues of the propagule
(here consistently called simply propagule) [85], which are often analyzed as a single fruit
unit in other studies. The propagule, which consists mainly of the embryo, contained
few compounds, likely due to the focus on primary metabolites essential for germina-
tion [86]. In contrast, the pericarp, which serves a protective function, was significantly
richer in secondary metabolites [87], particularly phenylethanoid glycosides. Similarly,
cotyledons had low metabolite diversity and a profile similar to propagules but showed
some additional peaks. These may reflect early biosynthesis of stress-related compounds in
developing seedlings.

The compounds identified, including phenylethanoid glycosides, flavonoid glycosides,
iridoid glycosides, hydroxycinnamic acid and derivatives, and triterpene saponins, are well
known for their ecological roles in protecting plants from abiotic stressors such as drought,
high salinity, intense sunlight, and elevated temperatures [33-36,38]. These classes are
widely reported in A. marina from other regions, and some metabolites identified here have
been documented previously, suggesting a shared core phytochemical profile with global
populations [10].

However, differences from previous studies were observed. Firstly, a distinctive fea-
ture of A. marina elsewhere is the presence of naphthalene derivatives [10], which were
not detected in our samples. This absence may reflect tissue specificity, as most of these
compounds were extracted from branches, or differences in extraction methods [8]. More
importantly, several compounds detected in this study have never been reported before in
A. marina. These include one kaempferol-glycosides and two isorhamnetin glycosides. No-
tably, monohydroxy B-ring-substituted flavonoid glycosides (e.g., kaempferol-, diosmetin-,
and isorhamnetin-glycosides) were more abundant than dihydroxy types, a pattern op-
posite to that expected under UV stress, where dihydroxy forms typically dominate due
to their antioxidant potential [33,35,88]. This shift may reflect Gulf-specific regulation
of flavonoid biosynthesis rather than species-specific traits, as it is not evident in previ-
ous reports [10]. The study identified novel compounds among the iridoid glycosides
and hydroxycinnamic acids, but the most notable findings were within phenylethanoid
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glycosides and triterpene saponins, the latter all newly reported in A. marina. The high
abundance of phenylethanoid glycosides in roots is consistent with their reported accumu-
lation under water stress [36], while the accumulation of triterpene saponins is associated
with osmotic stress response [38,89]. These trends suggest that UAE-grown A. marina
may possess a distinctive phytochemical profile shaped by the extreme environmental
conditions of the Arabian Gulf [40,90] Nonetheless, inter-regional comparisons are limited
due to methodological differences. Future comparative studies using standardized LC-MS
protocols would enhance our understanding of mangrove chemical ecology and support
bioprospecting efforts.

The identified metabolite classes are associated with various biological activities, in-
cluding antioxidant, anticancer, antimicrobial, and anti-inflammatory [91-95]. In particular,
phenylethanoid glycosides are well-documented antioxidants, showing both DPPH and
ABTS radical scavenging activity [91,96,97]. In this study, extracts of the pericarp and root
were rich in these compounds and showed the highest antioxidant activity (187.14 £ 2.87
and 217.16 £ 2.67 umol TE/g for the pericarps; 128.25 4 1.12 and 147.21 &+ 2.42 pmol
TE/g for the roots). The strong positive Spearman correlation between the number of
phenylethanoid glycosides and DPPH activity (p = 0.949; p = 0.014) supports the hypothesis
that these compounds contribute to radical scavenging in the extracts. Key phenylethanoid
glycosides identified in this study, such as cistanoside F, acteoside, and jionoside C, are
known for their potent antioxidant activity [98-100], while less-studied molecules such as
suspensaside and suspensaside A warrant further exploration. Our correlation findings
are exploratory and do not prove causation. Definitive attribution will require targeted
quantification of candidate phenylethanoid glycosides and subsequent activity testing.

In terms of cytotoxic activity, the cotyledon, pericarp, and propagule extracts showed
negligible effects on cancer cell lines, even at the highest concentrations. In contrast, the
leaf and root extracts displayed cytotoxicity at higher doses. The leaf extract showed
limited cytotoxicity at lower concentrations but reduced viability (50-60%) at 540 ug/mL
in several cancer cell lines. This agrees with Momtazi-Borojeni et al. [101], who reported
no toxicity at low concentrations but moderate effects at higher doses (250 ug/mL). The
root extract had the most promising cytotoxic profile, particularly against SW480, E705,
and MDA-MB-231 cancer cell lines. At 540 pug/mL, it reduced cell viability below 40% but
showed lower toxicity against normal cell lines (MRC-5 and CCD 841). These findings
agree with previous studies showing selective cytotoxicity of root extracts towards cancer
cell lines [102]. ICs values for SW480, EZ705, and MDA-MB-231 were 81.98, 108.10, and
57.93 ug/mL, respectively. Based on the criteria established by the National Cancer Institute
(NCI, USA) and the Geran protocol, which classified cytotoxicity as high when ICs, values
are < 20 pg/mL, moderate between 21 and 200 pug/mL, weak between 201 and 500 ug/mL,
and absent above 500 pg/mL [103-105], this corresponds to moderate cytotoxic activity.
While these IC50 values were not compared with a standard drug, they suggest the presence
of active compounds. The values reported here are for crude extracts; further fractionation
and isolation of active constituents are expected to yield more potent compounds, for which
in vivo and clinical potential could be more realistically assessed through comparison with
standard anticancer drugs. These are potentially triterpene saponins, which were only
detected in the roots.

Triterpene saponins are gaining attention in cancer research due to their ability to
target tumor-related pathways while maintaining low toxicity [106]. Although widespread
in medicinal plants [107,108], their occurrence in mangroves is less documented, with only
a few studies published on this topic [82,108]. In silico prediction using PASS software
indicated a strong cytotoxic potential for several saponins identified in the root extract,
including medicoside G, esculentoside C, and azukisaponin III. Additionally, two uniden-
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tified saponins suggest the presence of a potentially novel structure that merits further
isolation and structural characterization. Other compounds specific to the root extract, such
as suspensaside A and kaempferol 3-O-glucoside, showed high predicted probabilities for
antineoplastic effects.

Given that the root extract exhibited the highest cytotoxicity, further work will focus
on bioactivity-guided fractionation of this extract, with particular emphasis on isolating
the triterpene saponin-rich fraction. These purified fractions will be tested for cytotoxi-
city alongside a standard anticancer drug (e.g., doxorubicin) to identify the compounds
responsible for the observed activity. Mechanistic studies, including apoptosis assays, cell
cycle analysis, and molecular pathway investigations, will be conducted to elucidate the
modes of action. Such comprehensive analyses, together with the targeted quantification of
candidate constituents, will clarify structure—-activity correlations and enhance both thera-
peutic efficacy and selectivity. Importantly, these efforts, combined with further purification
and structural elucidation, could identify promising novel lead compounds suitable for
subsequent in vivo evaluation and development as potential anticancer agents.

4. Materials and Methods
4.1. Chemicals

Ethanol absolute, analytical-grade methanol, 1,1-diphenyl-2-picrylhydrazyl (DPPH?®),
and 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS*") reagents were obtained
from Sigma-Aldrich (Milan, Italy), while methanol and formic acid of LC-MS grade were
sourced from Romil (Cambridge, UK). Ultrapure water (18 M(}) was prepared by a Milli-Q
purification system (Millipore, Bedford, MA, USA).

4.2. Plant Material

Samples were collected from different parts of A. marina, including leaves, roots,
propagules, and cotyledons. The cotyledons were obtained from seedlings at an early
growth stage, when the propagules had already opened and developed roots. All samples
were harvested in September 2022 from multiple individual plants within the mangrove
forest of Ajman Emirate, UAE. Although no herbarium voucher specimen was deposited,
the plant material was identified based on morphological characteristics following estab-
lished taxonomic keys [109]. This identification is supported by the fact that A. marina is
the only mangrove species forming the evergreen coastal forests of the UAE [14], and its
presence in the region has been validated by previous molecular analyses [110,111].

For more precise phytochemical characterization, propagules were separated into the
pericarp, representing the external protective tissue, and the internal tissues. Thus, in the
manuscript, the term pericarp (and pericarp extract) refers exclusively to the external part,
while the generic term propagule (and propagule extract) refers to the internal tissues.
Each type of plant material (e.g., all collected leaves, roots, pericarps, propagules, and
cotyledons) was pooled by type and immediately freeze-dried after collection. The dried
samples were homogenized using a Grindomix GM 200 knife mill (Retsch, Haan, Germany)
and then sieved through a test sieve (Retsch AS 200, Haan, Germany) with a mesh size
range of 300-600 um to obtain powders with uniform particle size distribution.

4.3. Sample Preparation and Extraction

Root, leaf, cotyledon, pericarp, and propagule samples of A. marina underwent ex-
haustive ultrasound-assisted extraction using a thermostatically controlled ultrasonic bath
(Sonorex TK 52; Bandelin electronic, Berlin, Germany). Each sample was extracted under
controlled conditions (25 °C, 15 min) with 50% aqueous ethanol (v/v) at a solid-to-solvent
ratio of 1:10 (w/v), which is commonly applied in metabolite profiling studies [112]; specifi-
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cally, 1 g of powdered sample was mixed with 10 mL of solvent in a 50-mL polypropylene
tube. A 50% aqueous ethanol solution was selected as the extraction solvent due to its
effectiveness as a green, low-toxicity system, making it well-suited for bioactivity screen-
ing [113,114]. Ethanol-water mixtures offer a balanced polarity and are widely recognized
for their ability to efficiently extract a broad range of bioactive compounds, particularly
polyphenolic metabolites, which are well known for their antioxidant properties [115,116].
Moreover, this solvent was selected to ensure low toxicity in downstream biological as-
says, in case traces of solvent remain after evaporation, and because non-polar solvents or
higher ethanol concentrations could reduce solubility in aqueous assay media, potentially
compromising the suitability of the extracts for biological testing.

To ensure complete extraction, the process was repeated three times with fresh solvent.
Following each extraction, the mixtures were centrifuged (13,000x g, 10 min), and the
supernatants underwent filtration through Whatman No. 1 filter paper. The combined
extracts were concentrated under pressure at 40 °C using a rotary evaporator to remove
ethanol and subsequently lyophilized (Alpha 1-2 LD freeze dryer, Christ, Germany) to
obtain dry residues for further analysis.

The extraction yields of A. marina were determined by calculating the ratio of the
weight of dried extract obtained to the initial weight of dried plant material powder and
expressed as a percentage. The yields were 34.23% for roots, 65.02% for cotyledons, 61.76%
for pericarps, 38.55% for propagules, and 33.72% for leaves.

4.4. Characterization of Extracts

The chemical characterization of extracts was performed in negative mode using
liquid chromatography coupled with electrospray ionization (ESI) and high-resolution
mass spectrometry (UPLC-ESI/HRMS). A Waters ACQUITY UPLC system coupled with
a Waters Xevo G2-XS QTof Mass Spectrometer (Waters Corp., Milford, MA, USA) was
used. The extracts were dissolved in ultrapure water at a concentration of 100 pg/mL, and
then 5 uL of each sample was injected into a Biphenyl column (100 mm x 2.1 mm, 2.6 pm;
Phenomenex, Torrance, CA, USA). The chromatographic gradient was conducted with
solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in methanol), starting
with 95% A for 1 min, followed by a linear gradient to 95% B over 10 min, and 4 min of
column washing at 95% B. The flow rate was maintained at 0.4 mL/min. The ESI source
was operated under the following conditions: electrospray capillary voltage of 1.5 kV,
source temperature of 140 °C, and desolvation temperature of 600 °C. MS spectra were
acquired in full range mode, covering a mass range of 100-1000 m/z. MS/HRMS analysis
was performed using data-dependent scan (DDA), selecting the two most intense ions
from the HRMS scan for collision-induced dissociation (CID) with the following conditions:
a minimum signal threshold of 500,000, isolation width at 2.0, and normalized collision
energy of 30%. Metabolite identification followed the Metabolomics Standards Initiative
(MSI) guidelines, which define three confidence levels indicated in the “IL” column of
Table 1: Level 1 (IL1): compounds were unequivocally identified by comparison with
authentic reference standards (retention time, MS/MS spectrum, and exact mass); Level
2 (IL2): tentative identifications were assigned based on matches between experimental
MS/MS spectra and literature data or spectral libraries (e.g., GNPS, MassBank); Level 3
(IL3): compounds were classified by spectral similarity to known chemical families and
supported by taxonomic evidence.

Novelty verification was performed using general literature databases (e.g., Google
Scholar) and the chemical database SciFinder". In SciFinder", each tentatively identified
compound was queried by chemical name, and all related references were investigated
using keywords such as “Avicennia marina”, * Avicennia”, and “mangroves”. This process
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allowed determination of whether a compound had been previously reported in A. marina,
other species within the genus Avicennia, or other mangrove species, or if it represents a
first identification in mangroves.

4.5. Determination of Antioxidant Activity

The antioxidant capacities (AOCs) of the exhaustive extracts of A. marina (leaves, roots,
pericarps, propagules, and cotyledons) were evaluated using 1,1-diphenyl-2-picrylhydrazyl
(DPPH®) and 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTS®**) assays according to
Cannavacciuolo et al. [117]. The extracts were dissolved in ultrapure water and analyzed
at a concentration of 0.5 mg/mL, with Trolox (0-500 uM) serving as a standard. The antiox-
idant activity was expressed as umol Trolox equivalents per gram of sample matrix (TE/g
MTX), representing the umol of a standard Trolox solution exerting the same antioxidant
capacity as 1 mg/mL of the tested extracts.

In the DPPH assay the stock solution of DPPH (5 mM) was prepared by dissolving
3.9 mg of DPPH in 100 mL of methanol and subsequently diluted to 100 uM to obtain the
operating solution. This solution was prepared just before use and protected from light
due to the photosensitivity of the reagent. The assay was set up in an Eppendorf by mixing
50 uL of sample with 950 uL of operative DPPH, and the mixture was incubated in the dark
for 30 min. Subsequently, 200 pL of the solution was transferred to an absorbance reading
plate at the 515 nm wavelength.

For the ABTS assay, the stock solution of ABTS (7 mM) was diluted with phosphate-
buffered saline (PBS; 5 mM, pH 7.4) to achieve working concentrations. The assay was
performed by combining 5 uL of diluted sample (or PBS control) and 500 uL of ABTS
radical cation solution (0.1 mM in PBS). The reaction mixtures were protected from light
and incubated at 30 °C for 60 min to allow complete radical scavenging. Absorbance
measurements were then recorded at 734 nm using a microplate reader.

4.6. Cytotoxicity Evaluation
4.6.1. Cell Lines and Culture Conditions

Normal human fibroblasts (MRC-5), human glioblastoma (U-87), human triple-
negative breast cancer (MDA-MB-231), human colorectal cancer (SW480), and human
healthy mucosa (CCD841) cell lines were purchased from the American Type Culture
Collection (Manassas, VA, USA). The human cervical cancer cell line (HeLa) was acquired
from System Biosciences, and the human colon cancer cell line (E705) was provided by
the Fondazione IRCCS Istituto Nazionale dei Tumori (Milan, Italy). The E705 cell line
represents epithelial tissue cells of colorectal adenocarcinoma derived from a patient at the
National Cancer Institute in Milan.

MRC-5, U-87, and HeLa cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) high glucose medium supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 1% penicillin/streptomycin (P/S), and 2 mM L-glutamine. MDA-MB-231 cells were
maintained in Minimum Essential Medium (MEM) with Earl’s Salts supplemented with
10% heat-inactivated FBS, 1% P/S, 2 mM L-glutamine, and 0.1 mM MEM Non-Essential
Amino Acids (MEM NEAA). E705 and SW480 cell lines were cultured in RPMI 1640
medium supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 2 mM L-glutamine. The CCD 841 cell line was grown in EMEM medium
supplemented with 10% heat-inactivated FBS, 1% P/S, 2 mM L-glutamine, and 0.1 mM
non-essential amino acids. All cell lines were incubated at 37 °C in a humidified atmosphere
containing 5% CO, and 95% air. Cell culture media and reagents were purchased from
EuroClone (Pero, Italy).
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4.6.2. Viability Assay

The cytotoxicity of A. marina extracts was evaluated using the MTT assay (CellTiter96®
Non-Radioactive Cell Proliferation Assay, Promega, Madison, WI, USA) following the
manufacturer’s protocol. The extract powders were solubilized in Milli-Q water, and four
extract concentrations (20, 60, 180, and 540 pg/mL) were tested on all cell lines. Additionally,
for the root extract, an extended dose-response analysis using ten concentrations (2, 10, 20,
40, 60, 100, 140, 180, 360, and 540 pg/mL) was performed on selected cell lines to enable
ICsp determination. ICsy values were calculated only for extract—cell line combinations
tested with this ten-point dilution series.

No positive control drugs were included in this preliminary screening, as the primary
objective was to assess and compare the relative cytotoxicity of different A. marina extracts.
Comparative analysis with standard anticancer agents will be incorporated in subsequent
studies on purified fractions or isolated compounds.

Briefly, HeLa, MRC-5, U-87, and MDA-MB-231 cells were seeded into 96-well plates
(from Euroclone, Pero, Italy) at a density of 5 x 10° cells/well in 100 uL of growth medium,
while E-705 and SW-480 cells were seeded at a density of 8 x 103 cells/well. After 24 h
of incubation at 37 °C in 5% CO;, the medium was replaced, and cells were treated with
various concentrations of A. marina extracts. Following 48 h of treatment, the medium was
replaced, and 15 pL of MTT solution was added to each well. After 3 h of incubation at
37 °C, formazan crystals were solubilized using 100 uL of stop solution and incubated
under stirring for 1 h. Reduced MTT was quantified using a UV—vis plate reader (EnSight
Multimode Microplate Reader, PerkinElmer, Waltham, MA, USA) at 570 nm with a reference
wavelength of 630 nm.

Cell viability was expressed as a percentage relative to untreated cells (negative
control), and medium with MilliQ) water at equivalent concentrations (10% v/v) was used
as a blank. Dose-response curves and the ICs( values, representing the extract concentration
required to inhibit 50% of cell viability relative to untreated control cells, were generated
using GraphPad Prism v10.5.0 software.

4.7. In Silico Prediction for Anticancer Activity

To identify potential bioactive compounds responsible for the cytotoxic effect, an in
silico prediction of biological activity was performed using PASS Online software (https:
/ /www.way2drug.com/PASSOnline/index.php; accessed on 15 July 2025), a predictive
tool from Way2Drug Services. The reliability of PASS for predicting in vitro cytotoxic
activity has been demonstrated in previous studies [118,119], including those focusing on
triterpene saponins [120].

The canonical Simplified Molecular Input Line Entry System (SMILES) of each com-
pound was gathered from SciFinder, and was used to run the software. The program
independently calculates the estimated predictive biological activities based on structure—
activity relationships, providing Pa (probability of activity) and Pi (probability of inactivity)
values for each activity. Only activities with Pa > 0.7 were considered, as this threshold
indicates a high likelihood that the substance will exhibit the predicted activity in experi-
mental settings, although the probability of the compound being an analogue of a known
pharmaceutical agent remains high [121]. Notably, when Pa > 0.9, as frequently observed
in our study, the likelihood of false-positive predictions is insignificant [118].

The predicted anticancer-related activities included antineoplastic activity, apoptosis-
related effects (apoptosis agonist, caspase 3/8 stimulation), TP53 expression enhancement,
NF-kB modulation, cytostatic activity, lipid peroxidase inhibition, and ICAM-1 expression
inhibition. These results were analyzed in relation to the cytotoxicity data of the MTT
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assay to establish potential correlations between the phytochemical composition and the
observed cytotoxicity against cancer cells.

4.8. Statistical Analysis

Statistical analyses were conducted on data generated from three replicates. Cytotoxic
activity results are presented as mean =+ standard error of the mean (SEM). Antioxidant
activity results are reported as mean =+ standard deviation (SD). Before statistical analysis,
the assumption of normality was assessed using the Shapiro-Wilk test. The homogeneity
of the variances was evaluated using Levene’s test. When normality and homogeneity
assumptions were met, a one-way analysis of variance (ANOVA) was performed, followed
by Tukey’s honest significant difference (HSD) post hoc test to assess pairwise differences
between the means of the group. In cases where the assumption of homogeneity of the
variances was not met, Welch’s ANOVA was applied, followed by the Games-Howell post
hoc test. Statistical significance was considered when p < 0.05.

The correlation between phytochemical composition and antioxidant activity was
assessed using Spearman’s rank correlation coefficient (two-tailed). For each plant-part
extract (n = 5), the number of tentatively identified compounds in each major chemical class
(phenylethanoid glycosides, flavonoid glycosides, iridoid glycosides, hydroxycinnamic
acids and derivatives, and triterpene saponins) was correlated with antioxidant activity
(DPPH and ABTS, mean values). Statistical significance was set at p < 0.05.

All analyses were conducted with IBM SPSS Statistics v29.0.2.0.

5. Conclusions

The findings of this study highlight A. marina as a valuable source of bioactive com-
pounds with promising therapeutic applications. The pericarp and root extracts exhibited
the highest antioxidant activity, possibly due to the presence of phenylethanoid glycosides,
which are known for their antioxidant activities. Among all extracts tested, the root extract
displayed the strongest cytotoxicity, in particular against the triple-negative breast cancer
cell line MDA-MB-231 and two colorectal cancer cell lines, SW480 and E705, with ICsg
values of 58.46, 81.98, and 108.10 ug/mL, respectively. In silico predictions identified
triterpene saponins, including medicoside G, esculentoside C, and azukisaponin III, as
likely contributors to these effects.

The detection of triterpene saponins not previously reported from mangroves, together
with several phenylethanoid glycosides and other compounds not earlier described in A.
marina, is noteworthy. Plants adapted to extreme environments can accumulate distinctive
secondary metabolites, and our plant-part-specific UPLC-HRMS analysis of UAE-grown
A. marina provides region-specific evidence that complements existing phytochemical
surveys. Moreover, combining this untargeted phytochemical investigation with biological
activity screening and in silico analysis/statistical correlation offers a practicable approach
to rapidly link observed activities to plant-part-specific compounds.

To advance these observations towards pharmacological relevance, future work should
focus on bioactivity-guided fractionation of the extracts, structural elucidation, and targeted
quantification of key compounds, along with mechanistic in vitro assays. These efforts will
help clarify structure—activity correlations and potentially lead to the identification of a
novel therapeutic candidate from this stress-adapted mangrove species.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph18091308/s1, Figures S1-5S5: Representative chromatograms
of A. marina extracts; Table S1: Cytotoxicity of Avicennia marina extracts on the tested cell lines at four
concentrations (20-540 ug/mL); Figure S6: Cell viability of SW480 (a), E705 (b), and MDA-MB-231
(c) human cancer cell lines treated with root extract (2-540 pg/mL) for 48 h; Table S2: Probable
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cytotoxicity-related biological activities of 6 compounds tentatively identified in the root extract of A.
marina by PASS (Prediction of Activity Spectra for Substances).
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The cosmetic industry is now changing or rather having an
ecological transition in which formulations such as creams,
lotions, and powders for make-up, skin and hair care must not
contain microplastics, now a taboo word in this field. Nowadays,
many companies are intensifying their research and develop-
ment (R&D) work to align with recent and future legislation that
provides for their elimination to safeguard the ecosystem. The
production of new eco-sustainable materials is currently a hot
topic which finds its place in a market worth above 350 billion
dollars which will reach more than 700 billion dollars in a very
short time. This review offers an overview of the main

1. Introduction

Cosmetics is a rapidly expanding economic and scientific sector,
as also witnessed by the increasing number of brands and new
products entering the marketplace every year, with the search
for new materials and new effects capable of responding to
new claims.!"

Cosmetics play a significant role in the daily lives of people
worldwide. The interest for their usage is no longer restricted to
a concept of vanity and luxury. Indeed, psychological-social
factors. Remarkably contribute to such constantly growing
attractiveness for cosmetics. In fact, the daily consumption of
these products has become a way to express and take care of
oneself and increase self-esteem.?® On this basis, the market is
always evolving reflecting consumer needs.

Based on the data reported by Fortune Business Insights
Pvt. Ltd., the global cosmetics market was estimated at $374.18
billion in 2023 and is projected to exceed $750 billion by 2032,
exhibiting a Compound Annual Growth Rate (CAGR) of 9.8%.
Notwithstanding the startling numbers, researchers and acti-
vists are still conducting studies on the problematic presence of
microplastics in cosmetics highlighting their potential risks to
the environment. Prior to the advent of microplastics, natural
compounds have been used in cosmetic manufacturing since
ancient times. Raw materials such as sugar, cellulose, starch,
proteins, natural fats, and oils were processed by the chemical
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advantages and adverse issues relating to the use of micro-
plastics in cosmetics and of their impact, providing an insight
into the properties of the polymeric materials that are currently
exploited to improve the sensorial characteristics of cosmetic
products. In addition, the various regulatory restrictions in the
different geographical areas of the world are also described,
which is matter for reflection on future direction. Finally, a
prospective vision of possible solutions to replace microplastics
with sustainable alternatives complete the picture of the next
generation personal care products to support decision-making
in the cosmetic marketplace.

industry in various fields. For instance, some vegetable oils such
as avocado, lauric, palm, soybean, and walnut were used.
Among vegetable fats were hydrogenated vegetable oil and
shea butter. Animal sources of fatty acids included lard and
tallow.*’ Additionally, lanolin alcohols, derived from the fat of
wool shearing, were introduced to the market as emollients
after the Second World War.®

In the '80s, microplastics replaced these natural ingredients
in many products, both in formulations and in the packaging of
cosmetic products, due to their versatility. They were used for
various functions, including viscosity regulation, film forming,
opacifying, bulking, and exfoliating.”’ For example, polyethylene
glycols (PEGs) were used as humectants and moisturizers,”®
polyacrylates as film-forming agents,”” and polyamides to lend
substantivity to hair and skin.'”

However, the first bans regarding marine litter began with
the increase in plastic pollution. Countries and organizations
have become more aware of the negative impact of plastic and
microplastics on the environment. In 2015, the “Microbead-Free
Waters Act” was the first ban on microbeads. Subsequently,
prohibitions or restrictions on microbeads or microplastics in
cosmetic and personal care products were implemented.

Beat the Microbead (http://www.beatthemicrobead.org) was
one of the first campaigns published on April 2022 to put under
the spotlight the problem of microplastics in cosmetics by
promoting broad awareness on this issue to encourage
consumers to choose products free of microplastics. Greenpeace
and Friends of the Earth have also helped highlight the issue of
microplastics in cosmetics through alertness campaigns, re-
ports, and studies.""” These efforts are encouraging institutions
worldwide to fight against another widespread mystification,
which offers new products dishonestly declared to be environ-
mentally friendly - the so-called greenwashing. In 1986, Jay
Westerveld coined the term “greenwashing” concerning the
idea of encouraging the reuse of towels in hotels suggesting
environmental care but actually done as a strategy to reduce
laundry costs.'? Although the concept is not yet formally
defined, today this term is adopted to describe practices in
which commitment to environmental sustainability is pro-
moted, but all is done primarily for economic and marketing
purposes.

The EU defines greenwashing as “the practice whereby
companies claim to be doing more for the Environment than they
actually are”. In 2024, the European Parliament recognized its
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provisional agreement with the Council on the Directive

Empowering Consumers for the Green Transition through Better

Protection against Unfair Practices and Better Information

(“Greenwashing Directive”)."® Nevertheless, a specific EU regu-

lation focused on greenwashing in cosmetics does not exist,

while just regulations and initiatives to ensure transparency and
prevent deceptive marketing practices are being taken.

Over time, consumers have become increasingly aware of
the above issue, seeking out products with specific labels such
as Cruelty-Free, Vegan, Nickel Tested, Dermatologically &
Ophthalmologically Tested, and free of Ethyl Alcohol, Silicone,
and Petrochemicals. Additionally, consumers are increasingly
choosing products with eco-sustainable packaging and/or
made from recycled materials (Green Packaging).™ In this
review, we will focus on a fundamental component in the
production of solid and semi-solid formulations: cosmetic
powders. Cosmetic powders have been and continue to be at
the forefront of sustainability concerns, leading various institu-
tions to enact legislation addressing the issue.

Cosmetic powders are widely used in cosmetic formulations
owing to their versatility, ability to enhance sensorial character-
istics and skin benefits making the final products appreciated
by the consumers. The main features of cosmetic powders
include (Figure 1):
¢ Exfoliating: powders are able to remove dead cells on the

skin surface promoting cell renewal and favouring smoother
skin.

¢ Fixative: powders avoid smudging in semi-solid formulations
and prolong their shelf life.

o Mattifying or brightening: powders can be used to reduce
undesirable reflections on the skin or enhance brightness to
the face, especially in the T-zone (forehead, nose and chin),
where oiliness tends to accumulate more.

Marco Giustra graduated in Chemistry from
the University of Milano-Bicocca in 2018. He
obtained a PhD in Nanotechnology and
Materials Science in 2022, focusing on synthe-
sizing inorganic nanoparticles and multi-
branching polymers to enhance colloidal
stability. His current research is centered on
producing sustainable raw materials for cos-
metic and pharmaceutical formulations, as
well as developing alternative RNA nanodeliv-
ery methods for cancer treatment.

Davide Prosperi graduated in Chemistry in
1998 and obtained a PhD in Chemistry in
2002 at the University of Milan. Since 2019, he
is Full Professor in Biochemistry at the Uni-
versity of Milan-Bicocca. He is Director of the
Nanobiotechnologies for Health Center. His
research is mainly focused on colloidal and
biomimetic nanoparticles for use as drug
delivery systems, molecular imaging and
probes for the investigation of intracellular
molecular mechanisms, including gene silenc-
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EXFOLIATING

Dead cells

FIXATIVE

BRIGHTENING

MATTIFYING
OIL ABSORPTION

Figure 1. Main characteristics of cosmetic powders in formulation and
relative effects on skin: exfoliating, fixative, brightening, mattifying and oil
absorption.

e Oil absorption: sebum-normalizing products, some powders
help to control oiliness maintaining an opaque and matte
appearance.

ing and cell transduction and signaling.
Current research topics in his laboratory are
RNA therapy for cancer treatment and the
development of sustainable materials for
nanomedicine and cosmetics.

Prof. Miriam Colombo obtained her Master
degree in 2008 in Medicinal Chemistry and
Technology at the University of Milano and
she made the PhD in Biology in 2012. She is
full professor of Clinical Biochemistry at the
University of Milano-Bicocca. Her scientific
research focuses on developing nanoparticles
for biomedical applications. This involves
creating new systems for drug delivery and
other therapeutic approaches, characterizing
them, and bio-functionalizing them with vari-
ous active bio-ligands. Additionally, she has
explored alternative administration methods
for nanoparticles and biomolecules, such as
oral and topical administration, particularly for
pharmaceutical and cosmetic applications.
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These features can be combined to produce formulations
capable of satisfying multiple needs, such as setting makeup,
controlling skin oiliness, sculpting, and defining facial features.

Actives encapsulation or surface modification of cosmetic
powders boost the final product’s applicability and perform-
ance, such as wetting and anti-ageing effects.

Microplastics have often addressed the main appearances
stated, presenting a global and pressing challenge (Figure 2).
Currently, some R&D companies, alongside universities are
striving to replace microplastics in cosmetic products while
maintaining or even improving the powder performance, thus
obtaining sustainable products.

2. Microplastics in Cosmetic Formulations - A
Real Threat for the Environment and Human
Health

In the last decade, microplastics (MPs) have emerged as a
significant environmental and health problem worldwide. MPs
are defined as small plastic particles ranging in size from 0.1 to
5 mm."™ Microplastics derive from a variety of sources, includ-
ing discarded plastic, the textile, and cosmetic industries. The
generation of plastics and microplastics associated with the
cosmetic industry is currently one of the most serious environ-
mental issues, reinforced also by the increased number of
consumers and the high demand in this sector.'®

Microplastics can be found in primary form, as constituents
of cosmetic formulations, such as exfoliating agents, or as
secondary plastics, derived from cosmetic packaging. Among

)
e
Animals

‘Microplastics
in contact with

(

the primary sources, personal care products, including cleansing
products, makeup cosmetics, shower gel, facial cleanser, hand
sanitizer, soap, toothpaste, sunscreen and shampoo represent
significant sources of microplastics in the environment.'” These
microplastics are specially designed and optimized in a
spherical shape, to reduce skin scratches or disruption of the
natural skin growth process. The use of microplastics in various
personal care products has expanded beyond their initial
scrubbing effects to include important functions such as bind-
ers, bulking agents, emulsifiers, film formers, viscosity regula-
tors, opacifying agents, glitters, skin conditioning, tooth polish-
ing in oral care, gellants in denture adhesives, moisturizers, sun
filters, and stabilizers.'®

The plastic ingredients used for the scrubbing function are
commonly referred to as plastic microbeads. Microbeads made
of polyethylene are the most common application, although
polyurethane, polypropylene, polyethylene terephthalate, poly-
methyl methacrylate and nylon are used." The advantages of
using plastic microspheres for washing and exfoliation include
their soft peeling effect, associated with good skin tolerance.
They have a broad range of positive properties, they are
chemically inert substances, odourless, non-sensitizing and non-
irritating.2”

Microbeads have the potential to improve the performance
of a wide range of cosmetic products, but there are also some
drawbacks to consider. In fact, microbeads, being tiny plastic
particles, are difficult to filter out in wastewater treatment
plants, entering water streams and eventually contaminating
rivers.”?" They can be found in the ocean, soil, and even in the
air we breathe.

-

ES

Microplastics
in organs

. Humans

Figure 2. Microplastics from personal care and cosmetic products have the potential to infiltrate the entire ecosystem-reaching the earth, seas, plants,

animals, and ultimately, humans. Especially, microplastics reach human organs.
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Since there is no effective way to remove microplastic
contaminants from the marine environment and they are highly
resistant to degradation, microparticles can be adsorbed or
ingested by many marine organisms. The introduction of these
microparticles by marine animals, plankton, and other biota
results in a negative effect on the entire food chain of the
marine ecosystem. The presence of microplastics in different
marine organisms, such as copepods,”? bivalves,*® fish,*¥ and
seabirds™ has already been documented.

Another issue to be considered is that microplastics have
large specific surface areas, making them easier to absorb
hydrophobic chemicals (e.g., polychlorinated biphenyls) from
aquatic environments. They can be considered as vectors for
various harmful contaminants, such as heavy metals (Al, Cd, Co,
Cr, Cu, Hg, Mn and Pb), polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, pesticides and persistent organic
pollutants.?%?”

Furthermore, particles of less than 130 mm, can accumulate
in human tissue and diffused into bloodstream, lymphatic
system, and organs through various mechanisms, such as
ingestion, inhalation, and dermal absorption (Table 1). The
implications for human health are substantial and multifaceted,
as MPs may release the mentioned toxins, additives and
monomers, which may have carcinogenic activity and trigger
inflammatory responses.”™ In light of these considerations,
there is obviously a need for consolidation of actions, changes
and optimization in the production processes and products of
the cosmetic industry.

2.1. Human Blood
A study by Leslie et al. provided the first evidence of plastic

particles in the bloodstream. They quantified MPs in whole
blood samples from 22 healthy individuals,” obtaining data for

concentrations in blood for five polymers: poly (methyl
methacrylate) (PMMA), polypropylene (PP), materials containing
polystyrene (PS), polyethylene (PE) and polyethylene terephtha-
late (PET). PET was the most frequently detected polymer, with
measurable values found in 50% of all tested donors. PMMA,
PE, and PS were detected in 5%, 23%, and 36% of donors,
respectively. The average polymer concentration in blood was
1.6 ng/mL. The study highlighted that plastic particles can enter
the human body and be eliminated through the biliary tract,
the kidneys or other organs at a slower rate than they are
absorbed into the blood. Given the lack of information on the
long-term health effects of MPs in human blood, further
research is essential to better understand the risks. This involves
investigating the sources and pathways by which MPs enter the
bloodstream, analyzing their distribution and accumulation
patterns, and assessing their potential impacts on various
physiological and cardiovascular systems.

More recently, Yang etal. conducted a study which
identified MPs in the human heart for the first time.*” In this
study, the presence of MPs in the human heart and its
surrounding tissues was investigated by collecting blood
venous samples from 15 cardiac surgery patients through a
laser direct infrared chemical imaging system and scanning
electron microscopy. The most common MPs were polyamide
(49%) and PET (22%), making up over 70% of the total
microplastic content. The composition of MPs changed signifi-
cantly before and after surgery. Pre-surgery samples were
dominated by PET (67 %), whereas post-surgery samples were
primarily polyamide (57%). The diameter of MPs also shifted,
with pre-surgery MPs mostly between 30 and 50 um and post-
surgery MPs predominantly between 20 and 30 um. These
findings indicate the potential interactions between medical
procedures and MP exposure, which can impact on post-
operative recovery and cardiovascular health.

Table 1. Predominant microplastics found in human organs and fluids.

Sputum

Urine and kidneys

LD-IR and pFTIR
pRaman

pRaman

Organs and fluids Detection technique Particle types References
Blood Py-GC/MS PE, PET, PMMA, PP and PS Leslie et al.””!
LD-IR and SEM PA, PC, PE, PET, PMMA, PP, PS, PU, and PVC Yang et al.®”
Vein tissue WFTIR Alkyd resin, Nylon EVA, PVAc, PVAE and PUR Rotchell et al.B"
Semen pRaman PC, PE, PET, POM, PP, PS, and PVC Montano et al.?2?
Py-GC/MS and LD-IR PA, PE, PET, PP, PS, and PVC Zhao et al.®¥
Testis Py-GC/MS and LD-IR PE, PP, PS and PVC Zhao et al.**
Placenta pRaman PP and other fragments Ragusa et al.*¥
FTIR PE, PP and PU Braun et al.’
VP-SEM and TEM Fragments compatible with MPs Ragusa et al.>
LD-IR PP and PVC Zhu et al*”
LD-IR PA and PU Liu et al.®®
Pulmunary tissue pRaman PE and PP Amato-Laurenco et al.>?

Alkyd varnish, CPE, PES and PU,
PE, PP, PVA and PVC
PE and PS

Huang et al.*”

Pironti et al.*"

Massardo et al.*?
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MPs have also been found in human vein tissue. Rotchell
et al. discovered MPs in four out of five vein samples by using
WFTIR. The MPs were mainly fragments ranging in size from 16
to 1074 um. The most common polymers were alkyd resin,
polyvinyl propionate/acetate (PVAc), and a tie layer of nylon
EVA or ethylene vinyl alcohol (EVOH)-EVA 5"

2.2. Testis and Semen

Montano et al. analyzed semen samples from men living in a
polluted area of Southern Italy to determine the presence of
MPs. Spherical and irregular microplastic fragments, ranging in
size from 2 to 6 um, were found in six out of ten samples.’?
Furthermore, the chemical composition analysis identified the
presence of commonly used polymers including PP, PS, PET, PE,
polyoxymethylene (POM), polyvinylchloride (PVC), and polycar-
bonate (PC).

In another study by Zhao etal., MPs were discovered in
human testis and semen. 6 testis and 30 semen samples were
used to detect MPs through pyrolysis-gas chromatography/
mass spectrometry (Py-GC/MS) and laser direct infrared spectro-
scopy (LD-IR).®¥ MPs were found in both testis and semen, with
an average concentration of 0.23+0.45 particles/mL in semen
and 11.60415.52 particles/g in testis. The MPs in the testis
were predominantly composed of PS at 67.7%, while PE and
PVC were the main polymers in semen. The MPs were between
21.76 um and 286.71 um in size, with the majority (67% in
semen and 80.6 % in testis) being between 20 and 100 um. This
study is the first to reveal MP contamination in the human male
reproductive system, highlighting the presence of various MP
characteristics in different regions and providing essential data
for assessing the risk of MPs to human health. Further
investigation should be conducted to determine the potential
implications for male reproductive health and fertility.

2.3. Human Placenta

The first evidence of MPs in human placenta was found in a
study by Ragusa et al. in 2021. Six human placentas, collected
from consenting women with normal pregnancies, were
analyzed using Raman microspectroscopy to detect the pres-
ence of microplastics.*”

The placenta regulates the fetal to maternal environment
and, indirectly, the external environment. The potential pres-
ence of MPs in this organ can have an impact on embryo
development, causing risks for the newborn. A total of 12
fragments, ranging from 5 to 10 um in size and various shapes,
were found in four of the placentas. Specifically, five fragments
were located on the fetal side, four on the maternal side, and
three within the chorioamniotic membranes. The analysis also
revealed the presence of industrial pigments like iron hydroxide
oxide and ultramarine blue, both applied for cosmetic formula-
tions, such as BB creams, foundations, lipstick, mascara and
eyeshadow.

ChemSusChem 2024, 17, €202401065 (6 of 18)

Differently, Braun et al. used FTIR to analyze particles larger
than 50 um and discovered various MPs, including PE, PP, and
polyurethane (PU) in two out of three placentas contained.®”

More recently, three additional studies have been con-
ducted on placentas using different techniques.

In another work, Ragusa etal. examined 10 human
placentas using variable pressure scanning electron microscopy
(PV-SEM) and transmission electron microscopy.®® They de-
tected MPs, ranging in size from 2.1 to 18.5 um, in both intra-
and extracellular compartments of different placental cellular
layers, including lysosomes, peroxisomes, lipid droplets, multi-
vesicular bodies (intracellular), stroma, endothelial cells, and
pericytes (extracellular). Zhu et al. and Liu et al. used laser direct
infrared spectroscopy (LD-IR) to investigate MPs in human
placentas. Zhu et al.?” identified PVC (43.27 %) and PP (14.55 as
the main polymer types (out of 11 types) found in the placenta.
These microparticles ranged in diameter from 20.34 to
307.29 um, with the majority (80.29%) being smaller than
100 um. Liu etal. predominantly found polyamide and PU,
which accounted for over 78% of the MPs.*® Compared to
previous studies, the laser direct infrared spectroscopy (LD-IR)
technique detected a higher number of microplastics, suggest-
ing that placentas may accumulate more microplastics than
previously estimated. Therefore, it is crucial to gain a thorough
understanding of the sources of microplastics in the human
placenta, along with their potential health impacts on fetal
development.

2.4. Respiratory and Gastrointestinal Systems

Several studies have focused on MP exposure in the respiratory
and gastrointestinal systems, which are the primary entry routes
for MPs.

In 2021, Amato-Laurenco et al. detected MPs in 13 out of 20
human pulmonary tissue samples obtained during autopsies.®
These samples were collected from the distal and proximal
regions of the left lung of non-smoking adults. Using pRaman
spectroscopy, the most frequently determined polymers were
PE (24.3%) and PP (35.1%). All particles were smaller than 5 um,
while fibers ranged between 8.1 and 16.8 um.

In 2022, Huang etal”” conducted a study where they
examined human sputum samples collected from 22 patients
with various respiratory conditions to investigate inadvertent
inhalation of MPs. FTIR microscopy and laser infrared imaging
spectrometry were used to detect MPs in the respiratory tract.
The study identified 21 different types of MPs in the sputum
samples, with PU being the most common type, followed by
polyester (PES), chlorinated polyethylene (CPE), and alkyd
varnish, which together constituted 78.36 % of all MPs detected.
The study concluded that MPs are prevalent in sputum samples,
indicating that inhalation could be a significant pathway for
plastics to enter the human body. Moreover, statistical analysis
(p <0.05) indicated that the levels of specific MP types found in
the respiratory tract were associated with factors such as
smoking and invasive medical procedures.
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2.5. Kidneys and Urine

Pironti et al.*"’ examined urine samples from six volunteers
residing in different cities in Southern Italy. The researchers
utilized pRaman to analyze the samples and identify MPs. The
results of the analysis revealed the presence of four pigmented
microplastic fragments, ranging in size from 4 to 15 um, with
irregular shapes. Specifically, polyethylene vinyl acetate, PVC,
PP, and PE were the polymers identified in the samples.

Massardo et al. investigated the presence of microplastics in
human kidneys and urine using microRaman spectroscopy.”?
Healthy sections from ten nephrectomized kidneys and ten
urine samples from healthy donors were analyzed using micro-
Raman spectroscopy.

A total of 26 out of 66 microparticles were identified in both
kidney and urine samples, with sizes ranging from 3 to 13 um in
urine and from 1 to 29 um in kidneys. The most frequently
detected polymers were polyethylene and polystyrene, while
hematite and Cu-phthalocyanine were the most common
pigments. This preclinical study demonstrates the presence of
microplastics in renal tissues and confirms their presence in
urine, providing evidence of microplastic deposition in human
kidneys.

Based on these findings, there is a need for consolidation of
actions and further research is necessary to enhance our
understanding of the potential toxicity of MPs in humans.

3. Current Global Regulation on Microplastics
in Cosmetic Formulations

As stated, microplastics are an emerging environmental and
human health problem. Due to their small size, filtering them
out in wastewater treatments is challenging, allowing easy
access of microplastics to the sea.' As a result, for decades,
governments and non-governmental organizations (NGOs) have
reported the problem of marine pollution caused by plastics
and microplastics (Figure 3).

The 2000s marked the beginning of international efforts to
address marine litter and protect the aquatic environment. In
1972, the London Convention listed materials considered
marine waste including plastic or other synthetic substances.
Both the Oslo Convention (1974)* and the MARPOL (Annex V-
1978)*) of the International Maritime Organization (IMO)
forbade the dumping of materials such as plastics and garbage
plastic bags in the sea. On November 3™ 1995, 108 govern-
ments, the European Commission with various UN bodies and
UN specialised agencies declared the “Global Programme of
Action of the Marine Environment” to establish a global
initiative on marine pollution in 2003. It stated that domestic
wastewaters were discharged improperly. It was noted that
80% of plastic pollution originated from land, and uncontrolled
combustion of plastic could generate Persistent Organic
Pollutants (POPs), metals, and hydrocarbons. In 2016, UNEA
(United Nations Environment Assembly) recognized the neg-
ative impacts of microplastics and encouraged countries to take
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Figure 3. Main actions taken by governments, institutions and associations
against microplastics since their introduction.
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immediate actions.”” In the following years, several documents
were published such as the UN plan (2018), and European
Green Deal (2019) which suggest solutions to reduce MPs.1 5"
In 2021, Greenpeace published a report where 664 cosmetic
products were analyzed and found that 25 % of them contained
MPs, providing a list of toxic substances along with their relative
percentages in each product.”*” Other NGOs are monitoring
and fighting for marine litter such as “the Honolulu Strategy”.”"
In 2019, the European Chemical Agency (ECHA) proposed the
definition of microplastic as a “solid polymer-containing
particle” and suggested their restrictions.”>*® Countries have
begun to establish new norms and prohibitions on the use of
microplastics in commercial products, especially cosmetics(.

3.1. Europe

In 2013, the Dutch government was the first country to propose
a European-wide ban on microbeads. A year later, the European
Commission established the prohibition of the Ecolabel sign on
rinse-off cosmetics.” Therefore, Austria, Belgium, Luxembourg
and Sweden demanded a ban on microbeads in personal care
products in a common statement. A few countries, including
the Netherlands and the UK, declared themselves free from
microbeads by 2017, while others proposed temporary bans,
like Denmark. Italy decided to reduce the use of microplastics in
rinse-off products (as well as cotton buds and detergent). From
2020, the marketing of rinse-off manufactures with micro-
plastics are forbidden.®™ The Nordic Council, in January 2017,
proposed a full ban on microplastic in cosmetic products.”

Two years later, Ireland was the first country to publish the
definition of microplastic to form a national ban and in 2020, to
eliminate in household and industrial cleaner microbeads.””
Moreover, European personal care industries started reducing
the use of microbeads by 82% by 2015 with Cosmetic Europe
introducing further restrictions in 2017.

Furthermore, the European Commission accelerated the
implementation of the “Circular Economy Action Plan” which
was initially outlined in 2015.°%*% HELCOM (Helsinki Commis-
sion) described how to manage marine litter. It defined
“primary” and “secondary” microplastics and how to tackle this
issue. On November 9™ 2017, the European Commission
invited the European Chemical Agency (ECHA) to design a
dossier for the restrictions on synthetic water-insoluble micro-
particle polymers of 5 mm. ECHA published the dossier high-
lighting the environmental risk of marketing synthetic solid
microparticles. Specifically, it proposed a “prohibition of the
placing on the market of any solid polymer contained in
microparticles or microparticles which have a solid polymer
surface coating, as a substance on their own or in a mixture in a
concentration equal to or greater than 0,01% by weight"."
Seven years later the European Union banned products
containing added microplastics as cosmetics, personal care and
single-use manufactures.®® Europe aims to reduce the amount
of MPs released in the environment by 30% by 2030.°¥
Additionally, they established a methodology to measure MPs
in water by 20244
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3.2. America

In 2014, lllinois became the first state in the United States to
ban non-biodegradable microbeads in personal care
products.®™ In 2020, the use of daily chemical products
containing microbeads smaller than 5 mm, such as rinse-off
products, was banned. By December 2022, the sale of these
products was also prohibited.®® Later, California expanded this
ban to biodegradable microplastics and in 2015 microbeads
were banned in cosmetics and personal care products.*’*® In
the same year, the US government published the “Microbeads
free-water Act” which prohibits the manufacture and sale of
microbeads in rinse-off personal care items from 2018 In
2015, Canada labelled microplastic as a toxic substance in the
Canadian Environmental Act of 1999, but it was not simulta-
neously banned. Two years later, regulatory measures banned
the manufacture, import, and sale of microbeads in toiletries by
July 1, 2018.7% In 2020, it proposed a system that reduce the
use of microbeads in personal care products.”” In 2016, the
Brazilian government banned the use of non-biodegradable
plastic in cleaning, bleaching, grinding, and exfoliating cosmet-
ics. Four years later Argentina banned the production, import,
and marketing of microbeads in toiletries and makeup items.

3.3. Asia and Oceania

In 2008, the Chinese government penalised plastic bags and
launched microplastic monitoring in 2016.7*”* It proposed
guidance for industries to forbid the manufacture of household
chemical products containing plastic microbeads. In 2020,
banned daily chemical products with microbeads smaller than
5 mm like rinse-off products. In December 2022, their sale was
forbidden. Taiwan and South Korea have already banned
microbeads in rinse-off cosmetics, while India is still considering
regulations to address them.™ Since 2020, Thailand has
forbidden microbeads in cosmetic products to reduce primary
microplastics” In 2015, Australian government began to take
action on microbeads through the NSW EPA."®”” During the
Meeting of Environment Ministers in December, an agreement
was reached to slowly get rid of microbeads in personal care,
cosmetic, and cleaning products. Australia eliminated microbe-
ads in rinse-off cosmetics and personal care products. However,
New Zealand took action three years later, in 2018, by choosing
to prohibit microbeads.”® Other countries, like the United Arab
Emirates (UAE), have not yet announced legal restrictions or
bans on the phase-out of microplastics from cosmetics. The
situation in South Africa is similar to India, where the govern-
ment is still consulting on regulations against the use of
microbeads in cosmetics.”® Anyway, in active bans, there is not
a universal document which states what microbeads are
restricted and for what purpose. There is only an agreement
between countries on the definition and size of microbeads.
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4. Major Microplastics in Cosmetic
Formulations

As previously mentioned, cosmetic powders are among the
most relevant raw materials for the achievement of final
formulations with specific properties distinguishable by the end
consumer. The small size, shape, and chemistry of these
materials are the characteristics that influence most of their
properties. Microplastics have led to a drastic change in the
performance of formulations, improving sensory attributes,
albeit at the expense of sustainability. Table 2 summarizes the
principal microplastics exploited in cosmetic products, showing
their chemical formula and main effects in formulations.”®”

e Polyethylene (PE) is one of the most widely used synthetic
polymers and is easy to produce. PE consists of repetitive
units of ethylene groups, which give the polymer flexibility
and strength. Indeed, the relative polymerization can yield
branched or linear structures, leading to the production of
high-density polyethene (HDPE), low-density polyethene
(LDPE), and linear low-density polyethene (LLDPE), each
contributing to different performances. In cosmetics, PE is a
film-forming and viscosity-regulating agent.”#*® Specifically,
PE microparticles were used in formulations for facial and
body scrubs as an exfoliating agent. But since 2018, they
have been banned from cosmetic products due to their
impact on marine ecosystems.”

e Polypropylene (PP) is a thermoplastic homopolymer pro-
duced from 1-propene, a gas derived from petroleum and
natural gas. PP is known for its lightweight nature and
resistance to corrosion, wear, and moisture. This polymer is
used as a viscosity-controlling agent in foundations and nail
polishes - also, employed as an exfoliant in some
formulations.®”

¢ Poly(methyl methacrylate) or PMMA is a transparent thermo-
plastic polymer obtained from methyl methacrylate. In
cosmetics, this polymer is used in nail polish, lip gloss, and
mascara due to its film-forming aptitude. PMMA micro-
particles are also used as absorbent agents for transporting
active ingredients and as brightness/mattifying regulators,
reducing imperfections caused by ageing. Additionally, they
modulate the texture of formulations due to their small
Size.[7,80,82]

¢ Polytetrafluoroethylene (PTFE) is a homopolymer derived
from the polymerization of tetrafluoroethylene. This polymer
is used as a hair conditioning and additive in makeup
products,® including foundations, face powders, and pri-
mers, to offer a matte finish. PTFE microparticles can enhance
the sensorial experience of cosmetic formulations by improv-
ing the texture with a smooth and silky sensation. Addition-
ally, they exhibit non-stick, free-flowing, moisture-resistant,
and long-lasting properties, which well-suite for most
products.®84

¢ Polyethylene Terephthalate (PET) is derived from terephthalic
acid and ethylene glycol. PET microparticles can be utilized in
various formulations due to their properties.”*** They can
enhance the texture of semi-solid formulations and serve as
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exfoliating agents in skincare products like face and body
scrubs. Additionally, they can function as mattifying agents in
creams, lotions, and foundations. These microplastics can be
used also to deliver and release active ingredients. In
addition, they can be coloured and used as additives in the
formulation of leg and body paints, nail polish, lip gloss, and
hair colouring products.

Polyamides (Nylon) are synthetic polymers containing amide
bonds as repeating units, and various types can be obtained
based on the starting monomers; eminent examples are
Nylon-6 and Nylon-12."%% The first one is derived from the
ring-opening of caprolactam, serves as a viscosity-controlling,
bulking, thinning, and moisturizing agent. Nylon-12, a
synthetic polymer derived from ®-amino lauric acid mono-
mers, possesses bulking and opacifying properties and is
commonly found in skin creams and face powders.
Polyurethane (PU) is a synthetic polymer made from the
reaction between polyols and diisocyanates. In cosmetics, PU
microbeads are used as exfoliating, texture enhancement,
and/or binding agents. They are capable of absorbing excess
sebum from the skin, making them useful in oil-control
formulations. Polyurethane can also be used as a colour
additive to enhance the effects in products such as nail
polish, lip gloss, and eyeshadows.®

An example is PU cross polymer-1, a synthetic copolymer
made of isophthalic acid, adipic acid, hexylene glycol,
neopentyl glycol, dimethylolpropanoic acid, and isophorone
diisocyanate units, which is used as a binding, film-forming,
and hair-fixing agent.®”

Polyacrylates are a family of synthetic polymers made up of
acrylate monomers, which are used as film-forming, anti-
static, binding, hair fixative, and suspending agents.”®? There
are various acrylate copolymers such as styrene-acrylates
copolymers, used as colour opacification and filming agents;
and ethylene/acrylate copolymers, used as a binding,
emulsion stabilizing, thickening, film-forming, and opacifying
agent.

Polyethylene glycols (PEGs) and polypropylene glycols
(PPGs), synthetic polymers of ethylene glycol broadly used
also in pharmaceutical formulations for drug delivery. They
are employed in cosmetic products as humectants or
emulsifiers formulated as creams, lotions, and serums. PEGs
and PPGs are soluble in aqueous and organic phases,
favoring the solubilization of active ingredients and fragran-
ces in formulations.”®”

Polymethylsilsesquioxane is a synthetic silicone obtained
from the hydrolysis and condensation of silicone methyltri-
methoxysilane. This synthetic polymer is used for film-
forming,  texturing,  opacifying,  skin and hair
conditioning 088

Other microplastics of common usage are polybutylene
terephthalate (PBT), polystyrene (PS), various types of Nylon,
acrylates®**°@ and polyurethane crosspolymers.””

[7,80]
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Table 2. Main formulation effects of principal microplastic in cosmetic products.

Microplastic Formulation effects

Polyethylene (PE)
Polyethylene (PE)
CH,
n Exfoliating and viscosity-regulating

Polypropylene (PP)

Polypropylene (PP)

CH,

0
H,CO n

Polymethyl methacrylate (PMMA)

Polymethyl methacrylate (PMMA)

Polytetrafluoroethylene (PTFE)

Polytetrafluoroethylene (PTFE)

Polyethylene Terephthalate (PET)

Polyamides (Nylon

Polyamides (Nylon)

Polyacrylates

Polymethylsilsesquioxane

Polymethylsilsesquioxane

Nﬂ Abrasive, film-forming and viscosity-regulating

Brightness/mattifying regulators, carrier of actives, film-forming and texturizing

Binding, bulking, hair and skin conditioning, long-lasting, moisture-resistance and texturizing

*@( v\:|\ Absorbent, film-forming, mattifying and texturizing
,(CHZ
Bulking, conditioning, opacifying, texturizing and viscosity controlling

H H
(0] N N 0
\n/ R \n/ R’ Binding agent, film-forming, hair fixing and conditioning and viscosity controlling
(0] (0]
n
Polyurethane (PU)
Absorbent, binding agent, emollient, emulsifying filming, hair and skin conditioning, opacifying and
RO™ 7O], viscosity controlling

Polyacrylates

0
,@O\/q\ Emulsifying, hair and skin conditioning, humectant and solvent
n CH,

n
Polyethylene glycols Polypropylene glycols
(PEGS) (PPGs)
"
/Si\
0 (l)R 0 Film-forming, hair and skin conditioning, opacifying and texturing
n
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5. Eco-friendly Cosmetic Powders -
Alternatives to Microplastic

The regulatory restrictions applied to plastic microbeads stem
from growing scientific evidence of their environmental release
and harm. However, the presence of alternative materials has
played a key role in driving the implementation of these
regulations.”” Numerous initiatives are underway to address
the harmful impacts of microplastics, including those originat-
ing from personal care and cosmetic products, on marine
environments and other ecosystems. Leading these efforts is
the replacement of traditional synthetic microplastics with eco-
friendly, sustainable, and biodegradable materials.” In the
cosmetic industry, there is active seeking of alternatives to
traditional microplastic ingredients, distinguishing natural,
semi-synthetic and synthetic alternatives as Figure 4 shows.®”

5.1. Natural Alternatives

Consumer consciousness about the detrimental impact of
synthetic polymers on the environment is pushing for the
improvement of biopolymer production from natural sources.
The eco-friendly, safe, and biocompatible traits of natural
polymers make them particularly significant in cosmetic for-
mulations. Natural polymers like starch, cellulose, alginate,
chitosan, lignin, pectin, xanthan gum, agar, hyaluronic acid,
guar gum, gelatine, collagen, and keratin can be modulated as
microparticles”®® and formulated for the cosmetic industry.®
These versatile materials can be employed in skincare, haircare,
and makeup, serving as stabilizers and modifiers. Their safety,
biocompatibility, eco-friendliness, and appeal to consumers
make them highly suitable for various cosmetic applications.
Introducing small molecules or polymers can modify natural
alternatives, resulting in semi-synthetic materials. Celluloses and
starches are commonly modified to gain properties for skin
sensoriality and formulation purposes.

Natural Alternatives
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Figure 4. Main natural, semi-synthetic and synthetic alternatives used to replace microplastics in cosmetic products.
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5.2. Starch enzymatic treatment). OS-starches can be customized for the

Starch is a natural polysaccharide obtained from plant sources
such as corn, rice, maize, wheat, and barley. This biopolymer
usually exhibits size distribution in the order of micrometers.””!
It is utilized as a versatile cosmetical component, applied in
skincare, hair care, and personal care formulations. Starch beads
have garnered significant attention in cosmetic formulations
due to their biodegradability, renewability, and potential to
replace non-biodegradable microplastics in personal care
products. %%

A study by Junlapong et al. investigated the biodegradation
of starch-based hydrogels resulting in environmentally friendly
alternatives to synthetic microplastics.” This feature aligns with
the growing consumer demand for sustainable and eco-friendly
cosmetic products. Studies have also shown that controlling
parameters such as starch source, processing techniques, and
crosslinking agents can influence the size, shape, and texture of
starch beads, thereby affecting their suitability for various
cosmetic formulations.'™ For example, Farrag et al. pointed out
that the source of starch significantly influences the self-
assembling behavior of this polymer at the nanometric level
due to different amylose/amylopectin ratios. Starch beads have
been explored as carriers for active ingredients in cosmetics,
improving  stability, controlled release, efficacy, and
longevity."*" For instance, Adejoro et al. succeeded in produc-
ing starch-based systems enabling the production of homoge-
neous microcapsules trapping tannins."®® Pueknang and Sae-
wan encapsulated folic acid in phosphorylated rice starch
producing a semi-solid formulation. They evaluated the im-
provement of human skin noticing the melanin content,
scaliness, and wrinkle."* Starch beads can also serve as texture
enhancers in cosmetic formulations by providing desirable
sensory properties such as smoothness, spreadability, and a
luxurious feel. Studies have investigated the rheological proper-
ties of starch-based gels and emulsions, demonstrating their
potential to improve the texture and consistency of creams,
lotions, and other cosmetic products."™ Research by Marto
et al. has focused on assessing the compatibility and stability of
starch-based emulsions (St-BV) in various cosmetic formulations.
The physicochemical characteristics and the toxicological profile
of ingredients combined with the risk characterization and the
evaluation of tissue viability resulted in being safe for human
use. Furthermore, an increase in skin hydration and micro-
circulation has been observed."*

Besides the above-mentioned advantages, starch is one of
the easily modifiable polymers due to its simple structure and
abundance in nature. Different physical properties could be
achieved by to the polymer through the grafting of molecules
and/or macromolecules, making the resulting starch derivatives
one of the most versatile alternatives in the formulation field."*
A common modification involves the insertion of octenyl
succinic acid (OSA) to confer hydrophobic character to starches,
leading to a smart product primarily employed as an emulsifier.
Mu et al. modified waxy maize and corn starches with 3% OSA
to create oil-in-water emulsions and studied their stability under
various conditions (pH change, electrolyte concentration, and
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release of active ingredients by controlling their destabilization
rate.l'”

5.3. Cellulose

Cellulose is a natural polymer found in the cell walls of plants
and is derived from abundant sources, including wood, hemp,
cotton, and linen. Macro- and nanofibers originated from
cellulose are a highly appealing substrate for cosmetics, as they
are biodegradable, non-toxic,"*®® and offer gentle exfoliation
without causing harm to the environment. Celluloses are mainly
employed as emulsifiers, film-forming and thickeners agents in
cosmetic formulation, i.e. facial scrubs and exfoliating
cleansers.”*'*

OBrien et al. produced spherical cellulose microbeads by a
scalable membrane emulsification—phase inversion process as
an eco-friendly alternative to microplastics."'” Recently, bacte-
rial cellulose (BC) is taking place in this field due to its purity,
porosity tensile strength. BC has identical chemical composition
with pure plant-derived cellulose, differing solely in molecular
weight."" This polymer can be used in cosmetic products as
Personal Care formulations, facial scrubs and mask."'?'"3

As already mentioned, cellulose is often modified to achieve
characteristics useful for formulating cosmetic products, i.e.
improved solubility - some examples are sodium carboxyme-
thylcellulose, ethyl cellulose, and cellulose esters.

Sodium carboxymethylcellulose (NaCMC) is the sodium salt
of carboxymethylcellulose (CMC), resulting from the ether-
ification of cellulose with sodium monochloroacetate in an
alkaline solution (NaOH). NaCMC is a water-soluble biopolymer
used in cosmetics as a moisturizer, humectant, and emulsifier.
In a study by Martins and Rocha, CMC was tested with bacterial
cellulose, as an emulsifier in a cosmetic cream. This combination
was able to completely replace commercial surfactants main-
taining the rheological properties of the formulations."" Aguiar
et al. produced spherical Na-CMC microparticles by spray drying
to encapsulate three natural antioxidants - caffeic acid (CAF),
chlorogenic acid (CGA) and rosmarinic acid (RA). They obtained
high encapsulation efficiency and evaluated the total release
and the antioxidant activity."" Instead, Costa et al. used CMC
as a bioactive cosmetic ingredient for skincare formulation.
They studied the effects in HaCat and HDFa cells showing no
cytotoxic effect, intracellular production of procollagen | a | and
modulation HaCat immune response "'

Ethylcellulose (EC) is a non-ionic water-insoluble cellulose
ether obtained from the etherification of alkali cellulose with
ethyl chloride.""” Juleaha etal. encapsulated essential oils
isolated from the peel of C. aurantifolia in ethyl cellulose
microparticles by coacervation method for cosmetotextile
products.''®

Cellulose esters are obtained from the reaction of natural
cellulose with organic acids, anhydrides, and acid chlorides.
Generally, they are water-insoluble polymers, characterized by
excellent film-forming properties."" These polymers are mostly
used as gelling agents, bioadhesive, thickening, and stabilizing
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agents applied in cosmetic formulations (creams, shampoos,
and lotions).”” Some examples of cellulose esters are cellulose
acetate (CA), cellulose sulfate (CS), and cellulose nitrate (CN).

5.4. Alginate

Alginate is an indigestible polysaccharide naturally produced
and typically harvested from brown algae. The molecular
structure consists of unbranched linear binary copolymers
comprising B-D-mannuronic acid (M) and a-L-glucuronic acid
(G) residues linked by 1,4-glycosidic bonds. In algal alginate
structures, three uronic acid blocks are present, including
homopolymeric regions of M and G blocks, as well as
alternating MG blocks containing both polyuronic acids.
Typically, bacterial alginates contain O-acetyl groups absent in
algal alginates, with bacterial polymers exhibiting higher
molecular weights.*” The ability of sodium alginate (SA) to
create a physical hydrogel through ionic crosslinks, particularly
with divalent cations like Ca’*, is well-documented. These
alginate hydrogels undergo biodegradation through the hydrol-
ysis of glycosidic linkages and are also subject to degradation
due to the release of divalent cations."® In their study, Bae
et al. produced sodium alginate (SA) microbeads (MB) by using
an aqueous solution of SA and electrospraying it into a Calcium
water solution. An increase in microbead size from 640 to
880 um was observed by the SA concentration and the nozzle
diameter, showing how these parameters can influence the
final dimension and shape of the product? Given their
mucous consistency, cost-effectiveness, non-toxic nature, and
biocompatibility, alginate hydrogels find extensive use in
various biomedical and environmental applications such as
drug delivery systems, cell encapsulation, and cosmetics.

5.5. Chitosan

Chitosan is a biopolymer derived from deacetylation of chitin, a
natural polysaccharide found in the exoskeletons of crustaceans
like shrimp, crab, and lobster, as well as in the cell walls of
fungi."? Chitosan can be used in cosmetic formulations for skin
and hair care products. Specifically, it is utilized as a texturizer,
emulsifier, film-forming and humectant agent.**'*' Gomaa
et al. utilized chitosan microparticles as carriers of Ensulinzol
(PBSA) to apply sunscreen products."* Ju et al. prepared chito-
beads (CBs) using chitin, which, after re-acetylation, exhibited
higher cleansing efficiency compared to polyethylene beads
able to remove potentially toxic elements."?” Instead, Wisuiti-
prot et al. tested a cream containing chitosan microparticles
loaded green tea extract on human facial skin, demonstrating
anti-wrinkle effects and improved skin elasticity and lightening
after 2 months treatment period."®

ChemSusChem 2024, 17, €202401065 (13 of 18)

5.6. Lignin

Lignin is a polyphenolic material present as main component in
the plant cell walls and obtained by oxidative coupling of three
monolignols, para-coumaryl alcohol (H), coniferyl alcohol (G)
and synapyl alcohol (S). Depending on the degree of these
monomers (H, G and S), the lignin can be classified in Grass
Lignin, Softwood and Hardwood. In general, lignin presents
several properties useful for topic applications in cosmetics. In
fact, it is an emulsion stabilizer, antimicrobial and UV shield
agent Antunes etal. exploited lignin from sugarcane
bagasse in a semisolid formulation demonstrating its activity to
scavenge ABTS and DPPH radicals. Moreover, their study
revealed an in vivo Sun Protection Factor (SPF) value of 9.6+
0.8, indicating a broad-spectrum UV protection capability."*”
Lee etal. employed lignin under mild conditions (MWL) as
sunscreen agent, demonstrating synergistic effects with com-
mercial ones, and enhancing SPF activity of commercial
product.*"

5.7. Pectin

Pectin is a natural polysaccharide present in the cell walls of
fruits and vegetables, such as apples and berries and is made of
a network of galacturonic acid with side chains of other sugars,
such as rhamnose, arabinose, and galactose.'*” This conforma-
tion provides specific properties making pectin employing as a
gelling agent, thickener, and stabilizer.”™

In literature, there are few techniques to produce pectin
microparticles (i.e., ionic gelation, spray drying, and extrusion),
especially for encapsulating active ingredients, but mostly
related to the pharmacological field as drug delivery
systems 251321331

5.8. Synthetic Alternatives

Synthetic polymers deriving from renewable sources such as
polyhydroxyalkanoates and poly(lactic acid), are gaining atten-
tion as an alternative to petrochemical-based plastic due to
their biocompatibility, biodegradability, and non-toxicity.*'**

5.9. Polyhydroxyalkanoates (PHA)

Polyhydroxyalkanoates (PHAs) are polyesters of hydroxyalka-
noates (HAs) and naturally produced by various Gram-positive
and Gram-negative bacteria. PHAs can be obtained by ferment-
ing renewable sources making them a sustainable alternative to
petrochemical-based plastics such as PET. The number of
carbon atoms in the chain determines the structure and types
of PHAs. PHA is biodegradable and biocompostable, making it
an eco-friendly option for a range of products including
cosmetics. PHAs are used in many beauty products such as
beauty masks or sanitary pads, as well as in heat-sensitive
adhesives, smart gels, and surfactants."*>** They have antiox-
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idant and moisturizing properties and products containing
PHAs can have an antibacterial effect.” PHA has tiny pore sizes,
high dependability, and high surfactancy. They offer many
advantages like easy manufacturing, good UV resistance, and
hydrophobicity.® Phothong et al. investigated astaxanthin-
loaded PHB microbeads, from crude glycerol, for facial scrubs
not observing skin irritation and sensitization during a human
repeated insult patch test (HRIPT)."*®

5.10. Poly(Lactic Acid) (PLA)

Poly(lactic acid) (PLA) is an aliphatic thermoplastic polyester
composed of lactic acid (2-hydroxy propionic acid) units
obtainable from renewable and degradable resources like corn
and rice. PLA has a low environmental impact because its
degradation yields mainly water and carbon dioxide. Poly(lactic
acid) is commonly employed in cosmetic packaging due to its
mechanical resistance and good rigidity. PLA is ideal for
applications on skin, hair, and nails finding use in cosmetic
products including makeup, scrub soaps, creams, gels, and
lotions.['*!

5.11. Polyglycolic Acid (PGA)

Poly(glycolic acid) (PGA) is a biopolymer synthesized via the
condensation of glycolic acid or by the ring-opening of
glycolide. PGA is insoluble in a wide range of solvents because
of its high porosity, hydrophobicity, and high crystalline
structure (between 45% and 55%).'*” PGA has better mechan-
ical qualities and a faster rate of deterioration than polylactic
acid (PLA).

5.12. Polycaprolactone (PCL)

Polycaprolactone (PCL) is an aliphatic polyester made of
hexanoate units, characterized by its hydrophobic and semi-
crystalline structure. PCL is an eco-friendly biopolymer obtain-
able from renewable materials.™" For example, Forigua et al.
produced PCL microparticles w/o cargo exploiting a microfluidic
system. The size distribution below 50 um and the spherical
shape obtained are very promising not only in drug delivery
and tissue engineering, but also in cosmetics.™*? Nam and Park
produced PLA and PCL MBs using an eco-friendly melt electro-
spraying process, without the need for any organic solvent.
These aliphatic polyester-based biodegradable MBs showed
high skin hydration and minimal irritation, making them
suitable for use in cosmetics."*

5.13. Polybutylene Succinate (PBS)
Polybutylene Succinate (PBS) is a biopolymer derived from the

polycondensation between 1,4-butanediol and succinic acid,
obtainable from renewable sources such as sugar cane. It

ChemSusChem 2024, 17, €202401065 (14 of 18)

degrades in non-toxic products such as water, carbon dioxide,
and biomass. PBS is known for strength, stiffness, toughness,
biodegradability properties showing resistance to various
chemicals, and compatibility with a wide range of additives."*"
Dutra et al. proposed a new production of PBS microparticles
through a water-free suspension polycondensation process
with an average size of 80-180 um."™ Gan et al. synthesized
four polyester microparticles, including PBS and poly(butylene
succinate adipate) (PBSA), and tested their degradation under
marine and enzymatic conditions, showing promising results
compared to the common microplastics used in cosmetics.!"*!

6. Summary and Perspectives

Although many natural alternatives exist and can be modified
using functional groups like amines, carboxylic acids, aldehydes,
and thiols, there are currently fewer patents in this area
compared to the number of products on the market.This occurs
because companies, both for reasons of trade secrecy and for a
rapid transition to plastic-free and vegan products, utilize
natural microbeads without making modifications. However,
products or formulation examples containing microplastics or
‘skeptical microplastics’ (synthetic polymers lacking enough
available information and are under investigation) are still
observed, to enhance properties (i.e. film forming, long-lasting
effects, and others).

Despite the challenging and rapid transition to sustainable
formulations, there has been an increase in patents where both
natural and synthetic alternatives are discussed to be employed
in the final product, contributing to its main characteristics.

Starches and celluloses are receiving increased attention
due to their wide availability from various plant sources
globally. Different types of starches like ginger, turmeric, wheat,
and mung bean are used to make solid and semi-solid products
such as eyeshadow and emulsions.™” Additionally, starches can
be used to create innovative solid formulations for hair
products, primarily composed of polyols, fatty alcohols and/or
acids, improving the shelf life and avoiding the transport of a
liquid composition."*® In combination with xanthan gum and
cellulose, starch is used as a thickening agent to obtain an eco-
sustainable stabilizing component for make-up products such
as mascara, powder foundation, lipstick, lip gloss, and nail
polish, as well as for hair and skin care.!*”

Celluloses also find their application in producing cosmetic
products,'***Y often with other ingredients, as previously cited
to create products like sunscreen and waterproof formulations
without polyacrylates, carbomers, and polyvinylpyrrolidones!'*?
Other celluloses, such as sodium carboxymethylcellulose and
microcrystalline cellulose, combined with Diutan gum, ensure
high stability in personal care formulations."*® Sustainable
alternatives such as lignin,"**'"** alginate,"**"*” and pectin!'*®'>
are already exploited in patented products for these applica-
tions.

Synthetic alternatives are gaining ground in cosmetics,
particularly polyhydroxyalkanoates (PHA) and polycaprolactone
(PCL). PHAs offer several advantages, including the ability to
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adsorb oils, adjust the viscosity of certain thickening agents,
and enhance opacity, and uniformity of pigmentation.'® PHA
microparticles are utilized in anhydrous formulations, free of
polyamides and acrylic polymers, such as lipsticks, which
require good dispersibility, viscosity, moldability, and mechan-
ical properties.l'®"

On the other hand, PCL can create spherical
microparticles™ and is used to encapsulate collagen
peptides® or vitamin C'"*? as dermal fillers, as well as metal
oxide particles as opacifiers.

As noted, the challenge of removing microplastics from
beauty care products is a current topic in the cosmetic industry
worldwide. Institutions work to eliminate all components
harmful to the ecosystem and promote a sustainable transition.
In cosmetics, this approach represents a significant opportunity
for innovation due to green consumers pushing companies to
reconsider their formulations, also in response to government
bans.

The fact that microplastics have now entered the human
food and vascular cycle is a cause for serious global alarm.!®
However, scientific literature remains lacking in terms of
alternatives aimed at replacing microplastics, especially con-
cerning the necessary sensory characteristics requested by the
cosmetic market.

In this review, we have summarized the main types of
microplastics (as shown Figure 5a—c), and their characteristics
utilized in current cosmetic products such as make-up, skincare,
and hair care. We highlight three categories of alternatives
(natural, semi-synthetic, and synthetic) that include the most
promising solutions currently under investigation (as shown
Figure 5d-h). The newly explored biopolymers applied as
microplastic substitutes and their main characteristics have
been discussed herein.

Natural resources derived from plants, such as starches,
cellulose, and lignin, are emerging as the primary alternatives
to reformulating cosmetic products, especially for their broad
availability in comparison to other ones. These natural ingre-
dients not only offer an ecological solution to the problem of
microplastics but also have the potential to improve the overall
performance and sustainability of finished cosmetic products.

The pressing need to adopt more eco-friendly approaches is
pushing researchers to focus more on current claims. We
anticipate a significant increase in literature on sustainable
cosmetics in the next few years, as the interest in sustainable
cosmetic products is rapidly increasing. Presumably, studies will
primarily focus on new production methodologies, the use of
natural and biodegradable ingredients, as well as the studies of
the environmental impact of new cosmetic formulations. This
growing research interest aims to provide companies and
consumers with detailed information to support informed and
sustainable choices in cosmetic products.
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