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Resumo

As aguas termais, tradicionalmente empregues pelos seus beneficios a saude, sdo progressivamente
reconhecidas pela comunidade cientifica, pelo seu relevante potencial terapéutico. Tais caracteristicas
devem-se em grande parte as suas composi¢des minerais Unicas, resultantes de interagbes
prolongadas entre a agua e as rochas. tém impulsionado o interesse nas TSW na industria cosmética,
impulsionado pela procura dos consumidores por ingredientes naturais e eficazes. Esta tese tem como
objetivo investigar o potencial cosmético da agua termal de Chaves, Portugal, uma nascente
historicamente reconhecida pelas suas propriedades cujas propriedades permaneciam cientificamente

pouco exploradas.

Inicialmente, foi feita a caracterizagdo da agua termal de Chaves e a avaliagdo do seu potencial bioativo
na pele. Resultados in vitro revelaram um potencial anti-inflamatério, evidenciado pela redugao dos
niveis de IL-6 em queratindcitos humanos expostos a poluentes urbanos, evidenciando a sua
capacidade imunomodeladora. Para além disso, demonstrou ainda efeito anti-envelhecimento através
da inibigao da atividade da elastase. Um estudo clinico em 23 voluntarios humanos demonstrou que a
agua termal melhorou significativamente a hidratacdo da pele quando desidratada e reduziu a perda
transepidérmica de agua, sugerindo uma melhoria da barreira cutdnea sem perturbar a microbiota

residente.

Com o objetivo de desenvolver uma formulagéo que incorporasse a agua termal de Chaves e atendesse
as expectativas dos consumidores, foi desenvolvida uma formulagcdo com elevado indice de
naturalidade (96% com base na ISO 16128:2:2017). O ambito da investigagao foi alargado para avaliar
os efeitos desta na fibra capilar, uma aplicagdo que até ao momento, é cientificamente menos explorada
no ambito das aguas termais. Embora a agua termal de Chaves por si s6 ndo tenha alterado
significativamente as propriedades da fibra capilar, a formulacdo melhorou a sua penteabilidade,
provavelmente devido aos tensioativos incluidos. Por outro lado, a formulagdo diminuiu a temperatura
de desnaturagdo térmica da queratina capilar, potencialmente ligada as interagbes surfactante-

queratina observadas através das analises de DSC e ATR-FTIR.

Por fim, visando a melhoria da formulagdo desenvolvida, explorou-se a adigao de extratos bioativos
capazes de evidenciar as propriedades da formulacdo e da agua termal de Chaves. Assim, foram
selecionados os extratos de Malva (Malva sylvestris), endémico da regiao; e Pepino (Cucumis sativus),
conhecidos pelos seus beneficios para a pele e pelo seu potencial antioxidante. Foram desenvolvidas
trés formulagdes contendo os extratos individuais e uma com a respetiva mistura. As relagbes
sinérgicas dos seus componentes revelaram uma forte capacidade quelante do ido Fe?*, sendo superior
a do agente quelante integrado na formulagéo, isoladamente. Isto podera estar associado ao aumento
da atividade antioxidante e da significativamente maior inibicdo das enzimas colagenase e tirosinase,
provavelmente devido a quelatagdo dos seus cofatores. A combinagdo de ambos o extrato conduziu
também uma acrescida e potente inibicdo da elastase. Além disso, os efeitos anti-inflamatdrios foram

reavaliados utilizando-se uma mistura contendo a agua termal, os extratos e o fitato de sddio (agente



quelante), que demonstrou, propriedades anti-inflamatérias semelhantes, no entanto reduzindo os

niveis de IL-1a.

Em concluséo, este trabalho valida as propriedades benéficas da agua termal de Chaves para os
cuidados da pele, particularmente os seus efeitos anti-inflamatérios e de reforgo da barreira cutanea.
Além disso, demonstra que a formulagao de agua termal, especialmente quando reforgada com extratos
naturais sinérgicos como a malva e o pepino, pode criar uma formulagdo multifuncional com atividades
antioxidantes, anti-enzimaticas e anti-inflamatdrias significativamente amplificadas, que representa

uma promessa para os cuidados da pele e potencialmente do couro cabeludo.

Palavras-chave: Formulagdo cosmética, agua termal, cosmecéuticos, condicionamento da fibra

capilar, propriedades dermatolégicas



Abstract

Thermal spring waters (TSW), utilized for centuries for their health benefits, are increasingly recognized
scientifically for their therapeutic potential. These are largely attributed to their unique mineral
compositions derived from long-term water-rock interactions. Properties like immunomodulation,
antioxidant activity, and skin barrier reinforcement have spurred interest in TSW within the cosmetics
industry, driven by consumer demand for natural and effective ingredients. This thesis aims at
investigating the cosmetic potential of TSW from Chaves, Portugal, a historically recognized spring

whose properties remained scientifically underexplored.

The initial phase characterized Chaves TSW and evaluated its dermatological bioactivities. In vitro
studies revealed anti-inflammatory potential, evidenced by reduced IL-6 levels in human keratinocytes
(HaCaT) exposed to urban pollutants, alongside with anti-elastase activity. A clinical study on 23 human
volunteers demonstrated that Chaves TSW significantly improved skin hydration on dry skin volunteers
and reduced transepidermal water loss (TEWL), suggesting skin barrier enhancement without disrupting
the resident skin microbiota. Based on these positive skin findings, a cosmetic formulation incorporating
Chaves TSW was developed with a high natural index (96% based on ISO 16128). The research scope
was extended to evaluate the effects on hair, a less common application for TSW. While Chaves TSW
alone did not significantly alter bleached hair fiber’s properties, the formulation improved hair
combability, likely due to included surfactants. Conversely, the formulation decreased the thermal
denaturation temperature of hair keratin, potentially linked to surfactant-keratin interactions observed
via DSC and ATR-FTIR analyses.

Finally, the base formulation's potential was further explored by incorporating Mallow (Malva sylvestris);
endemic to the region; and Cucumber (Cucumis sativus) extracts, known for their skin benefits, such as
antioxidant potential. Three formulations containing both extracts and a mixture of both were developed,
and subsequent testing revealed significantly improved bioactivities. Notably, a strong synergistic Fe2*
chelating capacity emerged, exceeding that of the formulation's chelating agent alone. This correlated
with enhanced antioxidant activity and significantly increased inhibition of the age-related enzymes
collagenase and tyrosinase, likely due to cofactor chelation. The combination of extracts also yielded
potent elastase inhibition. Furthermore, the anti-inflammatory effects were re-evaluated using a mixture
containing TSW extracts, and sodium phytate (chelating agent), which nonetheless exhibited anti-

inflammatory properties like those of water but effectively reducing IL-1a levels.

In conclusion, this work validates the beneficial properties of Chaves TSW for skincare, particularly its
anti-inflammatory and barrier-reinforcing effects. It further demonstrates that formulating TSW,
especially when enhanced with synergistic natural extracts like Mallow and Cucumber, can create
multifunctional cosmetic ingredients with significantly amplified antioxidant, anti-enzyme, and anti-

inflammatory activities, offering promise for advanced skin and potentially scalp care applications.

Key-words: Cosmetic formulation, thermal spring water, cosmeceuticals, hair fiber conditioning,

dermatological properties
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Introduction

1. Thermal Spring Waters

Thermal springs are geological structure where water at elevated temperatures originates from
subterranean depths where it is typically heated by volcanic activity and local geothermal gradient
beneath the Earths’ crust. Due to their origin, these waters are rich in dissolved minerals [1] and their
composition may vary according to the geological profile of the spring’s location. Since this composition
is a consequence of the prolonged water-rock interactions, pH, temperature, and sediment mineralogy
[2, 3], the mineral profile of these waters is substantially different from more superficial waters [4, 5].
Common elements such as chloride, bicarbonate, sulfate, sulfide and carbo-dioxide are present in
combination with soluble minerals such as like magnesium, calcium, sodium, iron compounds, silicates,
and trace minerals such as selenium, zinc, boron, among many others [6]. They therefore tend to exhibit

a composition that reflects both the geological and geographical characteristics of the area.

These minerals are major key elements considered responsible for the beneficial health properties
reported for these waters. Therefore one important parameter for the classification of these waters is
their dry residue measurement at 180°C [7]. This measures the amount of residual mineral salts present
after the water evaporation and is an indicator of the water mineralization [8]. Temperature is another
hallmark of TSWs, ranging from temperatures as low as 34°C to temperatures as high as 255°C [9, 10],

allowing for further classification.

The remarkable diversity and unique properties of these waters enable them to produce a wide range
of therapeutic effects, warranting their thorough investigation for potential health benefits. This thesis
focuses on the well-known thermal spring waters (TSW) from the Chaves region in northern Portugal.
Used as a local spa since Roman times, Chaves TSW emerge from its source at approximately 76 °C,
contains a total dissolved solids of 1 600—1 800 mg/L, have a neutral pH, and is rich in bicarbonate,
sodium, and CO, [11]. A comprehensive understanding of the interplay between these chemical and

physical properties provides a scientific basis for validating their application in health and wellness.

1.1 Health Benefits of Thermal Spring Waters

In accordance to their variable mineral and thermal composition, TSWs possess a range of therapeutic
benefits, that can positively impact dermatological conditions such as atopic and seborrheic dermatitis,
psoriasis, and many other [6]. As an example, waters that exhibit high salt or sulfur content, are valuable
for dermatological treatments due to their keratolytic, regenerative, antioxidant and anti-inflammatory
properties [7].

These properties can even extend beyond skincare. Due to their antioxidant and anti-inflammatory
effects, TSW can be used to tackle certain allergic disorders as well as exerting a positive impact on
respiratory ailments, affecting both the upper and lower respiratory tract functions [12, 13]. Thermal
waters may exhibit inherent antimicrobial properties, with potential benefits for both cutaneous and

respiratory health. In dermatological contexts, immersion in these waters has been shown to aid in the
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removal of microbial peptides implicated in certain skin disorders [7]. Additionally, thermal spring water
(TSW) has demonstrated the ability to reduce populations of pathogenic bacteria, promote the

restoration of beneficial microbiota, and inhibit biofilm formation in the respiratory tract [13].

In addition to the mineral composition, the temperature has also been regarded as an important factor.
Although not interfering with its immunomodulatory properties, TSWs with a temperature similar to the
human body have been reported to stimulate increased heart rate and cardiac flow, resulting in reduced
blood pressure, alleviation of muscle spasms, pain control in soft tissues, treatment of osteoarticular

infections and rebalancing of the neurovegetative system [14].

These waters have proven to have multiple benefits, nonetheless, it is possible to observe that the major

organ affected by these properties is the skin, which is in direct contact with the water.
2. Impact of the Thermal Spring water on the skin

2.1. Skin structure

The skin is the biggest organ in the human body, which plays a pivotal role in various biological
processes. It is constituted by different layers such as the epidermis, dermis and hypodermis. [15, 16].
The primary function of the skin is to act as a barrier to the entry of pathogens, to protect the body
against solar radiation, as well as other physical and chemical harms, and to prevent water and
extracellular fluids loss. Not only that but the skin also plays a role in regulating the body temperature,
sensory perception, immunological reactions, hormone synthesis, and many other different functions
[16].

Among the three layers, that constitute the skin, the epidermis is its outermost layer with thickness
ranging from 0.5-1.5 mm. It is formed by a stratified squamous epithelial layer, where keratinocytes and
melanocytes are the major constitutes. Analyzing deeply the structure of the skin, the epidermis can be
further divided into four other layers. At the base, it is possible to observe the basal layer which is formed
in part by the rapidly proliferating cells, where upon leaving the layer, they ascend, and some cells
continue their differentiation until the stratum spinosum. This layer is proceeded by the stratum
granulosum, which is the last layer that contains living cells, being then followed by the stratum corneum.
I's in between these two structures that keratinocytes pass through their final step of differentiation,
where they form flat, anucleated dead cells, named corneocytes which are the main components of the
stratum corneum [16]. Through this differentiation process the skin gets continuously renewed, with the

outermost cells being shed to maintain the total number cells in the epithelium constant [16, 17].

Beneath the epidermis, it's possible to observe the dermis. This thick layer is composed of fibrous and
elastic tissue providing structural and nutritional support to the skin. Similar to the epidermis, the dermis
is composed of two other smaller layers the thin and superficial papillary dermis, and a thicker and
deeper reticular dermis. In the junction between the dermis with the epidermis is located the papillary
dermis that is composed of loosely arranged collagen fibers. As for the reticular dermis, it is formed by
thicker bundles of collagen parallel to the skin surface. In this layer there is a larger variety of cells

containing fibroblasts, fibrocytes and structural cells of the blood and lymph vessels. In addition there
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are many different populations of myeloid and lymphoid immune cells that either reside in or traffic
through the dermis [16].

The final and deeper layer is the hypodermis. This layer serves as an energy reservoir, protects the skin
and allows mobility by sliding over underlying structures. The major constituents of the hypodermis are
the adipocytes which are organized in lobules defined by the fibrous connective tissue (septa). It's in the

septa that the nerves, blood and lymphatic vessels are located [16].

Between these three layers, epidermis is the first layer that is in direct contact with the water’s surface.
However, the minerals present in the water might reach the dermis, passing through the hydrophobic

barrier of the stratum corneum, and exerting their beneficial effect towards the skin [18].

2.2. Skin Aging

Skin aging is one of the most visible signs of human aging being dependent on intrinsic and extrinsic
factors that define its exposome and are responsible for the emergence of the biological and clinical
signs of aging. Solar radiation, air pollution, tobacco smoke and poor nutrition are some of the external
factors of the skin exposome [19], that interact with the human body, and therefore their internal factors
[20]. The exposome of the skin is responsible for the rearrangement of elastin and collagen in the skin,
being also responsible for the reduction of skin moisture content, vessel walls thinning, lower production

of sebum, increase in the skin pH, changing therefore the characteristics of the skin [21].

Skin accumulates an excessive number of senescent cells, leading to the gradual loss of cellular
functions. These cells are metabolically active and are able to secrete pro-inflammatory cytokines,
chemokines, proteases and growth factors. Immunological alterations are associated with ageing,
turning progressively more hyperresponsive, with increased levels of pro-inflammatory cytokines such
as IFN-a, TNF-qa, IL-1, IL-6, leading to an imbalance between inflammatory and anti-inflammatory

responses [22].

In addition, epidermal skin’s barrier function gradually deteriorates. Epidermal stem cells are responsible
for the replenishment of keratinocytes in the upper layer. During ageing, although the normal number of
these cells is maintained their capacity to migrate and respond to proliferative signals declines, leading
to a lower production rate of new keratinocytes. Since the stratum corneum serves as the primary
component of the skin barrier a progressive degradation of its structure leads to a loss of its function
[23]. This dysfunction may further exacerbate this chronic inflammation, increasing even further the
levels of pro-inflammatory cytokines [22]. Such progressive disequilibrium of the immune system as well
as the loss of the skin’s barrier function, are responsible for the onset of skin conditions such as atopic

dermatitis, prutius, rosacea, among others [22-24].

2.3. Health impact of TSW in the skin
2.3.1. Anti-inflammatory properties

Being the first line of defense against pathogens and noxious substances, the skin is a tissue

characterized by having a significantly active immunological activity, with several resident immune cells
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and recirculating lymphocytes. Dysregulations of this system caused by pathogens or other external
factors such as physical and chemical aggressions, lead to the development of inflammatory conditions
on the skin [25]. One of the most reported properties of the TSW is their capacity to modulate the immune

response being crucial for the management of inflammatory skin conditions [7].

Dendritic cell differentiation and maturation, was reported to be affected by TSW, also impacting their
cytokine production. TSW has revealed the ability to reduce the expression of differentiation and
maturation markers on the surface of these cells upon stimulation by lipopolysaccharides, peptidoglycan
and lipoteichoic acid, attenuating the activation of T cells [25]. Additionally, TSW revealed the capacity
to promote IL-10 production from these cells. This cytokine known for its anti-inflammatory role, which
protects the organism from exacerbated immune responses [26-28], may lead to the reduction of IL-12

and IL-23 which are known pro-inflammatory cytokines.

The pathway beneath the observed properties has not been disclosed yet. However, since the
differential of these waters resides in their mineral composition, it is possible that they play a role in
these immunomodulatory effects. Different minerals such as magnesium, zinc, copper, iron and
selenium have different supporting roles in the immunologic system, regulating systemic inflammation.
For instance, magnesium plays a crucial role in modulating the immune response, due to its influence
on multiple immune cells, cytokines and signaling pathways. Zinc, for example, is involved in the
development and function process of multiple immune cells with regulatory functions that range from
the activation and differentiation of immune cells to their maintenance, playing also a crucial role in
proinflammatory reactions by generation of cytokines [29]. Other minerals such as calcium, inhibit mast
cell’s release of histamine [7], modulating allergic responses and mediating autoimmune conditions and

hematopoiesis, playing a key role in body inflammatory responses [30].

Other possible explanation for these properties might be associated with the microbial life that inhabits
the geological zone of the spring. For an instance Aquaphilus dolominae extract, that is present in
Avéne’s TSW aquifer revealed to be capable of inhibiting inflammatory mediators like IL-8, IL-4R, IL-18,
macrophage inflammatory protein-3a, among other immune system components [31]. These waters
host a multitude of microbial taxa as Aquificae, Proteobacteria, Firmicutes, Bacteroidetes, and
Cyanobacteria [32-34] with each spring exhibiting a characteristic microbiota related with its
geographical location and physicochemical properties [35, 36]. As an example, some species of
Cyanobacteria such as Nostoc spp. or Microcystis spp., are known to exert similar benefits through
different metabolites [37].

By presenting a significant impact in modulating the inflammatory process, understanding the anti-
inflammatory properties of TSW has been a focus of research in the area, leading to a consequent

variety of reports in the topic.

2.3.2. Reinforcement of the skin barrier
As a physical and biological barrier, the skin is in continuous contact with the environment. Further than
protecting the body from environmental insults, it also plays a crucial role in the regulation of water and

solute loss.



TSW has been reported as an agent capable of reinforcing the skin barrier due to its capacity of
modulating the expression of key markers such as filaggrin and human B-defensin 2. This regenerative
activity according to Cauche, et al. [15], may be due to the presence of calcium in these water, since
this ion is responsible for being a key regulator in keratinocyte differentiation and proliferation.
Additionally, it has been reported that the presence of calcium also influences the expression of [3-
defensin 2, a antimicrobial peptide that contributes to microorganism defense through the skin, therefore

playing a crucial role in the skin barrier function [15, 38].

Hydration of the skin is also an important characteristic required to maintain the normal function activity
of enzymes that participate in desquamation. A deficient hydration turns the skin drier leading to the
accumulation of corneocytes in the stratum corneum. With application of TSW it was reported an
improvement in the hydration levels of the epidermis, being also possible to observe an increase in
collagen | synthesis which in turn led to an increased epidermal thickness, enhancing the cellular

renewing of this layer [15].

Additionally, TSW has been reported as capable of improving wound healing. Due to its exposure to
external factors it is only natural that the skin is very susceptible to lesions, being thereafter subject to
the healing process that is achieved through a complex interplay of biological components separated
into a sequence of four phases:1) coagulation and haemostasis, which begins after injury; 2)
inflammation, which begins shortly after; 3) proliferation, being the major healing process and 4) wound
remodeling where scar tissue is formed. This process takes time, depending on the type of wound,
however a complete recovery is not always possible [39]. Therefore, a therapeutic approach that is
aimed at enhancing this process is highly sought after, and TSW’s properties have been reported as a

potential strategy in this regard.
3. Potential impact of Thermal Spring Water on the hair fiber

3.1. Hair fiber structure and growth

Similar to the skin, hair undergoes rapid stem cell division and differentiation, resulting in keratinocytes

that migrate, flatten and die, giving rise to keratinized cells.

Its growth can be divided into three phases: anagen (growth), catagen (transition) and telogen (rest).
They alternate with periods of rapid growth and elongation with quiescence and regression driven by

apoptotic signals [40].

The anagen phase is the active phase where the entire hair shaft is produced, and the time in this phase
varies depending on the type of hair follicle. Scalp hair follicles, for example, reside in this phase for 2-
8 years, whereas eyebrow hair follicles reside for only two to three months. During ageing the proportion

of follicles in this phase declines [41].

The catagen phase represents the transitory phase from anagen to telogen, lasting for approximately
two weeks. During this phase, hair follicles regress and detach from the dermal papilla — the population
of mesenchymal cell in hair follicles — which results in epithelial cell apoptosis in the bulb of the follicle.

Afterwards, the dermal papilla moves upward towards the hair follicle bulge - where the majority of stem
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cells are located in the hair’s follicle bulb —whereas if it is unable to reach it, the follicle cycling terminates

resulting in hair loss [41].

Finally, the telogen phase is a resting phase ranging from two to three months. At any time, about 9%
of the total scalp hair resides in the telogen phase. During this period, new hair begins to develop at the

base of the hair follicle, eventually pushing the old hair out [41].

The final product of all these phases is a hair fiber fully composed of keratin. However, this is not an

unstructured agglomeration of keratin. Instead, the hair fiber exhibits an organized structure.

3.1.1. Hair follicle

The hair follicle is the primary structure responsible for hair growth. It is divided into three segments the
infundibulum, the isthmus and the inferior segment, that represents the growing proportion of the follicle.
At its base the bulb is formed by invagination of a tuft of vascularized loose connective tissue called

the dermal papilla, responsible for the active production of hair [42].

3.1.1.1. Dermal Papilla (DP)

The dermal papilla is a specialized mesenchymal compartment located at the base of the hair follicle. It

functions as a signaling center which regulates hair growth, shape, size and color.

Its formation begins upon release signals from dermal mesenchymal cells to the epithelial cells that lead
to epithelium thickening in order to form the placode. The placode then promotes further mesenchymal
cells proliferation that induces invagination and a downward extension of the basal cell of the placode
into a mature DP. During the hair follicule formation, the inner basal cells differentiate into the inner root
sheath (IRS), which encapsulates the future hair shaft, while the outer basal cells differentiate into the
outer root sheath (ORS). Its in the ORS that the hair follicle stem cells (HFSCs) and melanocyte stem
cells are located. The ORS cells then, differentiate into highly proliferative matrix cells at the bulb region,
which surround the DP [43].

The mature DP serves as the signaling center for the hair follicles regulating the growth cycle. It’s at the
anagen phase that the DP cells release signals for the differentiation of transient amplifying matrix cells
(TACs) — germ cells derived directly from the HFSCs that begin proliferating during anagen phase — into
hair shafts. At the catagen phase, the DP cells remain intact although two-thirds of the lower follicle
undergo apoptosis. During this phase these cells migrate upwards along the epithelium. It's at the
telogen phase that the DP once again exhibits a signaling role. At this resting phase, the epithelial cells
of the hair follicle remain in a quiescent state, and the DP is located at the tip of the hair follicle, being
in direct contact with the hair germ cells. DP, can then signal these cell to rapidly proliferate into

progenitor cells and differentiate into various mature cells, initiating the new hair growth cycle [43].

3.1.1.2. The Bulge
At the end of the catagen phase, the epithelial cells from the lower follicle suffered from apoptosis,
reducing their size. The epithelial bulge is the region in the hair follicle where the HFSCs are located

serving as a reservoir. These cells are typically slow-cycling - meaning they don’t divide frequently during



normal homeostasis — and possess the capacity to self-renew and become activated upon signaling of,
for example the DP [44].

The main purpose of the bulge is to continuously regenerate the hair follicle during cycling. Upon
activation these cells proliferate and mi grate downwards to repopulate the matrix, allowing for the

formation of a new hair bulb, and contributing for the formation of new ORS [44, 45].

3.1.2. Hair shaft

The hair shaft as mentioned is the visible component of the hair. It is thin, flexible and composed of non-
living keratinized epithelial cells. It is comprised by three distinct layers, the outermost cuticle, the cortex

and sometimes the central medulla found in thicker hair [40].

3.1.2.1. Cuticle

The cuticle is the primary protective shield of the hair fiber. It is composed of multiple layers of flattened,
overlapping, dead keratinized cells, often referred to as scales. These scales are arranged towards or

downward, away from the scalp with approximately a thickness of approximately 0.5 um.

This structure can be further subdivided into sub layers denominated the epicuticle, the A-layer, the B-

layer (Exocuticle) and the endocuticles.

The epicuticle is a thin lipo-protein membrane that is the absolute outermost sub-layer of the cuticle,
crucial to establish the hydrophobic nature of the hair surface as it is covalently bound to the fatty acid
18-Methyleicosanoic acid (18-MEA). Right beneath the epicuticle is the A-layer which contains the
highest concentration of cysteine and the B-layer, both contributing to the hair’s mechanical resilience
[46, 47]. Finally, the endocuticle is the innermost sub-layer and is adjacent to the cortex. This is the layer

with least cystine content compared to both the above layers[48] .

The primary function of the cuticle is to protect the inner cortex from the damage caused by various
external factors, and its appearance is dependent on their impact on the hair fiber. A healthy cuticle
presents smooth flat scales that minimizes the friction between the hair fibers, it regulates the moisture

in and out of the hair shaft which allows for proper hydration and flexibility [49].

3.1.2.2. Cortex

The cortex is responsible for the main bulk of the hair fiber, being the primary determinant of the
mechanical properties of the hair, such as its strength, elasticity, texture and natural color [40]. It is
composed of densely packed, elongated, spindle-shaped cells known as cortical cells. Most of these
cells are composed by a-keratin, a helical protein that can be divided in two types: type | with acidic
amino acid residues and type Il with basic aminoacidic residues. Both type | and type |l strands spiral
together forming coiled-coil dimers that further coil with other similar dimers in an antiparallel manner
forming tetramers. These tetramers when fully connected, are known as protofilaments. The interaction
of 7 of these protofilament creates the intermediate filament (IF) that further aggregates to form macro-
filaments/macro-fibrils. Additionally, between the intermediate filaments exists a matrix consisting of

keratin associated proteins (KAPs) that exhibit an irregular structure [48]. Due to the presence of



cysteine residues in both the IFs and KAPs, the matrix proteins function as disulfide crosslinkers holding

the cortical superstructure together [50].

3.1.2.3. Medulla

The medulla is a loosely packed, disordered region near the center of the hair fiber being surrounded
by the cortex [48]. It's presence is variable being frequently absent with exception of thicker hairs, where
it sometimes appears [40]. This structure is formed as a column of cells which, upon hair formation,
collapse forming a network of cellular connections and spaces filled with hair [51]. Additionally, its aspect
may vary in thickness, continuity and opacity [51]. Contrary to the cortex where keratin adopts an a-

helix conformation, the keratin in this structure exhibits a B-sheet conformation [52].

3.2.Impact of ageing on the hair

Although part of the integumentary system, the ageing process of hair exhibits several distinct
physiological changes compared to that of skin. While scalp ageing generally follows the same principles
as skin ageing - although with a reduced impact from UV radiation depending on hair coverage - the
ageing of the hair fiber itself involves additional, specific changes. An ageing hair fiber tends to become
grayer, its synthesis and numbers get reduced, it gets progressively thinner and its lipid composition

also tends to become scarcer [53].

Hair loss is one of the most common signs of an ageing hair. As an example, female pattern hair loss
(FPHL) also denominated as androgenic alopecia, mainly occurs on the emergence of menopause
where estrogen levels decrease abruptly [54]. The hallmark of the condition is the progressive
shortening of the anagen phase duration which leads to a small number of hairs in this phase of hair
growth. This results in an increased number of hair follicles in the stationary telogen phase which firstly
leads to the onset of hair shedding prior to the gradual hair thinning that occurs throughout the years
[55]. Androgens - sex steroid hormones that are produced in adrenal glands, the gonads, the brain and
in the placenta in pregnant women — are described as possibly playing a role in hair growth acting
through intracellular androgen receptor in the cells of the hair follicle [54]. However, women with FPHL
have neither clinical nor biochemical features of hyperandrogenism making the role of elevated
androgen levels controversial, bringing the hypothesis that androgens act through unknown
mechanisms. One possible hypothesis relies on the equilibrium of both estrogen and androgen levels
as upon menopause estrogen levels drastically reduce, while androgen secretion only gradually

declines being maintained until the later stages of life [56, 57].

Hair graying (canities) is another common and visible sign of ageing. It has been hypothesized that this
change in the hair pigmentation is due to a decrease in the number of follicular melanocyte stem cells
or their dysfunction. These cells are located at the bulge of the follicle, which upon signaling from
surrounding HFSCs and the inferior DP, proliferate and migrate to the bulb where they differentiate into
melanocytes. These melanocytes are responsible for synthesizing melanin which is subsequently
transported to adjacent precortical keratinocytes of the hair shaft [58]. The accumulation of highly
reactive oxygen species (ROS) is hypothesized as being the main possible cause of canities. ROS

production can be exacerbated by external factors, but the intrinsic biochemical pathways can also
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naturally produce these reactive chemical species. Melanocytes melanogenic activity can generate vast
amounts of ROS via the oxidation of tyrosine during the melanin synthesis, but with the progressive
weakening of defense mechanisms against ROS, characteristic of ageing, leads to an inevitable
increase in their levels. Melanocytes are then damaged disrupting their melanogenesis activity,

interfering with important enzymes such as tyrosinase and even leading to their apoptosis [59].

The ageing process also inherently changes the mechanical properties of the hair fiber. With the
passage of time, hair starts to exhibit reveals a reduced mass, with a thinner diameter and lower density.
It has been reported that the mRNAs that encode the hair keratins also declines with age affecting the
cortex organization [59, 60]. Lipids such as the 18-MEA, that cover the hair fiber and are crucial to the
hair's hydrophobicity, the fibers also play an important role in this loss of structural quality. With a
reduction of the amount of cuticle-bound 18-MEA it is possible to observe a diminution in the hair
diameter, and an increased damage potential to the cortex via external factors [60]. The removal of this
layer also affect the lubrification of the hair fibers increasing their contact friction and altering their

mechanical properties leading to more brittle hair fibers [60, 61].

Hair ageing involves a complex interplay of various biochemical pathways and, together with skin

ageing, constitutes one of the most visible outward signs of ageing

3.3. Possible impacts of a TSW formulation on the hair

Faced with the dramatic changes associated with the ageing process, consumers are consistently
searching for ways to prevent, attenuate or even revert these alterations. Therefore, it has been an

increased focus of the cosmetic industry in addressing such necessities.

Most of the products targeted at the hair are mainly targeted at improving the mechanical properties that
change during the ageing process. Thinning of the hair is masked by frequently shampooing the hair
fiber, which turns it fluffier giving the illusion of thicker hair. Dry hair, which cannot retain moisture due to
increased porosity from cuticle weathering, relies on conditioners to help restore its ability to retain
hydration. Cationic polymers, hydrolyzed proteins, and silicones, such as dimethicone, are useful in this
process. Other agents such as panthenol are absorbed into the shaft and acts as a humectant improving

hair moisture levels [62].

Although having a growing interest, with the a projected to growth of 7% in the cosmetic market with a
size of value of USD 312.33 billion [63], hair care products employing thermal spring water in their

composition have not been fully explored.

Hair, being a porous structure allows solutes to penetrate into the hair fiber [64]. Some of these
components can even be deposited upon the surface of the hair fiber and change the aspect of the hair

as well as its physical properties.

TSW has already discussed is enriched in dissolved minerals [1] such as sodium, calcium, zinc,
selenium, magnesium, and silicates [6], that are positively charged. Since the main content of the hair
fiber is keratin, which carries a negative surface charge under most pH conditions [65], these ions are

attracted to the hair fiber and can accumulate on the hair cuticle.



Some of these interactions might prove detrimental for the hair quality over the long term, as in the case
of prolonged exposure to hard water rich in CaCOs and MgSOs. These minerals can deposit on the hair
surface reducing hair fiber thickness due to the abrasiveness nature of the deposited film upon washing
[66]. On the other hand, other compounds may present benefits when deposited in the hair fiber. Silicone
for example is the most used conditioning agent. It spreads over the hair surface forming a thin

hydrophobic layer that increases luster and gloss which reduces the combing force [65].

By integrating the water in formulation, it's possible to change and improve these electrostatic
interactions through pH adjustment. Alkaline cosmetics further intensify the net negative charge of the
hair promoting even further the attraction of these cationic molecules that can be found in conditioners
[65]. Therefore, an alkaline formulation that might contain naturally higher levels of silicon due to the

presence of TSW as its main component might exhibit an improved conditioner effect.

These formulations typically consist of a mixture of substances that are intended to be placed in contact
with external parts of the human body. Due to the addition of other substances that can play a crucial
role in enhancing its delivery, efficacy and safety [67], the presence of other substances such as
surfactants and moisturizing agents might help improving hair health and appearance, by retaining the

humidity that is lost through the continuous degradation of the hair fiber across the years [68, 69].

Additionally, by providing beneficial effects onto the skin, the impact of TSW can also be translated into
potential benefits for the scalp. However, while sharing the basic structure of epidermis, dermis and
hypodermis, the scalp exhibits significant differences regarding its appendages and physiological
functions [70]. Scalp contains increased levels of surface lips [70], is densely populated by hair follicles
and is protected by a vast amount of hair fibers [53, 71]. Different products applied to, for example, facial
skin might exhibit a different outcome regarding the scalp or may need a different delivery strategy since
hair might present a challenge in effectively applying the active compounds [72]. For example, salicylic
acid (SA), in the facial skin can be applied for the treatment of acne vulgaris due to its comedolytic —
capacity for breaking up clogged pores - and anti-inflammatory properties [73], as well as its exfoliating
effect that improve skin texture [60]. As for the scalp SA is mainly used for the management of
hyperkeratotic and scaling conditions like scalp psoriasis, seborrheic dermatitis and dandruff [72]. Both
approaches rely on the keratolytic activity of SA for removal of the scales in a Psoriasis scalp [72] or
exfoliating the skin in the case of Acne Vulgaris [60]. However having in account the difficulty that is to
efficiently treat the scalp due to the dense hair population, SA differently to acne treatment can be
applied in a shampoo where it's keratolytic activity can be used to enhance the penetration of other

topical medications such as corticosteroids [72].

The fundamental structural homology between the scalp and the skin throughout the body strongly
suggests that known TSW benefits may be applicable to the scalp, highlighting a promising opportunity
to expand the use of TSW-based products.
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Chapter I: Assessing the potential cosmetic properties of Chaves’ TSW

Since ancient times, TSW has been used due to its association with therapeutic benefits. However only
more recently, some of these effects have been scientifically verified [74] with the World Health

Organization officially recognizing hydrotherapy and balneotherapy’s efficiency [7, 75].

With its main function being the body’s protection against external environment, the skin is the most
impacted organ by TSW properties. Such benefits are mainly attributed to the water’s chemical, thermal
and immunological effects that might impact dermatological conditions such as atopic dermatitis,

seborrheic dermatitis, psoriasis, and many other [6].

Nowadays there is a growing emphasis on the use of more natural and sustainable solutions. This is
mainly due to the fact that natural components might exhibit a higher biocompatibility which results in a
safer outcome, being its production eco-friendlier compared to synthetic components [76]. For such a
reason a noticeable increase in the interest and demand on these waters and TSW based cosmetic

products has been observed.

Chaves thermal spring water is located in the north of Portugal, and it has been used as a local spa
since Roman times. Its waters present a range of temperatures that varies from 55 to 76 °C, with total
diluted solids of 1600—-1800 mg/L and a neutral pH, being bicarbonated, sodium and COz-rich [11].
Although the Chaves thermal spa has been in operation since 1726 and is reputed for its medicinal
waters, as evidenced by longstanding user satisfaction [77, 78], there is a lack of scientific evidence

specifically supporting its effects on skin health.

Being a well-known thermal spring, it is the goal of this chapter to analyze the properties of these waters

in the skin in order to develop a cosmetic formulation that makes use of its potential benefits.
1. Material and Methods

1.1. Water samples collection and transportation

Thermal spring water was provided by Caldas de Chaves (Chaves, Portugal) being retrieved directly at
its source at 76 °C. The water samples were bottled in 1-liter glass containers and transported at room

temperature for approximately 1 hour. Upon arrival three batches were stored at 2-8 °C.

1.2. Chaves TSW characterization

Since the water properties’ arise mainly from their chemical composition [6], a previous characterization

of the TSW was performed.

The pH value and electrical conductivity (EC) were first determined by using a multiparameter
SevenExcellence™ Mettler-Toledo AG (Greifensee, Switzerland) at 20 °C. The pH was measured with

a precision of £ 0.002 pH units, and the electric conductivity was expressed in uS/cm.

The procedure for Total dissolved solids (TDS) determination was based on standard method 2540C

present in Standard Methods for the Examination of Water and Wastewater™ [79]. In brief, the water
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was filtered and well-mixed through a standard glass fiber filter, evaporating the filtrate to dryness in a

weighted dish at 180°C. The increase in the dish weight therefore represents the total dissolved solids.

Mineral determination was performed by ICP analysis. For that, 2 mL of Chaves TSW was mixed with 5
mL of 65% HNOs and 1 mL 30%H20: in a Teflon reaction vessel and digested in a microwave system
(Speedwave, Germany). Digestion was conducted at 160 °C for 5 min; 190 °C for 10 min; and 100 °C
for 4 min. The resulting solutions were brought up to 10 mL with ultrapure water for analysis. Mineral
concentrations were analyzed inductively coupled plasma argon spectrometry through Model Optima
7000 DV ™ (PerkinElmer, United States of America). Triplicates were used during the analysis and the

concentrations were expressed in mg/L.

Microbial control was performed according to ISO 6222:1999 [80] “Water quality—Enumeration of
culturable micro-organisms—Colony count by inoculation in a nutrient agar culture medium”, for total
germs. 1 mL of Chaves’ TSW was diluted in 9 mL of sterile peptone water and mixed in a vortex.
Afterwards, several dilutions were carried out and samples were plated by spread plate in Tryptic soy
agar (TSA) and Sbouraud dextrose agar (SDA). TSA plates were incubated at 37 °C for 24 h and SDA
plates at 30°C for 48 h. Triplicates were used during the analysis and colony-forming units (CFUs) were
calculated in order to determine the total aerobic bacteria and total yeasts and molds following the

formula below transcribed:

1 1
CFU = n°colonies X — X —
\Y df

1.3. Analysis of Chaves’ TSW properties
1.3.1. Evaluation of the Antioxidant Capacity of Chaves’ TSW

For the testing of the antioxidant properties of the water two surveys were performed. The 2.2"-azino-
bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt radical cation (ABTS) decolorization
assay was first performed as described by Gongalves, et al. [81]. To initialize, a 20 mL ABTS solution
was obtained by addition of 7 mmol/L of ABTS (Sigma-Aldrich, USA) to a 2.45 mM of potassium
persulfate (K2S20s) solution (Merck, Darmstadt, Germany) at a 1:1 (v/v) proportion. This solution was
then left in the dark for 16 hours being promptly diluted with deionized water and the absorbance was
measured at 734 nm to obtain an optical density (OD) of 0,700 + 0.020. The assay was carried out on
a 96-well plate, with 15 pL of each sample and 200 uL of the diluted ABTS solution. The reaction mixture
was then incubated for 5 min at 30 °C. At the same time, a calibration curve with Trolox standard
solutions (0.0125-0.14 g/L), was included. After incubation, the OD was again measured at 734 nm
using Synergy H1 microplate reader (Biotek, USA) and the results were expressed as the percentage

of inhibition of the free radicals generated.

2,2-diphenyl-1-picrylhydrazyl (DPPH) salt radical cation decolorization assay was also performed as
already reported by Gongalves, et al. [81]. A 100 mL solution of 600 uM DPPH was prepared by
combining 24 mg of DPPH salt (Sigma-Aldrich, USA) with methanol. This solution was then diluted with
its solvent until reaching an OD of 0,600 + 0,100 at 515 nm. Then, in a 96-well plate, 25 uL of each

sample was incubated for 30 min with 175 pL of DPPH solution. This method also included a calibration
12



curve prepared with Trolox standard solutions (0.001875-0.060 g/L). The OD was then measured at
515 nm and the results were also expressed as the percentage of inhibition of the free radicals

generated.

1.3.2. Skin enzymes inhibition assays

1.3.2.1. Elastase

For Elastase enzyme, the Neutrophil Elastase Inhibitory assay kit (abcam-AB118971, United Kingdom)
was used. For that, a 96-well plate was used to mix 25 pL of the samples with 50 uL of Elastase solution,
being left to incubate for 5 min at 37 °C. Then, the substrate solution was added to each well, and the
fluorescence was measured at Excitation (Ex) and emission (Em) wavelength of 400 and 505 nm in
kinetic mode for 30 min at 37 °C using Synergy H1 (Biotek, Portugal). Each assay included the blank
and 5.0 x 10™ g/L of peptide succinyl-alanyl-alanyl-prolyl-valine chloromethyl ketone (SPCK) as a

positive control of inhibition.

The RFU of the fluorescence produced by substrate hydrolysis was determined by ARFU = R2 — R1. It
is advised to read kinetically and select R1 and R2 in the linear range. The percentage inhibition was

calculated using the following equation:

E inhibiti tivity (%) ARFU test inhibitor 100
= X
fayme ibItion acivity U4 = ARFU enzyme control

1.3.2.2. Tyrosinase

Regarding Tyrosinase enzyme, the colorimetric tyrosinase inhibitor assay kit (abcam-AB204715, United
Kingdom) was used. In brief, in 96-well plate, 20 L of the three formulations and their respective extracts
were mixed with 50 pL of tyrosinase solutions and were incubated at 25 °C for 10 min. Upon incubation,
the substrate solution was added, followed by the absorbance measure of each well at 510 nm using
Synergy H1 (Biotek, Portugal). This reading was deployed in kinetic mode for 30 min and the data was
monitored at 2 min intervals. For each assay included a blank and a 0,021 g/L Kojic acid solution as

positive control of inhibition.

From this data a linear plot was traced, and the slopes were computed for each sample (S), inhibition
control and enzyme control (EC). The percentage of inhibition activity was then calculated using the

following equation:

o - Slopegc — Slopeg
Enzyme inhibition activity (%) = Slope x 100
EC

1.3.2.3. Collagenase

For collagenase Inhibition Assay, the colorimetric metalloproteinases 1 (MMP1) inhibitor screening kit
(abcam-AB196999, United Kingdom) was used following the manufacturer’s instruction. In brief, the
0.75 U/L MMP1 enzyme was introduced to a flat-bottom 96-well microplate (Thermo Scientific, United
States of America) followed by the addition of Chaves’ TSW samples, vitamin C - used as benchmark—

(Sigma-Aldrich, Germany), N-Isobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid (NNGH) as
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a positive control, and the blank to the respective wells. The microplate was then incubated at 37 °C for
30 to 60 min, promoting the interaction between the test samples and controls with the enzyme. Finally,
1 mM thiopeptide chromogenic substrate (Ac-PLG-[2-mercapto-4-methyl-pentanoyl]-LG-OC2Hs) was
added, and the absorbance was recorded at 412 nm using Synergy H1 (Biotek, Portugal). Data
collection was done for 10-20 min in intervals of 1 min. The percentage of enzyme inhibition activity was
calculated using the following equation, in which V describes the reaction velocity expressed in OD/min:
V inhibitor
V enzyme control

Enzyme inhibition activity (%) =1 — ( X 100)

1.4. Cell culture Assays

For the following assays different cell types were used, including Human Keratinocyte (HaCaT) cell line
(CLS, Lot No. 300493-4619) and Human Primary Dermal Fibroblasts (nHDFs) from adult skin (Lonza
Bioscience, Cat. CC2511, Lot No. 0000577924). The cell lines were maintained in Gibco Dulbecco’s
Modified Eagle Medium (DMEM) - DMEM 41965062 for HaCaT and DMEM 11885084 - supplemented
with FBS (BIOWEST, United States of America) — 10% FBS for HaCaT and 15% for nHDF — plus 1%
penicillin (100 U/mL)-streptomycin (100 pyg/mL) (Gibco, Thermo Fisher Scientific, United States of
America) being maintained at 37 °C in a 5% CO:2 humidified atmosphere. For HaCaT cells DMEM
41965062 supplemented with 10% FBS

1.4.1. Cytotoxicity Assay

Both HaCaT and nHDF lines were seeded at 1 x 10 cells/well in a 96-well plate and left to adhere
overnight at 37 °C in a 5% CO2 humidified atmosphere. The culture medium was then replaced by the
test and control culture-supplemented media and cells were again incubated for 24 h at 37°C in a 5%
CO2 humidified atmosphere. A 10% (v/v) of 10x PrestoBlue cell viability reagent (Invitrogen, Thermo
Fischer Scientific, United States of America) was prepared for cytoxicity assessment. The solution was
added to each well and incubated at 37 °C in 5%CO:2 for one hours, protected from direct light.
Fluorescence emission was measured through Synergy H1 (Biotek, Portugal) for cell viability
determination. Experiments were performed in triplicates with HaCaT cell on the 20th and 22nd
passages and nHDF cells on the 5th and 6th passages. The results were presented as the percentage
of cell viability, where 100% viability corresponds to control cells and a reduction in the cell viability of

more than 30% is considered a cytotoxic effect, according to ISO 10993-5 [82].

1.4.2. Quantification of Pro-Collagen | a1

For this test nHDFs were seeded in 12-well plates at 3 x 105 cells/well and allowed to adhere overnight
at 37 °C in a 5% CO2 humidified atmosphere. The culture medium was then replaced by test and control
culture-supplemented media and cells were incubated for 24 h at 37 °C in a 5% CO:z humidified
atmosphere. Total protein was obtained using the extraction buffer of the ELISA kits and its concentration
was determined by BCA kit (Thermo Fischer, United States of America). The amount of total protein was
then normalized to 10 ug/mL and pro-collagen | a1 was quantified using Human Pro-Collagen | alpha 1
ELISA Kit (abcam, United Kingdom). As positive control 0,5 pM Palmitoyl Tripeptide-1 (Pal-GHK)
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(Cayman Chemicals, United States of America) was used as positive control for both assays. The assay

was performed in triplicate and the results were expressed in pg of Pro-Collagen | a1/mg of total protein.

1.5. Exposure to Urban Particulate Matter

HaCaT were used for this assay and seeded at 1 x 105 cells/well in a 24-well plate and maintained at
37 °C in a 5% CO:2 humidified atmosphere for 24 h. Afterwards, cells were incubated with and without
500 pg/mL of urban air pollution particles (SRM 1648a) (PP) resuspended in test- or control-
supplemented medium for 24 h, following the literature [83]. As positive control, 20uM Dexamethasone
(Dex) (Sigma-Aldrich, Germany), was used. Supernatants were collected and used to evaluate the
levels of the proinflammatory cytokine IL-6 and IL-1a, by ELISA (Biolegend, United States of America).
Cells were lysed with Radioimmunoprecipitation assay buffer (RIPA) Thermo Fischer, United States of
America) and used for protein quantification through BCA kit (Thermo Fischer, United States of America).

Duplicates were performed and the results were expressed in pg of cytokine/mg of total protein.

1.6. Population of the Study of Skin Microbiota

For this study female and male volunteers with more than 18 years old with or without skin diseases
were recruited. As exclusion criteria for the test, pregnant women, women during the lactation period,
individuals with tattoos or significant scars on the inner forearm; individuals that performed hair
removal/exfoliation/skin cleansing on the inner forearm 3 to 4 weeks prior to the sampling and during
the study period were not included. Individuals that applied cosmetic products onto the inner forearm
prior to sampling and during the study as well and those who took pre- or probiotics, antibiotics,
immunosuppressants, and chronic anti-inflammatory and chronic antihistamine drugs and/or systemic

antifungals 1 month prior to the sampling and during the study period, were also excluded.

Based on this criteria, 23 participants were included (19 females and 4 males) that were separated
according to their age in two groups: 26 to 35 years old (n= 17) and 36 to 45 years old (n = 6). Seven of
the volunteers reported eczema, neurofibromatosis, psoriasis, and sensitive skin. Oral and written
instructions were provided to all volunteers, who received a 50 mL vaporizer with Chaves’ TSW to be
used twice a day (in the morning and then in the afternoon) for 15 days. The control and test forearms

were randomly chosen to eliminate the effect of the dominant arm.

1.6.1. Measurement of Skin Biometric Parameters
Measurements of the skin biometric parameters were taken on days 0, 8, and 16, from the inner
forearms. Twelve hours before the measurement, the volunteers were instructed not to apply any
cosmetic or test products. A Multi Probe Adapter MPA 6 (Courage and Khazaka, Germany) coupled with
different probes was used: the Corneometer® CM 825 probe, to quantify the level of hydration; the
Tewameter® TM Hex probe, to determine the transepidermal water loss (TEWL); and the probe Skin-

pH-meter PH 905, to measure the pH.

1.6.2. Collection of Skin Microbiota

On days 0 and 16, samples of skin microbiota were collected from both inner forearms of 13 of the total
selected volunteers following the protocol described by Carvalho, et al [84]. In brief, AN6FLOQSwabs™
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(Thermo Fisher Scientific, United States of America) moistened in a sterile solution of phosphate buffer
solution (PBS) at 0.1 M (pH 7.3 £ 0.2 at 25 °C) plus 0.1% (v/v) Tween 80 were used to collect the skin
microbiota samples from each inner forearm. The swab was then placed into a tube with RPMI 1640
medium (Gibco, Thermo Fisher ScientificUnited States of America) and was incubated for 2 h at 34 °C
with agitation. The control of the collection method was performed by repeating the procedure without
the skin microbiota sample. At the end, the tubes were centrifuged at 21,130x g for 10 min, and the
pellet was recovered and stored at —20 °C until DNA extraction. The controls were processed similarly

to the skin microbiota samples.

1.6.3. DNA Extraction and Quantitative Real-Time PCR (qPCR)
Total DNA from all pellets was extracted using QIAmpDNA Microbiome Kit (Qiagen, Germany), following

manufacturer’s instructions. After extraction DNA was quantified by Qubit 4 Fluorometer dsDNA HS
Assay Kit (Life Technologies, United States of America), and the concentration was standardized at 10

ng/pL.

The qPCR assays were then used to determine relative abundances of the specific microbial genera
and species. Universal primers were used to target a conserved region of the 16S rRNA gene for
bacteria and the ITS2 region for fungi. For genus and species-specific assays, primers targeting genus-
or species-specific genes were used. gPCR reactions were prepared as previously described by
Carvalho, et al [84].

1.7. Statistical Analysis

Data was processed using GraphPad Prism software version 10.2.3 (Insight Partners, United States of
America). For data that followed the necessary assumptions of normality and homogeneity of variables,
parametric tests such as ANOVA supplemented with Tukey’s HSD post-hoc test were used, for multiple

comparisons. Differences were considered statistically significant at p < 0.05.
2. Results and Discussion

2.1. Chaves Thermal Water Chemical Properties

The mineral composition of TSWs is diverse being characteristic of the geological site they are situated
since their enrichment in dissolved minerals is characteristics of prolonged water-rock [4, 5]. These
minerals are the key responsible for the properties exhibited by these waters playing a crucial roles in
many physiological processes such as enzyme systems and energy metabolism maintaining cellular

integrity in cutaneous cells [85].

Since mineral composition majorly impacts the properties exhibited by TSWs, it was necessary to

evaluate its composition in order to guide further research and justify possible benefic properties.

Chaves’ TSW revealed a pH of 6,8 and a mineralization of 1 630 mg/L of total dissolved solids, being
therefore characterized as a low mineralized water. The main minerals present in these waters are
sodium, potassium, silicon and calcium (Table 1.1). A close to neutral pH as the one exhibited by

Chaves’ TSW is an important characteristic since skin pH regulates the maintenance of the stratum

16



corneum homeostasis and the skin barrier permeability [86]. With an acidic pH between 4 and 6, a
disruption of the skin’s pH may negatively impact on the aforementioned systems and therefore a close

to neutral pH is ideal for a potential cosmetic as it may not significantly change its value.

Table 1.1 Characterization of Chaves' TSW

Chaves Thermal Spring Water

Physicochemical characterization

pH 6.84 + 0.01
Conductivity (uS/cm) 2532 +2.12
Total dissolved solids (mg/L) 1630 £ 10

Minerals (mg/L) *

Sodium (Na) 576 + 16.91
Potassium (K) 74.02 +1.02
Silicon (Si) 37.20+0.34
Calcium (Ca) 26.03 £ 0.46
Magnesium (Mg) 7.62+0.10
Sulfur (S) 4.89 £ 0.05
Phosphor (P) 4.02 £ 0.05
Molybdenum (Mo) 0.04 £ 0.001
Manganese (Mn) 0.03 £ 0.0004
Cadmium (Cd) 0.02 £ 0.0003

2.2. Chaves’ TSW exhibited potential antioxidant and anti-elastase activity

Skin aging is a complex process. However, one of primary agents involved in its ageing is the oxidative
stress, caused by an excess of reactive oxygen species (ROS). These reactive species are capable of
damaging skin cells, and therefore impacting its appearance, causing wrinkles, loss of elasticity and
pigmentation [87, 88]. The exposure of the skin to air pollution or UV radiation, can even exacerbate the

process of skin ageing as it has been reported that it increases ROS production [89].

Finding ways to minimize oxidative damage is therefore essential. Certain minerals exhibit potent
antioxidant activity, and TSWs from Avéne, Uriage, and Vichy are particularly notable for having mineral

compositions proven to help in the removal of peroxides from the cytosol and cell membranes [6]. To
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evaluate the potential antiaging effects of this water, the first assays employed were ABTS and DPPH,

for determination of the antioxidant potential of these waters [6, 90-92].

Between both tests only ABTS allowed the evaluation of free radical’s neutralization by Chaves’ TSW
(Table 1.2). Such outcomes have been previously reported [93], with ABTS revealing more strong
results on low affinity DPPH scavenging antioxidants. This might be caused by the different mechanisms
of action in which DPPH and ABTS radicals are affected by the antioxidant agent. ABTS radical being
more chemically reactive, can interact with both lipophilic and hydrophilic antioxidants through hydrogen
atom or electron transfer. On the other hand, DPPH only reacts on lipophilic compounds through
hydrogen atom transfer. Therefore, compounds that might be weak radical scavengers in DPPH assay

might show significant activity in the ABTS [93].

Table 1.2 Evaluation of the antioxidant activity of Chaves’ TSW. nd stands for not detected

Antioxidant Activity (%)

ABTS DPPH
Chaves thermal spring water 9.09+3.88° nd
Vitamin C
ramin 91.9412.03" 86.56 £ 0.48 b

(0.075 mg/mL)

The radical inhibition for Chaves’ TSW exhibited an ABTS radical inhibition much lower than the
inhibition caused by Vitamin C. However, such inhibition might be due to the presence of calcium and
magnesium [94, 95]. Since both minerals are present in much lower concentrations the low antioxidant

activity was expected.

Anti-ageing potential was also determined by the capacity of the water to inhibit ageing related enzymes
such as Collagenase, elastase and tyrosinase (Table 1.3). These enzymes are responsible for
degrading the components in the extracellular matrix (ECM) such as collagen which is the most
abundant and provides structural support to the skin and elastin that provides elasticity to the tissues
[96, 97]. As for tyrosinase, a copper-containing enzyme, it plays a crucial role in melanin biosynthesis.
However with ageing its activity may become deregulated due to oxidative stress and inflammation being
therefore responsible for disorders such as age spots and melasma [98, 99].The results observed can

be viewed in the table bellow:

Table 1.3 Evaluation of Chaves’ TSW potential to inhibit age related enzymes

Enzyme Relative Inhibition (%)

Elastase MMP-1 Tyrosinase
Chaves thermal spring water 1422 +429° D70x025¢ 0005+x000¢
Vitamin C . . .
(8 mg/mL) 90.54 +1.51 96.26 + 0.31 9926 +0.31

Between the three enymes, only elastase exhibited a significant inhibtory activity, suggesting that the
TSW may contribute to the improvement of skin health and appearance by avoiding elastin degradation

by the enzyme.
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2.3. Collagen production remained stable upon application of Chaves’ TSW

Fibroblasts represent the major cell type of connective tissue being the main responsible for the dermal
extracellular matrix (ECM) synthesis and its homeostasis. These cells are embedded into the ECM they
synthesized, exerting contractile forces that determine their morphology, the organization of cytoskeletal
tissue, gene expression and signaling transduction. Type | collagen constitutes approximately 80-90%

of total collagen in the dermis being an important component in this process [100].

Collagen is initially translated as a pre-propeptide containing an N-terminal signal sequence. This directs
its translocation into the endoplasmic reticulum (ER), where it undergoes post-translational
modifications that enable trimerization into a stable triple-helical procollagen molecule. The procollagen
is then stabilized by the propeptide ends which are subsequently cleaved in the extracellular matrix
[101]. The presence of these propeptide fragments makes them valuable biomarkers for rapidly

assessing collagen synthesis levels.

It has been reported through in vitro studies that TSW can significantly increase collagen | a1 and | a2
levels in human epidermal keratinocytes and fibroblasts [12, 102]. Silicon content according to the
literature is important for an optimal synthesis of collagen. Orthosilicic acid (SiOH4) that is present in
drinking water, is the most readily available silicon source for the human being, exhibiting the capacity
to stimulate fibroblast secretion of collagen type | [103]. Therefore, although Chaves’ TSW does not
exhibit the capacity to inhibit MMP-1 — the matrix metalloproteinase (MMP) responsible for the gradual

degradation of the ECM - it may still promote pro-collagen synthesis due to its rich silicon content.

For assess this property, pro-collagen | a1 levels were measured in nHDF cells. Prior to this assay, it
was necessary to evaluate if Chaves’ TSW did not exhibit any negative impact on nHDF cells viability

and therefore influence the pro-collagen | a1 quantification assay

As observed in Supplementary Figure 1, the TSW did not significantly impact the cell viability of the
nHDF cells maintaining their viability above 70%, which according to ISO 10993-5:2009, demonstrates
that Chaves’ TSW is biocompatible.Through Human Pro-Collagen | Alpha 1 ELISA Kit it was possible to
verify both nHDF cells incubated with Chaves’ TSW supplemented medium, did not reveal significant

differences in pro-collagen | a1 levels compared to the control (Figure 1.1).

Although Chaves’ TSW contains silicon concentration of 32,70 mg/L, this level appears to be insufficient
to promote collagen synthesis in nHDF cells. In contrast, Nitrodi’'s TSW, which has been reported to
stimulate collagen synthesis, contains a silicon concentration more than twice that of Chaves’ TSW [12,
102], supporting the hypothesis that the silicon content in Chave’s TSW may be inadequate to eliciting

such a biological response.

19



‘ ok
160+

e

£

o

L 1404 |

2 120+

2 1004

< 804

= 604

@

= 40

S 204

Q

g O

& > & ¥
o 2 N
[4) 2 <?

0‘4‘

Figure 1.1 Quantification of pro-collagen 1a1 in HDF cells treated with Chaves’ TS. Palmitoyl! Tripeptide-
1 (Pal-GHK) was used as positive control. Statistical analysis was performed using the one-way ANOVA
with Tuckey’s multiple comparison. The results are represented as bar graphs (Average+SD). ** stand for
p < 0,005 and *** stand for p < 0,0005

2.4.The application of Chaves’ TSW on HaCaT cells revealed a reduction of inflammation upon

exposure to pollution particles

Anti-inflammatory and immunomodulatory properties are the most reported benefits of TSWs. Their
capacity to decrease pro-inflammatory cytokines is often reported promoting their application in

inflammatory conditions such as atopic dermatitis, psoriasis and rosacea [25, 74, 104, 105].

Keratinocytes are important players in the regulation of skin inflammation, responding to both
environmental and immune cell stimuli. These cells are targeted by multiple cytokines that modulate
their biological functions and behavior. In various skin conditions, several cytokines have been reported
to induce, for example, a psoriasiform phenotype in normal human epidermal keratinocytes. Notably, IL-
1a, IL-22, TNF-a, oncostatin M (OSM), and IL-6 are among the key cytokines involved [106].

During ageing it's possible to observe a progressive dysregulation of these interleukins which gradually
evolves in a state of chronic low-grade inflammation. The persistent imbalance between pro- and anti-
inflammatory signals not only sustains chronic skin inflammation but also accelerates tissue damage
and functional decline over time. In addition, environmental aggressors are also able to induce the
production of interleukins like IL-6 on the skin. As an example, continuous exposure to urban pollution

further exacerbates these changes and contributes to the ageing process [107].

The complex interplay between the different immunological agents is extensive, making a
comprehensive analysis of TSW’s impact on their expression beyond scope of this thesis. Instead, this
study focuses on two cytokines that are frequently reported in inflammatory skin responses, using

healthy HaCaT keratinocytes as the in vitro model.

Interleukin-1a (IL-1a), is a cytokine that in vitro testing revealed to be a potent cytokine regulating of a
vast ranges of genes [106]. This cytokine is constitutively expressed by keratinocytes and retained in
intracellular stores. Due to its continuous expression, this cytokine has long been associated as having
an alarmin role. In the event of cellular damage or programmed cell death, IL-1a is then released into
the extracellular space, warning the surrounding cell of the damage or infection. It has revealed that IL-
1a expression and secretion from keratinocytes play a role in chronic inflammation condition [108].
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IL-6 is a multifunctional cytokine that plays a significant role in both acute and chronic inflammatory
responses, being a key production stimulator of the majority of acute-phase proteins. This cytokine is
rapidly synthetized upon detection of diverse danger signals and cytokines such as IL-1a/f and TNF-a
and is capable of inducing systemic manifestations away from the site of inflammation through the
bloodstream being essential for the acute-phase response. Although not the most potent pro-
inflammatory cytokine [106], dysregulation and persistent IL-6 production is responsible for the state

chronic inflammation observed in many inflammatory and autoimmune diseases [109].

Given their importance, the impact of application of Chaves’ TSW in their expression was evaluated.
Before proceeding with the cytokine quantification, it was necessary - similarly to the collagen

quantification - to first assess any potential cytotoxic effect of the water on the cells.

Upon exposure of the HaCaT cells to the Chaves’ TSW, no significant impact on cell viability was
observed (Supplementary figure 2). Therefore, the water was deemed suitable for use in the

subsequent assay.

For IL-6 and IL-1a quantification, urban air PP were used as a stress inducing agent according to the
described materials and methods. Regarding IL-6, it was observed that the application of these particles
led to a significant increase in IL-6 expression, exceeding a 10-fold rise compared to cells without
particle treatment (Figure 1.2-A (With Pollution particles). Under both basal conditions and pollution-

induced stress, Chaves’ TSW significantly reduced IL-6 levels compared to the control.This reduction
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Figure 1.2 Evaluation of anti-inflammatory potential of Chaves' TSW. Quantification of IL-6 (A) and IL-1a
(B) levels in supernatants of HaCaT cells with and without urban air pollution. Statistical analysis was
performed using the one-way ANOVA with Tukey’s multiple comparison. The results are represented as

bar graphs (Average+SD). *and *** stand for p<0,05 and p <0,0001



might be explained due to the mineral composition of Chaves’ TSW. Among the minerals contained in
the water, Mg?* recognized for exhibiting immunoregulatory action. Magnesium is one of the most
abundant minerals present in the human body, being a cofactor for multiple enzymes that are involved
in several metabolic and intracellular biochemical pathways. Both in vitro and in vivo studies revealed
that Mg?* is important for the modulation of the inflammatory response, affecting several cells of the
immune system [110]. Magnesium deficiency for instance appears to promote an over function of the
innate immune defense leading to an increase in the release of IL-6 and acute phase proteins [111]. It
has been demonstrated that supplementation of Mg2* decreases IL-6 levels [112] and the stimulation of

intracellular magnesium through MgSO4 also exhibited reduced cytokine production [113, 114].

As for IL-1a, TSW did not cause any significant pro-inflammatory response as IL-1a. Upon applying the
particulate matter, it was possible to observe that Chaves’ TSW did not reduce the interleukin levels,
exhibiting a significant increase when compare to the control. However, this increase is attributable to
the effects of the urban particles themselves, rather than to any potentiating interaction between the
particles and the water, since Chaves’ TSW does not exhibit a pro-inflammatory effect at baseline

conditions without the particles.

Nonetheless, due to its anti-inflammatory effect on IL-6, Chaves’ TSW, may present benefic results as
a cosmetic ingredient, for a formulations target for people suffering from inflammatory dermatological
conditions such as atopic dermatitis where there has been registered increased levels of IL-6 [115, 116].
This study therefore reveals the potential soothing effect of Chaves’ TSW being in accordance with other
published data regarding other TSWs [25, 74, 104, 105].

2.5. Applying Chaves’ TSW improved skin barrier function by promoting a higher water

retention

Skin is the physiological and biological barrier of our body with constant contact with the environment.
It protects the body from various environmental factors such as UV radiation, allergens, chemicals and

microbes [117], also displaying an important role in regulating water and solute loss from our body [118].

TSW skin barrier reinforcement properties have been reported in recent years promoting the expression
of key markers such as filaggrin and human B-defensin 2. In addition, application of TSW has been

reported as improving skin’s hydration in its outermost layer and in the epidermis [15].

Parameters such as transepidermal water loss (TWEL) and hydration levels are associated with skin
health and its ageing being frequently used in dermatology and cosmetology to evaluate the integrity
of the skin barrier, being also important parameter to determine the efficacy of topical products [119,
120].

Having considered the potential benefits of Chaves’ TSW these parameters were measured for 16 days
by 23 participants.

Regarding hydration levels, measurements were made in both inner forearms of the volunteers. Similar

values were obtained on the first day before thermal water application (day 0), day 8 and day 16 (Figure
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1.3-A). However, when considering only the volunteers with a dry skin, whose hydration levels were
below 30 a.u (arbitrary units) (n=7) [121], hydration levels where significantly higher in the 8t day being
maintained until the 16" where there was no application of the TSW (Supplementary figure 3).

As for TEWL values, after 15 days applying Chaves’ TSW, the water loss levels were significantly
decreased under 10g/m2/h in comparison to day 0, revealing a restorative effect on the skin barrier
(Figure 1.3-B). This property leads to once again potential benefits for individuals with skin diseases
that naturally exhibit an increase in TWEL values [122, 123]. As an example, individuals with psoriatic
plagues and atopic dermatitis eczematous lesions revealed TWEL levels significantly higher than

healthy individuals [122].
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Figure 1.3 Skin biometric parameters. The measurement of (A) hydration level, (B) transepidermal water loss
(TEWL) was performed on Day 0 (before the application), 8 and 16 (after the application). Statistical analysis was
performed using the one-way ANOVA with Tukey’s multiple comparison. The results are represented as bar graphs

(AveragexSD). ** stand for p < 0,005. Ns, not significant

This regenerative effect on the skin barrier, according to the literature, might be related to the high
concentration of calcium presents in the water. Calcium (Ca2*), which is one of the major components
of Chaves’ TSW is a key regulator in keratinocyte differentiation and proliferation [15]. Such properties
once again reveal the beneficial impact that Chaves’ TSW may have on the skin, endorsing its use on

cosmetic formulation.

2.6. Chaves’ TSW application does not destabilize skin’s microbiota

A healthy human body is populated on average by 10" microorganism cells. From bacteria, fungi and
other eukaryotic microorganism, these microorganism play an essential function on everyday life by

assisting in digestion, nutrient absorption and immune development [124].

Skin is a dynamic tissue composed of multiple cell types and structures, each with physical and
biochemical properties. These complex and ever-changing dynamic environments naturally impact
microbiome composition and behavior. Sebaceous sites of the skin that exhibit high lipid content led to
colonization of taxa such as the bacteria Cutibacterium and the fungi Malassezia, that are lipophilic taxa.

Areas with higher water content due to, for example, the presence of sweat glands are populated by
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bacteria such as Corynebacterium and Staphylococcus. Dry sites in contrast are less populated by
microorganism with bacteria such as Corynebacterium, Cutibacterium, and Streptococcus being the

dominant bacterial species [125, 126].

Disturbances in this equilibrium might lead to prejudicial effects. The immune system is largely
intertwined with the skin microbiota, with certain microorganisms improving the skin barrier function and
healing ability of the skin, and other leading to disturbances, promoting inflammation and exacerbated
skin diseases. Disbalances in this delicate balance are linked to dermatological conditions such as

atopic dermatitis, acne and psoriasis [125, 127].

In cases of atopic dermatitis, characterized by its chronic and relapsing inflammation of the skin is
associated with colonization of Staphylococcus aureus, due to the capacity of some virulence factors of

the bacteria to promote inflammatory cytokines production in keratinocytes [127].

Since dysregulation on this sensible ecosystem between bacteria and human skin might lead to
undesirable outcomes, understanding the impact of the water on skin’s microbiome is an essential

aspect to assess the quality and potential benefic effects of the TSW.

Skin’s microbiota was characterized in a subset of 13 volunteers at days 0 and 16. The main bacterial
genera that compose the human skin microbiota such as Staphylococcus, Cutibacterium, and
Corynebacterium as well as the fungal genera Malassezia [125, 127]. The relative abundance of all
these genera was determined demonstrating no statistically significant differences between skin

microbiota before and after Chaves’ TSW application (Figures 1.4 A-D).

Additionally, the relative abundances of two bacterial species Staphylococcus epidermidis and
Cutibacterium acne were also determined since both bacteria represent two major sentinels of skin
microbiota being important to determine the influence of cosmetic products. These species are usually
considered commensal bacteria as they are harmless to human health in healthy conditions and benefit
from the skin’s environment. More precisely, both bacteria present a symbiotic relationship with the
cutaneous system being mutual beneficial, as the skin supplements the bacteria with nutrients while
both bacteria participate skin homeostasis by interacting with the extracellular matrix skin proteins of the
human skin, such as type | collagen and toll-like receptors (TLR2 and 4) allowing the coordination of
pathways between bacteria and skin cells [128].The relative abundance of both species did not reveal
any significant changes (Figure 1.4 E-F). A similar result was obtained when comparing Staphylococcus
sp/Cutibacterium sp and S. epidermidis/C. acnes ratios on both time points (Supplementary table 4),

revealing that the application of Chaves’ TSW does not impact the natural skin microbiome
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Figure 1.4 The relative abundances of (a) Staphylococcus sp. (b) Corynebacterium sp. (c) Cutibacterium
sp. (d) Malassezia sp. (e) Staphylococcus epidermidis (d) Propionibacterium acnes determined by
qPCR . Statistical analysis was performed using the one-way ANOVA with Tukey’s multiple comparison.

The results are represented as bar graphs (Average+SD). ns, not significant
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Chapter II: Development of a Chaves’ TSW based formulation and its properties on the hair fiber

Although TSWs have been a topic of discussion and research in the past two decades [6, 7, 129], their
applications have predominantly been directed on skincare due to its well-documented anti-
inflammatory [25, 130, 131] and skin barrier regeneration properties [15, 38]. This emphasis is largely
justified by the significant revenue share that skincare products hold within the cosmetic market.
Nonetheless, hair care cosmetics have been emerging as a key category experiencing growing demand
from the consumers. According to the GVR market report of 2023 [63], the sector is projected to grow

by 7% in coming years, being therefore promising for expanded applications of TSWs.

Despite such potential, the use of TSW as a cosmetic ingredient for hair care products has not yet been
disclosed. Given its enrichment in dissolved minerals [1] such as sodium, calcium, zinc, selenium,
magnesium, and silicates [6], TSW might play an important role in hair health and appearance. Hair,
being a porous structure allows solutes to penetrate through transcellular channels of the cuticle cells
and other intercellular pathways, allowing the adsorption and/or penetration of these compounds into
the hair fiber [64].

The reported results in the previous chapter revealed that Chave’'s TSW might exhibit beneficial
properties regarding skin health which might be translated to the scalp. However, its application in hair

fiber remains unknown, which led to the opportunity of exploring its potential on hair application.

In addition to the TSW testing, based on the positive results of the previous chapter, Chaves’ TSW was

incorporated into a cosmetic formulation and promptly tested on the hair fiber.

Cosmetic formulations typically consist of a mixture of substances that are aimed at being placed in
contact with external parts of the human body, with the objective of cleaning, perfuming and changing
their appearance, keeping them in good condition. Formulations often offer advantages over the sole
use of its active ingredient, due to the addition of other substances that can play a crucial role in
enhancing its delivery, efficacy and safety [67]. Hair care formulated products like shampoos contain 10-
30 ingredients in their composition. Amongst them surfactants facilitate the removal of environmental
dirt by the reduction of surface tension between the water and the dirt; conditioners which include fatty
substances aim at maintaining the natural condition of newly grown hair for a longer period of time
preserving its lipidic coating [132]. Additionaly, additives are another combination of substances that
further improve the functions of its main components. Some examples are preservatives that help
protect the product against bacterial contaminations and chelating agents that help removing the
interference of ions in the shampoos that could bind with the dirt and make it difficult to remove [132,
133].

Due to the presence of different compounds in the formulation, their interactions are not always
predictable presenting both synergic and inhibitory properties towards the active ingredients [134-136].
Therefore, in addition to testing Chaves' TSW on hair fibers and developing a formulation, it was crucial

to evaluate the formulation's interactions to identify any enhancing or inhibitory properties.

26



1. Materials and Methods

1.1. Development of the formulation

Chaves’ TSW was developed considering not only the efficacy of its constituents, but also by searching
for the ones that exhibited highest natural indexes. To achieve a high natural content, ISO 16128-2:2017

[137] was used to determine the exact percentage of natural composition using the following calculation:

Concentration X Natural Origin Score
x( g ) % 100

Natural Content(%) = Total Concentration

The products were then selected based on their natural origin score in order to obtain natural content
over 90% exhibited in the table below (Table 2.1).

Chaves’ TSW constitutes approximately 90% of the total constitution of the formulation being at the
same time the solvent and its active compound. For the preparation of the formulation each of the
selected components were weighed at the correspondent mass and dissolved in the water (Table 2.1).
They were afterwards mixed by Turrax disperser (IKA, Germany). pH was then adjusted to be between
5,5and 6

Table 2.1 Composition of Chaves’ TSW-based formulation

Compound’s name Quantity (%(w/w)) Source

Chaves’ TSW 89,87 Termas Chaves, Portugal
Glycerin 2,00 Acofarma, Spain

Sodium Phytate 0,10 Apollo Scientific, UK
Dexpanthenol 2,00 Thermo Scientific, USA
Natural Ectoin 1,00 TCI, Japan
Cocoamidopropyl betaine 4,00 Chimidroga, Portugal
Etanol 70% 0,03 LabChem, USA

Euxyl PE9010 1,00 LotionCrafter, USA

1.2. Hair Sample preparation

A total of 15 hair tresses of dark brown virgin hair (Kerling International, Germany) each measuring 25
cm in length and a weighting of 4 g were selected, for bleaching and subsequent analysis of their

physical and chemical properties, both before and after applying thermal water.

1.3. Hair bleaching process

To access the TSW’s reparative properties on the hair, a bleaching process was employed to induce
deliberate damage to the hair fibers. The bleaching mixture was prepared by combining, Bleach and

light powder (Lisap, Italy) in a 1:1 (w/w) ratio with an oxidizing emulsion containing 12% (v/v) H20x.

For each hair tress, 16 g of the bleaching mixture (in a 1:4 (w/w) hair-to-mixture ratio) was applied by
gently rubbing for 1 minute the hair fiber. Following application, the tresses were wrapped in aluminum

foil and left at 25-35 °C for 1 hour. Each hair tress was then subsequently washed in water for 1 min and
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left to dry at 25 °C in 60 % Relative humidity (RH) for 24 hours. This complete process was iterated

twice to ensure consistent bleached hair.

Following bleaching, each hair tress was washed for 1 minute with 4 mL of a 10% (m/v) sodium lauryl
sulfate solution, followed by a 2-minute interval and a final rinse with water for another minute. The

tresses were then dried at 25 °C at 60% RH until they were used for the thermal water application tests.

1.4. Product application

After the washing process, each tress was pre-moistened with 5 sprays of deionized water to facilitate
the dispersion of the test compounds. Afterwards the test compounds were applied in a quantity of 40%
the mass of each hair tress. With each tress weighing approximately 4 g, the mass of compound applied

for each hair tress was 1,6 g.

For the application, the 15 tresses were separated into 5 groups each comprising triplicates denoted
Control (Ctrl), Avéne benchmark (Ave), Chaves’ TSW (Chv), Formulation with the TSW (FChv) and a
formulation with deionized water (F). Group Ctrl functioned as the negative control, devoid of any thermal
water being treated with deionized water. Group Ave served as the positive control, subject to the
application of commercially available thermal water (Avéne, France). As for Chv group and FChy, they
represented respectively the test triplicates where Chaves thermal water and its formulation were
applied.

1.5. Analysis of Chaves’ TSW impact on the hair physicochemical properties
1.5.1. Color and Gloss analysis

In order to analyze any potential change in the hair color after applying thermal water a colorimetric
analysis using the CR-410 colorimeter (Minolta, Japan) was employed. In this analysis, CIELAB color
space parameters, L*, a* and b* were used. To evaluate the color variation, the individual color
parameters were compared as well as the obtained color when the CILAB parameters were converted
to color. Additionally, the color variation was also calculated using the formula of AE.," defined by the

International Commission on lllumination (CIE) [138] as:

AEab x = \/(LZtrl - LZample)z + (a:trl - a;ample)2 + (b:trl - b:ample)z

Following the color analysis, gloss was also determined in order to verify if the TSW and its formulation
has any potential effect on this hair physical property. For that reason, a TG 268 Gloss meter (Lovibond,

Germany) was used to analyze this characteristic at 20°, 60° and 85°

The measures for each sample group were made in three distinct places along the hair tresses. Due to
the thinness of the samples, to reduce the impact of the background each measurement was done with

all the three hairs from each group clustered together, in order to cover all the full area of the sensor.
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1.5.2. Texture analysis

Other physical properties of the hair involve its stiffness and its combability. To analyze such

characteristics, TA.XTplusC texture analyzer (Stable Micro Systems, United Kingdom) was used.

1.5.2.1. Stifness test

For the stiffness analysis, TA.XTplusC texture analyzer (Stable Microsystems, United Kingdom) was
assembled with the Three point Bending Rig accessory, in order to enable the analysis. The texture
analyzer device was calibrated with a 5kg load. The hair tress for each analysis was held in the rig clamp
and the test was run with the following parameters: Test type-cycle until count; Pre-test speed-1.00

mm/s; Test speed-0.5mm/s; Post-test speed-10 mm/s; Distance-10 mm; Count-5 cycles.

1.5.2.2. Combing test

As for the combing analysis, the hair combing rig of the texture analyzer was assembled in the device.
Similar to the stiffness analysis, the device was calibrated with a 5 kg load cell in order to increase
sensitivity on the device. For the test the hair tress was held on the hair tress clamp on the top of the
texture analyser and the test was run under the following parameters: Test type-Compression, Test-
comb force- -3800,0 g; Test speed-5 mm/s; Count-10 cycles; Return distance-10 mm; Return speed-20

mm/s; Contact force-50g; Height offset-0 mm.

For the height of the device the parameters were the following: Top height-75 mm, Bottom-140mm and

Clamp-30mm

1.5.3. Analysis of the structural composition of the hair fibre

Hair’s functional groups analysis was employed by for Attenuated Total Reflection Fourier-Transform
Infrared Spectroscopy (ATR-FT-IR) through PerkinElmer Frontier™ MIR/FIR spectrometer
(PerkinElmer, United States of America). Scans were conducted across a range of 550-4000 cm™*, with

16 scans per sample at a spectral resolution of 4 cm™.

Hair overall structure integrity was employed through differential scanning calorimeter (DSC) using 204
F1 Phoenix® NETZSCH-Geratebau GmbH (NETZSCH, Germany). The temperature and enthalpy
calibration scale were carried out using indium/zinc standard. For the sample preparation, hair fibers
were cut 5 cm below the top and 5 cm above the bottom of the hair tress and weighed in the DSC pan
(weigh between 3-4 mg). Afterwards, the samples were hermetically sealed with pierced lids and heated
over a range of 20-270 °C at a constant rate of 10 °C/min. An inert atmosphere was maintained by

purging Nitrogen gas at a flow rate of 100 mL
2. Results and discussion

2.1. The formulation revealed a high natural index

The sole use of Chaves’ TSW has already demonstrated potential beneficial effects on skin health,

supporting its inclusion in a formulation designed to enhance dermatological benefits. Therefore, it was
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a natural progression to develop a formulation that would not only maintain these properties but

simultaneously enhance them.

Since nowadays there is a growing preference for more natural products [76], the following formulation

was developed to achieve the highest possible level of natural composition.

Cosmetic formulations contain several components such as surfactants, humectant agents, fragrances
and preservatives [67, 132, 139, 140]. To select these components, the natural index of each compound
was analyzed through ISO 16128-2:2017 [137] ensuring the formulation aligns with the intended
purpose while achieving the highest level of naturalness.

The main compound of this formulation is Chaves’ TSW that works both as a solvent and as an active

ingredient. Therefore, it is the most natural component being also the most present in the formulation.

For surfactant and cleansing agent, Cocoamidopropyl betaine (CAPB), a compound derived from
coconut fatty acid [69], was selected for lowering the surface tension between ingredients and allowing

for their mixture conferring also their cleansing properties [68, 69].

Glycerin and Dexpanthenol were selected as moisturizing agents. Glycerin naturally attracts moisture
from the environment helping retain it in the skin and hair, which might potentiate the hydrating effects
of the TSW [141]. As for Dexpanthenol a derivative of pantothenic acid (vitamin B5) also exhibits
hydroscopic properties attracting and retaining moisture as well as enhancing skin barrier by increasing
the mobility of molecular components [142, 143]. Additionally, to both components natural, ectoin has
been used as an auxiliary compound. Ectoin is a water-binding organic osmolyte with low-molecular
weight that has the capacity to improve skin hydration as well as skin barrier function possible further

enhancing the hydration on the skin[144].

EDTA is a common chelating agent used in cosmetic and cleansing products such as Shampoos and
Conditioners, helping binding metal ions such as calcium and magnesium [145]. However, due to its low
natural index, sodium phytate was instead chosen as an alternative. Being derived from plants, sodium
phytate has a higher natural index capable of chelating ions such as Ca?* and Fe?* allowing for a better

antioxidant potential [146].

Many cosmetic products utilize fragrances in order to perfume the area where they are applied. To
simulate the application of a fragrance in the formulation, an ethanol solution at 70% (v/v) was also
applied in the formulation.

Preservatives in cosmetic products are crucial to maintain product quality and safety. Since this
formulation, as well as many others, contains water and organic material, it is important to restrict
microbial growth [147]. Euxyl PE9010, is a liquid cosmetic preservative that consists in the mixture of
phenoxyethanol (PE) and ethylhexyglycerin (EHG). PE is the main antimicrobial agent that works by
disrupting microbial cells leading to inhibitory and bactericidal activity. It's effects are potentiated by
EHG, an additive that has surfactant properties, that is capable of inducing changes in the membrane
surface tension properties of bacteria improving the contact between PE and the membrane [148].
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Based on this composition, the calculation of the natural index of this Formulation revealed a total of

96% of natural content, achieving the high naturality desired for the product.

2.2. Bleaching

The primary focus of developing a cosmetic product derived from Chaves thermal water was to enhance
the consumers' health and appearance upon applying such a product. To comprehensively evaluate the
potential benefits of applying this water to the hair, it was crucial to first induce damage to the hair fiber.

This step was necessary to gauge any type of recovery effect possibly caused by the cosmetic product.

The damaging process was done through an aggressive bleaching process employed in the12 test
tresses of brown virgin hair. After two bleaching cycles, each tress presented an evident change in color,
going from a dark brown to a platinum blonde (Supplementary figure 5). It was also possible to observe

that the hair fibers were more brittle, with some of them breaking during the combing process.

This change of color occurs due to the oxidation of the melanin pigments present in the cortex of the
hair fiber. The oxidative reaction is also responsible for the disruption of the cystine disulfide cross-links
to cysteic acid residues which also affects the appearance of the hair, by turning its cuticles more porous

and therefore giving it a more brittle structure [49, 149].

Based on these characteristics it is possible to conclude that the bleaching process was successfully

performed, with the tresses ready to the subsequent analysis.

2.3. Chaves’ TSW and its formulation did not reveal any visual impact on the hair color and

gloss

After applying for the test, compounds color and gloss analysis of the hair samples was employed. As
being some of the most visible characteristics of the hair, the impact of the water on these characteristics

might determine already a possible product application.

The colorimetric analysis made use of CIELAB color space to compare the colors of each sample. This
color space color space created by the International Commission on Illumination (CIE) [138], and was
designed to be perceptual uniform, where a certain numerical change is directly related to a perceived

change in color [150].

CIELAB expresses color through three coordinates, L*, a* and b*. In this color space, L* value
represents the lightness value of the color, being mathematically limited between 0 and 100 [151]. This
color coordinate is responsible for distinguishing the gray/light objects from the dark colored ones, being
the polar axis of the 3D color space [151, 152]. For the a* coordinate, it represents one color axis that
runs from cyan (a*<0) to magenta (a*>0), whereas the other coordinate axis b* runs from blue (b*<0) to
yellow (b*>0) [152]. Each of these parameters were analyzed for each hair tress group, obtaining the

results represented on Table 2.2.
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Table 2.2 Colorimetric values for the hair test groups and their respective color variation (AE). Their color

determined by Nix™ Color converter

Sample L* b* a* AE Exhibited color
Ctul- 76,97 £0,24 3,45+0,07 24,15 +£ 0,23

Ave 76,29 £ 0,21 3,60 * 3,60 24,00 £ 0,19 0,63 £0,23

Chv 75,72 £ 0,05 3,66 £0,13 23,21 +£0,45 1,63+0,22

FChv 77,06 £ 0,04 3,69 + 0,11 24,31 £ 0,59 0,59+0,15

F 75,57+ 0,33 4,73+0,03 26,31 £ 0,20 2,84+0,05

Comparing the samples with the control group, Ave and Chv test groups revealed significant differences
in their L* parameter indicating a lighter color (one-way ANOVA: p < 0,05). Regarding the b* parameter,
no significant differences were detected between the samples (one-way ANOVA: p > 0,05) and only
Chaves’ TSW formulation exhibited a significant difference regarding the a* parameter (one-way
ANOVA: p < 0,05).

In addition to the individual color parameters comparison, the AE, which represents the total color
difference between the control group and the test groups, was calculated. The AE scale varies from 0
to 100, and the value below one defines a color change that is not perceivable by the human eye. Both
Ave and FChv groups revealed values below that threshold. However Chv and F groups revealed values

above the 1 and 2 which represent slight color variations [153].

Although statistically significant, such variations might be derived from the natural heterogeneous
composition of each hair fiber in the multiple hair tresses, conjugated with slight variations on the
oxidation process during the bleaching. Nonetheless, by analyzing the sample colors, they did not exhibit
any significant visible changes as by inserting CILAB coordinates in Nix™ Color converter (available

at: https://www.nixsensor.com/free-color-converter) the colors obtained are not visible impactful.

Subsequent to the color analysis, gloss was also measured. Gloss is a parameter used to examine the
smoothness of a surface through the amount of light it reflects in the same angle of the incidence light
[154]. The measures were taken, first at a 60° angle to first determine what type of gloss the hair
presented. This analysis revealed values bellow 10 SGU (Specular Gloss Units), classifying the samples
as low gloss and therefore the most appropriate angle for the following analysis was 85° (Table 2.3)
[1585].
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Table 2.3 Gloss analysis of the hair samples at an 85° angle

Sample 85°

Crt 0,23+0,12
Ave nd

Chv 0,033 = 0,047
FChv 0,40+0,34
F 0,47 £0,20

By comparing the hair samples treated Chaves’ TSW and the formulation to the control group no
significant differences were detected (Kruskall-Wallis test: p > 0,5), implying that the formulation did

not significantly impact the natural gloss of the hair.

2.4. Chaves’ TSW Formulation may impact the combing strength of the hair tress

Hair entanglement is a characteristic that arises from hair’s topological properties, where individual
strands twist and loop around each other which leads to the formation of tangles [156]. Hair is composed
of thousands of fibers, with the scalp population density exceeding 200 hair fibers per square centimeter,
which translates into approximately 170 000 fibers for a full head [157]. With a vast number of fibers
located next to each other, interactions between them will occur frequently leading to the their
entanglement [156]. Additionally, the friction between hair fibers influences how easily they align in
parallel, a process largely determined by the condition of the cuticle. Due to bleaching and the
progressive damage of the hair in the ageing process, the cuticle morphology changes, leading to more
less defined scales and increasing its roughness, resulting in higher friction [158], which further impacts

hair entanglement.

With an increase in hair entanglement, there is a necessary increase in the brushing force. Cosmetic
products that reduce this necessary force are of interest to the consumer. For such reason, analyzing

how Chaves’s TSW might impact this property might reveal a possible product application.

The formulation contains several components that might impact the hair fibre's combing. Ingredients
such as Glycerin and Dexpanthenol exhibit the capacity to hydrate and retain the moisture in the hair
[143, 159]. Additionally, surfactants like Cocoamidopropyl betaine (CAPB) are present, which reduces
water’s surface tension, easing the cleansing of a surface and even presenting further moistening
properties [68, 69]. The combination of these properties might impact on the force required for combing
the hair and for that reason, this measurement was again performed for the hair tress submitted to the

formulation.
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For this study, five combing cycles were employed for each hair tress, and for each cycle, the top
combing force was measured. When comparing these forces, it was possible to observe a prompt

decrease in the measured force in the second cycle (Figure 2.1).
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Figure 2.1 Combing forces at the first second and last combing cycle. Statistical analysis was performed

using the one-way ANOVA with Tukey’s multiple comparison. The results are represented as bar graphs
(Average+SD). Control: Ctrl; Benchmark: Ave; Chaves’s TSW: Chv; Chaves’ TSW Formulation: FChv

The relative difference in the combing force was calculated using the first and last combing cycle forces
revealing that the formulation indeed led to a significant decrease in the force necessary to comb the

hair in the 5 cycles (Figure 2.2)
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Figure 2.2 Relative difference of the combing forces after the 5 cycles of combing. Statistical analysis
was performed using the one-way ANOVA with Tukey’s multiple comparison test. The results are

represented as bar graphs (Average+SD). * stand for p < 0,05. ns, not significant

From the pairwise comparison of the values obtained, it is possible to observe that indeed the
formulation led to a decrease in the combability strength. However, such reduction is not caused by the
TSW since the sole application of the water in the hair fiber did not lead to significant differences
compared to the control and the F group, devoid of TSW (Unpaired T-test: p > 0.05). Therefore, this

decrease in the combing force might be due to the components of the formulation.

This reduction can be associated with the presence of CAPB in the formulation, which acts as a
surfactant [68, 69]. As reported by Kamath and Weigmann [160], wetted hair drastically increases

midlength combing forces across the hair tress due to the surface tension forces involving the liquid film
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between the fibres, which difficult their separation as the comb moves through the hair. As a surfactant,
CAPB leads to the reduction of surface and interfacial tensions in the hair fiber [161] which might reduce
the adherence between the hair fibers in the wet state. This results in more separated hair fibers
facilitating the passage of the comb through the hair and therefore reducing the necessary force for the

process.

2.5. Neither Chaves’ TSW nor its formulation impacted the hair stifness

The primary content of the hair fiber is keratin, that through its conformation and chemical bonds, is
responsible for hair stiffness, strength and insolubility [162]. Hair’s cuticle protects the cortex of the fiber
from its environment, and the structure and fraction of its constituents is associated with the hair’s

diameter which affects hair stiffness [163, 164].

When hair is in contact with water, it works as a plasticizer, reducing the interactions between the protein
chains and swelling the keratin network, reducing stiffness. This effect occurs because water increases
the spacing between the intermediate filaments that make up the cortex and also softens the amorphous

matrix that surrounds these filaments [165].

The formulation contains moisturizing ingredients in its composition such as glycerin and dexpanthenol
that retain water in the hair fiber which in turn might decrease its stifness. To assess this property,
bending strength was measured, yielding the results shown in Figure 2.3. However, these
measurements proved inconclusive, as no significant differences in bending strength were observed
between the hair tresses. Therefore, it can be concluded that neither the formulation nor the TSW had

a notable impact on the hair fiber.
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Figure 2.3 Bending strength of each hair tress. Statistical analysis was performed using the one-way
ANOVA with Tuckey’s multiple comparison test. The results are represented as bar graphs

(Average+SD). ns, not significant
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2.6. The application of the formulation revealed a decrease in the denaturation temperature of

the hair tresses

Approximately 80% of the human hair is constituted by a-keratin that is mainly located into the cortex
[166]. This protein is cysteine rich containing a significant amount of sulfur that is responsible for the
formation of disulfide bonds between keratin chains that give the hair its characteristic shape, stability

and texture [167].

With ageing and the use of cosmetic procedures such as hair dyeing, there is a structural decline of the
hair keratin and keratin-associated proteins [166, 168]. Changes in these structures can lead to an
alteration of the hair’s thermal properties changing its denaturation temperature [167]. In practical terms,
such alterations in its thermal properties might lead to the hair to be more/less susceptible to certain
cosmetic processes like hair straightening through heat. Therefore, a cosmetic product that can protect
against or reverse these effects could be advantageous. The assessment of the heat protection capacity

was made using DSC.

- 300

0.00

DSC/ (mWimg)

&
o
&

Keratin Denaturation
Temperature (°C)

Temperature (C°)

200 Crt Ave ChvFChv F

Figure 2.4 Analysis of the thermal properties of the hair tresses. (A)DSC curve of each test group
obtained at 10 °C. min-1 under N2 atmosphere. Inside the boxes are market the thermal peaks that
indicate keratin’s thermal denaturation. (B) Keratin denaturation temperature. Statistical analysis was
performed the one-way ANOVA with Tuckey’s multiple comparison test. The results are represented as

bar graphs (Average+SD). **** stands for p < 0,0001

When comparing the DSC results between the test groups, it was possible to observe that the hair
tresses that submitted to the treatment with the formulations exhibited a reduced keratin denaturation
temperature (Figure 2.4). Denaturation temperature for these samples was 226,97 + 2,10 °C, a
significant reduction from the other test groups that exhibited a denaturation temperature of 242,7 + 2,2
°C.

For the two test groups that did not differentiate from the control, such denaturation temperatures were
expected and in agreement with the values reported in the literature for bleached hair. The bleaching

process leads to an increase in cysteic acid due to the oxidation of the hair fiber. In turn, this increases

the ionic interactions and stabilizes the keratin structure, resulting in an increase of its denaturation
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temperature from 236 °C (in a virgin hair) to approximately 245 °C [167]. However, for the FChv test

group, the registered temperature for keratin’s denaturation is lower than that of virgin hair.

Protein denaturation depends on several factors such as chemical denaturants, environmental changes,
and physical interactions, which are responsible for changing the original folding of the protein [169-
171]. This folding is dependent on its amino acid sequence and the characteristics of its surrounding
environment [169, 170].

Since the hair functional group might play an important role in its denaturation, ATR-FT-IR was employed
to analyze any potential changes in the functional groups of the hair proteins and therefore its effects

on the protein structure that might impact on its thermal behavior.

The structure of proteins, polypeptides and many other biological molecules exhibit peptide bond units,
which are based on the amid bonds. These bonds can be observed in the ATR-FT-IR spectra of the
samples with different wavelength depending on the type of amide region. The amide | band whose
wavelength varies between 1600-1800 cm™' [172], is related to the protein backbone conformation of
the proteins providing important structural information. The location of this band is sensitive to changes
in its secondary structure of the protein [173], and therefore its comparison might indicate any potential
changes in the structure of keratin that might have led to the decrease of its denaturation temperature.
However, when analyzing both spectra (Figure 2.5-A), both amide | bands seemed to overlap with each

other, therefore not indicating any major backbone conformation change.

Nonetheless when comparing the full spectra of the hair samples, it is possible to observe that in the
wavelength region 3000-2800 cm', two peaks in the FChv and F groups are higher than all the previous
samples (Figure 2.5-B). These peaks are closely located in regions 2924 cm-' and 2850 cm -,

respectively corresponding to the asymmetric and symmetric C-H stretching of the methylene group of

the lipids.
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ATR-FT-IR can be used in a semiquantitative way whether the intensity of the peak represents the
Figure 2.5 Comparison of the infrared spectra of all test samples (A) Comparison of the full spectra (B)

Comparison of the lipidic peak in the spectra 3000-2800 cm-1 region

absorption of a functional group at a specific wavelength. This intensity may vary according to the
presence of the functional group absorbing in that region [174, 175], indicating that the hair tresses to
which the formulation was applied had a higher lipidic content than the previous samples. By analyzing
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the intensity of the peaks in Figure 2.5-B, it was possible to observe that as the peak intensity increases,
the denaturation temperature exhibited by the hair tress decreases (Figure 2.4). In order to prove the
observation, the relative level of lipids was determined according to the literature, by calculating the
peak area ratio of 2850 and 2960 cm-' bands (Figure 2.6), the latter representing the C-H stretching of
the methyl groups of proteins [176]. Afterwards these results were crossed with the denaturation
temperatures previously obtained revealing a negative correlation between both variables (Pearson’s
correlation coefficient: -0,830; p < 0,01), thus indicating that this increase on the relative level of lipids

might be responsible for the decrease in the denaturation temperature of the hair’s keratin.
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Figure 2.6 Relative level of lipids obtained through the ratio of the peak area of the bands 2850 and

2960 cm-1. The results are represented as bar graphs (Average+SD)

When analyzing the formulation’s composition, it is possible to assume that this increase in the lipidic
content might be caused by the presence of CAPB. CAPB is derived from coconut fatty acid [69], which
might lead to an increased peak in the lipidic region of the ATR-FT-IR spectra. Being a surfactant, CAPB
exhibits both anionic and cationic groups, being therefore, a zwitterion [177]. This characteristic confers
them the capacity to bind with proteins electrostatically [178]. The binding to the positively or negatively
charged parts of a protein, according to the literature, can lead to two different types of outcomes, in
terms of protein thermal stability, destabilizing a protein by decreasing its melting temperature or
stabilize it by increasing the protein folding cooperativity [178] . However, these effects are dependent

on the specific protein involved.

It is possible that CAPB might be responsible for the decrease in thermal stability of the keratin by
destabilizing its chain, which might ultimately restrict the use of this formulation previously to hair

cosmetic procedures involving extreme heat such as hair straightening.
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Chapter lll: Enhancing Chaves Thermal Water formulation with bioactive natural extracts and its

impact on skin’s health

Despite its notable dermatological bioactivity - particularly its anti-inflammatory effects - its overall
efficacy is constrained by a simplistic chemical composition derived from its mineral content. When
additional active components were dissolved in Chaves’ TSW, an enhancement of its beneficial

properties was clearly observed, as demonstrated by the reduction in combing force.

Given that Chaves’ TSW exhibited a more pronounced effect at the dermatological level compared to
its limited impact on hair fibers, its incorporation into a topical formulation is expected to yield more
substantial therapeutic outcomes. Prior to conducting further evaluation on the previously developed
formulation, modifications were implemented to enhance its efficacy and broaden its bioactivity
spectrum. To achieve this, two plant extracts were strategically incorporated, aiming to synergistically
boost the functional properties of the TSW based formulation, hereby improving the formulation’s

dermatological benefits and overall therapeutic potential.

Plant extracts are one of the most used natural compounds in cosmetic formulations being used for
centuries in the most diverse cultures across the world. Traditional Chinese medicine heavily relies on
these extracts as these botanical ingredients are a rich source of bioactive molecules that compose the
plant's secondary metabolites such as polyphenols, flavonoids, terpenes and many other molecules.
These compounds act as potent antioxidants, neutralizing reactive oxygen species generated by UV
exposure. They also exhibit anti-inflammatory, antimicrobial, photoprotective, moisturizing, wound
healing, and anti-tyrosinase activities, making them multifunctional ingredients in formulations [179,
180].

In the formulation, two plant extracts, Cucumis sativus (Cucumber) and Malva sylvestris (Mallow) were
incorporated for their documented anti-ageing properties. Cucumber extract is known for its antioxidant
activity largely due to the presence of ascorbic acid and flavonoid content in its composition. Additionally,
it also exhibits anti-elastase and anti-hyaluronidase activities contributing to skin elasticity and hydration
[181]. Mallow extract, on the other hand, exhibits anti-inflammatory activity caused by the presence of
malvidin 3-glucoside molecule. It also offers protection against oxygen radical species, attributed to the
presence of phenolic compounds found in its leaves and has skin-whitening properties through the
inhibition of the tyrosinase enzyme [182]. Additionally, to these properties Malva sylvestris is a native
species across both mainland Portugal being present in Chaves’ region (Figure 3.1). The plant is
capable of striving in a variety of environments [183, 184] facilitating its obtention as a manufacturing

product.
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Figure 3.1 Malva sylvestris distribution across mainland Portugal. Circled in red is possible to observe

Chaves’ region where Malva sylvestris is a native plant. (Original image: Clamonte, et al. [191] )

The extensive variety of plant extracts available on the market offers a range of beneficial properties for
skin health including moisturizing, antioxidant and anti-inflammatory activities, therefore being a great

choice for enhancing a formulation.

Given the reported positive impact of these extracts on skin health and the previously detailed beneficial
effects of Chaves’ TSW, this chapter explores whether these properties are retained in the final
formulation and whether the plant extracts further enhance the bioactivities previously associated with
TSW.

1. Materials and Methods
For this Chapter’s methodology, a similar approach to the one employed in Chapter | was used with the
results obtained being compared to the ones obtained with the sole application of Chaves TSW
1.1. Addition of Cucumber and Mallow extract to the formulation

Before beginning with the analysis of the formulation’s bioactivities, three new variations incorporating
plant extracts were prepared (Table 3.1). The first formulation contained only cucumber extract (FP),
the second contained only mallow (FM) and the third combined both extracts (FMP). Mallow and
cucumber extracts (Crodarom, France) were used at the maximum recommended concentration of 5%,

as specified by the manufacturer.

The preparation of the formulations followed the steps described in Chapter Il (See Chapter I: Material
and Methods 1.1).
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Table 3.1 Composition of the Chaves’ TSW-based formulation with the addition of the extracts (A)

Formulation with only one of the extracts (B) Formulation with both extracts.

A

Ingredient name

Quantity (%(w/w))

Source

Chaves’ TSW 84,87 Termas Chaves, Portugal
Mallow/Cucumber extract 5,00 Crodarom, France
Glycerin 2,00 Acofarma, Spain

Sodium Phytate 0,10 Apollo Scientific, UK
Dexpanthenol 2,00 Thermo Scientific, USA
Natural Ectoin 1,00 TCI, Japan
Cocoamidopropyl betaine 4,00 Chimidroga, Portugal
Etanol 70% 0,03 LabChem, USA

Euxyl PE9010 1,00 LotionCrafter, USA
Ingredient name Quantity (%(w/w)) Source

Chaves’ TSW 79,87 Termas Chaves, Portugal
Mallow extract 5,00 Crodarom, France
Cucumber extract 5,00 Crodarom, France
Glycerin 2,00 Acofarma, Spain

Sodium Phytate 0,10 Apollo Scientific, UK
Dexpanthenol 2,00 Thermo Scientific, USA
Natural Ectoin 1,00 TCI, Japan
Cocoamidopropyl betaine 4,00 Chimidroga, Portugal
Etanol 70% 0,03 LabChem, USA

Euxyl PE9010 1,00 LotionCrafter, USA
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1.2. Antioxidant activity and enzymatic assays

Both ABTS and DPPH assays were conducted following the protocols described in Chapter | (See
Chapter I: Material and Methods 1.3.1 and 1.3.2).

1.3. Fe?* Chelating Activity

Chelating activity of the formulations was determined according to the protocol described in Ouahhoud,
et al. [185]. In brief, to determine the chelating power of Fe2* 250 L of the sample were mixed with 1mL
of acetate buffer (0,1M; pH 4,9) and FeClz (2mM). The reaction was left incubating at room temperature
for 30 minutes, afterwards added 0,1 mL of ferrozine (5mM). The reaction mixture was left incubating

again for 30 min, the absorbance measured at 562 nm.

For negative control, distilled water was used in the same volume of the samples, while for positive
control a 40 uyg/mL solution was prepared and used. The percentage inhibition of Fe2* ferrozine complex
formation was then calculated according to the following formula:

AO_Al

x 100
Ao

Inhibition (%) =

Ao: Absorbance of negative control
A1: Absorbance of the sample of reference

1.4. Cell culture assays

The assays here employed were performed similarly to the ones described in chapter | (See Chapter I:
Material and Methods 1.3.3)

1.5. Antimicrobial screening
1.5.1. Preparation of the media with the formulation components

For the antimicrobial screening, only the plant extracts and sodium phytate were used, to avoid
interference from the surfactants and preservatives used in the formulation. The test components were
mixed into TSW dissolved Muller Hinton broth (MHB), following the manufacturer instructions
representing the formulation. After mixing the test media were filtered using a sterile 0.22 pym filter
(Milipore, USA).

Different concentrations of the test compounds were prepared to evaluate their dose-dependent effects
on microbial growth, enabling systematic screening of their antimicrobial activity. The highest tested
concentration comprised 10% (w/w) plant extract and 0,20% (w/w) sodium phytate which was equivalent
to twice the concentration of the base formulation concentration. Subsequent dilutions were then tested
in series, down to the base-concentration of 5% (w/w) plant extract and 0,10% (w/w) sodium phytate. A

detailed table containing the concentrations used can be observed in supplementary table 1

42



1.5.2. Antimicrobial activity time-growth curve screening

The antimicrobial activity of the formulation was screened using a time-growth inhibition curve, based
on the CLSI-M07-A9 standard [186]. Previously to the execution of the assay, pure cultures of
Staphyloccus aureus 209 and Staphylococcus epidermidis Fussel, were grown in Tryptic Soy Broth
(TSB) (Bioakar, France) for two cycles of 24 hours, being afterwards platted into Tryptic Soy Agar (TSA)
(Bioakar, France). Both TSB and TSA were supplemented with 3g/L of yeast extract (Sigma-Aldrich,
Germany) and the incubations were performed at 37°C under aerobic conditions. After incubation, the
pre-inoculum was prepared by picking one colony from the plate and resuspend it in 10 mL of MHB
being afterwards incubated for 24h at 37°C under aerobic conditions. The inoculum was then prepared
in the following day by adding 1mL of the inoculum to 9 mL of MHB, being left overnight at 37°C. The
working inoculum was prepared by adjusting the inoculum optical density (OD) at 625 nm until reaching
avalue of 0,08-0,1 being afterwards 10 times diluted in MHB. 20 uL of the work inoculum were inoculated
into 980 uL of the test solutions and 200 pL of the suspension was transferred to a 96-well microtiter
plat (Nunc, Germany). The growth was measured during 24 hours at 37°C, and the OD measures were
taken into hourly intervals at 625 nm, using a microplate reader (Epoch, USA). A positive control was
drawn using inoculated MHB medium without the test components and a MHB medium with 20% DMSO
was used as a negative control. Blanks of the samples were used to correct the sample color OD

interference.
2. Results and Discussion

2.1. Chaves’ Formulation exhibited enhanced antioxidant activity

Antioxidant activity similar to Chapter 1 was assessed by DPPH and ABTS assays. According to DPPH
assay, none of the formulations tested showed antioxidant activity. However, according to ABTS assay

it was possible to detect inhibitions above 60% in all the three formulations (Table 3.2).

To determine whether the plant extracts were responsible for the observed increase in antioxidant
activity, we tested the original Chapter 2 formulation - containing none of these extracts - alongside the
three extract-enriched formulations. Amongst the three variants the dual-extract formulation (FMP)

exhibited a significant enhancement in ABTS radical scavenging (one-way ANOVA: p < 0,05).

Nevertheless, the absolute gain in radical-quenching capacity across all extract-containing samples was
modest, indicating that the extracts may have produced a measurable effect although they did not induce

a dramatic enhancement in ABTSe* scavenging.
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Table 3.2 ABTS and DPPH radical scavenging caused by the TSW formulations

ABTS radical inhibition (%) DPPH radical inhibition (%)

Formulation without extracts (FChv)

62,78 + 11,29 nd
Cucumber Formulation (FP)
) 65,92 + 3,39 nd
Mallow formulation (FM)
60,01 +7,78 nd
Mallow and cucumber formulation
71,29 £ 5,25 nd

(FMP)

Plant extract’'s are recognized for their phenolic component. Originated from secondary metabolism
pathways, the phenolic component of these extracts play a crucial role against oxidative stress, due to
their capacity of donating hydrogen atoms or electrons and forming stable radical intermediates [187].
Both Mallow (M) and Cucumber (M) extracts, have both been reported to exhibit antioxidant effect [188,
189], although variable according to the part of the plant used.

To evaluate if these extracts were responsible for the increase antioxidant acitvity of FMP, the individual
extracts and their mixture, were tested through ABTS assay at a concentration of 5%, dissolved in
deionized water (Table 3.3). In oposition to the literature the cucumber extract revealed a minimal ABTS
radical inhibition whereas both the mallow extract and its combination with cucumber demonstrated

clear antioxidant activity.

Table 3.3 ABTS radical scavenging of the plant extracts present in the formulations

ABTS radical inhibition (%)

Cucumber extract (P) 025+ 057
Mallow extract (M) 544 + .82
Mallow and Cucumber extract mixture (MP) 491+ 101

Such an outcome was not expected and therefore the deviation from the reported antioxidant activities
was hypothesized as being caused by the composition of the plant extract. CRODAROM Phytexcell™
Cucumber extract is obtained from Cucumis sativus, being advertised as an ingredient for improving
skin moisture. The extract also contains a high glycerin concentration, well known as a powerfull
moisturizer [190]. Glycerin is used during the extraction process due to its capacity of dissolving
compounds that are not miscible in water [191], the amount of the compound present during the
extraction represents a key element by regulating the amount of polyphenols that are dissolved in the
final extract. It has been reported by Anis and Ahmed [191], that during the extraction process, there is
an optimal glycerin extraction concentration that allows the dissolution of the polyphenols from the plant
material. The glycerol content makes the solvent more viscous which slows down the process of

diffusion, hindering the extraction of polyphenols. Glycerol content is variable depending on the plant
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extract, and therefore higher glycerol content during extraction process might be the factor that hindered

the antioxidant activity of the Cucumber extract at a 5% concentration.

Since the mixture of mallow and cucumber yielded a higher antioxidant activity, there is the possibility
that the mallow extract could play a role in improving the antioxidant properties of the formulation.
Nevertheless, the antioxidant capacity of the complete formulation significantly exceeds the activity of
the individual extracts indicating a pronounced synergistic interaction among its components rather than
merely an additive effect.

It has been supported by the literature that the antioxidant activity of the phenolic content of plant
extracts might be the result of two mechanisms of action, the capacity of scavenging free radicals and
chelation of iron ions. All the three formulations contain sodium phytate as its chelating agent, which
might play a role in its potential chelating activity. In addition, flavonoids, a group of polyphenols
composed by two benzene rings with phenolic hydroxyl groups connected through three central carbon
atoms, may also present chelating activity being essential for both metal binding and radical quenching
[192, 193].

Faced with this possibility, the chelating potential of the formulation was accessed.

2.2. Antioxidant activity of the formulations might be a product of the combination of a

significant chelating activity and free radical scavenging

Chelating agents are substances whose molecules are able to form several bonds to a specific metal
ion, effectively creating a stable complex [194]. Chelating agents are commonly incorporated into
cosmetic formulations due to their ability to bind heavy metal ions—such as iron—thereby facilitating
their removal and minimizing the damage they can induce [195, 196]. Flavonoids present in plant
extracts are capable of chelating metal ions and form complexes with them. For instance, the interaction
of a flavonoid with Fe?* catalyzes its oxidation to Fe3*, forming a chelation ring with the metal. The
catechol groups in the flavonoid ring B (Figure 3.2) as well as the 3-OH/4-C=0 in ring C and 5-OH/4-
C=0 in rings AC are responsible for the coordination reaction with iron metals. During the coordination
that leads to the complex formation some OH or C=0 sites remain transiently free to donate H+ or e™ to
incoming radicals. Upon donation, the flavonoid radical is stabilized lowering the bond-dissociation
enthalpy for H-atom transfer. This accelerates the electron transfer kinetics, augmenting the capacity of
the flavonoid to trap the radical. Such type of reaction is mostly observed in the chelation of Cu?* ions,
however it has been reported that Fe2* reaction with flavonoids, might enhance the performance of the
flavonoid against antioxidant tests such as DPPH and ABTS [197].
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Figure 3.2 Polyphenol ring B coordination of Fe2+ and subsequent electron transfer reaction in the
presence of oxygen, forming the flavonoid-Fe3+ complex (figure obtained from Walencik, et al. [212] —
Figure 5-C)

Fe2* also represents an important agent in regulation of the reactive oxygen species homeostasis (ROS)
of the organism. Being necessary in several metabolic pathways, ferrous ions also play a crucial role in

the formation ROS due to its ability to transfer single electrons [196].

Iron-induced peroxidation, for example, is responsible for the wrinkling that occurs as result of chronic
photodamage to the skin [198]. The exposure to UVA radiation, leads skin cells to release loosely bound
iron which is responsible to catalyze the production of highly toxic hydroxyl radical through Fenton

reaction which further leads to an enhanced production of metalloproteases and lipid peroxidation [195].

Therefore, due to such impact on skin health, the capacity of chelating agents to protect skin’s integrity
might present itself as an effective therapeutic approach by reducing the amount of available free iron
that could catalyze ROS producing reactions [195, 196], working as an indirect way of reducing ROS

levels.

For the ferrous ion chelating activity assay, the complete formulation with Cucumber extract (FP), Mallow
extract (FM) and Mallow and Cucumber extract (FMP) were used. To identify the key contributor to any
potential antioxidant activity, the individual components — including the extracts (P, M, MP), the water
(TSW) and the main chelating agent, sodium phytate (Fit) - were also tested separately. Each was
assessed at the same concentration used in the formulation but dissolved in deionized water to isolate
their individual effects. EDTA, one of the most widely used chelating agents in the cosmetic industry due

to its strong metal ion-binding capacity [145], was included as a positive control.
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By analyzing the chelating activity of the formulations, it was possible to observe a significant increase
in iron chelating percentage when compared to the sole use of Chaves’ TSW (one-way ANOVA: p <
0,0001). None of the individual components exhibit a drastic Fe?* iron chelating activity, however it is
possible to observe that all the three formulations demonstrated a high capacity to chelate iron. Such
behavior could be explained by the conjugated action of these components, that synergistically increase

the capacity to chelate this ion, since every component exhibits chelating capacity (Figure 3.3)
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Figure 3.3 Comparative chelating activity of the formulation and its constituents. Statistical analysis was
performed using the one-way ANOVA with Tukey’s multiple comparison. The results are represented as
bar graphs (AveragexSD). TSW: Thermal Spring Water P: Cucumber extract; M: Mallow extract; MP:
Mallow and Cucumber extract; FP: Cucumber extract formulation;, FM: Mallow extract formulation; FMP:

Mallow and Cucumber extract formulation. *, **, **** stand for F

The major chelating component of the formulation is sodium phytate, which its sole use at a
concentration of 0,10% revealed a significant difference in the chelating activity when compared with
Chaves’ TSW (one-way ANOVA: p < 0,0005). However, when compared with the results obtained with
the formulations, sodium phytate alone does not justify the increase in chelating activity, being the

chelation activity of the three formulations significantly different (one-way ANOVA: p < 0,0001).

When analyzing their chelating capacities, it's possible to observe that the extracts did also exhibit Fe?*
chelating potential, although at a lower magnitude than sodium phytate. Extract polyphenols such as
Flavonoids and water-soluble pigments such as Anthocyanins are mainly present in the CRODAROM
Phytexcell® Mallow are known for their chelating capacities which might be responsible for the chelating
activity exhibited by the compound [185, 199]. However, regarding the CRODAROM Phytexcell®
Cucumber extract, the technical sheet does not detail the presence of the aforementioned polyphenol
components and therefore its chelating activity was not expected. However, literature, details that such
extracts contain also other types of flavonoids in their composition which as mentioned, are capable of
forming complexes with iron ions due to the presence of hydroxyl groups in its chemical structure [200].

This could justify the fact that the extract exhibited some chelating activity.
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Chaves’ TSW also exhibited the capacity to chelate iron as it revealed a 12,96 + 7,94% Fe?* activity
possibly due to interactions between the HCO3- and the ferrous ion. Although the characterization of
Chaves’ TSW in chapter | did not include the quantification of HCOgs-, Termas Chaves SPA, has
previously described that the water contains a concentration of 1762 mg/L of the hydrogencarbonate
ion [201]. It has been reported that the presence of elevated bicarbonate concentration promotes ferrous
iron transformation facilitating Fe-COs synthesis. By reacting with HCO32- some of the free Fe?* could
not react with ferrozine during the assay and was therefore not detected leading to some chelating

potential.

Since every single tested component exhibited a Fe2* chelating capability, and the formulation does not
contain any other known potential chelating agent, it is possible to assume that the major increase in
chelating activity observed in the formulations might be due to the synergistically effects of all the tested
constituents. By combining different iron chelators such synergistic effect was expected as such

approaches have been already described in literature [202].

Although exhibiting significantly lower chelating activity than EDTA (one-way ANOVA: p < 0,001), the
formulations, nonetheless, present a significant chelating activity. Due to the fact that ions such as Fe2*
are key elements in the formation of ROS on the organism [195, 196], and the chelation of Iron by the
polyphenol content of the plant extracts might improve its ROS scavenging potential [197], the observed

results in ABTS might be a result from these factors.

2.3. An enhanced inhibition of age-related enzymes was observed after Chave’s TSW

application

Additional to the enhanced antioxidant potential, previously study skin enzymes could exhibit completely
distinct behavior when interacting with the formulation and its compounds. MMP-1 (a collagenase
enzyme), Elastase and Tyrosinase were once again selected for their respective enzyme inhibition

assays due to their important role in skin ageing.

The reported results revealed a much more positive landscape regarding the inhibitory properties of
Chaves’ based formulations, with at least the formulation containing both mallow and cucumber extract

inhibiting all the 3 enzymes with a significant activity (Table 3.3).

Table 3.4 Evaluation of Chaves’ TSW based formulation and their potential to inhibit age related

enzymes

Enzyme relative inhibition

Collagenase (MMP-1) Tyrosinase Elastase
Cucumber Formulation
11,55 £ 5,09 21,85+ 3,25 nd
(FP)
Mallow formulation (FM) 12,83 +4,32 30,74 +6,29 nd
Mallow and cucumber
24,34 + 7,87 21,90 £ 0,87 44,01 £ 0,06

formulation (FMP)
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Regarding collagenase activity, it has been reported in the literature how zinc is an essential cofactor to
the activity of the MMP-1 enzyme. Zn?* plays an essential role in various catalytical process, being the
family of Matrix metalloproteinases (MMPs) dependent of this ion. Such enzymes contain two sites for
the ion, one catalytic site where Zn2* binds and another that contributes to the overall structural stability
of the enzyme [203]. It has been reported that some inhibitors of the collagenase activity disrupt this
interaction of the zinc with its active sites on MMP-1 [204]. Due to the chelating capacity of the
formulations, it is possible that its active ingredients incapacitate the binding of Zn2* [205, 206] by

chelating it and therefore lead to an increased inhibition of the enzyme’s activity.

This type of interaction may also explain the increased anti-tyrosinase activity of the formulation.
Tyrosinase belongs to the type 3 copper protein family capable of catalyzing the ortho-hydroxylation of
phenolic substrates and the two-electron oxidation of catecholic substrates to quinones, being the latter
responsible for the formation of melanin. In order for the enzyme to work properly, similar to collagenase
it requires a cofactor. In the case of tyrosinase, binuclear copper atoms (Cu?*) are essential for the
correct catalytic activities of the enzyme, which turn copper chelation a possible responsible for

suppressing its activity [207].

Regarding elastase, this enzyme is a serine protease that is involved in the degradation of the ECM
degrading elastin but also with capacity to cleave collagen, fibronectin and other ECM proteins. Several
reports on anti-Elastase activity from whole plant extracts detailed that a wide variety of polyphenols
such as flavonoids, tocopherols, phenolic acids and tannins have the capacity to inhibit this enzyme
[205, 208, 209]. Flavonoids are composed of two benzene rings and one heterolytic pyran ring and can
be divided into subgroups depending on the point of attachment of the 3-carbon ring to the C-carbon
ring and the degree of its oxidation and according to their chemical substitution. Several characteristics
on the chemical structure of flavonoids are responsible for the different inhibitory capacities of these
compounds. For example. The presence of catechol groups (with contiguous phenolic hydroxyl groups
at position 3’ and 4’) reveal a notable elastase inhibition enabling a better binding with the enzyme [205].
When analyzing the results we can observe that among the 3 formulations only the one containing the
mixture of both extracts revealed a visible inhibition of the elastase enzyme. Separated cucumber or
mallow extracts seem to cause an inhibition of the enzyme. Such phenomenon could be due to the
flavonoid content in the formulation. It was reported that many flavonoids exhibit a concentration-
dependent inhibition of elastase. Since the extracts are present at a concentration of 5% the flavonoid
content in each extract might not be sufficient to inhibit the elastase activity. By adding the two extracts
together, we increase the amount and variety of flavonoids in the formulation possibly inhibiting the

enzyme.

In chapter | it was observed that the sole application of Chaves’ TSW did not significantly impact on the
majority of age-related enzymes, with only Elastase being inhibited by the TSW. By incorporating other
bioactive compounds dissolved in the TSW, it was possible to observe a potentiator effect, making the

formulation much more valuable in terms of bioactive and age-related effects.
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Among the three formulations, the dual-extract formulation (FMP), seems to comprise the combined
benefits of both the cucumber (FP) and mallow (FM) formulations. Therefore, in the subsequent cell

culture assays, both extracts were used in combination as a mixture.

2.4. Although inhibiting collagenase, the formulation does not promote the synthesis of

collagen

Prior to testing the formulation in cell cultures some adjustments were taken into account. Due to the
presence of agents like CAPB that act as surfactants and therefore might lead to cell membrane
solubilization and destabilization [210, 211], and the presence of a preservatives that can lead to
changes in cell growth and gene expression of basic molecular processes [212, 213], the complete

formulation could not be tested.

Therefore, since the full usage of the formulation could lead to elevated cytotoxic levels, only key
components studied, such as the plant extracts and sodium phytate were mixed in the TSW cell media

for further testing.

Cytotoxicity assessment was conducted before the quantification of pro-collagen. Both Mallow and
Cucumber extracts did not reveal any negative impact on cell viability, at the base concentration of 5%
(Supplementary Figure 6 - A). In opposition, sodium phytate revealed a cytotoxic effect when incubated
with the nHDF cells. Therefore, different concentrations were tested, and the highest non-cytotoxic
concentration was chosen to proceed with pro-collagen quantification (Supplementary Figure 6 - B). A
TSW cell culture medium (DMEM 11885084) was supplemented with 5% mallow and cucumber extracts
with 0,025% sodium phytate and incubated for 24 hours with the cells. Following treatment, the levels
of pro-collagen | a1 were quantified by ELISA using lysates obtained from the cell pellet of nHDF
cultures. The results were normalized considering the protein content of the cells to allow comparison

of the different conditions.

As demonstrated in Figure 3.4, the reported levels of collagen were not significantly different from the
cells exposed to the TSW, which was previously reported on chapter I. Therefore, the integration of both

plant extracts and sodium phytate did not significantly impact collagen synthesis.
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Figure 3.4 Quantification of pro-collagen 1a1 in nHDF cells treated with Chaves thermal spring water
(Chaves TSW). Palmitoyl Tripeptide-1 (Pal-GHK) was used as positive control. Statistical analysis was
performed using the one-way ANOVA with Tukey’s multiple comparison. The results are represented as

bar graphs (Average+SD). Ns, not significant

2.5. The formulation’s composition may mitigate the heightened inflammatory response

induced by exposure to pollution particles

PP are known for their capacity to stimulate the inflammatory response in skin cells. This stimulus is
mainly due to the increased production of ROS in the cells due to the binding of the PP with the Toll-like
receptor 5 (TLRS5), which in turn interacts with the NADPH oxidase, NOX4, producing increased levels
of ROS. These ROS leads to the phophorilation of Ser536 of the NF-kB subunit p65 that then translocate
to the nucleus and binds to form the transcription factor NF-kB promoting the expression of inflammatory
cytokines like IL-6 [214]. Additionally, to NOX4 induced ROS production and IL-6 expression, these PPs
can also lead to increasing intracellular Iron levels due to their internalization causing iron overload and

redox imbalance which in turn leads to ferroptosis [215, 216].

Oxidative stress is a critical mediator in the cellular inflammatory response, with iron also contributing
significantly to this process. The previously conducted assays demonstrated the formulation’s ability to
chelate iron and its antioxidant potential, suggesting the possibility of an enhanced anti-inflammatory
effect. Based on this hypothesis, the effect of the formulation’s components on cells subjected to PP

exposure was subsequently assessed.

The maximal non-cytotoxic concentrations were established before evaluating anti-inflammatory effects
in HaCaT cells. The base formulation concentrations - 5% cucumber and mallow extracts, 0.10% sodium
phytate - exhibited significant cytotoxicity after 24 hours, whereas lower concentrations - 0.625%
extracts and 0.0125% sodium phytate - were identified as the highest tolerated levels (Supplementary

Table 7) and used in subsequent pollution-induced inflammation assays.

As in Chapter 1, the cells were incubated for 24 hours with or without PP dispersed in the supplemented
test media. Following 24-hour incubation, the supernatants were collected and used for for IL-6 and IL-
1a quantification via ELISA. The correspondent cell pellets were lysed and afterwards used to quantify
the total protein content in order to normalize the IL-6 and IL-1a allowing the correct comparison across

different conditions.
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The IL-6 levels observed for the formulation components did not demonstrate a significant difference in
comparison to TSW (Figure 3.5 - A), thereby indicating the preservation of its anti-inflammatory potential
as established in Chapter 1. However, a significant difference was observed in IL-1a levels between

TSW and the formulation components, both with and without PP (Figure 3.5 - B).

Although demonstrating increased levels of IL-1a compared to TSW under conditions without PP
stimulation, the application of the inflammatory stimulus did not lead to a significant increase in IL-1a

(Supplementary figure 8), as was observed in the TSW control group.

IL-1a is a constitutively expressed cytokine present inside the keratinocytes which has long been
associated as having a role of alarmin. This cytokine is a constitutively expressed in higher levels within
and upon cellular damage or cell death, IL-1a is released into the extracellular environment, where it

contributes to inflammation by activating key transcription factors such as NF-«kB [108, 217].
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Figure 3.5 Evaluation of anti-inflammatory potential of the formulation’s key components. Quantification
of IL-6 (A) and IL-1a (B) levels in supernatants of HaCaT cells with and without urban air pollution.
Statistical analysis was performed using the one-way ANOVA with Tukey’s multiple comparison. The

results are represented as bar graphs (AveragexSD). ** and *** stand for p < 0,001 and p <0,0001

The use of PPs to induce an inflammatory response promotes the generation of significant
concentrations of ROS. Iron, a major metallic component of SRM 1648a PPs, plays a key role in this
process. lIts internalization by keratinocytes increases intracellular iron levels, leading to redox
imbalance and subsequent cell death [215, 216]. This in turn results in the release of IL-1a further

amplifying the inflammatory response [108, 217].

Given the strong iron-chelating activity exhibited by the formulation’s components—particularly sodium

phytate—it is likely that the formulation conferred protection to HaCaT cells against ROS-induced
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oxidative damage and subsequent cell death. This protection minimized the release of IL-1a. Therefore,
the formulation not only preserved its anti-inflammatory activity in terms of IL-6 modulation but also
exhibited superior antioxidant properties compared to TSW by mitigating IL-1a-driven inflammation

through cellular protection against iron- and ROS-induced cytotoxicity.

2.6. The formulation visibly impacted the growth of S.aureus and S.epidermidis

Both S. aureus and S. epidermidis are two of the most common bacteria reported in the skin microbiome.
S. epidermidis is a widely recognized as one of the most abundant and ubiquitous bacterial colonizers
of healthy human skin, contributing to the maintenance of the skin integrity and homeostasis. As an
example, S.epidermidis can activate distinct innate immune signaling from human keratinocytes
augmenting the antimicrobial peptide (AMP) that can be used to mediate the levels of other

microorganisms such as S. aureus, preventing the colonization of pathogenic microorganisms [218].

S. aureus on the other hand is a highly versatile and opportunistic pathogen, that is responsible for a
wide variety of infections in humans. Nonetheless, approximately 20-30% of the population is
permanently, although, asymptomatically colonized in the nose, while other 30% may carry the
bacterium intermittently [219]. This bacterium is recognized by its association with AD, since its capability
to adapt into different niches permits it to colonize the afflicted skin [219-222]. In more severe cases, S.
aureus is able to penetrate the dermis and stimulate the production of proinflammatory cytokines, further

exacerbating the AD symptoms [222].

Skin across the lifetime accumulates an excessive number of senescent cells, leading to the gradual
loss of cellular functions. With the progressive loss of cellular functions, immunological alterations can
lead the immunological system to become hyperresponsive, with increased levels of pro-inflammatory
cytokines leading to an imbalance between inflammatory and anti-inflammatory responses [22].
Conjugated with the progressive deterioration of the epidermal skin barrier, the ageing process can

cause the emergence of conditions such as AD [22-24].

In the skin, the balance between S. aureus and S. epidermidis is highly dynamic and context dependent.
In situations where the skin barrier integrity is disrupted the protection against S. aureus opportunistic
infections conferred by S. epidermidis can be compromised, allowing S. aureus to colonize the skin. The
increase of S.aureus colonization in AD afflicted skins is correlated with the progress of the condition
characteristic flares [221]. However, it's important to notice that S. epidermidis role is also dynamic and
although capable of combating S. aureus growth and colonization, it has been also observed at increase

density on lesional skin in AD, often, although not always together with S. aureus [223].

Disrupting this equilibrium can bring undesirable health outcomes and therefore validate how the
formulation impacts the growth of this bacteria is important. For that reason, an antimicrobial test was
employed to analyze if the formulation may represent an anti-microbial agent that could drastically affect

one bacterium relative to the other.
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For both bacterial species, the OD was measured 24 hours in hourly intervals, and it was possible to
observe that at this time interval, the test medium with double the plant extract and sodium phytate
inhibited the growth of S. aureus and S. epidermidis (Figure 3.6). As the concentration decreased it was
possible to observe that the growth of the microorganism started to increase until reaching the standard
concentration used in the formulation with 5% mallow and cucumber extract and 0,10% sodium phytate.
At this concentration, the growth inhibition of both bacteria becomes less sever larger exponential
phases but with a significant 10-hour delay on the lag phase. Such a delay could prove beneficial in

flares of atopic dermatitis AD, since it's mostly impacted by microbial growth.
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Figure 3.6 Inhibition curves of (A) S. aureus and (B) S. epidermidis

Byrd, et al. [221], reported that most severe cases of AD flares were visibly accompanied with an
increase in S. aureus relative abundance. S. epidermidis relative abundance was also analyzed and
also revealed an increase. Nevertheless, no correlation with the severity of the skin condition was traced.
S. epidermidis, nonetheless, can predominate in less severe cases of AD [221]. It has been shown that
strains from S. epidermidis that populate lesional skin of AD exhibit a distinct phenotype compared with
those from healthy skin. These strains exhibited higher protease activity and produced less metabolites
capable of inducing the Aryl Hydrocarbon Receptor (AhR). This reduction in AhR ligands undermines
the AhR/OVOL 1 signaling axis responsible for regulating skin barrier balance and immunintegrity and

immune homeostasis [224].

By similarly prolonging the lag phase of both microbial strains, the formulation could help mitigate both
severe and less severe flares of atopic dermatitis by promoting a more gradual - and therefore less
intense - onset of symptoms. Moreover, because aged skin is particularly prone to microbial imbalances
and subsequent inflammation, regular application of this formulation may help delay dysbiosis and curb

the propagation of pathogenic species, thereby preserving a healthier, more balanced skin microbiome.
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Conclusion and future work

The use of TSW throughout the centuries has been continuously supported by their observed and, more
recently, scientifically validated health benefits. The composition of every water differs depending on the

geographical location where it is extracted, and therefore this factor shapes their therapeutic effects.

The objective of this work aimed at investigating the properties of the TSW and assess its potential
integration into cosmetic formulations targeted at mitigating signs of aging in both the skin and hair—

two of the most visibly features during the aging process.

Initially, Chaves’ TSW therapeutic potential was assessed for cutaneous application. Amongst the
various assays conducted, its anti-inflammatory properties represented a significant highlight, with TSW
being able to reduce the amount of IL-6 produced by the cells when in contact with PP as inflammatory
stimulus. Such an outcome was hypothesized as being a key action of the chemical composition of this
water, through the presence of immunoregulatory ions such as Mg2* [113, 114] that are prevalent in the
water’s composition. A population study was also employed revealing that the water was capable of
improving the skin barrier by reducing TEWL and improving skin hydration on the volunteers that
exhibited dry skin. These effects are attributed, at least in part, to the presence of Ca?*, which plays a

critical role in keratinocyte proliferation and differentiation [15].

While these results underscore the promise of Chaves’ TSW as a cosmetic ingredient, it is important to
notice that its benefits are inherently limited by the simplicity of its chemical composition, since its activity
is constrained to its mineral composition. To enhance its functional capabilities, the water was integrated
into a pilot cosmetic formulation comprising surfactants, chelating agents, moisturizers, and

preservatives.

Upon development of the formulation, the second phase of the study aimed at the hair fibers aspect and
health condition. With the pilot formulation developed in Chapter 2, it was possible to compare the water
and its derived pilot formulation’s properties. Through side-by-side evaluation of pure TSW and the pilot
formulation, it became clear that TSW alone did not significantly impact the hair’s physical properties.
Given that hair is composed of non-living keratinized cells the results were expected. The minerals
present in the water’s composition are normally beneficial due to their physiological role in living tissues
and therefore its action could not drastically change the physical properties of the hair fiber. Nonetheless,
the research here conducted allowed us to observe how integrating other components into a complex
cosmetic formulation might expand its properties and applications. With the incorporation of surfactants
such as CAPB — an amphoteric molecule - it was possible to observe a reduction in the force needed
for combing the hair tresses due to its impact in reducing water’s surface tension [161] allowing for a
lower adherence between hair fibers. Additionally, changes in keratin denaturation temperature
suggested an influence on hair protein stability, hypothesized to result from CAPB’s interaction with the
hair fiber [178].

Although these results are consistent with expectations, further research is required to validate them.

Future work should rely on testing each of the ingredients of the formulation to isolate its contribution.
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Moreover, the inherent variability introduced by the heterogenicity of hair tresses — despite being used
standardized commercial samples — poses challenges both in reproducibility and statistical analysis.
With thousands of hair fibers interacting with each other, both the entanglement of the fibers and their
special arrangement might hinder an even application of the test product across all hair fibers and impact
the measurements taken with the texturometer. Enhanced sampling strategies with a larger number of

hair tresses may be necessary for future studies.

Building in the formulation’s potential, in Chapter 3, the pilot formulation was further enhanced by
incorporating plant extracts derived from cucumber and mallow and its dermocosmetic potential was
assessed. Initial antioxidant testing promptly revealed a significant improvement in the antioxidant
activity of the formulations with the mixture of both plant extracts exhibiting a higher ABTS scavenging
potential than the pilot formulation. This increase was although hypothesized as being mainly caused
by the significant Fe2* chelating activity of the formulation as the two extracts and their mixture did not
exhibit an ABTS radical scavenging activity high enough to justify such an outcome [197]. Enzymatic
assays further revealed an improved performance of the formulations as they were capable of inhibiting
all three skin enzymes — Elastase, Collagenase and Tyrosinase. These inhibitory activity might be due
to the extracts’ polyphenolic content and their chelating activity which likely interfere with metallic ions
such as Zn?* and Cu?* used as cofactors by MMP-1 and tyrosinase [203, 205, 207].

Nevertheless, these assays, being purely chemical and synthetic in nature, have limited biological
relevance. For instance, ABTS radical is a chemically synthetized and stable radical [93], which in some
cases may not accurately represent in vivo oxidative stress, since biologically produced ROS have
different redox potentials, half-lives, and reactivities [225]. Additionally, antioxidant potential can act both
directly and indirectly by inhibiting agents responsible for producing ROS, such as free Fe?* capable of
catalyzing ROS formation through Fenton reaction [195]. Future work should incorporate cell-based

models to better assess bioavailability, intracellular iron chelation, and ROS modulation.

Itis also important to highlight the discrepancies between the antioxidant activity of the cucumber extract
and the reported values in the literature, as the used extract did not reveal the capacity to scavenge the
ABTS radical. It is hypothesized here, that the phenolic composition of the extract was reduced due to
the high amount of glycerol used in the extraction of the plant material, but such claim needs further
testing. The optimal amount of glycerin used to extract the cucumber flavonoid content is not discussed
in the work of Anis and Ahmed [191], and the optimal values could vary according to the plant and region
of the plant used. Additionally, the manufacturer does not disclose information either about the
polyphenolic content or concentration in both extracts and therefore claims about these components in
the formulations are also hypothesized. Therefore, future work should prioritize compositional analysis

of these extracts or optimize the extract by manually manufacturing the extract.

Among the different formulations tested, the mixture of both extracts yielded the most beneficial
outcomes inhibiting all three target skin enzymes. Therefore, this formulation was selected for further

assessment of collagen synthesis and anti-inflammatory properties via in vitro cell culture assays.
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Although collagen synthesis in nHDF cells did not show a significant improvement with the addition of
the extracts and sodium phytate, the formulation demonstrated enhanced anti-inflammatory potential. It
not only preserved the anti-inflammatory properties of the TSW but also protected cells from ROS-
induced damage caused by the PPs, which are responsible for the release of IL-1a cytokines. Although
the results are promising, further evaluation in more complex cellular models, comprising multiple skin

cell types is necessary to better replicate an in vivo environment.

Finally, a preliminary antimicrobial activity screening of the formulation was assessed for both S. aureus
and S. epidermidis, two of the most common bacteria reported in the skin microbiome. S. aureus is
typically the primary bacterium associated with opportunistic infections [219] with its growth in AD lesions
being associated with increase in the severity of AD [221]. Its growth can be prevented by S. epidermidis,
capable of stimulating human keratinocytes’ capacity to secrete AMP [218]. However the balanced
between both species is dynamic and context dependent, and less severe cases of AD lesion are vastly
populated by this specie [221]. The screening revealed that at a concentration of 10% cucumber and
mallow extract with 0,20% sodium phytate in a TSW dissolved MHB, the growth of S. aureus and S.
epidermidis was fully inhibited for 24 hours. This inhibition is progressively lost as the concentration of
the active ingredients is progressively diminished, however it is possible to observe that at a
concentration equal to the formulation’s base concentration, there is a prolonged lag phase, with an
approximately 10-hour increase compared to the control. Nonetheless, the reported assay represents a
screening of the bacterial growth in the presence of the formulation components and does not fully
explore how the equilibrium from both bacteria might change. However, as optical density
measurements cannot distinguish living from dead cells, these findings are therefore limited. Accurate
CFU quantification will be essential in future studies to assess differential microbial responses and

elucidate the severity of the inhibition for each bacterium [226].

In conclusion, this work demonstrates that Chaves’ TSW exhibits modest but meaningful benefits for
skin health, alleviating some of the agents responsible for ageing. It's integration on a formulation
allowed to expand its action spectra, significantly enhancing its properties providing an effective
cosmetic product. These findings provide a foundation for future studies aimed at refining formulation

composition and validating efficacy in biologically relevant models.
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Supplementary Figure 1 Effect of Chaves thermal spring water on cellular viability in human

keratinocytes (nHDF) after 24 hours incubation
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Supplementary Figure 2 Effect of Chaves thermal spring water on cellular viability in human dermal
fibroblasts (HaCaT) after 24 hours incubation
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Supplementary Figure 3 Hydration level of dry skin individuals up to 15 days of Chaves’ TSW
application. The results are represented as bar graphs (Averaget+SD). * and *** stand for p < 0.05

and p < 0.0005, respectively. ns, not significant (p > 0.05).
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Supplementary Figure 4 (A) Staphylococcus sp/Propioniobacterium sp and (B) and S. epidermidis/P.
acnes ratios when comparing both time-points of collection. The results are represented as bar graphs
(Average+SD). NS, not significant (p > 0.05). Statistical analysis was performed using Mann-Whitney
non-parametric test. NS, not significant (p>0.05)

Supplementary Figure 6 Effect of the (A) Plant extracts and (B) Sodium Phytate on cellular viability in
human dermal fibroblasts (nHDF) after 24 hours incubation. MP-Mallow and Cucumber extract; Fit-
Sodium Phytate

150

Cell vaibility (%

T
& N N D e ©
S NI RXR S P Rz \ﬁ}&

N Ne

Supplementary Figure 5 Hair tresses (A) before and (B) after bleaching
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Supplementary Figure 7 Effect of the cucumber and mallow extract mixture (A) and sodium phytate
(B) on cellular viability of Human keratinocytes. The values represent the dilutions of the

supplemented medium. The dilution 1:8 that represents a concentration of 0,625% plant extract

mixture and 0,0125% sodium phytate was selected for further testing
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Supplementary Figure 8 Comparison between the IL-1 levels between the cells with and without the

polution particles stimuli. The results are represented as bar graphs (Average+SD). NS, not significant

(p > 0.05). Statistical analysis was performed using unpaired t-test. NS, not significant (p>0.05)
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Supplementary Table 1 Test concentrations tested for the antimicrobial activity screening

Mallow and Cucumber

Test Media Quantity (%(w/w)) Sodium Phytate (%(w/w))
MP10-FIT0.20 10 0,20
MP9-FIT0.19 9 0,19
MP8-FIT0.16 8 0,16
MP6.5-FIT0.13 6,5 0,13
MP5-FIT0.10 5 0,10
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