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Abstract

Laurus nobilis hydrosol (HyLN), a water-soluble byproduct of essential oil extraction, con-
taining beneficial antioxidants and antimicrobial compounds, was used as a sustainable
ingredient in the development of a natural antioxidant-rich hydrogel formulation. Hydro-
gels were formulated using sodium hyaluronate and xanthan gum, natural ingredients with
beneficial effects on the skin, while 3-cyclodextrin (CD) was added to enhance the stabil-
ity of antioxidants in HyLN. Extensive rheological and textural analyses were employed
to optimize the hydrogel formulation for dermal administration, while stability studies
assessed the chemical and physical stability of developed formulations. A combination of
sodium hyaluronate and xanthan gum provided several HyLN hydrogel formulations with
tunable rheological and textural properties, presenting adequate physical and microbiologi-
cal stability over 6 months of storage. The use of BCD failed to stabilize inherently unstable
antioxidants in HyLN hydrogels, yet their residual antioxidant activity remained notable.
An in vitro scratch test using a human keratinocyte cell line showed that the developed
HyLN gel does not interfere with wound healing. HyLN hydrogels showed a pronounced
occlusive effect in vitro, reaching up to 80% of that measured for Vaseline, which helps
maintain skin hydration and appearance.

Keywords: Laurus nobilis L.; hydrosol; sodium hyaluronate; xanthan; rheology; textural
analysis; antioxidants; wound healing; in vitro occlusive effect

1. Introduction

Laurus nobilis L. (Lauraceae), commonly referred to as bay laurel, is an evergreen
tree or shrub indigenous to the Mediterranean basin and parts of Asia. The species is
primarily valued for its leaves (Lauri folium), which represent the principal medicinal
raw material. In classical antiquity, it was also ascribed symbolic significance, particularly
as an emblem of wealth, honour, and distinction in Greek and Roman culture [1,2]. A
hydrosol is a by-product of steam distillation used to produce essential oils, capturing water-
soluble plant components and a small amount of essential oil during the process, creating
an aromatic, diluted form of the plant’s essence [3,4]. L. nobilis hydrosols were studied
for their antimicrobial, antioxidant, and cytotoxic properties, demonstrating significant
potential for further medicinal and cosmeceutical applications, providing better tolerability
compared to the essential oils [5,6]. In line with green and sustainability principles, this
research has focused on using bay leaf hydrosols as a secondary raw material to develop
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natural, antioxidant-rich cosmeceuticals and dermopharmaceutical skin preparations [4].
The natural plant antioxidants, biosynthesized as a defence mechanism against oxidative
stress-induced cell damage, are suitable ingredients for protecting human skin from aging-
related deterioration. This process is often accelerated by sunlight and other external
factors, such as weather, pollutants, and lifestyle habits, which together accelerate skin
aging, leading to wrinkles, spots, freckles, dehydration, reduced healing ability, and other
signs of aging [7]. Laurus nobilis hydrosols (HyLN), a water-soluble byproduct of essential
oil extraction, contain beneficial compounds, including oxygenated monoterpenes, with
1,8-cineole as the predominant component, which act as antioxidants and antimicrobials
and show mild wound-healing potential [6], positioning them as a sustainable ingredient
for cosmeceutical and dermopharmaceutical applications. This approach enhances the
value of plant byproducts, creating environmentally friendly alternatives to synthetic
ingredients for skin health and rejuvenation [8].

In accordance with this, we selected sodium hyaluronate and xanthan gum as natural
ingredients with beneficial effects on the skin to develop antioxidant-rich hydrogel formu-
lations. Hyaluronic acid is a naturally occurring linear, unbranched polysaccharide built of
repeating units of disaccharide, containing D-glucuronic acid and N-acetyl-D-glucosamine
linked by alternating 3-1,3 and (-1,4-glycosidic bonds [9]. It is commonly used in the
sodium salt form, which is more stable, more soluble in water over a wider pH range,
and more resistant to microbial degradation and oxidation, thus providing a better shelf
life. Hyaluronic acid is a key component of the extracellular matrix, playing multiple roles
in biological processes, including skin repair, wound healing, tissue regeneration, and
modulation of inflammatory and immune responses. Due to its exceptional biocompati-
bility, hydration capacity, and regenerative properties, hyaluronic acid is widely utilized
in (dermo)cosmetic formulations as an essential ingredient for skin health and anti-aging
applications [10,11]. Furthermore, hyaluronic acid has excellent potential as an excipient
for the development of various (dermo)cosmetic and drug-delivery formulations due to its
biocompatibility, biodegradability, and non-immunogenicity [9]. It is frequently incorpo-
rated into hydrogels that provide sustained and prolonged release of entrapped bioactive
molecules [12,13]. To achieve this, it is often necessary to modify the textural and rheologi-
cal properties of hyaluronic acid by simply adding another synthetic or natural polymer.
In this context, xanthan gum, a polysaccharide secreted by the bacterium Xanthomonas
campestris, was introduced into the formulation. Xanthan gum is made of pentasaccharide
repeating units that include glucose, mannose, and glucuronic acid in a molar ratio of 2:2:1
and is used as a rtheology modifier in cosmetic products. It is soluble in both hot and cold
water, producing neutral, pseudoplastic solutions that remain stable across a wide range of
temperatures and pH values [14].

In this paper, extensive rheological and textural analyses were conducted to optimize
the hydrogel formulation for dermal administration and to assess the impact of selected
technological parameters on the gel’s physicochemical properties and microstructure.
Given the literature evidence that -cyclodextrin (fCD), a cyclic oligosaccharide, can
form inclusion complexes with key HyLN constituents (1,8-cineole, y-terpinene, o-pinene,
terpinene-4-ol), we incorporated BCD to investigate whether such complexation might
translate into improved stability of these antioxidants [15-18]. Stability studies were
conducted, monitoring the pH, rheological, textural, and antioxidative properties of the
developed gel formulations to select the formulation with the highest potential for further
development. Finally, the (dermo)cosmetic potential of the formulations was evaluated
using an in vitro scratch test on a human keratinocyte cell line to assess their wound-
healing capabilities, followed by an in vitro occlusion test to assess their ability to enhance
skin hydration.
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2. Results and Discussion
2.1. Preparation and Rheological Characterization of HyLN Hydrogels

The hydrogels were prepared with high-molecular-mass cosmetic-grade sodium
hyaluronate at 0.5% (w/w), a typical concentration used in cosmetic skin products for
hydration and skin barrier support [19]. The xanthan gum was incorporated at 1% and 2%
to adjust the consistency and viscosity of the hydrogels to levels suitable for topical appli-
cation. Pentylene glycol was added as a multifunctional excipient, serving as a humectant,
solvent, and mild preservative [20]. Its ability to provide efficient antimicrobial preservation
of hydrogels with a similar polymeric composition was previously demonstrated [21]. 3CD
was added to enhance the stability of antioxidants in HyLN through inclusion complexa-
tion [22]. The composition of the prepared hydrogels is presented in Table 1. In addition
to hydrogels prepared using HyLN, hydrogel samples containing purified water as the
continuous phase (blank gels) were also prepared to examine the influence of HyLN on the
rheological and textural properties of the prepared formulations. All hydrogels exhibited a
uniform, translucent appearance with a faint off-white coloration.

Table 1. Composition of the prepared HyLN hydrogels.

Sodium Xanthan . Pentylene 1
Sample Code Hyaluronate Gum B-(i(};:l(;j:;()t mn Glycol (E/Iy:gw)
(%, wiw) (%, wlw) 4 (%, wlw) or
F1 HyLN gel 0.5 1.0 - 5.0 ad 100
F1/BCD HyLN gel 0.5 1.0 1.0 5.0 ad 100
F2 HyLN gel 05 2.0 - 5.0 ad 100
F2/BCD HyLN gel 0.5 2.0 1.0 5.0 ad 100

1 Blank hydrogel samples were prepared by omitting the HyLN and replacing it with the same quantity of
purified water.

The rheological characterization of hydrogel formulations provides valuable insights
into key aspects affecting their development and functionality, including flow through
pipes, behavior during stirring, removal from packaging, and skin application [19]. More-
over, rheology plays a crucial role in tailoring the properties of (dermo)cosmetic products
to meet specific functional and sensory requirements [20]. In this study, we conducted
various rotational and oscillatory rheological tests to evaluate the developed hydrogels and
identify the most appropriate for intended use.

The shear viscosity profiles of the prepared blank and HyLN hydrogels are presented
in Figure 1, showing non-Newtonian shear thinning behavior typical of polysaccharide
hydrogels, where high-molecular-weight, flexible chains of hyaluronate and xanthan in-
teract via hydrogen bonding and physical entanglement. These interactions are disrupted
under shear, leading to non-Newtonian, pseudoplastic (shear-thinning) behavior. Similar
behavior was also observed for composite xanthan /hyaluronic acid eutectogels [23]. The
viscosity of the hydrogels was primarily dependent on the xanthan gum concentration
in the formulations, with samples containing 2% (w/w) xanthan gum exhibiting greater
viscosity. Interestingly, there is a slight difference between the viscosity of blank and
HyLN-loaded hydrogels of the same composition (Figure 1).

Considering the relatively acidic pH of HyLN observed previously [6], the pH of the
prepared hydrogels was measured to help explain the observed viscosity difference and
assess their suitability for dermal application. The results of pH measurements of blank
and HyLN hydrogels are presented in Figure 2.

Blank hydrogels prepared with purified water as the continuous phase had a more
neutral pH, ranging from 6.29 to 5.97, while samples containing CD showed slightly
lower pH values, but the difference with respect to the samples with the same polymeric
content but without BCD was not statistically significant (p > 0.05). The pH of HyLN-based
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hydrogels was around 4.7, close to the skin’s natural pH [24] and consistent across gel
compositions. In fact, the observed pH difference between the blank and HyLN-loaded
hydrogels may explain the differences in gel viscosity. Namely, the viscosity of sodium
hyaluronate solutions is strongly dependent on pH [25]. At neutral pH, polymer chains are
fully ionized, resulting in maximum electrostatic repulsion and enhanced hydration, which,
in turn, leads to higher viscosity. A decrease in pH leads to protonation of the carboxyl
groups, reducing electrostatic repulsion, causing the polymer chains to collapse and adopt
a double left-handed helical structure, thereby lowering viscosity [26]. However, proto-
nation of HA may increase its tendency to interact with xanthan gum through hydrogen
bonding and physical entanglement due to decreased charge repulsion, thus enhancing
the viscosity of the formed gel. Furthermore, experimental data show that xanthan gum
exhibits a viscosity increase between pH 3.6 and 4.4, likely due to protonation effects and
helix-coil transitions that enhance intermolecular hydrogen bonding [27]. This structural
ordering can synergize with sodium hyaluronate (which partially loses charge at low pH),
leading to stronger network formation, consistent with general polyelectrolyte behavior
and supported by formulation practices [28].

100,000 100,000
O F1HylNgel O F1/BCD HyLN gel
80,000\ F FLBiEEH 50.000-] -+ F1/CD blank gel
’ 2 7 F2HylNgel ’ ) -~ F2/BCD HyLN gel
- F2blank gel
0 9 w ~ F2/pCD blank gel
S ©
o o
g £
= =
v Is™ V6™

Figure 1. Shear viscosity profiles of the prepared blank and HyLN hydrogels without (left) and with
BCD (right) at 32 °C. For formulation compositions, please refer to Table 1.

8
blank gel
=1 HyLN gel
6 %
* 7 * * 7 *

Figure 2. The pH of blank (left) and HyLN-loaded (right) hydrogels. Asterisk (*) denotes a statistically
significant difference compared to the corresponding blank hydrogel (p < 0.05). For formulation
compositions, please refer to Table 1.

The observed shear-thinning profiles, primarily governed by xanthan gum concentra-
tion, provide a tunable handle for formulation design. Increasing xanthan gum from 1%
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to 2% (w/w) elevates low-shear viscosity (Figure 1), which is beneficial for sag-resistance
during storage and on-skin residence after application (reduced dripping), while main-
taining sufficient shear-thinning to enable dosing through standard dispensers. In HyLN
gels, the slightly lower viscosity compared with blanks of the same polymer content (con-
sistent with the pH-dependent hydration/ionization of hyaluronan) is advantageous for
spreading (lower force at application shear rates) without compromising small-amplitude
elasticity (see oscillatory data), thus supporting comfortable application while preserving
film integrity on the skin [29]. The negligible effect of CD on viscosity indicates that
its use for inclusion complexation can be implemented without penalizing flow during
manufacturing, filling, or end-use spreading.

Shear-thinning systems that are highly sensitive to applied shear stress are generally
undesirable for topical application, as they may leak off from the skin after administration,
leading to limited retention at the application site or drip from the container during
dispensing. In this sense, formulations that temporarily reduce viscosity upon application
and subsequently recover their original structure over time (i.e., thixotropic systems)
can provide improved retention on the skin and potentially better biopharmaceutical
performance. Accordingly, the thixotropic properties of the developed HyLN hydrogels
were evaluated using a three-interval thixotropy (3-ITT) test, and the results are shown

in Figure 3.
25,000 25,000
] -O- F1blank gel ] -O- F1HyLN gel
1 Qi -+ F1/BCD blank gel :A% -+ F1/BCD HyLN gel
20,000-_A -4~ F2blank gel 20,000+ A~ F2HyLN gel
1 ‘ >~ F2/BCD blank gel 1 - F2/BCD HyLN gel
Z 15,000-‘ A‘l"”‘"‘“"""“‘"‘MnnAnnunnnnnnuntnhlu Z IS
o ] o
E ] £
< 10,000 =
5,000
04

Figure 3. Time-dependent viscosity changes in blank (left panel) and HyLN-loaded gels (right panel)
observed through a 3-interval thixotropy test at 32 °C. For formulation compositions, please refer
to Table 1.

Figure 3 shows the time-dependent viscosity changes in hydrogels during the
3-interval thixotropy test (3-ITT). In all samples, viscosity sharply decreased at the high
shear rate of 1000 s~!, indicating a temporary structural breakdown of the polymer net-
work. Upon returning to the initial shear rate, different levels of structural recovery were
observed within 60 s, depending on the xanthan gum content. In blank hydrogels contain-
ing 1% (w/w) xanthan gum, recovery was rapid, reaching 91.7-94.8% for F1-blank and
F1/BCD blank gels, respectively. For HyLN gels of the same composition, recovery even
exceeded 100% (108.3% and 107.3%), a phenomenon previously reported in other hydrogel
systems [30,31]. This over-recovery likely reflects shear-induced structural reorganization
during the high-shear phase, resulting in a more compact polymer network reinforced by
hydrogen bonding. The influence of pH on hyaluronan/xanthan interactions, as discussed
earlier, may further contribute to this behaviour. In contrast, hydrogels with higher xanthan
gum concentrations exhibited lower recovery, probably due to reduced polymer chain
mobility associated with higher viscosity. Recovery levels for these samples ranged from
72.0-75.1%, similar for both blank and HyLN hydrogels. Overall, practical experience
and rheological studies suggest that a recovery of 70-80% is suitable for topical hydrogels,
ensuring adequate structural rebuilding after shear, preventing dripping or sagging, and
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maintaining controlled release of incorporated bioactive compounds without excessive
rigidity. The addition of BCD did not significantly affect the thixotropic behaviour of the
prepared gels (Figure 3).

The observed viscosity recovery translates directly to on-skin behavior: rapid and
high structural rebuilding (~=92-95% for F1 blank gel and >100% for F1 HyLN gel) indicates
that, after the high-shear event of rubbing, the gels promptly regain their structure, limiting
flow-off and supporting uniform film formation. The observed over-recovery suggests
shear-induced microstructural reorganization (e.g., enhanced hydrogen-bond-assisted
associations at lower pH) that may further strengthen post-application structure. In contrast,
the lower recovery (272-75%) at 2% (w/w) of xanthan gum is consistent with higher base
viscosity and reduced chain mobility: while still within a practical range for topical gels,
this behavior favors applications where maximal on-site retention and a “body-richer”
sensorial profile are desired, at the expense of higher extrusion/spreading force [29].

To further investigate the viscoelastic properties and microstructure of the prepared
hydrogels, a frequency sweep test was performed under strain conditions previously
confirmed to lie within the linear viscoelastic region, as determined by the amplitude
sweep test [32]. The results are presented in Figure 4.

100

100

T T
€2 404 £S04
LX) LX)
-O- G'-F1HyLNgel -O- G'-F1/BCD HyLN gel
- G"-F1HyLNgel -~ G"-F1/BCD HyLN gel
41+ G'-F1blank gel <+ G'-F1/BCD blank gel
& G"-F1blank gel - G"-F1BCD blank gel
0.1 1 10 100 0.1 1 10 100
o/ (rad™") o/ (rad™")
1000 1000
100+ 100
oo oo
10 -O- G'-F2HyLN gel 10 -O- G'- F2/BCD HyLN gel
& G"-F2HylNgel -~ G"- F2/CD HyLN gel
1F G'-F2blank gel 1} G'-F2/BCD blank gel
B G"-F2blank gel - G"- F2/BCD blank gel
0.1 1 10 100 0.1 1 10 100
o/ (rad™") o/ (rad™")

Figure 4. Dependence of storage (G') and loss (G”) moduli on the angular frequency for blank and
HyLN-loaded hydrogels in the linear viscoelastic region. For formulation compositions, please refer
to Table 1.

The viscoelastic behaviour of the hydrogels was strongly influenced by xanthan gum
concentration. As expected for physically crosslinked gels, for all samples, both G’ and
G exhibited frequency dependence [32]. For hydrogels containing 1% xanthan gum, at
low frequencies, G’ exceeded G”, indicating gel-like behaviour with pronounced elastic
dominance and suggesting a well-developed network capable of gradual relaxation. At
intermediate frequencies (around 1 rad-s—1), the difference between G’ and G” was minimal,
placing the material near the transition between elastic and viscous responses. This reflects
a network that is not highly rigid but retains some fluid-like characteristics, consistent with
previous findings [21]. At high frequencies, the difference between G’ and G” increased
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again, with G’ dominating, as rapid oscillations limit polymer chain rearrangement and
favour elastic response [32]. The hydrogels prepared with 2% xanthan gum exhibited
G’ > G across the entire frequency range, indicating the formation of a strongly elastic
gel, regardless of BCD addition, showing that xanthan gum concentration is the main
factor contributing to the gel formation. The presence of 3CD did not significantly alter
the viscoelastic properties of the gels. CD is a cyclic oligosaccharide that mainly forms
host—guest inclusion complexes with hydrophobic molecules and not with the hydrophilic
backbones of hyaluronan or xanthan gum [33]. Therefore, 3CD does not significantly
interfere with the physical crosslinking or chain entanglement that governs gel elasticity.

Surprisingly, for all tested samples, the G’ and G” values of blank and HyLN-loaded
hydrogels were comparable (Figure 4), despite notable differences in viscosity caused
by pH variations (Figure 1). This apparent discrepancy can be explained by the funda-
mental distinction between the two rheological methods: rotational viscosity can differ
with pH due to changes in the material’s structure that affect its resistance to flow, while
oscillatory moduli might remain similar because pH changes may not significantly alter
the material’s internal elastic properties or energy dissipation under small, oscillatory
deformations [34]. Practically, this means that HyLN enables skin-compatible pH (~4.7)
and facilitates spreading, while preserving the elastic backbone required for film integrity
and residence.

2.2. Textural Analysis of HyLN Hydrogels

In (dermo)cosmetic and semisolid pharmaceutical formulations, texture encompasses
a set of mechanical and structural properties perceived primarily through tactile and visual
senses. Key textural parameters include firmness, consistency, cohesiveness, and spread-
ability, which define the sensory experience during product application. These attributes
are critical for consumer and patient adherence, as favourable textural characteristics can
enhance product acceptance and sustained use [35]. Instrumental textural analysis pro-
vides an objective means to quantify these parameters, enabling a systematic evaluation of
product performance and its alignment with sensory expectations. Although correlating
subjective sensory impressions with instrumental measurements remains complex, such
analysis offers valuable insights for optimizing formulations and predicting consumer
acceptability [35,36].

In this study, we used the backward extrusion test to evaluate the firmness, consistency,
and cohesiveness of the prepared hydrogels, while the spreadability test was used to
measure the work of shear required to spread the sample into a thin layer. The values
obtained for the blank and HyLN-loaded gels are shown in Figure 5. The measured
textural properties were primarily influenced by the concentration of xanthan, whereas
the incorporation of BCD did not produce significant variations. In some cases, hydrogels
containing HyLN exhibited higher values for the evaluated textural parameters than their
corresponding blank formulations, consistent with the increased viscosity observed in
rheological measurements (Figure 1).

One of the main limitations of textural analysis for (dermo)cosmetic and semisolid
pharmaceutical products is the lack of standardized protocols for measuring individual
parameters and the absence of universally accepted reference values [36]. In the scientific
literature, researchers often use different probes and operational settings, which introduces
considerable variability and makes it difficult to compare results across studies. To our
knowledge, the only published dataset generated using this specific back-extrusion and
spreadability methodology pertains to sunscreen products [35], providing a relevant quan-
titative benchmark for interpreting consumer-acceptability ranges despite differences in for-
mulation type. In their study, the authors analysed the textural properties of 39 sunscreen
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formulations marketed in Asia, North America, Latin America, and Europe, providing
ranges for firmness, consistency, cohesiveness, and work of shear using the same method-
ology applied in this work. For products available on the European market, the reported
ranges were as follows: firmness, 74.1-490.5 g; consistency, 35.9—484.7 g-s; cohesiveness,
26.9-141.6 g-s; and work of shear, 33.9-479.4 g-s [35]. Based on these values, the firmness of
the prepared hydrogels (Figure 5) falls below or at the lower end of the range for European-
market products. The consistency and cohesiveness of formulations containing 1% (w/w)
xanthan gum (F1 and F1/pBCD) are within acceptable limits, whereas those prepared with
2% (w/w) xanthan gum (F2 and F2/BCD) exceed the upper limit reported for commer-
cial products (Figure 5). Nevertheless, even the 2% (w/w) xanthan gum formulations
exhibited favourable spreading behaviour, requiring work of shear values at the lower
end of the reported range, likely due to the shear-thinning characteristics of the physically
crosslinked hyaluronic acid /xanthan gels. Taken together, these results consolidate a design
trade-off already apparent from rheology: higher xanthan gum content (2% w/w) shifts
the product toward maximal residence, richer texture, and strong film cohesion, at the
expense of increased application force relative to 1% XG (i.e., higher ‘brush/drag’ under
mid/high shear). On the other side, lower xanthan (1% w/w) prioritizes ease of spreading
and comfort while preserving sufficient cohesion and rapid post-shear recovery to avoid

dripping/sagging.

100 N * 900
ank gel 7 _____ & ank ge 7
" = zyL;f;,; % % = = tljilyl_rlflilell %
9 / / > 500 /
: Lk 1
£ a0- % % @ :
v / / S 300 / :
1 8 1
N rinl "1 bl
F1 Igel F1l[3CID gel F2Igel F2/[3CID gel F1 Igel F1IBCID gel F2Igel FZIBCID gel
-400- blank gel f*} blank gel g -
5 =1 HyLNgel & | ’geo— 3 HyLN gel
% -300- 21 T
-100— % :::::
0_% é A2 A o |

T T T T T T T
F1 gel F1/3CD gel F2gel F2/3CD gel F1 gel F1/3CD gel F2gel F2/3CD gel

Figure 5. Parameters of the textural analysis obtained by backward extrusion and spreadability tests
of prepared blank and HyLN-loaded hydrogels. One asterisk (*) represents a statistically significant
difference (p < 0.05) with respect to the corresponding sample containing 1% (w/w) of xanthan
gum. Two asterisks (**) represent a statistically significant difference (p < 0.05) with respect to the
corresponding blank gel. For formulation compositions, please refer to Table 1.
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2.3. Stability Studies of HyLN Hydrogels

Stability is a key quality attribute of any (dermo)cosmetic and pharmaceutical product,
ensuring its safety and efficiency. It encompasses several aspects, including the chemical,
physical, and microbial stability of the developed product [37]. In this study, we moni-
tored formulation pH and antioxidative activity as indicators of chemical stability of the
developed HyLN-loaded hydrogels. The physical stability of hydrogels was assessed by
monitoring hydrogel viscosity at a shear of 1 s~!, relevant to spreading the formulation
on the skin [20], loss factor (tan ) at 1 rad s, a midpoint of the examined range, as
well as consistency, and spreadability as a function of storage time. Finally, the microbial
stability of the developed formulation was assessed visually. The samples were stored in a
refrigerator at 4 °C for 6 months, in line with the general recommendations for hydrosol
storage in cold, dark places [4].

The changes in pH values and the antioxidant activity of the prepared HyLN hydro-
gels during storage are presented in Figure 6. Here, the antioxidant activity of HyLN,
the starting ingredient for the gel preparation, is also provided for comparison. The pH
of the prepared HyLN-loaded hydrogels was stable over the examined period (Figure 6).
Antioxidative activity of HyLN and its hydrogels was determined by Trolox equivalent an-
tioxidant capacity (TEAC) assay. TEAC uses the ABTS (2,2’-azobis-(3-ethylbenzothiazoline-
6-sulphonic acid) radical cation (ABTSe"), which reacts with both hydrophilic and lipophilic
antioxidants, making TEAC more versatile than the DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical-scavenging method, which primarily measures lipophilic antioxidants. TEAC can
be performed over a wide pH range, unlike the FRAP (Ferric Reducing Antioxidant Power)
assay, which is limited to acidic conditions (pH ~3.6). The results are expressed as Trolox
equivalents, providing a standardized and straightforward comparison across different
samples. TEAC is sensitive to a wide range of antioxidants and is mainly based on electron
transfer, with some contribution from hydrogen atom transfer, making it more represen-
tative of antioxidant behaviour in biological systems, although it does not fully mimic
in vivo conditions [38]. The antioxidant activity of HyLN decreased by 31.4% over six
months of storage, reflecting the inherent instability of the bioactive compounds present in
the hydrosol, despite refrigeration. A similar level of degradation (i.e., 31.4% and 30.3%)
was also observed for F1 and F1/3CD HyLN gel, while for samples prepared with 2%
(w/w) of xanthan gum, the level of degradation was higher, reaching 35.1 and 44.8% for
F2 and F2/3CD HyLN gel, respectively. Increasing the xanthan gum content in hydrogel
formulations appears to further destabilize the antioxidative compounds in HyLN or to
cause their binding to xanthan, as observed with polyphenols [39].

Additionally, adding BCD did not stabilize the antioxidants in HyLN (Figure 6). CDs
have a dual effect on the chemical stability of guest molecules, which mainly depends on the
structure of the inclusion complex. Encapsulation of the drug’s reactive functional group
within the hydrophobic cavity of the CD generally protects it from degradation by reducing
its exposure to external reactants. Conversely, when the reactive group remains outside
the cavity, CDs can promote degradation processes, as shown for 3-lactam antibiotics and
proton pump inhibitors [22]. In this context, to ensure adequate stability of antioxidants
in HyLN, their interactions with CDs should be studied to identify the structures of the
formed complexes, which may help select a more effective CD derivative, with the focus
on chemically modified BCD derivatives. Derivatization of the parent CD molecule can
eliminate its negative impact on drug stability, as demonstrated for prostaglandin inclusion
complexes involving parent CD and its methylated derivative [22]. Although BCD could
not stabilize the antioxidants in HyLN, the hydrogels still exhibited significant residual
antioxidant activity (Figure 6).
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Figure 6. Variation in pH and antioxidative activity determined by Trolox equivalent antioxidant
capacity assay of the HyLN hydrogels as a function of time during storage at 4 °C. Antioxidative
activity of HyLN, the principal ingredient of the hydrogels, was added for comparison. The asterisk
(*) represents a statistically significant difference with respect to the initial value of the same sample.
For formulation compositions, please refer to Table 1.

The viscosity of the hydrogels remained stable over the 6-month storage period, with
only insignificant variation, indicating physical stability of the prepared gels (Figure 7).
Further information on the hydrogel’s physical stability was obtained by monitoring the
loss factor (tan 6), calculated as G”/G’. The loss factor represents the rate of dissipated and
stored energy during the deformation cycle and indicates the gel strength. In general, gels
with tan § ~ 1 are classified as weak; the ones with values in the interval 0.1 < tan ¢ < 0.5
are considered to have medium strength, while values < indicate the formation of a strong
gel [40]. In this sense, samples prepared with 1% (w/w) of xanthan (F1 and F1/3CD HyLN
gels) can be considered weak gels, where formulation F1 exhibited a slight decrease in
tan 6 during storage, indicating some reorganization and hydrogel network stabilization,
while such an effect was not observed for the sample containing CD (Figure 7). The hy-
drogels formulated with 2% (w/w) xanthan gum (F2 and F2/BCD HyLN gels, respectively)
presented tan & values typical of medium-strength gels and remained constant during
storage. In general, a tan 0 constant over time is an indication of the long-term stability of
the formulation [41]. The physical stability of HyLN hydrogels was further supported by
the examined textural parameters—the consistency and, consequently, the spreadability of
the samples remained constant during storage, while only samples formulated with 2%
(w/w) xanthan showed a slight, insignificant decrease in these parameters (Figure 7).
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Figure 7. Selected rheological and textural parameters as indicators of hydrogels” physical stability:
viscosity at 10 s~1 (10 s71)), loss factor (tan &) at 1 rad s 1, consistency and spreadability as a
function of the storage time at 4 °C. For formulation compositions, please refer to Table 1.

No visible signs of microbial growth were observed during storage, whereas in pre-
liminary hydrogels prepared without pentylene glycol, molding was observed after a few
days, regardless of refrigeration. However, to fully investigate the preservative efficiency
of pentylene glycol in the developed hydrogels, a microbial challenge test is required.

2.4. Functional Characterisation of HyLN Hydrogels

The selected HyLN formulations were further evaluated to assess their (dermo)cosmeceutical
potential. In this context, an in vitro scratch test was performed on a human keratinocyte
cell line to assess wound-healing capabilities, followed by an in vitro occlusion test to
evaluate the formulation’s ability to enhance skin hydration.

In vitro wound healing models are essential tools for advancing the understanding
of tissue repair by providing a simplified and controlled environment that is suitable for
the systematic evaluation of therapeutic interventions under reproducible conditions [42].
The in vitro scratch assay is an easy, fast, low-cost, and standardised method widely used
to measure cell migration in vitro after a uniform “wound” is introduced by mechanically
disrupting a confluent monolayer of cells, typically fibroblasts or keratinocytes. Cell
migration into the wound area is tracked over time to assess wound closure [42,43]. For
this study, we selected F1 and F1/3CD HyLN hydrogels because they demonstrated higher
antioxidative potential than those formulated with 2% (w/w) xanthan gum. The results are
presented in Figure 8 and Table 2.

The percentage of wound closure observed with the tested HyLN hydrogels is slightly
lower than that of the control (Table 2), but the difference is not statistically significant
(p > 0.05). This suggests that the developed formulations do not actively promote wound
healing in the tested model, even though HyLN alone demonstrated a mildly positive effect
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in previous research [6]. Additionally, the expected positive impact of sodium hyaluronate
was not observed. Many studies have shown that sodium hyaluronate actively participates
in all stages of wound healing. However, its effect is highly dependent on the molecu-
lar weight. For example, low-molecular-weight hyaluronan (10-250 kDa) supports the
epidermalization phase but increases the expression of TGF-31 and TGF-f32, which are
responsible for scar formation. On the other hand, high-molecular-weight hyaluronan
(>1000 kDa), such as that used in this study, increases TGF-33 expression, thereby suppress-
ing the scarring process [11]. In this regard, further development of formulations should
focus on combining low- and high-molecular-weight hyaluronans and on evaluating the
formulations using in vivo wound-healing models in animal subjects [37].

Oh 24 h 48 h 72 h

F1
HyLN
gel

F1/BCD
HyLN
gel

Control

Figure 8. Microphotographs of the wound healing assay at timepoints of 0 h, 24 h, 48 h, and 72 h,
respectively. The microscope magnification and scale bar are the same for all subfigures (4100x). For
formulation compositions, please refer to Table 1.

Table 2. Wound healing rate at 24 h, 48 h, and 72 h after treatment with HyLN hydrogels.

Wound Healing Wound Healing Wound Healing

Sample Code Rate at24 h Rate at 48 h Rate at 72 h
(%) (%) (%)

F1 HyLN gel 18.94 +3.94 48.17 £ 5.11 60.83 £+ 5.85

F1/B3CD HyLN gel 23.46 +=1.96 51.43 +2.89 69.72 £3.25

Control 32.09 £1.57 66.65 £ 5.10 80.56 £ 7.52

The occlusive effect, characteristic of some topical formulations, helps maintain skin
hydration by reducing transepidermal water loss and supporting the skin barrier. This
increased hydration can improve skin appearance, enhance the penetration of bioactive
compounds, and provide optimal conditions for wound healing [42,44]. In this study,
the occlusive effect of selected hydrogels was evaluated gravimetrically and compared
with that of Vaseline, a well-known occlusive compound (Figure 9). In the test, Vaseline
presented almost complete occlusion, aligned with its clinical performance [45]. The
examined hydrogels (F1 and F2 HyLN gel, respectively) showed a notable occlusive effect,
reaching up to 80% of the occlusive effect measured for Vaseline. Such a prominent
occlusive effect may be attributed to the use of high molecular weight sodium hyaluronate,
which binds large amounts of water, forming a cohesive gel layer that prevents water loss
through evaporation [11]. This is further supported by the presence of pentylene glycol,
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which exhibits reduced volatility and enhances the cohesion of the gel layer [46]. Also, the
presence of xanthan gum, another anionic polysaccharide, contributes to this effect, as F2
HyLN gel shows a slightly more pronounced occlusive effect than F1 HyLN gel. However,
this difference is not statistically significant (p > 0.05, Figure 9).

100 - 100
— Vasel{l[r:e I:l-:EF‘l HyLN_IE;eI éz.’l F2 H&l__N gel - F1HyLNgel
<+ F2HyLN gel
80 * . 80
_;_ - * * \
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w ] 2 [3)
o E [74 T
40 E B = 40 \ \
207 o i 20
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t/h t/h

Figure 9. In vitro occlusion factor (OF) of selected HyLN hydrogels compared to that of Vaseline (left)
and water retention capacity (WRC) for the gel layer at 32 °C and 50% RH (right) as a function of
time. One asterisk represents a statistically significant difference compared to Vaseline at the same
time (p < 0.05). For formulation compositions, please refer to Table 1.

The susceptibility of gels to drying in air leads to collapse and loss of their network
structure, resulting in reduced flexibility, elasticity, and overall functionality, causing a
tightening sensation on the skin, negatively affecting patient compliance [46]. The water
retention capacity of the selected HyLN hydrogels was measured gravimetrically using
the same setup as for in vitro occlusion factor determination, and the results are presented
in Figure 9. Analysed samples with higher xanthan gum content (i.e., F2 HyLN gel)
showed greater water retention capacity than F1 HyLN gel, and this difference grew
over time. Within the hydrogel, water molecules interact with the polymers (xanthan
and hyaluronate), forming hydrates. While free water molecules in the gel evaporate
spontaneously, water molecules bound to polymers must be released first. Both sodium
hyaluronate and xanthan gum demonstrate a strong water-binding capacity [10,25]. For
this bonded water to evaporate, the bonds with polymers need to be broken. In this
sense, increasing the xanthan gum content in the formulation increased its water-binding
capacity, which may have contributed to the slightly increased occlusivity observed for this
formulation (Figure 9). Furthermore, polyols like pentylene glycol exhibit lower volatility,
providing additional hydroxyl groups for interaction with free water in the hydrogel,
converting it to bound water and reducing evaporation [46].

3. Conclusions

The results showed that a combination of sodium hyaluronate and xanthan gum in
an appropriate ratio can provide a range of HyLN hydrogel formulations with tunable
rheological and textural properties, suitable for skin application. These formulations
presented adequate physical stability, maintaining their original rheological and textural
properties during 6 months of storage. The use of BCD failed to stabilize inherently unstable
antioxidants in HyLN, requiring the examination of other CD derivatives and stabilization
approaches in future investigations. Despite that, the residual antioxidant activity after
6 months of storage remained notable. Although the wound-healing activity of the tested
formulations was not demonstrated, the HyLN hydrogels showed a pronounced occlusive
effect, attributed to the use of high-molecular-weight hyaluronan and its enhanced water-
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retention capacity. Future studies should explore the combined use of both low- and
high-molecular-weight hyaluronan to enhance the formulation’s wound-healing potential.

4. Materials and Methods
4.1. Materials

Sodium hyaluronate (CAS No. 9067-32-7, MW of 1.5-2.0 x 10° Da) and xanthan
gum (CAS No. 11138-66-2) were obtained from Fagron, Zagreb, Croatia, while penty-
lene glycol (CAS No. 5343-92-0) was purchased from Cosmaderm, Wuppertal, Germany.
-cyclodextrin (3CD, CAS No. 7585-39-9) was kindly donated by Rogette, Lestrem, France.

Dulbecco’s Modified Eagle’s Medium (DMEM; PAN-Biotech, Aidenbach, Germany),
foetal bovine serum (FBS; PAN-Biotech, Aidenbach, Germany), antibiotics (100 U/mL
penicillin and 100 pg/mL streptomycin; Sigma-Aldrich, St. Louis, MI, USA), Hank’s
Balanced Salt Solution (HBSS; PAN-Biotech, Aidenbach, Germany) were used in cell culture.
2,2'-azobis-(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) was from Sigma (St. Louis,
MO, USA). All other chemicals and solvents used in this study were of analytical grade.

4.2. Plant Material and Green Isolation of HyLN

Leaves of Laurus nobilis L. were collected in August 2023 in the Central Adriatic region
of Croatia (Tisno; 43°47'59'' N, 15°38'32"" E; 10 m a.s.1.). Healthy, fully developed leaves
without visible damage were harvested from approximately ten trees. The material was
air-dried for ten days in a single layer, protected from direct sunlight, and subsequently
stored in labelled paper bags in a dry, dark place until analysis. Voucher specimens were
deposited at the Herbarium of the Botany Laboratory, Faculty of Science, University of
Split, Croatia (Voucher No. CROLn-02-2023).

Prior to isolation, dried leaves were rehydrated for 1 h and subjected to microwave-
assisted green isolation using an ETHOS X microwave system (Milestone™ Srl, Sorisole,
Italy; 2.45 GHz, max. 1900 W). The process was conducted at atmospheric pressure for
30 min following a 10 min preheating phase at 800 W (98 °C). Hydrosols were stored in
sealed dark glass bottles at —20 °C until analysis.

Hydrosol composition was determined by GC-FID and GC-MS (Varian 3900 GC and
2100 T MS, Varian Inc., Palo Alto, USA), following a previously described protocol [6]. The
dominant constituents of HyLN were 1,8-cineole (80.73%), y-terpinene (8.47%), x-pinene
(2.68%), and terpinen-4-ol (2.32%).

4.3. Formulation of HyLN-Loaded Hydrogels

HyLN was loaded into the gel base consisting of sodium hyaluronate (0,5%, w/w)
and xanthan gum at different concentration levels (i.e., 1.0% and 2.0%, w/w), with or
without BCD, according to Table 1. The HyLN-loaded hydrogels were prepared using
the FagronLab™ PRO unguator (Germany) by adding the required amount of HyLN into
the FagronLab vessel, followed by the addition of pentylene glycol (5%, w/w) and other
powdered compounds. Powders were dispersed by mixing for 26 min with alternating
speed intervals (600 rpm vs. 1400 rpm) for 485s,30's, 510 s, 30 s, 485 s, and 30 s, respectively.

Blank gels were prepared according to the same procedure but replacing the HyLN
with purified water. Prepared gel samples were transferred into opaque, airtight containers
and stored at 4 °C until further analysis.

4.4. pH Measurements

The pH of both the blank and HyLN-loaded hydrogels was recorded using a Met-
tler S47 SevenMulti™ dual pH/conductivity meter equipped with a pH InLab® Viscous
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electrode (Greifensee, Switzerland). The measurements were performed in triplicate on
undiluted gel samples.

4.5. Rheological Characterisation

Rheological measurements were performed using Modular Compact Rheometer
MCR102 (Anton Paar GmbH, Austria) equipped with a cone (1°)-plate (diameter 50 mm,
CP50-1) or parallel-plate (diameter 50 mm, PP50) measuring system and integrated air-
cooled Peltier temperature control system. All data were processed using RheoCompassTM
software Version 1.23.403-Release (Anton Paar GmbH, Graz, Austria).

4.5.1. Viscosity Curve

The viscosity curve was determined using a rotational test with the CP50-1 measuring
system, with a gap set to 0.102 mm. All samples were equilibrated at 32 °C for 3 min.
The viscosity profile was measured in triplicate for each sample over a shear rate range
of 0.1-100 s 1.

4.5.2. 3-Interval Thixotropy Test

The 3-interval thixotropy test (3-ITT) was used to assess the thixotropic behavior and
structural recovery of the hydrogels. Tests were performed at 32 °C using an Anton Paar
MCR102 rheometer with a CP50-1 measuring system and a 0.102 mm gap, in controlled
shear rate mode. Initially, viscosity was measured at a shear rate of 1 s~! for 10 s to
determine the baseline structure. Then, a shear rate of 1000 s~ was applied for 5 s to cause
structural breakdown. Finally, viscosity was recorded at 1 s~! for 80 s to evaluate recovery.
All tests were conducted in triplicate to ensure reproducibility.

4.5.3. Amplitude Sweep Test

An amplitude sweep test was performed in oscillatory mode using a PP50 measuring
system with a gap set to 0.500 mm. The samples were equilibrated at 22 °C for 3 min before
measurement. Storage (G') and loss (G”) moduli were measured at a constant angular
frequency of 1 rad s~!, over an amplitude range from 0.1% to 100%. The measurement was
performed in triplicate to ensure reproducibility.

4.5.4. Frequency Sweep Test

For the frequency sweep test, a PP50 measuring system was used with the gap set at
0.500 mm. The samples were kept on the lower measuring plate at 22 °C for 10 min before
measurement. The dependence of storage (G') and loss (G”) modulus on angular frequency
in the range from 0.1 rad s ! to 100 rad s~ ! was measured at an amplitude 1% (from the
linear viscoelastic range).

4.6. Texture Analysis

A texture analyzer TA XT Plus (Stable Micro Systems Ltd., Godalming, UK), equipped
with a 5 kg load cell, was used to study the texture properties and spreadability of the
hydrogels prepared following the previously described procedure [21]. The measurements
were performed at ambient temperature.

Texture analysis was performed using a 40 mm diameter back extrusion rig. About
75 g of hydrogel was placed into a standard back extrusion container with a 50 mm diameter,
ensuring no air bubbles were introduced. The rig was then immersed in the gel to a depth
of 20 mm at a speed of 2 mm s~ ! and withdrawn at a return velocity of 20 mm s~ 1. Three
separate measurements were taken for each formulation. The texture parameters of the gels
were derived from the force-time curve. The maximum compression force (in g) indicated
the gel’s firmness. Consistency was defined as the work required to deform the gel during
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the probe’s downward movement and was calculated from the area under the force-time
curve. The surface of the negative part of the curve, recorded during the probe retraction,
represented the hydrogel’s cohesiveness [35].

The spreadability of the hydrogels was measured using the TTC spreadability fixture.
During the test, the conical probe was lowered over a distance of 23 mm at a speed of
5mm s~! to the surface of the gel in the support, penetrating the sample and forcing it to
flow outward at 45° between the surfaces of the two cones (male and female). The force
(in g) required for the penetration of the male-type conical probe into the sample from
the female-type conical support was measured as a function of time. The work of shear
was determined from the area under the force-time curve in the region with positive force
values [47] and was used as an indicator of product spreadability. Three separate replicates
were measured for each formulation.

4.7. Antioxidative Potential

The Trolox equivalent antioxidant capacity (TEAC) of the infusions was determined
using the ABTS radical cation decolorization method as described by Re et al. [48]. ABTS
solution was prepared the day before the experiment by mixing ABTS radical and potassium
persulfate. It was diluted immediately before the experiment to obtain an absorbance of
approximately 0.70 at 750 nm. On the day of analysis, the hydrogels were centrifuged
at 4000 rpm for 15 min using Technica Centric 322 A (Domel, Slovenia). Aliquots were
then pipetted using ViscoTip (Eppendorf, Hamburg, Germany) and diluted 4 x in distilled
water. 20 pL of the diluted hydrogel sample was mixed with 200 pL of the ABTS solution in
96 well plate. The mixture was thoroughly resuspended using the pipette, and absorbance
was measured at 750 nm using SpectraMax i3x (Molecular devices, San Jose, USA). Blank
sample contained 20 uL of distilled water instead of hydrogels. All measurements were
carried out in quadruplicate. The results were quantified using Trolox standard curve
(10-100 mg/L, R? = 0.998). The results were expressed as Trolox equivalents (mg/L).

4.8. Functional Characterization of HyLN-Based Hydrogels
4.8.1. Wound Healing Assay

The in vitro scratch assay was performed using the Human epidermal keratinocyte
cell line (HaCaT, CLS Cell Lines Service, Cat. No. 300493, CVCL_0038). HaCaT cells were
cultured in DMEM supplemented with 10% FBS and a 1% antibiotic-antimycotic solution
containing penicillin, streptomycin, and amphotericin B. Cells were seeded at a density of
1 x 10° cells per well in standard six-well plates and incubated at 37 °C in a humidified
atmosphere with 5% CO, until reaching 80-90% confluence.

Before the experiment, cells were starved for 24 h in serum-free DMEM to inhibit
proliferation. A straight scratch was created on the monolayer of HaCaT cells using a sterile
200 pL pipette tip, leaving a cell-free area. Following the scratch, the culture medium was
removed, and the cell monolayer was gently washed with HBSS to eliminate detached cells
and debris. 500 uL of HyLN gel formulation in serum-free medium was added to each
well, and the cells were incubated for 72 h [6,49].

The scratched area was photographed immediately after wounding (0 h) and subse-
quently at 24, 48, and 72 h using an inverted microscope (Olympus IX73, Olympus, Tokyo,
Japan) equipped with a digital camera with 100x magnification. The total wound area was
determined using Image]J software (version 1.54d, NIH, Bethesda, MD, USA).

Negative control wells received serum-free growth medium without LnHY gel formu-
lation. Wound closure was quantified and expressed as a percentage of the initial wound
area (at 0 h) calculated using the following Equation (1):

Wound healing rate = (Ag — A¢)/Ap x 100 @)
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where A is the scratch area at time 0 and A is the corresponding scratch area at 24, 48, or
72 h. At least three independent experiments were performed for each sample, using three
wells per treatment.

4.8.2. In Vitro Occlusion Test

An in vitro occlusion test was conducted following a previously reported procedure
with slight modifications [21,50], using PTFE immersion cells with adjustable volume and
an exposure area of 4 cm? (Agilent Technologies, Santa Clara, CA, USA). The reservoir of
the immersion cells was filled with 1 mL of purified water and covered with a regenerated
cellulose filter (pore size 0.2 um, Sartorius, Gottingen, Germany). The cell was then
assembled, and 1 g of the hydrogel sample was applied onto the membrane and evenly
spread with a spatula, creating a thin surface layer. The cells were incubated in an ICH
110 eco Climate Chamber (Memmert GmbH, Schwabach, Germany) set to 32 °C and 50%
RH to mimic skin surface conditions. At specific time points, the residual water in the
reservoir was measured gravimetrically using a Mettler Toledo ML204T analytical balance
(Giefsen, Germany) to evaluate water loss due to evaporation through the membrane/gel
layer. Each experiment was performed in triplicate. Cells without the gel sample served as
a negative control, while Vaseline was used as a positive control. The occlusion factor (OF)
for each time point was calculated according to the equation:

OF (%) =100 x (A — B)/A )

where A and B are the observed water loss values for the cells without and with the sample
applied, respectively. An occlusion factor of zero indicates no occlusive effect compared to
the reference, and 100 represents the maximum OF [50].

The same experimental setup enabled monitoring of the water retention capacity
(WRC) of the hydrogel layer [46]. For this, the entire immersion cell with the applied gel
layer was weighed at regular time intervals, and the change in mass of the gel layer on
the membrane was calculated by subtracting the amount of evaporated water from the
reservoir, as determined above. The water retention capacity was calculated as:

WRC (%) = 100 x (Wo — Wy)/ W, 3)

where W; represents the weight of the gel at the given time, while W is the amount of
water in the gel layer at the beginning of the test.

4.9. Statistical Evaluation

All results are expressed as mean =+ standard deviation (SD) of three independent
measurements. The statistical calculations were performed using GraphPad Prism 8 for
Windows (GraphPad Software, USA). A one-way ANOVA was used to compare the means
of different groups with a single independent variable (i.e., wound healing rate), followed
by Tukey’s multiple-comparison test. To compare means across groups with two indepen-
dent variables (i.e., pH of the gel, textural parameters, physical stability parameters, TEAC,
and in vitro occlusion data), a two-way ANOVA was employed, followed by Tukey’s
multiple comparisons test. A p-value < 0.05 was considered statistically significant.
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Abbreviations

The following abbreviations are used in this manuscript:

HyLN Laurus nobilis hydrosols

BCD -cyclodextrin

3-ITT Three-interval thixotropy test
G Viscoelastic storage modulus
G" Viscoelastic loss modulus

tan Loss factor

TEAC Trolox equivalent antioxidant capacity

ABTS 2,2'-azobis-(3-ethylbenzothiazoline-6-sulphonic acid
DPPH 2,2-diphenyl-1-picrylhydrazyl

FRAP Ferric Reducing Antioxidant Power

TGF-f1  Transforming Growth Factor Beta 1

TGF-B2  Transforming Growth Factor Beta 2

TGF-B3  Transforming Growth Factor Beta 3

OF In vitro occlusion factor

WRC Water retention capacity

DMEM  Dulbecco’s Modified Eagle’s Medium
FSB Foetal bovine serum

HBSS Hank’s Balanced Salt Solution
HaCaT Human epidermal keratinocyte cell line
ANOVA  Analysis of Variance
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