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Abstract: The cosmetic industry is dominated by water-based formulations for skin care and
conditioning. Therefore, the novelty of this work lies in reducing water consumption during the
production of materials for dermatological and cosmetic purposes, while simultaneously maintaining
the functional properties of the prototype based on a freeze-dried emulsion and a bigel with plant extract-
loaded microparticles. The formulations were prepared using biopolymers (sodium alginate, whey
protein isolate, and ethylcellulose), lipids (sea buckthorn oil and beeswax), cryoprotectant (mannitol),
and emulsifier (Span 80). Emulsion and bigel were modified by the addition of chitosan microparticles
loaded with Sambucus nigra flower extract showing antioxidant properties. The materials were
characterized by SEM, mechanical testing, porosity, density, residual moisture content and biophysical
skin parameter analysis, including transepidermal water loss (TEWL), skin hydration and color. The
results demonstrated that bigels exhibited higher mechanical strength and residual moisture content but
lower porosity and density than emulsions. The combination of WPI, sodium alginate, ethylcellulose,
mannitol, sea buckthorn oil, beeswax, and elderflower extract provided a synergistic effect, improving
stratum corneum hydration level and barrier integrity while reducing redness. This research highlights
the potential of freeze-dried biopolymer-lipid matrices with embedded microparticles as innovative and
eco-friendly cosmetic and dermatological formulations.
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1. Introduction

Microencapsulation is used to obtain spherical particles with diameters varying from 1 to 1000 um. The
most widespread forms of microparticles are microspheres and microcapsules. The substantial
difference in their morphology is the distribution of the active substance. Microcapsules exhibit a
membrane-wall structure with a core containing the bioactive substance, while microspheres have a
matrix system where the bioactive substance is dispersed throughout the particles [1]. Different materials
can be used as encapsulating matrices, including biopolymers, copolymers or synthetic polymers,
proteins, and lipids [2]. Chitosan is a naturally occurring polysaccharide derived from chitin that
provides biocompatible and biodegradable wall material [3,4]. Chitosan’s solubility in acidic conditions
enables the pH-sensitive release of encapsulated substances, which is especially useful for targeted
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delivery, as the skin exhibits a slightly acidic nature [5]. This environmentally friendly polymer, aligning
with the growing demand for sustainable biomaterials and degradable polymers [6], forms stable
microparticles, providing a protective barrier against environmental factors [7]. The main advantages of
particulate systems are the isolation and protection of active substances dispersed in the core from
external factors and undesired reactions (e.g. oxidation or deactivation), which simultaneously increases
and maintains the stability of these substances. Further reasons for encapsulation are modification of the
physicochemical properties, separation of incompatible materials, and masking of organoleptic
properties like color, taste and odour of substances [8]. In addition, encapsulation allows the
modification of the release of active compounds with three main mechanisms of delivering active
substances from particles, namely (i) mechanical rupture of the capsule wall; (ii) dissolution or melting
of the wall and (iii) diffusion through the wall [9]. Moreover, the skin’s outermost layer, the stratum
corneum, acts as a strong barrier, limiting the penetration of hydrophilic and large molecular weight
compounds. Microencapsulation addresses this challenge by protecting active substances, improving
their stability, and ensuring controlled release for gradual diffusion into deeper skin layers. Due to these
advantages, microencapsulation plays a crucial role in pharmaceuticals, medicine, cosmetics, material
engineering and food sciences, significantly improving the functionality and effectiveness of bioactive
substances across diverse applications.

Various active ingredients may be encapsulated into microparticles, including plant extract such as
extract prepared from Sambucus nigra, widely known as elder. Elderflower and their preparations have
already been used for generations in folk medicine in many countries due to their strong beneficial effect
on the skin. Besides the healing effect on skin disorders, as well as soothing and regenerating the skin,
elderflowers exhibit a wide range of biological activities, such as antioxidation, antibacterial,
antiparasitic, neuroprotective, anti-inflammatory, anticancer, antiviral, and antidiabetic properties [10].
This is due to its complex composition since it contains a whole range of phenolic compounds, such as
flavonoids (e.g. rutin, quercetin, isoquercetin, isorhamnetin, kaempferol) and phenolic acids (e.g.
chlorogenic and caffeic acids). Hence, it has anti-inflammatory properties and stimulates skin renewal
[11,12]. Elderflower extract also comprises organic acids (e.g. valeric and ferulic) and smaller amounts
of tannins and essential oil.

Incorporating microparticles into freeze-dried materials has gained significant attention in recent years
as a strategy to improve the efficiency of active substance delivery and the protection of active
substances [13—15]. Porous materials, characterized by their high surface area and tunable pore
structures, are suitable carriers for controlled release applications [16]. By embedding microparticles
within these matrices, it is possible to enhance active compounds’ stability, bioavailability, and targeted
delivery, thereby optimizing their therapeutic or functional effects. Freeze-drying of polymeric materials
has already been extensively studied [17]. However, freeze-drying of emulsions and bigels presents a
novel approach. Emulsions are systems where two immiscible liquids, such as oil and water comprising
dispersed and continuous phases, are stabilized by an emulsifier. Bigels are more complex, gel-like
semisolid systems formed by combining, through physical interactions, a hydrogel (based on
hydrophilic polymers) and an oleogel (oil gelled with an organogelator).

The functionality of these novel formulations is strongly influenced by the polymers used as structuring
agents. Natural and semi-synthetic polymers, such as sodium alginate, whey protein isolate (WPI), and
ethylcellulose, play a crucial role in defining the physicochemical and mechanical properties of
emulsions and bigels. Their gelling, emulsifying, and stabilizing capacities allow the preparation of
freeze-dried systems with tunable porosity, mechanical properties, and degradation profiles. Such
properties combined with biocompatibility are essential for ensuring both product performance and
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controlled delivery of active substances in cosmetic and dermatological applications. WPI, a purified
protein derived from milk whey, is rich in essential amino acids and exhibits gelation, film-forming and
stabilizing properties [18]. It helps form stable networks, enhancing the mechanical strength and water-
binding properties essential for maintaining structural integrity in freeze-dried systems [19]. Sodium
alginate, a polysaccharide extracted from brown seaweed, serves as a gelling, thickening and stabilizing
agent [20]. It has also been recognized for contributing to the structural integrity of materials by forming
a flexible, stable network in aqueous environments. However, ethylcellulose (EC), a cellulose
derivative, can be used as a polymeric organogelator due to its ability to directly structure liquid oil
properties. EC is also valued for its thermal stability and ability to form transparent gels, making it
suitable for various applications, including drug delivery and food formulations [21]. Despite the
differences in composition and structure of emulsions and bigels, these two systems are recognized for
their advantages. Freeze-dried emulsions and bigels offer enhanced stability and extended shelf life by
removing water, preventing microbial growth and degradation of active ingredients. Additionally, they
provide controlled rehydration, allowing for efficient delivery of active substances upon restoration,
making them ideal for applications in pharmaceuticals and cosmetics.

To the best of our knowledge, there are no reports in the literature (other than our preliminary studies
[22,23]) regarding the preparation of materials for cosmetic applications with reduced water
consumption and incorporated microparticles containing enclosed active substances. Such materials are
needed as they offer a sustainable approach to cosmetic formulation by significantly reducing water
consumption and addressing environmental concerns in the beauty industry. Additionally, they enhance
the stability and bioavailability of active compounds, ensuring prolonged efficacy and deeper skin
penetration.

This research studies the possibilities of using a new class of three-dimensional materials as an
alternative cosmetic form for traditional emulsions. The idea of preparing materials that require reduced
water usage for preparation (water sublimed during freeze-drying can be reused in the next step of
production, decreasing overall water usage) and application (dissolving in a minimal amount of aqueous
solvent back to emulsion or bigel immediately before its application to the skin) is an innovation in the
field of cosmetic chemistry. Polymeric microparticles with biologically active compounds from
Sambucus nigra — a plant chosen due to its high content of antioxidant compounds and showing
substantial effects on the skin — are incorporated into materials to protect these compounds during the
freeze-drying process and storage, as well as their more effective penetration into the deeper layers of
the skin. This combines the advantages of both encapsulation and freeze-dried emulsions and bigels.

We hypothesize that water consumption during obtaining cosmetic emulsion can be reduced,
simultaneously maintaining the functional properties of the prototype based on freeze-dried emulsion
and bigel with plant extract-loaded microparticles. Therefore, the main goal of this research was to
modify freeze-dried emulsion and bigel based on biopolymers: sodium alginate, WPI, ethylcellulose;
cryoprotectant: mannitol; lipids: sea buckthorn oil, beeswax; emulsifier: Span-80 with the addition of
chitosan microparticles loaded with Sambucus nigra flower extract. Prepared materials were
characterized via SEM, mechanical properties, residual moisture content, porosity, density, and analysis
of biophysical skin parameters, including skin color, hydration and barrier quality (transepidermal water
loss — TEWL). Instrumental skin analysis is crucial for evaluating topically applied formulations’
efficacy and physiological impact, ensuring optimal permeability of active substances while minimazing
adverse effects. These materials may become the basis for developing a multifunctional new form of
cosmetic and dermatological preparations for skin conditioning and care, increasing the effectiveness of
the treatment of many skin conditions.
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2. Materials and Methods
2.1. Materials

Sodium alginate (ALG) was obtained from BUCHI Labortechnik AG (Flawil, Switzerland). Whey
protein isolate (WPI) (BiPRO) containing 97.7% protein and 75% B-lactoglobulin in DM was purchased
from Davisco Foods International Inc. (Eden Prairie, MN, USA). Ethylcellulose (EC), Span 80,
beeswax, and chitosan (ultra-low molecular weight, MW: 20,000 (avg.)) were obtained from Sigma-
Aldrich (Poznan, Poland). D-Mannitol and tripolyphosphate (TPP) were obtained from Pol-Aura
(Poznan, Poland). Isopropanol was acquired from Stanlab (Lublin, Poland). Sea buckthorn oil and dry
plant raw material (flowers of Sambucus nigra) were acquired from the herbal wholesaler Nanga
(Zlotow, Poland). All chemicals mentioned here were of analytical grade.

2.2. Preparation Method of Plant Extract-Loaded Microparticles

The Sambucus nigra flowers extract was obtained using the Soxhlet apparatus with 10 g of dried plant
raw material and 200 ml of water during 3 hours of extraction (Fig. 1). Fabricated extract was previously
characterized by Total Polyphenol Content — TPC (267.71 £+ 6.60 mg/ml), Total Flavonoid Content —
TFC (34.36 £ 0.86 mg/ml), and antioxidant capacity based on CUPric Reducing Antioxidant Capacity
— CUPRAC (611.24 + 23.29 mg/ml), Ferric-Reducing Antioxidant Power — FRAP (610.03 + 26.19
mg/ml) and 2,2-diphenyl-1-picrylhydrazyl — DPPH RSA (78.1 = 0.5%).

An encapsulator (B-395 Pro, BUCHI Labortechnik AG, Flawil, Switzerland) was applied using the
extrusion method to prepare extract-loaded chitosan microparticles (MPs). A solution of 2% (v/v) acetic
acid and elderflower extract in a 50:50 ratio was used to dissolve 2% (w/w) of chitosan. The prepared
mixture was transferred into the encapsulator’s pressure bottle and forced through a 450 pm diameter
nozzle. Droplets separated by an electrical field were cross-linked in an 8% (w/w) tripolyphosphate
(TPP) solution. Obtained microparticles were collected and rinsed with distilled water. It was established
that obtained chitosan microparticles had 71.4 + 6.3% loading capacity.

2.3. Preparation Method of Materials

Freeze-drying of O/W emulsions (E) and bigels (B) was the basis of materials preparation [23]. Both
material types were fabricated using aqueous and oily phases. The preparation methodology is presented
in Figure 1.

The aqueous phase consisted of 3% (w/w) of WPI, 2% (w/w) of sodium alginate (ALG), and 1% (w/w)
of mannitol. The hydrogel was heated to 70—80°C on the magnetic stirrer. Whereas the emulsion oily
phase comprised sea buckthorn oil, 3% (w/w) of beeswax and 1% (w/w) of Span 80 and, subsequently,
it was heated to 70—80°. In order to prepare bigel, 10% (w/w) of ethylcellulose (EC) was added to form
oleogel from the oily phase and heated to 140°C. Emulsion and bigel were obtained with a 10/90 oily-
to-aqueous mixing ratio. Concentrations were calculated based on the total mass of the formulation.
Aqueous and oily phases were mixed and homogenized for 3 min at 20,000 rpm (T25 digital ULTRA-
TURRAX disperser, IKA Werke, Staufen, Germany). Emulsion and bigel were cast on glass plates,
frozen (—20°C) and freeze-dried (—55°C, 5 Pa, 24 h) (ALPHA 1-2 LD plus lyophilizator, Martin Christ,
Osterode am Harz, Germany).

Emulsion (E+MPs) and bigel (B+MPs) were also modified with the addition of chitosan microparticles
loaded with elderflower extract. Composite materials were fabricated according to the abovementioned
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procedure; however, microparticles at 5% (w/w) concentration based on the total mass of emulsion or
bigel were added before casting the solution on the glass plates. The 5% concentration was selected as
an optimal level to ensure a balance between functional activity and structural integrity of this materials
based on preliminary studies and literature data [22,24-26].

1. Preparation of chitosan microparticles (MPs) loaded with aqueous extract from
Sambucus nigra flowers

Soxhlet extraction (10 g [ chitosan
of dried elderflowers,
200 ml of water, 3 hours)

»
>

2000 pm

encapsulator

microparticles

2. Preparation of freeze-dried materials based on emulsion (E) and bigel (B) modified with

the addition of elderflower-loaded chitosan microparticles (MPSs)

AQUEOUS PHASE
: o addition of MPs
(whey protein heating (70-80°C)
isolate, sodium
alginate, mannitol)
homogenization freeze-drying

>
L

OILY PHASE

(E: sea buckthorn Neating (70-80°C)
oil, beeswax,

Span-80)

(B: ethylcellulose, heating (140°C)
sea buckthorn oil,
beeswax, Span-80)

Figure 1. The method of preparation of chitosan microparticles loaded with Sambucus nigra flower extract (MPs)
and materials based on freeze-dried emulsion (E) and bigel (B).

2.4. Characterization of Materials
2.4.1. Structure of Materials

Scanning electron microscopy (SEM) imaging (Quanta 3D FEG scanning electron microscope, Quorum
Technologies, Lewes, UK) was used to analyze the structures and cross-sections of the prepared freeze-
dried emulsions and bigels. Prior to the analysis, a thin layer of gold and palladium was applied to the
materials’ surface using the SC7620 Mini Sputter Coater/Glow Discharge System (Quorum
Technologies, Lewels, UK)
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2.4.2. Mechanical Properties

Compression of freeze-dried emulsions and bigels was carried out with a mechanical testing machine
(Shimadzu EZ-Test EZ-SX, Kyoto, Japan) fitted with a 50 N load cell. Materials were cut into seven
cylindrical samples with 10 mm diameter and compressed at a 5 mm/min compression speed. Young’s
modulus and compressive maximum force were calculated from the stress-strain curves recorded using
the Trapezium X Texture program (version 1.4.5.).

2.4.3. Porosity and Density Measurements

The porosity (€) and the density (d) of obtained porous materials were investigated by the liquid
displacement method. The graduated cylinder was filled with isopropanol (V1) as a nonsolvent of used
polymers. Samples were weighed (W) and placed in a graduated cylinder. The total volume of
isopropanol was recorded after 5 min (V,). Afterwards, isopropanol-impregnated materials were
carefully removed from the cylinder, and the residual isopropanol volume (V3) was recorded again.
Measurements were carried out in triplicate and calculated with the following Equation (1) for porosity
and Equation (2) for density:

€ (%) =(Vi—V3)/(V2—V3) - 100 (1)
d=W/V,—V3) 2)

2.4.4. Residual Moisture Content

The residual moisture content of porous matrices was analyzed as the weight loss after drying of samples
at 105°C for 24 h to a constant weight. Samples (1 cm x 1 cm) were weighed before (W) and after (W,)
drying. The measurements were performed in triplicate and calculated as the percentage of the water
removed from the samples (Eq. 3):

MC (%) = (Ws=W.)/W, - 100 3)

2.4.5. Biophysical Skin Parameters Measurements

Instrumental analysis of the biophysical skin parameters was performed after the application of prepared
materials. Tewameter (Tewameter TM 300, Courage + Khazaka, Koln, Germany), corneometer
(Corneometer CM 825, Courage + Khazaka, K6ln, Germany) and colorimeter (Skin-Colorimeter CL
400, Courage + Khazaka, K&ln, Germany) were used to analyze skin barrier quality (transepidermal
water loss—TEWL), skin surface hydration and skin color, respectively.

Sections (4 x 4 cm) were chosen on the volar forearm skin of both arms of five probands with normal
skin (women aged 20-29), with one site serving as the control field. Prepared freeze-dried emulsions
and bigels were dissolved in two drops of water directly before spreading to the skin on selected sections.
The measurements were carried out before and 15 min, 30 min, 1 h, 2 h, 3 h and 4 h after the application
of the samples at a controlled temperature (20-22°C) and humidity (relative humidity 40-60%). The
tewametric and colorimetric measurements were investigated in triplicate for each skin site for each
proband. However, corneometric results were performed five times at each proband’s skin section and
are presented as the difference in the corneometer indications between the treated area and the control
field at each time point.
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2.4.6. Statistical Analysis

One-way ANOVA with Tukey’s pairwise was performed using the Past 4.09 program (PAleontological
Statistics Software, Oslo, Norway) in order to statistically compare results. Data are shown as the mean
+ SD for each experiment with p-values < 0.05 considered significant.

3. Results and Discussion

3.1. Appearance and Structure of Materials

Porous three-dimensional matrices were successfully obtained through freeze-drying of emulsions and
bigels formulated using biopolymers, including WPI, sodium alginate, and ethylcellulose (Fig. 2).
Mannitol was added as a cryoprotectant, while the oily phase consisted of sea buckthorn oil and
beeswax, stabilized by Span 80 as an emulsifier. To enhance the functionality of these materials,
chitosan microparticles loaded with Sambucus nigra flower extract were incorporated into the materials.
However, these microparticles were not distinctly visible in SEM images due to their relatively large
size. Nevertheless, their presence was confirmed through broader material imaging, where their dark
color from elderflower extract was noticeable and marked with arrows (Fig. 2).

The structural characteristics of the freeze-dried emulsions and bigels differed significantly. While both
retained a vivid orange hue due to the presence of sea buckthorn oil, their textural properties and
structure varied. The freeze-dried emulsions exhibited a more irregular and linear network, whereas the
bigels displayed a more homogenous and uniform structure. Despite these differences, all obtained
matrices shared a soft and spongy texture. SEM analysis revealed the intricate architecture of these
materials, characterized by an interconnected network of irregular micropores. This porous structure
suggests potential applications in fields such as drug delivery and biomaterials, where controlled
porosity and structural integrity are crucial factors.

Long-term stability of the developed formulations is a crucial factor determining their applicability as
cosmetic or dermatological preparations. The structural and functional integrity of the freeze-dried
emulsion and bigel systems was maintained during extended storage indicating their potential for
extended shelf life and consistent performance under appropriate storage conditions. The freeze-dried
form provided protection against hydrolytic degradation, phase separation, and microbial growth.
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Sample Photo SEM Surface x150 SEM Cross-Section x150

500 pm

E+MPs

500 um i3 500 pm

500 um

B+MPs

Figure 2. Pictures of obtained freeze-dried materials (the diameter of the container is 60 mm) and SEM images of
their surface and cross-section structure in magnification x150 (scale bar = 500 um).

Researchers have explored the incorporation of various microparticles into emulsions for enhanced
functionality. Chitosan microparticles containing FEugenia dysenterica aqueous extract were
incorporated into cosmetic emulsions, increasing catechin skin penetration and enhancing angiogenic
activity [27]. Moreover, probiotic-loaded alginate microspheres have been used as active ingredients in
cosmetic emulsions, effectively protecting and improving the survival of encapsulated probiotic strains
[28]. Additionally, microparticles have been shown to stabilize Pickering emulsions [29,30]. Hypericum
perforatum extract enclosed in lipid carriers has been incorporated into a bigel system composed of
Poloxamer 407, borage oil and sorbitan monostearate, designed for wound healing applications [31].
Ketoprofen loaded into poly(vinyl acetate) and hydroxypropyl cellulose carriers have been included in
bigel formulations to enhance photostability and ensure the sustained release of the drug while providing
analgesic, anti-inflammatory, and antihyperalgesic effects on the skin [32]. Despite these advancements,
to our knowledge, no studies have reported on composite materials that integrate encapsulation with
freeze-dried emulsions and bigels.
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3.2. Mechanical Properties

The mechanical properties of materials composed of biopolymers — WPI, sodium alginate (ALG), and
ethylcellulose (EC) — in combination with a cryoprotectant (mannitol), lipids (sea buckthorn oil and
beeswax), and an emulsifier (Span 80) were evaluated under compression (Table 1). The study revealed
that Young’s modulus ranged from approximately 647-777 kPa for emulsions to 1541-1837 kPa for
bigels, while the maximum compressive force varied from 9.7 N in emulsions to 12.9 N in bigels. These
findings indicate that freeze-dried bigels exhibit significantly greater rigidity and resistance to
deformation under applied force compared to emulsions.

Furthermore, the structural integrity and mechanical strength of freeze-dried emulsions and bigels were
influenced by their composition. Notably, the incorporation of chitosan microparticles led to an increase
in both Young’s modulus and the maximum compressive force, suggesting enhanced mechanical
stability. This modification may be particularly beneficial for applications requiring materials with
improved resistance to mechanical stress. The observed differences in mechanical behavior between
emulsions and bigels highlight the importance of formulation strategies in tailoring material properties
for specific functional applications.

The combination of biopolymers (WPI, ALG) and lipids (beeswax, sea buckthorn oil) in both bigel and
emulsion resulted in strong internal interactions and entangled networks. However, the presence of
ethylcellulose in bigels further contributed to mechanical stiffness. The increase in mechanical
properties of bigels compared to emulsions may be primarily due to their two structured phases, namely
hydrogel and oleogel. This biphasic system created a more interconnected and reinforced network,
enhancing rigidity and resistance to deformation. In contrast, emulsions consisting of a single continuous
phase with dispersed droplets were more deformable under compression.

Additionally, the incorporation of chitosan microparticles into FD materials might have further
strengthened the network by increasing intermolecular interactions, leading to an even greater Young’s
modulus and compressive force.

Table 1. Mechanical properties of prepared freeze-dried emulsions and bigels with and without the addition of
elderflower-loaded chitosan microparticles during compression. Different superscript letters indicate statistically
significant differences (p<0.05).

Sample Young’s Modulus (kPa) Compressive Maximum Force

()]
E 647 +113°¢ 9.7+0.2°
E+MPs 777 £81° 104+13°
B 1541 £ 118" 126+042
B+MPs 1837 +93 % 129+0.7°

The mechanical properties of freeze-dried materials have been studied by other researcher groups. FD
scaffolds based on hydroxyapatite-gelatin modified with PLGA microspheres for hard tissue
engineering applications had a compressive strength of 1.72 MPa to 2.45 MPa with increasing
mechanical strength with a faster freezing rate, resulting in a smaller pore size and thickened crystal
walls [33]. Young’s modulus of freeze-dried hydrogel scaffolds composed of polyvinyl alcohol and
sodium alginate, as a material accelerating wound healing, decreased from 589 kPa to 23 kPa after
incorporation of polycaprolactone (PCL) microspheres [13]. Freeze-drying of bigels comprising pectin,
chitosan or HPMC resulted in materials for medical uses with increasing hardness ranging from 1.2 N
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to 6.5 N for samples with higher polymers content [34]. Whereas FD emulsion based on PCL, bovine
serum albumin, calcium alginate and hydroxyapatite for tissue engineering displayed compressive
strength from ~0.3 MPa to ~0.8 MPa and Young’s modulus varying from ~3 MPa to ~10 MPa with both
parameters rising after the introduction and further addition of the oily phase due to the increase of
thickness of PLC layer adhered onto the pore inner walls [35].

3.3. Porosity and Density Measurements

The porosity and density of FD materials based on biopolymers (WPI, ALG and EC), cryoprotectant
(mannitol), lipids (sea buckthorn oil and beeswax) and emulsifier (Span 80) were evaluated through the
liquid displacement method using isopropanol. This analysis revealed that FD emulsions exhibited
porosity ranging from 69% to 72%, whereas bigels displayed a slightly lower porosity varying from
63% to 67% (Fig. 3a).

The slightly reduced porosity observed in bigels may be attributed to their biphasic structure with the
presence of both hydrogel and oleogel phases. The structure of bigels, reinforced by strong interactions
between biopolymers and lipids, likely resulted in reduced pore formation during freeze-drying,
compared to emulsions.

Interestingly, despite their lower porosity, bigels also exhibited a lower density (167 mg/ml to 171
mg/ml) than emulsions (179 mg/ml to 210 mg/ml) (Fig. 3b). This suggests that bigels, while structurally
more rigid, may retain a different internal architecture or phase distribution that affected mass
distribution and compaction. The incorporation of extract-loaded chitosan microparticles resulted in a
slight increase in both porosity and density across all formulations. This may be due to the microparticles
acting as structural fillers that modify the pore network while also increasing mass per unit volume.

ow/o MPs
mwith MPs

ow/o MPs
Bwith MPs

porosity (%)

density (mg/ml)

(a) (b)

Figure 3. Porosity (a) and density (b) of prepared freeze-dried emulsions (E) and bigels (B) with and without the
addition of elderflower-loaded chitosan microparticles (MPs). Significant differences (p<0.05) between samples
were marked on the graph with (*).

Porosity and density measurement results are comparable with those reported by other researchers. FD
composites based on silk fibroin/collagen/hyaluronic acid scaffolds and PLGA microspheres for
cartilage tissue engineering had porosity ranging from 45% to 59% [36]. Poly(L-lactic acid)
microsphere-loaded FD emulsion based on calcium alginate and hydroxyapatite had 75-90% porosity
[37]. Freeze-dried PCL, bovine serum albumin, and calcium alginate emulsion modified with
hydroxyapatite had ~81-91% porosity [35]. The porosity of freeze-dried hydrogels decreased from 85%
to 80% with increased concentration of alginate [38] and increased from 39% to 88% with higher
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amounts of xanthan gum added into whey protein concentrate hydrogel [39]. The density of FD emulsion
based on epoxy/cellulose (65 to 150 mg/ml) [40] and tea oil/maltodextrin/xanthan gum/lysozyme
nanoparticles (120-340 mg/ml) [41] have also been investigated. In comparison, WPI FD hydrogel had
~220 mg/ml density [42].

3.4. Residual Moisture Content

Results of residual moisture content after freeze-drying of emulsions and bigels were investigated as the
percentage of weight loss during drying samples to a constant weight (Fig. 4). Moisture content varied
across formulations, with the FD emulsion containing 4.2%, while the addition of microparticles
increased it to 7.1%. Bigels had a higher residual moisture content of 7.5%, but its value decreased to
5.7% when combined with microparticles. These variations may be attributed to differences in water-
binding capacity, phase organization, and microparticle interactions. The higher moisture content in
bigels could result from their two structured phases, which retain water more effectively. However, the
unexpected reduction in moisture for bigels with microparticles suggests that chitosan may facilitate
more efficient water removal during freeze-drying. These variations in moisture content highlight the
influence of formulation and additives on the water-holding capacity of FD materials, which can impact
their stability and performance in various applications.

Other studies have also examined the residual moisture content of freeze-dried materials. Emulsions
prepared from xanthan gum mixed with maltodextrin and lysozyme nanoparticles in aqueous phase and
tea oil were reported to have ~0.7-3.5% moisture content with higher values ascribed to stronger
hydrogen bonds within samples [41]. Black chokeberry pomace-loaded emulsions exhibited
approximately 1.6-1.9% moisture content after freeze-drying [43]. The moisture content of FD samples
composed of WPI and alginate varied from 3.9% to 4.3% [44].
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Figure 4. The moisture content of prepared freeze-dried emulsions (E) and bigels (B) with and without the addition
of elderflower-loaded chitosan microparticles (MPs). Significant differences (p<0.05) between samples are
marked on the graph with (*).

3.5. Biophysical Skin Parameters Measurements

Biophysical skin parameters, including skin surface hydration, skin barrier quality (transepidermal water
loss — TELW) and skin color, were assessed with the use of Courage+Khazaka probes. The obtained
freeze-dried emulsions and bigels, with and without the addition of elderflower-loaded chitosan
microparticles, were topically applied to the probands’ skin and reconstructed back to emulsion or bigel
with water during the spreading of materials on the skin.
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The hydration level of the stratum corneum serves as an indirect indicator of overall skin moisture. A
corneometer measures hydration at a very shallow depth, focusing solely on the outermost skin layer to
prevent interference from deeper skin layers. Since the device relies on electrical capacitance, the
presence of substances like salts or residues from applied products on the skin surface has little impact
on the accuracy of the readings.

According to the obtained results (Fig. 5), it is evident that the topical treatment with all tested materials
led to an increase in the hydration of the stratum corneum. The highest rise in water content in the
outermost skin layer was observed after applying bigel modified with extract-loaded microparticles,
while the emulsion containing microparticles demonstrated the weakest skin-hydration effect. Fifteen
minutes after treatment, the skin hydration levels in areas treated with the emulsion and emulsion with
microparticles were 8.6 a.u. and 6.3 a.u., respectively. In comparison, bigel and bigel with microparticles
resulted in hydration levels of 7.9 a.u. and 11.8 a.u., respectively. After an additional 15 minutes, the
hydration levels decreased to a range of 4.2—5.2 a.u., with the highest value of 9.3 a.u. recorded for bigel
with microparticles. One and two hours after application, the hydration values ranged from 4.9 to 7.3
a.u. and from 5.3 to 9.7 a.u., respectively. After three hours, skin areas treated with bigels exhibited
higher hydration levels (8.5-9.0 a.u.) compared to emulsions (5.8—6.1 a.u.). At the final measurement
point, the stratum corneum hydration levels ranged from 8.0 to 9.7 a.u. for areas treated with emulsion
and bigels, while the skin treated with the emulsion containing extract-loaded microparticles showed a
lower value of 5.9 a.u.

The enhanced skin hydration observed after applying the freeze-dried emulsions and bigels can be
attributed to the synergistic effect of their carefully selected components. Sodium alginate and WPI form
a protective film on the skin, enhancing moisture retention [45,46]. Furthermore, the composition of
WPI is similar to Natural Moisturizing Factor (NMF) naturally present in the stratum corneum. They
both are rich in amino acids like serine, glycine, and proline, which can enhance skin hydration by
supplying building blocks for NMF and improving moisture retention. Therefore, WPI may support the
skin’s natural hydration process by rebuilding the NMF. Mannitol acts as a cryoprotectant, preserving
the biopolymer matrix’s structural integrity and thus may improve its rehydration capacity [47], while
sea buckthorn oil and beeswax indirectly moisturize the skin [48,49]. Chitosan microparticles containing
Sambucus nigra flower extract may contribute to the observed moisturizing effect due to the presence
of flavonoids and phenolic compounds with known antioxidant and hydrating properties [50]. The
superior hydration effect of bigel modified with microparticles may result from the structured network
of the biopolymer-lipid matrix, which enhances water retention and prolongs the moisturizing effect.
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Figure 5. Corneometric skin measurements after topical application of prepared freeze-dried emulsions (E) and
bigels (B) with and without the addition of elderflower-loaded chitosan microparticles (MPs). The results show
differences in corneometer indications between the treated and untreated control areas at each measured interval.

The evaporation of water from the skin is a natural aspect of the body’s metabolism. TEWL serves as
an indicator of the skin’s barrier integrity, as any disruption in this function leads to an increase in water
loss. Thus, measuring TEWL is essential for determining the effectiveness of topical products.

Tewametric measurements indicate that the application of all prepared samples led to a reduction in
TEWL, thereby enhancing the epidermal permeability barrier function and improving overall skin
barrier integrity (Fig. 6). TEWL values significantly decreased from 11.3—12.4 g/h/m? to 10.1-12.0
g/h/m?, suggesting that the formulations strengthened the skin’s protective barrier. This improvement
can be attributed to the combined action of biopolymers and lipids, which form a protective film on the
skin surface, reducing transepidermal water loss. Additionally, the moisturizing properties of Sambucus
nigra flower extract-loaded chitosan microparticles, along with the occlusive effect of beeswax and sea
buckthorn oil, contribute to improved water retention and barrier repair, resulting in enhanced skin
hydration and reduced TEWL. Furthermore, the composition of sea buckthorn oil is similar to that of
the skin’s natural lipids, particularly essential fatty acids like omega-3, omega-6, omega-7, and omega-
9, as well as lipid-soluble vitamins [51,52]. These lipids can integrate into the skin’s lipids, supporting
hydration and barrier repair, which is shown as reduced TEWL.
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Figure 6. Tewametric measurements of skin before (control) and after topical application of prepared freeze-dried
emulsions (E) and bigels (B) with and without the addition of elderflower-loaded chitosan microparticles (MPs).
* indicates a difference at p < 0.05 between the results at an appropriate time compared to those made for the
control field.

The L*a*b* color space coordinates are used to represent skin color measurements. The L* value
indicates skin brightness; the a* value represents the position on the red-green axis, and it is used to
assess skin redness, microcirculation, and erythema, while the b* value corresponds to the blue-yellow
axis (skin pigmentation).

Based on colorimeter indications (Fig. 7), all of the formulated samples led to a reduction in skin redness,
with values decreasing from 7.25-7.68 a.u. before the application of the materials to 4.28—6.62 a.u.
following the application of freeze-dried emulsions and bigels, both with and without the addition of
chitosan microparticles containing Sambucus nigra flower extract. This reduction in redness can be
attributed to sea buckthorn, which has been shown to exhibit decreasing melanin content and skin
erythema properties [53]. Moreover, biopolymers (sodium alginate, WPI, ethylcellulose), lipids (sea
buckthorn oil, beeswax), and cryoprotectant (mannitol) likely played a key role in soothing the skin,
reducing inflammation, and improving skin tone. These components formed a protective barrier that
helped calm the skin, diminish erythema, and promote a more even complexion. In addition, the soothing
and anti-inflammatory effects of the herbal extract and chitosan might have helped to calm the skin and
reduce erythema, leading to a more even skin tone. The active compounds in the formulations, such as
flavonoids and phenolic compounds, may have contributed to reducing the skin’s redness by targeting
inflammatory pathways and promoting a more even complexion.
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Figure 7. Colorimetric measurements of skin before (control) and after topical application of prepared freeze-
dried emulsions (E) and bigels (B) with and without the addition of elderflower-loaded chitosan microparticles
(MPs). * indicates a difference at p < 0.05 between the results at an appropriate time compared to those made for
the control field.

3.6. General Discussion

The development of freeze-dried emulsions and bigels incorporating chitosan microparticles loaded with
Sambucus nigra extract represents a novel approach that may combine the structural advantages of
biopolymer networks with the functional benefits of controlled delivery systems. The physicochemical
and mechanical characteristics of the obtained materials likely depend on the composition and
interactions among the polymers, lipid components, and microparticles. The co-assembly of WPI, ALG,
and EC may give rise to multicomponent polymeric networks in which distinct but complementary
gelation mechanisms operate simultaneously. WPI, a globular protein containing reactive carboxyl,
amino, and sulfhydryl groups, might undergo partial unfolding and rearrangement during formulation,
which could facilitate intermolecular hydrogen bonding and electrostatic association with the
carboxylate and hydroxyl groups of sodium alginate [54]. Such interactions may contribute to the
formation of a cohesive protein-polysaccharide network. In parallel, EC may form the oleogel phase
through hydrophobic association, chain entanglement, and partial crystallization within lipid-rich
domains, thereby reinforcing the overall matrix [55,56]. The inclusion of beeswax and sea buckthorn oil
could further stabilize the oleogel network by promoting van der Waals interactions and molecular

packing within the lipophilic domains, leading to a more structurally coherent biphasic system [55].

The observed correlation between gel formation and physicochemical properties suggests that
differences in molecular-level interactions drive the distinct structural and functional behaviors of the
materials. Freeze-dried emulsions exhibited a more irregular pore network, which may indicate less
cohesive interfacial stabilization, whereas bigels displayed a more compact and uniform microstructure
that might result from stronger connectivity between the hydrogel and oleogel phases. The presence of
mannitol as a cryoprotectant likely contributed to maintaining hydrogen-bonded networks during
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freezing, thereby reducing ice crystal formation and preserving the pore architecture upon freeze-drying
[57].

The incorporation of chitosan microparticles may also influence the morphology and functional
properties of freeze-dried materials. The presence of positively charged chitosan microparticles could
interact electrostatically with negatively charged alginate chains or the protein backbone, potentially
leading to partial reinforcement of the polymeric matrix [58,59]. At the same time, these microparticles
might act as reservoirs for the phenolic constituents from Sambucus nigra extract. The interactions
between chitosan and extract components, such as phenolic acids or flavonoids, could further contribute
to network stability through hydrogen bonding [60,61]. The microparticles matrix may protect phenolic
compounds from degradation during processing and storage, ensuring their availability at the moment
of topical application. The presence of chitosan and bioactive plant extract may explain the improved
cutaneous hydration and reduced TEWL observed after application of these materials. The skin analyses
indicated that all prepared materials contribute to improved barrier function, possibly due to the

synergistic effects of the hydrophilic-lipophilic components and the antioxidant-rich microparticles.

From a broader perspective, these findings suggest that design of composite polymeric systems may
support the development of sustainable cosmetic formulations with reduced water consumption. The
possibility of reconstituting freeze-dried emulsions or bigels with minimal water immediately before
application could significantly reduce water use in both manufacturing (freeze-drying offers the
possibility of recovering and reusing sublimed water) and end-use, aligning with green chemistry
principles. Furthermore, the integration of biodegradable polymers and natural extracts may offer an
eco-friendly approach to developing high-performance materials for dermatological and cosmetic
applications.

4. Conclusions

The study successfully developed freeze-dried emulsions and bigels modified with chitosan
microparticles loaded with Sambucus nigra flower extract, demonstrating the enhanced cutaneous
effect. The combination of biopolymers (WPI and sodium alginate) and cryoprotectant (mannitol) in the
aqueous phase, lipids (sunflower oil and beeswax) and emulsifier (Span 80) in the oily phase of the
emulsion and additionally ethylcellulose in bigel created a stable, porous structure after freeze-drying.
FD bigel exhibited higher values of Young’s modulus and residual moisture content, whereas FD
emulsion presented higher porosity and density. Eco-friendly, three-dimensional materials with a porous
structure containing polymeric microparticles with encapsulated plant extract (flowers of Sambucus
nigra) were designed to dissolve in a minimal amount of aqueous solvent back to emulsion or bigel
immediately before its application to the skin. Active substances from elderflower extract showing
antioxidant properties and a positive effect on the skin condition were protected in chitosan
microparticles during the freeze-drying process and released at the moment of the cosmetic application
to the skin (during spreading on the skin). The application of fabricated materials significantly increased
the hydration of the stratum corneum and decreased skin redness and TEWL, indicating improved skin
barrier quality, moistened and soothed skin due to the materials components. Therefore, the combination
of microencapsulation and sponge-like materials resulted in the development of an innovative eco-
friendly material form that is effective and suitable for cosmetic and dermatological applications.
However, expanding skin penetration studies and exploring additional bioactive compounds for broader
dermatological and biomedical applications should be further explored.
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