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Abstract

Epidermal Growth Factor (EGF) plays an important role in skin regeneration and repair
by promoting cell proliferation and collagen synthesis. However, its topical application is
limited by low stability, susceptibility to degradation, and poor penetration through the
stratum corneum due to its hydrophilic nature and relatively large molecular size. Microen-
capsulation offers a strategy to protect sensitive bioactives and improve their delivery in
cosmetic formulations. In this study, EGF was encapsulated in Arabic gum/gelatine A
(AG/GE) coacervate microcapsules and incorporated into a hydrating cream. The work
extends previous studies using the same microcapsule composition for lipophilic com-
pounds, demonstrating its applicability for a hydrophilic bioactive and highlighting the
versatility of the encapsulation platform. The resulting microcapsules exhibited spherical,
multinucleated morphology with an encapsulation efficiency of 78.8 + 1.0%. Although
diffusion of microencapsulated EGF in the cream could not be directly determined, the
formulation showed trends towards improvement in several skin parameters during the
volunteer evaluation, including reduction in surface spots (31%), brown spots (21%) and
pore visibility (10%), and improved texture (22%). A 25% decrease in transepidermal water
loss and a 33% increase in elasticity suggested improved skin barrier function. Volunteers
reported high acceptance regarding non-irritancy, texture, and sensory experience.

Keywords: delivery; EGF; formulation; microencapsulation; skin

1. Introduction
Epidermal Growth Factor (EGF) is a protein essential for skin health, promoting wound

healing and delaying skin ageing by stimulating differentiation, proliferation, and growth
in the epidermal and epithelial layers [1]. EGF also stimulates collagen and elastin produc-
tion as a naturally occurring human protein, enhancing skin elasticity and resilience [2].
Structurally, EGF is a small polypeptide with a molecular mass of approximately 6–9 kDa
that regulates key processes involved in skin homeostasis, including keratinocyte prolifera-
tion, cell migration, and dermal matrix synthesis. These effects are mediated through its
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interaction with the epidermal growth factor receptor (EGFR), EGF activates intracellular
signaling pathways such as MAPK/ERK and PI3K/Akt, promoting epidermal regeneration
and tissue repair. Due to these biological mechanisms, EGF has attracted significant interest
in dermatology and cosmetic science, particularly in applications related to wound healing,
skin barrier recovery, and anti-aging treatments [3,4].

Despite its biological activity, the topical application of EGF remains challenging.
The molecule is relatively large and hydrophilic, which significantly limits its ability to
penetrate the stratum corneum, the main barrier of the skin. As a result, only small fractions
of applied EGF can reach viable epidermal layers where its biological targets are located.
Additionally, EGF is susceptible to proteolytic degradation and instability in conventional
cosmetic formulations, which further reduces its efficacy when applied topically [5–7].

To overcome these limitations, several delivery strategies have been explored to en-
hance the stability and skin penetration of EGF. These include nanovesicles, liposomes,
transferosomes, peptide conjugates, microneedle systems, and other transdermal delivery
approaches designed to improve macromolecule transport across the stratum corneum.
Although these systems have demonstrated improved delivery in experimental settings,
many systems remain complex, expensive, or difficult to integrate into conventional cos-
metic formulations, highlighting the need for scalable encapsulation approaches compatible
with standard cream formulations [3,8].

Biotechnological advances in recent decades have enabled the large-scale production of
EGF for cosmetic applications [1]. One example is ORF Genetics (https://www.orfgenetics.
com, Reykjavík, Iceland), which produces plant-based EGF with high stability (over 95%),
a molecular mass of 9.5 kDa, and robust biological activity (>10 million U·mg−1), marketed
under the brand ISOkine and incorporated into BIOEFFECT skincare products (https:
//www.bioeffect.com, Reykjavík, Iceland).

Among the available delivery approaches, microencapsulation by complex coacerva-
tion (MCC) has emerged as a promising strategy for protecting sensitive bioactives and
enabling controlled release [1,9]. In this process, two oppositely charged polyelectrolytes
interact through hydrogen bonding, electrostatic interactions, and polarisation effects [9,10].
Studies using gelatin-alginate coacervate have shown that this approach can effectively
encapsulate EGF, protecting the protein and enabling controlled release in wound-healing
applications [11]. Complex coacervation using Arabic gum and gelatine (AG/GE) offers
several advantages for cosmetic applications compared with other delivery systems. Both
polymers are biocompatible, biodegradable, and widely used in cosmetic and pharmaceu-
tical formulations, while the coacervation process occurs under mild conditions that are
suitable for sensitive biomolecules such as growth factors. AG/GE systems are among
the most established coacervation pairs and have been widely applied for the encapsula-
tion of oils, antioxidants, and other bioactive compounds due to their high encapsulation
efficiency and controlled release properties [12–14]. In contrast to lipid nanoparticles or
chitosan-based carriers, complex coacervation systems can be produced under mild aque-
ous conditions without the need for organic solvents or high-energy processing, which
helps preserve the activity of sensitive proteins such as EGF [1,6,8].

Successful encapsulation of lipophilic cosmetic actives such asα-tocopherol and Moringa
oleifera extracts, using AG/GE coacervates, has been previously demonstrated [10,12]. How-
ever, the applicability of this system to hydrophilic macromolecules such as growth factors
has not yet been explored. Demonstrating that the same microcapsule architecture can
accommodate both hydrophobic and hydrophilic actives would significantly expand the ver-
satility of this encapsulation platform and potentially enable the simultaneous incorporation
of different classes of cosmetic bioactives within a single delivery system.
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This study addresses the growing demand for scientifically advanced and eco-friendly
skincare by enhancing the performance of EGF in a hydrating cream with an innovative
AG/GE coacervate system. Building on previous work with lipophilic compounds, this
study investigates the encapsulation of the hydrophilic protein EGF and evaluates its
performance in a cosmetic formulation through physicochemical characterisation and
volunteer skin assessments.

2. Materials and Methods
2.1. Materials
2.1.1. Microcapsules Production

Gelatine A (GE, derived from porcine skin, 300 g bloom, CAS 9000-70-8), Arabic
gum (AG, sourced from the Acacia tree, CAS 90000-01-5), N-hydroxy succinimide (NHS,
purity ≥ 97%, CAS 6066-82-6), Polysorbate 80 (P80, HLB 4.3, CAS 9005-65-6), and hydrogen
chloride (HCl, purity ≥ 37%, CAS 7647-01-0) were all procured from Sigma Aldrich (Madrid,
Spain). Additionally, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, purity ≥ 98%,
CAS 25952-53-8) was sourced from Alfa Aesar (Budapest, Hungary). Caprylic triglyceride
(CAP, derived from Cocos nucifera oil, batch 14832) was obtained from Plena Natura
(Lisbon, Portugal), and the epidermal growth factor (EGF) was provided by ORF Genetics
(Reykjavík, Iceland).

2.1.2. Hydrating Cream Production

Cetanol was sourced from Vevy Europe (Genova, Italy), while C12 Acid PEG-8 ester
and sodium hyaluronate RM-CHEM-10 were acquired from Shijiazhuang (Hebei, China).
Citric acid was provided by Caleo (Graz, Austria), and Carbopol Ultrez 10 carbomer was
obtained from Lubrizol (Wickliffe, OH, USA). Additionally, 2-phenoxyethanol, ethylhexyl-
glycerin, and potassium sorbate were supplied by IMD Sweden AB (Malmo, Sweden).
Butylene glycol was purchased from Gulf Chemical (Mandai, Singapore), potassium hy-
droxide from Sigma Aldrich (St. Louis, MO, USA), and α-tocopherol (CAS 10191-41-0, 99%)
was obtained from BASF (Ludwigshafen, Germany).

2.2. Methods
2.2.1. Microcapsules Production by Complex Coacervation

The parameters used to produce AG/GE microcapsules were selected based on a
previously optimised formulation developed through a fractional factorial Design of Exper-
iments approach, in which key variables such as emulsifier ratio (CAP:P80), stirring rate
and time, and crosslinker concentration (EDC/NHS) were systematically evaluated. These
studies demonstrated that a CAP:P80 ratio of 3.5:1, emulsification at 9500 rpm for 2 min,
and crosslinking with 10% EDC/NHS provided the most stable microcapsules, with spher-
ical morphology, average particle sizes of approximately 60 µm, and high encapsulation
efficiency. These parameters represent a balance between efficient droplet formation dur-
ing emulsification, optimal polymer complexation, and sufficient crosslinking to stabilise
the microcapsule shell without promoting aggregation. The optimised formulation was
therefore adopted in the present work to investigate the encapsulation of the hydrophilic
bioactive EGF. Further details regarding the optimisation procedure can be found in earlier
studies [10,12].

Microencapsulation by complex coacervation (MCC) in batch mode was used to encap-
sulate the growth factor EGF. The production method, initially designed and optimised to
protect hydrophobic compounds such as Mo leaf extracts and α-tocopherol [12], is applied
here to evaluate its suitability for hydrophilic bioactives. This approach assesses MCC’s
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versatility in stabilising different compounds, thereby expanding its potential applications
in skincare formulations.

The microencapsulation process begins by dissolving approximately 14 mg of
lyophilised EGF powder in 2 mL of UV-filtered water and then adding to a pre-prepared GE
solution 7.14 g·L−1 maintained at 30 ◦C. This mixture is combined with the oil phase com-
posed of CAP and P80 at a ratio of 3.5:1 (v/v), initiating the emulsification step at 9500 rpm
for 2 min using an Ultra Turrax (IKA Yellowline DI 25, Gravimetra, Lisbon, Portugal). Next,
AG 14.3 g·L−1 is added to the emulsion while stirring at 400 rpm with a magnetic stirrer
(Agimatic-N, J.P. Selecta, Barcelona, Spain) at 30 ◦C. Coacervation follows by adjusting the
pH from 6.3 to 3.9 using 1 M HCl. Subsequently, the microcapsules are gradually cooled to
7 ◦C in an ice bath under stirring at 400 rpm. At this stage, 5 mL of 50 mM EDC plus 25 mM
NHS (10% of the aqueous phase) is added to initiate the microcapsules crosslinking using
continuous stirring for another 60 min. The dispersion of the crosslinked microcapsules
is then transferred to a decantation funnel to allow phase separation overnight under
refrigerated conditions. The concentrated microcapsule phase is collected from the bottom
of the decantation funnel, with residual reagents washed out once using 60 mL of deionised
water at 30 ◦C. The final microcapsule-rich dispersion is stored in a Falcon tube without
preservatives and kept refrigerated until further analysis. The microcapsules were main-
tained as an aqueous dispersion to ensure stability and facilitate direct integration into the
cosmetic formulation. Further details on the microencapsulation process and production
setup can be found in previous works [10,12].

2.2.2. Characterising the Microcapsule Dispersions

• Particle Morphology

The morphology of the MC EGF particles was analysed using optical microscopy
(Eclipse Ci H55OS, equipped with a DS-Qi2 camera, Nikon, Tokyo, Japan). The images
were processed with NIS-Elements L software (version 4.50) and captured at 10× and
40× magnifications.

• Encapsulation Efficiency

The encapsulation efficiency (EE) of EGF was determined using the JESS apparatus
(ProteinSimple, Bio-Techne, Minneapolis, MN, USA), which performs automated capillary-
based immunoassays analogous to traditional Western blotting. The protocol followed the
manufacturer’s instructions using the standard JESS reagent kit.

The kit includes several proprietary buffers designed to support protein denatura-
tion, electrophoretic separation, antibody binding, and chemiluminescent detection. The
10× sample buffer and 5× Master Mix contain detergents and buffering agents that stabilise
proteins and maintain the appropriate pH and ionic strength for capillary electrophore-
sis. Dithiothreitol (DTT) was prepared as a 400 mM solution to reduce disulphide bonds,
ensuring protein denaturation and improving electrophoretic separation. Samples were
diluted using a 0.1× separation buffer supplied with the kit to maintain optimal protein
concentration and compatibility with the capillary system. A wash buffer provided by
the manufacturer was used to remove unbound antibodies during the immunodetection
steps, reducing background signal. Chemiluminescent detection was performed using the
Luminol-S reagent included in the kit, which reacts with the horseradish peroxidase (HRP)
enzyme conjugated to the secondary antibody to produce the measurable signal.

First, DTT is diluted in 40 µL of ultrapure water to create Reactant A, a 400 mM
solution. Next, 20 µL of 10× sample buffer is combined with a concentrated 5× Master Mix
and 20 µL of the 400 mM DTT solution, forming Reactant B. The third reactant, Reactant C,
consists of a biotinylated ladder diluted in 20 µL of ultrapure water, serving as a molecular
weight marker for proteins. It is employed as a reference to ascertain the molecular weight
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of proteins separated in the capillary-based system, enabling detection by a streptavidin-
based reagent.

A modified version of a previously described protocol [10] is employed for sample
preparation. Following the decantation step in the microcapsule production process,
dispersions are collected in aliquots from the EGF microcapsules (MC EGF) supernatant.
This supernatant contains predominantly the nonencapsulated (free) EGF fraction, which
was quantified to determine the amount of protein not retained within the microcapsules.
Each sample is diluted in a 0.1× buffer solution to determine the EE.

Then, 40 µL of each diluted sample is combined with 10 µL of Reactant B in a micro-
centrifuge tube and gently mixed using a pipette. The mixture is homogenised using a
vortex mixer, denatured in a water bath at 95 ◦C for 5 min, and once again homogenised
before being cooled further in an ice bath. Luminol-S Mix (Reactant D) is also cooled down
in the ice bath.

Finally, 5 µL of Reactant C, 3 µL of the sample, 10 µL of antibody diluent, 10 µL
of primary and secondary Anti-Rabbit antibodies, 10 µL of streptavidin-HRP, 15 µL of
Reactant D, and 500 µL of wash buffer are added to specific wells on a plate. The plate is
homogenised using a benchtop centrifuge (Avanti J-15R, Beckman Coulter, Indianapolis, IN,
USA) for 5 min at 2500 rpm at room temperature. After confirming that the liquid has settled
in the wells with no air bubbles, the plate is placed in the JESS apparatus, and the Compass
for SW software (version 6.0.x) is configured. Once initiated, the JESS system automates
the entire process, including protein separation, antibody binding, washing, and detection
within capillaries. The software also aids in data analysis, allowing for quantification and
visualisation of protein levels through electropherograms or virtual Western blot images.
This automated approach reduces hands-on time, minimises variability, and enhances the
efficiency and precision of microencapsulated protein quantification.

The samples are analysed and quantified using a standard calibration curve of ISOkine
product (EGF, y = 8.26 × 104x − 4.13 × 104; R2 = 0.998) in a range of 1.25 to 40 ng·mL−1.
The obtained concentration is used for the indirect calculation of the EGF EE,

EE (%) =
total concentration − nonencapsulated concentration

total concentration
× 100 (1)

This method was used to quantify the nonencapsulated EGF fraction in the supernatant
for indirect calculation of encapsulation efficiency. No direct structural or bioactivity
assessment of the encapsulated protein was performed in this study.

• Solid Content

The microcapsule dispersions were submitted to an air-drying process at 105 ± 1 ◦C
until a constant weight was achieved. This process was used to measure the solid content
(SC) gravimetrically, determined by [14]:

SC (%) =
dry mass

liquid mass
× 100 (2)

2.2.3. Cosmetic Production Containing Microencapsulated EGF

A novel hydrating cream formulation was developed and compared to BIOEFFECT’s
commercial hydrating cream (control formulation, CF). The new formulation, inspired by
the CF’s minimalist composition, was enriched with microencapsulated EGF (MC EGF)
instead of its free form. It was designed as a fast-absorbing, oil-free emulsion free of
fragrance, alcohol, gluten, and parabens, containing only sixteen carefully selected ingre-
dients, including soft Icelandic water, hyaluronic acid, and α-tocopherol. This approach
aimed to evaluate the efficacy of delivery systems incorporating a hydrophilic bioactive
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and to facilitate a deeper analysis of its effects on human skin. BIOEFFECT adheres to
ISO 22716:2007 Cosmetics GMP guidelines [15] and EU Regulation (EC) No 1223/2009 [16]
to ensure consistently high-quality cosmetic products.

In this study, a novel formulation of the hydrating cream was produced, where the free
form of EGF was replaced by microencapsulated EGF (MC EGF), which was incorporated
in the final blending step, as illustrated in Figure 1.

Figure 1. Schematic setup for the development of the cosmetic formulations. Notation in order of
appearance: RT, room temperature; P80, polysorbate 80; α-toc, α-tocopherol; PEG 8, polyoxyethylene
glycol; CAP, caprylic triglyceride; KOH, potassium hydroxide; MC EGF, microcapsules containing
epidermal growth factor.

First, the water phase is prepared by adding water (65% of the total volume) with
humectant (sodium hyaluronate), thickener (Carbopol), preservatives (2-phenoxyethanol,
potassium sorbate, ethylhexylglycerin), emulsifier (P80), and texture enhancer (butylene
glycol), with its pH adjusted to a range of 3.3 to 3.7 using a chelating agent (citric acid), while
maintaining a temperature of 20 ◦C under constant stirring (Hei-torque Core, Heidolph,
Schwabach, Germany). The solution is then heated to 60 ◦C and combined with the oil
phase, also at 60 ◦C, which contains emollients (Cetanol, PEG 8 and CAP) and α-tocopherol.
The mixture is blended for approximately 60 min at 2500 rpm using a laboratory shear mixer
(AE500S-H 70 G, Huanyu, Wenzhou, China), which gradually reduces the temperature to
35 ◦C, at which point the pH is adjusted to 6.0 using a second chelating agent (KOH).

In the final step, 70% of the water content is achieved by incorporating the MC EGF
dispersion. This mixture is stirred for 30 min at 100 rpm using a Hei-torque Core stirrer
(Heidolph, Schwabach, Germany) fitted with a PR 30 pitched-blade impeller, ensuring thor-
ough homogenisation of the bioactive component. The concentration of the growth factor
in the formulation is adjusted to match the amount of EGF present in its free form in the
control formulation (CF). This corresponds to the incorporation of 0.3% of the microcapsule
dispersion, ensuring comparable active ingredient levels between the encapsulated and
non-encapsulated formulations. The exact EGF loading in the commercial formulation is
proprietary to the industrial partner and is therefore not disclosed.
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2.2.4. Skin Compatibility Test

A skin compatibility assessment of the hydrating cream containing 0.3% MC EGF was
carried out by SGS Idea (https://www.ideatestsgroup.com, Marillac, France), a certified
testing company. The procedure involves a simple application under occlusive conditions
using a Finn Chamber® (Epitest Ltd Oy, Tuusula, Finland) or equivalent device. To evaluate
skin compatibility, a 20 µL (0.02 g) sample is applied to a patch placed on the outer arm at
20 ◦C for 48 h under dermatological supervision.

Twelve healthy individuals between the ages of 18 and 65, without dry or sensitive
skin at the test site, were enrolled in the study. All underwent clinical screening to rule
out dermatological lesions, active atopy, or a history of severe allergies or reactions to
household products. Pregnant or breastfeeding individuals, or those on anti-inflammatory,
corticosteroid, or antihistamine medication, were excluded. After agreeing to the study
conditions, participants were exposed to a 48-h patch test. Assessments were conducted
30 to 40 min after patch removal, rating skin responses—such as erythema, edema, and
signs like dryness or papules—on a 0 to 3 scale. The Mean Irritation Index (M.I.I.) was
calculated as the total score divided by the number of volunteers. M.I.I. values ≤ 0.2
indicated non-irritancy.

2.2.5. Stability Tests

Hydrating cream formulations containing MC EGF were subjected to in-house stability
tests following ISO/TR 18811:2018 guidelines for cosmetic product stability [17]. The
following tests were conducted:

• Spin Test

A 40 g sample is placed into a 50 mL Falcon tube and incubated in a mini oven (MK
II, MWG-Biotech, Bavaria, Germany) at 37 ◦C for 1 h. After incubation, the sample is
centrifuged at 300 rpm for 15 min using a benchtop centrifuge (Avanti J-15R, Beckman
Coulter, Indianapolis, IN, USA). This process is repeated for six rounds, with visual inspec-
tions conducted after each cycle. The sample is considered stable if no phase separation is
observed after all rounds.

• Temperature Cycle

A 25 g sample is placed into the final container and subjected to a four-day temperature
cycle test. Each 24-h cycle involves incubating the sample at −18 ◦C in a refrigerator (ERB
3030, Electrolux, Stockholm, Sweden), followed by a transfer to room temperature (20 ◦C),
heating to 37 ◦C in a mini oven (MK II, MWG-Biotech, Bavaria, Germany), and returning
to 20 ◦C for the final 24-h period before visual inspection and image documentation.
The analysis is carried out in duplicate, and the sample is considered stable if no phase
separation or changes in appearance are observed.

• Long-term and Heat Stability

Three 25 g samples are placed into different containers and incubated at 4 ◦C in a
refrigerator (ERB 3030, Electrolux, Stockholm, Sweden), 20 ◦C or room temperature, and
40 ◦C in an incubator (Hood TH 30, Edmund Buhler, Bodelshausen, Germany). Over
60 days, monthly inspections are performed, coinciding with the skin studies described in
Section 3.4. These inspections include homogeneity, visual appearance, and odour, all of
which are documented with images.

• pH Stability

A 40 g sample is placed in a 50 mL Falcon tube and incubated at 20 ◦C for 60 days.
The pH is measured and recorded biweekly using a portable pH meter (Testo 206-pH2,
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Campinas, Brazil). The test is performed in triplicate for each formulation. The products
are considered stable if the pH remains within 6.0 ± 0.3.

• Rheology Analysis

Viscosity and thixotropy effects are monitored using a coaxial rheometer (RST-CC,
Brookfield, Toronto, Canada). A 0.8 mL sample of the MC formulation and CF is subjected
to shear rates ranging from 30 to 360 s−1, and shear stresses from 240 to 720 Pa. The
equipment operates at 20 ◦C with parallel plate geometry and a gap of 0.5 mm, employing
Rheo3000 software standard edition for PC control and data acquisition. ANOVA and
Tukey tests are used to assess significant differences with α = 0.05 [12].

2.2.6. Cosmetic Cream Performance Test

• Volunteers Selection

Twenty healthy Icelandic volunteers, both female and male, aged 20 and above,
participated in a skin performance study conducted between March and May 2024. The
participants were evenly divided into two groups: one using MC EGF and the other using
CF. The study lasted 60 days and included three visits to the Skin Lab at BIOEFFECT HQ.
Volunteers were selected and screened for eligibility through a standard in-house procedure.

Participants were excluded if they had known sensitivities to any ingredients in
the formulations or if they had skin conditions affecting the facial area. To maintain
consistency, volunteers planning to travel to warmer climates during the study were
not included. Additionally, those who had undergone facial cosmetic procedures such
as surgery, laser treatments, dermal filler or toxin injections, microneedling, or similar
treatments in the 12 months before enrolment or who planned to do so during the study
were excluded. Volunteers who had used BIOEFFECT skincare products containing EGF
within the 12 months prior to the study were also excluded.

The Icelandic Ethical Committee confirmed that studies of this nature at BIOEFFECT
do not require formal approval, as no biological material is collected, the products are
non-medical, and no treatment is involved. All participants provided informed consent for
the use of their images in research.

• Analytical Skin Assessment

After selection, participants visited the Skin Lab to provide informed consent and
undergo baseline measurements. They were instructed to apply the assigned product twice
daily, morning and evening, while abstaining from other skincare products, including
hydrating creams, serums, and eye creams, to avoid any confounding effects. Sunscreen
was recommended for use during sun exposure. Participants returned for two additional
follow-up visits at 30-day intervals, during which skin parameters, participant satisfaction,
and tolerability were assessed.

Two primary instruments were employed to quantify changes in skin characteristics:

• Canfield VISIA-CR

The Canfield VISIA-CR Imaging System (Parsippany, NJ, USA) provides a quantita-
tive analysis of various skin parameters by capturing standardised digital images using
white light, cross-polarised light, and UV fluorescence. The parameters analysed in this
study include skin texture, brown spots (e.g., pigmentation), pore size, UV spots, red areas
(e.g., acne, inflammation, rosacea), and wrinkle depth. All evaluations were conducted on
the forehead and both cheek regions. Figure 2 illustrates the changes in selected parameters
over time, with baseline (yellow bars) and post-treatment (purple bars) measurements indi-
cating improvement percentages relative to average skin type and age-matched controls.
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(a) (b)  

   
(c) (d) 

   

Figure 2. Examples of skin measurements performed over the 30 and 60-day study period, evalu-
ating (a) spots and (b) texture in volunteers using MC EGF and (c) wrinkles and (d) brown spots
in volunteers using commercial formulation (CF). Baseline and post-treatment measurements are
represented in yellow and purple bars, respectively.

• Cortex DermaLab

The Cortex DermaLab Combo 4 Skin Analysis System (Aalborg, Denmark) was used
to assess skin hydration, elasticity, density (via ultrasound), and transepidermal water loss
(TEWL) using dedicated probes for each parameter. Measurements were conducted on the
cheek area.

• Self-assessment

A self-assessment questionnaire was electronically completed by the participants
after 60 days, capturing perceptions of their skin’s appearance, product effectiveness, and
overall satisfaction, through 16 structured questions. A 5-point scale was used (1 = disagree,
5 = completely agree). Any adverse events were also reported throughout the study.

3. Results and Discussion
3.1. The Resulting Microcapsules

The AG/GE microcapsules containing EGF were produced with an initial EGF con-
centration of 116 µg·mL−1. The resulting microcapsules exhibited a mean particle size of
approximately 62.6 µm and a SC of 8.4 ± 0.2%. The EE reached 78.8 + 1.0%, indicating ef-
fective incorporation of EGF within the polymeric matrix through electrostatic interactions
and hydrogen bonding [9]. This value is comparable to encapsulation efficiencies reported
for gelatin-alginate coacervate systems, which achieved EE values of 81.3% [9].

The coacervation process was originally developed to encapsulate hydrophobic com-
pounds [10]. An earlier work reported EE exceeding 98% for α-tocopherol [12]. In the
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present study, the same formulation was applied to a hydrophilic bioactive, EGF. At pH
values below its isoelectric point (IpEGF = 4.6), the protein carries a net positive charge [18],
which interacts with the anionic carboxyl groups of the AG matrix, facilitating coacerva-
tion [10]. These electrostatic interactions contribute to enhancing EE and may protect the
EGF from proteolytic degradation, improving its stability [9].

A previously patented study on the coacervation of SA/GE explored the encapsulation
of EGF to ensure stabilisation of the protein while applied to a wound surface [11]. The
invention referred to a higher EE at a lower pH after interpretation of Western blotting assays.

Figure 3 shows the optical images of the MC EGF produced in this study. The micro-
capsules exhibit a spherical, multinucleated honeycomb-like structure, reflecting similar
morphological characteristics to those previously reported in an optimisation study using
confocal and cryoSEM analyses [10].

 
Figure 3. Optical microscope images of microcapsules containing EGF in magnifications of 10× and
40×, respectively.

3.2. Formulation Skin Compatibility

The hydrating cream formulation containing 0.3% MC EGF demonstrated excellent
skin tolerance in all tested volunteers. No erythema, edema, or other visible reactions were
observed in any of the subjects. The calculated Mean Irritation Index (M.I.I.) remained ≤0.2,
confirming the absence of irritant potential. Accordingly, the formulation was classified as
non-irritant under dermatological evaluation.

3.3. The Performance of the Formulation

The performance of the formulation is summarised in Table 1. Skin compatibility
testing confirmed that the enriched MC EGF hydrating cream is non-irritant. Stability
was validated through spin and temperature cycle tests, with only slight textural changes
observed after exposure to 40 ◦C. High temperatures destabilise the oil–water interface in
emulsions, causing colour variations and phase separation [19]. Although the observed
changes were minor, the stability test results suggest that prolonged storage at high temper-
atures could lead to instability. According to ISO/TR 18811:2018 guidelines [17], tempera-
tures around 40 ◦C are used as accelerated stress conditions rather than realistic storage
conditions, and stability under typical storage temperatures (e.g., 4–25 ◦C) is considered
more representative of product performance.
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Table 1. Stability of the hydrating cream formulation containing MC EGF, and comparison of viscosity
and pH to CF.

Test Compatibility Spin Temperature Cycle Long-Term and Heat Stability Viscosity (Pa·s) pH (20 ◦C)

EGF Non-irritant Stable Stable with slightly
different texture

Stable at 4 ◦C and 20 ◦C;
unstable at 40 ◦C 1.3 a 5.9–6.0 a

CF - - - - 1.2 a 5.9–6.1 a

Criteria: Stable if no phase separation is observed after the stability test; unstable if phase separation is observed
after the stability test. Different letters in the same column represent significant differences (α = 0.05).

The formulation developed in this study showed no significant differences in viscosity
or pH compared to the CF. Viscosity remained at 1.2 to 1.3 Pa·s, while the pH stayed within
the safe range of 5.9 to 6.1. These parameters confirm the formulation’s safety, non-irritancy,
and biocompatibility, making it suitable for use as a leave-on cosmetic. Furthermore,
sensory perceptions described through the self-assessment questionnaire revealed no
noticeable difference in odour, further supporting its acceptability for skin application.

3.4. The Effects on the Skin

The hydrating creams containing MC EGF and CF were tested under controlled
conditions, with data normalised by CF to minimise interference from variations in skin
type and initial skin conditions.

Figure 4 presents the results from Canfield VISIA-CR and Cortex DermaLab assess-
ments, based on data collected over 30-day and 60-day intervals with 20 volunteers, using
CF as the control. After the whole testing period, the cream with MC EGF showed supe-
rior performance, reducing spots by 31%, pores by 10%, brown spots by 21%, improving
texture by 22%, and retraction time by 33%. These results indicate that volunteers using
the microencapsulated formula achieved significantly enhanced skin quality compared
to CF. Specifically, reducing surface spots and brown spots is associated with improving
skin lesions such as freckles, acne scars, hyperpigmentation, and vascular lesions. Fewer
visible pores suggest reduced visibility of sweat gland ducts, while improvements in tex-
ture enhance skin smoothness and colour consistency [20]. The decrease in retraction time
indicates improved skin elasticity and a better ability to regain shape after stretching or
deformation. These are key indicators of youthful and resilient skin, largely dependent on
collagen level [21].

Figure 4. Performance of the hydrating creams containing MC EGF, normalized by the commercial
formulation (CF). Skin measurements performed at 30 and 60-day product use with 20 volunteers.
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This study challenges established notions linking skin elasticity, wrinkle reduction,
and hydration. Previous research often suggests that improvements in skin elasticity are
associated with fewer wrinkles and enhanced hydration levels [22,23]. However, these skin
properties are influenced by different biological mechanisms and may evolve at different
time scales. In the present study, the application of MC EGF resulted in a noticeable
improvement in skin elasticity, while the wrinkle parameter was 14% higher than in CF.
One possible explanation is that elasticity changes may occur relatively quickly due to
alterations in skin mechanical properties and barrier function, whereas visible wrinkle
reduction is more closely associated with longer-term collagen remodeling processes. In
addition, wrinkle detection using imaging systems such as VISIA may be influenced by
factors including skin hydration, lighting conditions, facial micro-expressions, and natural
variability among participants. Considering the limited number of volunteers included
in this exploratory study, these results should be interpreted cautiously and may reflect
short-term physiological responses rather than long-term structural skin changes.

Additionally, the MC EGF group gave rise to a 25% reduction in TEWL, a 7% decrease
in hydration, and a 4% decrease in skin thickness relative to CF. The lower TEWL values
suggest that MC EGF strengthened the skin’s barrier function, effectively reducing moisture
loss. However, the barrier function and elasticity improvement did not correspond to
increased hydration levels or reduced deep wrinkles. This suggests that multiple interacting
factors play a role in skin health. The data underscores the need for comprehensive
approaches in skincare formulations that consider the independent influences of elasticity,
wrinkle reduction, and hydration to achieve more predictable outcomes in skin appearance.
Minor differences were also observed in UV spots (7%), red areas (8%), and porphyrins
(3%), parameters that indicate potential melanin accumulation beneath the skin surface,
inflammation, and bacterial excretions, respectively [20].

The volunteer study included a relatively small number of participants (n = 20, divided
into two groups), which limits the statistical strength of the observations. While the results
show consistent trends across several skin parameters, the sample size and the natural
variability among participants, including differences in age and gender, may influence
the measured outcomes. For this reason, the findings should be interpreted as an initial
assessment of formulation performance under real-use conditions. Additional studies
involving larger groups of volunteers would be required to confirm these effects with
greater statistical robustness.

The global acceptance of the novel-designed hydration cream and the CF was eval-
uated after 60 days of use through a 16-question survey, with responses scored from 1
(disagree) to 5 (completely agree), as shown in Figure 5. Both products received consistently
positive scores for non-irritancy, texture, odour, smoothness, and spreadability. These re-
sults should be interpreted as indicative user perceptions rather than statistically conclusive
outcomes due to the limited number of participants included in the study. Participant feed-
back was also collected during supervised evaluation visits, where qualitative observations
and comments were recorded alongside the questionnaire responses. Participants reported
perceived improvements in skin appearance after a brief adaptation period, potentially
influenced by the harsh weather conditions experienced over the evaluation period. Ice-
land local forecast records indicate temperature variations from −1.6 ◦C to 6.9 ◦C and air
humidity ranging from 59% to 78% between March and May 2024 [24]. Overall satisfaction
and purchase intent were high for both formulations, and the presence of microcapsules in
the MC EGF formulation did not negatively influence user perceptions.
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Figure 5. Cosmetic acceptance obtained by the self-assessment study of the hydrating cream con-
taining MC EGF and commercial formulation (CF) after 60-day product use. Scores: 1 = disagree;
5 = completely agree.

4. Conclusions
This study demonstrated the effective encapsulation of EGF within AG/GE coacer-

vates, achieving an encapsulation efficiency of 78.8 + 1.0%. The encapsulation system is
expected to stabilise EGF through electrostatic and hydrogen-bond interactions commonly
reported for gelatin-polysaccharide coacervate systems, which may contribute to protecting
the protein and enabling controlled release into the skin.

The incorporation of MC EGF into a hydrating cream formulation revealed benefits
in key skin parameters, such as reductions in surface spots, brown spots, pore visibility,
as well as improvements in skin texture and elasticity. The observed 25% reduction in
TEWL and 33% increase in retraction time indicate that MC EGF enhanced the skin’s barrier
function and resilience, promoting moisture retention, reducing transepidermal water
loss, and improving the skin’s capacity to regain its shape after stretching or deformation.
However, the 14% increase in wrinkle presence and 7% decrease in hydration compared
to CF suggest that these properties may not be directly correlated. This highlights a
complex relationship between TEWL, elasticity, hydration, and wrinkle formation that
requires further investigation. Although the results demonstrate promising effects on
several skin parameters, the limited number of volunteers included in the study means
that these findings should be considered preliminary and would benefit from validation in
larger-scale studies.

User feedback indicated high acceptance for MC EGF and CF products, with positive
ratings for non-irritancy, texture, and overall sensory experience. Participants reported visi-
ble improvements in skin appearance, even under challenging environmental conditions,
supporting the formulations’ robustness and efficacy.

In conclusion, the AG/GE coacervate encapsulation system provides an effective and
stable delivery method for EGF in skincare formulations. These findings highlight the
potential of this approach to enhance specific skin quality parameters and emphasise the
importance of developing skincare products that address unique parameters. This study
underscores the value of advanced encapsulation techniques in achieving targeted and
sustained improvements in skin health and appearance.
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AG Arabic gum
α-toc α-tocopherol
ANOVA Analysis of Variance
CAP Caprylic triglyceride
CF Control formulation
DTT Dithiothreitol
EC European Commission
EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
EE (%) Encapsulation Efficiency
EGF Epidermal Growth Factor
GE Gelatine A
GMP Good Manufacturing Practice
HCl Hydrogen chloride
HLB Hydrophilic-Lipophilic Balance
IpEGF Isoelectric point of Epidermal Growth Factor
ISO International Organization for Standardization
JESS Capillary-based immunoassay platform (ProteinSimple, Bio-Techne)
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KOH Potassium hydroxide
MC EGF Microcapsules containing Epidermal Growth Factor
MCC Microencapsulation by Complex Coacervation
M.I.I. Mean Irritation Index
Mo Moringa oleifera Lam.
NHS N-hydroxy succinimide
P80 Polysorbate 80
pH Potential of Hydrogen
PEG 8 Polyoxyethylene glycol 8 ester
SA/GE Sodium alginate and gelatine complex
SC (%) Solid Content
TEWL Transepidermal Water Loss
UV Ultraviolet
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