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1. INTRODUCTION
A wide range of dermal formulations is available during the development of preparations
(Figure 1). According to the classification of the 8" edition of the European Pharmacopoeia,
within traditional forms, solid, semisolid, and liquid preparations are distinguished. Solid
forms applied dermally include powders, while semisolid forms are represented by
ointments, creams, gels, patches, and pastes. Liquid forms encompass solutions, emulsions,
and suspensions [1]. In addition to traditional forms, the pharmaceutical industry has seen
an increasing number of new, innovative forms, such as nanoemulsions [2], niosomes [3],
film-forming systems [4], foams, etc. [5]. In the dermal field, foams have gained focus in
recent years, especially in the treatment of burns and wound healing [6,7]. They are being
applied in several new areas, and environmentally friendly designs have become
increasingly important. Consequently, propellant-containing systems are gradually being

replaced by propellant-free systems.

Conventional carrier .
Innovative systems

systems
1
| I I 1
Solid Semisolid Liquid Nanosystems E Al Dl
q Y oams systems
Ointments, Solutions,
Powders Creams, Gels, Emulsions,

Pastes, Patches Suspensions

Figure 1. Classification of preparations for dermal use.

Foam-forming systems offer significant potential, providing advantages to both the
pharmaceutical and cosmetic industries. They provide easy and convenient application with
precise dosage, allowing complete removal from the skin surface. Despite their numerous
advantages, formulating these systems poses considerable challenges. The key
consideration in composition design is ensuring the product to remain on the skin for a
sufficient duration. Meeting user needs, the product should spread quickly and provide a

pleasant skin feel.



There are limited studies on medicated foams, therefore understanding, developing, and
investigating these systems can result in a formulation with significantly improved

properties.

2. THEORETICAL BACKGROUND

2.1.  The structure of the skin
The largest organ of our body is the skin (Figure 2), comprising 10-15% of the body weight
of an average adult [8,9].
Fundamentally, the skin is a complex structure consisting of three distinct layers: the
epidermis, dermis, and hypodermis. These layers are not only clearly differentiated in terms
of their structural composition but also exhibit distinct functionalities [10].

Stratum-corneum

Layers of the epidermis: Stratum corneum e
Stratum lucideum
Stratum granulosum
Stratum spinosum
Stratum basale

Epidermis

ermis Reticular dermis

Tt

Hypodermis

Figure 2. The structure of the skin [11].

Epidermis

The epidermis, the outermost skin layer, is primarily composed of keratinocytes, making
up 95% of its cells, with the remaining 5% consisting of melanocytes, Langerhans cells,
and Merkel cells. It comprises five distinct layers: the basal cell layer (stratum basale),
spinous or prickle cell layer (stratum spinosum), granular cell layer (stratum granulosum),

clear cell layer (stratum lucidum), and the outermost horny layer (stratum corneum) [9].



In the basal cell layer, cells divide continuously on the basal membrane, ensuring ongoing
layer renewal. Desmosomes in the spinous cell layer create prickles, enhancing the
mechanical resistance of the epidermis. Keratinization commences in the granular layer,
producing keratohyalin protein granules. Finally, in the clear layer, cells lose their nuclei
as they press tightly together [12].

The tight-sealing cells of the clear layer, the horny layer, and the lipid mantle (produced by
the granular cell layer) play a crucial role in the skin's barrier function. In pharmaceutical
technology, the primary challenge during dermal drug delivery is overcoming the skin
barrier [13]. The skin barrier function is maintained by corneocytes and epidermal lipids,
forming a "bricks and mortar" structure. Corneocytes lack nuclei and are filled with keratin
filaments [14]. Surrounding them are extracellular lipids, primarily ceramides, cholesterol,
and fatty acids [15,16]. The hydro-lipid film layer on the epidermis serves as the primary
defense against microbes, while the acid mantle, sustained by substances from sweat glands
(e.g., lactic acid, amino acids) and sebaceous gland (e.g., free fatty acids) and cornification
process (e.g., amino acids, pyrrolidone carboxylic acid), creates an acidic environment that
protects against infections [17].

Besides, the Natural Moisturizing Factor, containing polar molecules such as salts, amino
acids, and urea, is present in corneocytes, aiding in the mobility of compounds of the
stratum corneum [18,19]. The multilamellar lipid structure of the stratum corneum protects
the body from excessive transepidermal water loss and prevents the penetration of

compounds into the body via the epidermis [20].

Dermis

The dermis, situated beneath the epidermis, is the thick and elastic layer of the skin,
comprised of two sublayers. The deeper stratum reticulare, a loose fibrous connective
tissue, separates the dermis from the subcutaneous tissue, while the closer-to-surface
stratum papillare, consisting of dense fibrous connective tissue, forms a wavy boundary
with the epidermis. Differentiating between these sublayers is difficult due to the lack of a
distinct boundary. Collagen fibers provide tensile strength, while elastic fibers contribute
to elasticity. The dermis contains a dense vascular network that nourishes the epidermis
and regulates heat. In addition, as blood vessels are located in the dermis, it is paramount

to deliver the active ingredient there to achieve systemic effects [21,22].



Hypodermis

The hypodermis consists of a dense network of blood vessels and nerves, along with fat
cells, located below the dermis. It plays a role in nourishing the skin, providing mechanical
protection to organs, serving as an insulator for heat regulation, and acting as an energy

reservoir [23].

2.2.  Drug delivery through the skin

In the case of liquid and semisolid dermal preparations, the release of the active ingredient
is essential. The diffusion of the active ingredient is influenced by several factors including
the composition of the formula, interactions among the components, the viscosity or
rheological properties of the formulation, and whether the active ingredient is in a dissolved
or dispersed form within the dosage form [24]. The therapy must ensure that the released
active ingredient can penetrate and permeate the deeper layers of the skin. Pathways for
drug absorption through the skin involve different routes. Drugs pass through the stratum
corneum, in a process known as transepidermal transport, which can be divided into
intracellular and intercellular pathways. In the intracellular route, compounds are
transported through the cells of the stratum corneum, while in the intercellular route,
molecules traverse the lipid matrix between corneocytes [25]. Additionally, drugs can be
transported via the transappendageal route, which involves passage through sweat ducts
and hair follicles. The route of drug permeation is influenced by their physicochemical
properties, although it should be noted that most drugs go through the combination of these
routes. This understanding of drug transport mechanisms is crucial for delivering drugs
topically or transdermally, as they need to overcome the stratum corneum, the primary skin
barrier, reaching the viable epidermis or entering the systemic circulation in the dermis.
The distribution between the stratum corneum and the formulation is crucial and depends
on the properties of the active ingredient [26].

The cells of the stratum corneum mainly contain keratin, which is a nonpolar substance.
Therefore, the distribution becomes favorable for the active ingredient only if it dissolves
well in an apolar environment. When delivering active ingredients, it is essential to consider
that only those with both lipid solubility and a certain water solubility can reach the highly

water-containing cells of the epidermis and the deeper layers of the skin [27].



Substances exhibiting a well-balanced partition coefficient, specifically those having a
logarithmic octanol-water partition coefficient (logP) ranging from 1 to 3, are linked with
optimal skin permeability [28].

Furthermore, achieving the right therapeutic concentration poses a challenge, especially for
high molecular weight molecules, which struggle to penetrate or traverse the skin [29]. The
"500 Dalton Rule" [30] suggests that drugs with a molecular weight below 500 Daltons can
passively penetrate the stratum corneum and be delivered through the skin.

Only a small number of active ingredients can effectively penetrate the skin on their own
due to requirements of appropriate solubility and permeability. To attain a systemic impact,
it is essential to develop a formulation that can penetrate this protective barrier by

temporarily disrupting it and then rapidly restoring its original structure [31].

2.3.  Characterization of dermal foams
Difficulties in the application of traditional dosage forms (e.g., greasy skin sensation,
rubbing) can adversely impact patients' quality of life, leading to dissatisfaction with the

treatment, especially in patients diagnosed with chronic skin diseases [32,33].

Foams are created by dispersing a gaseous substance in a solid or liquid dispersion medium.
Dermal foams present a promising pharmaceutical dosage form for dermal drug delivery
and the cosmetic industry. Foams may contain one or more active ingredients that exert
their effects on or through the skin. Foam formulations can be applied more easily and
uniformly on the treated skin surface, providing better coverage for affected areas [34].
Moreover, foams can reach hard-to-reach areas, including skin folds, and hirsute regions,
making them particularly advantageous for treating inflamed, swollen, abraded, infected,
and sensitive skin. They minimize the need for skin contact and rubbing due to their
excellent spreading capability [35]. They are easy and convenient to apply, allow precise
dosage, are non-dripping, and do not leave traces on clothes. In terms of shelf life, they are
stored in sealed containers, minimizing the risk of contamination. Dermal foams are utilized
to target the skin or particular mucosal surfaces, either exerting localized effects or
facilitating absorption through the skin. The transdermal delivery route enables achieving
a local effect with a smaller drug quantity, circumventing gastrointestinal tract issues and
enterohepatic circulation, thereby reducing the likelihood of systemic side effects. Despite
these advantages (Figure 3), the number of available foam preparations in the market is

relatively low compared to traditional formulations like creams and gels.
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Figure 3. Advantages of dermal foams.

The thermodynamic instability of foams presents a significant limitation, making them
prone to decay. The kinetic stability and quality of foams can be influenced by the
composition, encompassing both excipients and active ingredients [36].

The choice of appropriate excipients, crucial for foam stability, needs consideration before
formulation. Typically, they consist of surface-active agents, solvents, foam stabilizers,
preservatives, and may incorporate penetration enhancers. Incorporating surfactants and
foam-stabilizing excipients, as indicated by studies [37,38], can enhance the lifetime and
stability of the foam. When selecting a surfactant, several factors must be considered. While
ionic surfactants are effective, their known skin-irritating effects suggest the use of non-
ionic surfactants, especially when treating inflamed areas [39,40].

In addition to surfactants, foam stabilizers such as polymers are also used in foam
formation, which stabilize the foam after its generation, by increasing the viscosity of the
liquid phase [41]. Examples of polymers used in foams include naturally occurring ones
like agar-agar, xanthan gum, hyaluronic acid, and tragacanth gum; acidic polymers like
palmitic acid, stearic acid; and semi-synthetic polymers such as cellulose ethers [42].
During the formulation process, it is important to ensure the complete dissolution of the
active ingredient in the system. Once applied, the volatile components of the foam quickly
evaporate from the foam on the skin. Consequently, a supersaturated liquid layer [43,44]
of the active ingredient forms on the epidermis, from which rapid permeation begins due
to the significant driving force within the system (Figure 4). If this process occurs rapidly,
there is no chance for the active ingredient to crystallize, as swift permeation causes a

reduction in its concentration in the foam layer.



Additionally, the interconnected network of foam facilitates effective medication transport

across the layers of the epidermis, enhancing absorption and bioavailability [45].

/ Foam

Supersaturated
layer

v

l l Active ingredient

Figure 4. The phenomenon of supersaturation in the case of foams.

Foams have unique physical properties and structure, distinguishing them from traditional
drug delivery systems. Investigating their physical properties and structure is vital to
understanding why they are advantageous for transdermal drug delivery. Foams are
characterized by a porous structure formed during foam formation [46]. These pores are
voids within the foam structure contributing to its dense, sponge-like appearance. These
pores are essential for drug delivery as they allow the incorporation of drug active
ingredients into the foam structure, enabling sustained release following application to the
skin [47—49]. Additionally, this porous nature increases the surface area available for drug
absorption, allowing for faster (immediate) drug diffusion [47].

Depending on the physiological condition of the skin, a wide range of active ingredients
can be used in formulating dermal foams, such as antibacterial, antifungal, and wound-
healing agents. Foams containing corticosteroids or anti-inflammatory agents can reduce
inflammation, itching, and irritation associated with these conditions. Additionally, foams
may promote wound healing by creating a moist environment and delivering therapeutic
agents. The specific indication for dermal foams depends on the underlying condition being

treated and the formulation of the foam.

2.4.  QbD concept as a quality improvement tool
Achieving stability and ensuring the correct quality stand out as the primary and foremost
requirements during the development of pharmaceuticals [50,51]. In contemporary
pharmaceutical industry practices, the Quality by Design (QbD) approach during the design

stage has proven to be beneficial [52].



Initially, it documents critical quality attributes and critical process parameters influencing
the quality of the product. In essence, QbD represents a science-based, risk-based approach
to drug development, commencing with predetermined goals. Integrating the QbD
approach into the research phase, particularly in designing the active substance and
pharmaceutical form, allows for more effective assimilation of research findings into the
development process. The initial step of the QbD approach involves defining the Quality
Target Product Profile (QTTP) as the development goal. Subsequently, critical quality
attributes (CQA), critical material attributes (CMAS), and critical process parameters
(CPPs) are identified, and potential factors affecting product quality are selected through
risk assessment. The QbD concept relies on risk assessment, which helps identify critical

parameters influencing critical quality attributes [53-55].

3. EXPERIMENTAL AIMS
This Ph.D. work aimed to design stable foam formulations and to determine the proper
methods to investigate their physicochemical, biopharmaceutical and biocompatibility
properties. Another goal was to examine the permeation of foams through the skin and gain

a deeper understanding of the mechanism of their action.
The research was carried out in accordance with the following steps:

I. In the initial part of my Ph.D. work, stable foam compositions were formulated
based on the QbD approach, and appropriate methods were developed to analyze
their physicochemical, structural characteristics, and stability. In addition, the effect
of different polymers on foam stability as well as on foam structure were
investigated.

Il.  During the second part of my work, emphasis was placed on the formulation of a
foam drug delivery system with diclofenac sodium and investigation of its
biopharmaceutical properties. Furthermore, a comparative assessment of the
research results was carried out with the foam bulk liquid and a conventional

hydrogel, which falls within the category of traditional carrier systems.



1. In the subsequent part of my research, the biocompatibility of foam formulations
was examined with in vitro cytotoxicity tests and an in ovo model.
The cytotoxicity of the components was assessed using human adipose-derived
mesenchymal stem cells (AD-MSCs) and Kkeratinocytes. Additionally, the
formulations were evaluated for their effects on wound healing using two types of
wound healing models involving AD-MSCs.

The in ovo model was employed to assess the irritation potential of the formulations.

4. MATERIALS AND METHODS
4.1. Materials
Polyoxyl castor oil was purchased from BASF SE Chemtrade GmbH (Ludwigshafen,
Germany). Caprylocaproyl Polyoxyl-8 glycerides, obtained from Gattefossé (Saint-Priest
Cedex, France), were provided by Azelis Hungary Ltd. (Budapest, Hungary). Xanthan gum
(XANT) from CP Kelco A Huber Company (Atlanta, GA, USA) and the blend of
Phenoxyethanol and Caprylyl Glycol were both provided as gifts by Biesterfeld Specialis
Kemikalidk Magyarorszag Ltd. (Budapest, Hungary). Hydroxyethylcellulose (HEC) was
acquired from Molar Chemicals Ltd. (Budapest, Hungary), and purified, deionized water
from the Milli-Q system by Millipore (Milford, MA, USA). Additionally, HyaCare50
(HALmw), HyaCare Filler CL (HAcL), and HyaCare Tremella (HAxmw) were product
samples from Finecon s.r.o. (Bratislava, Slovakia). Diclofenac sodium (DS) and fluorescein
sodium were obtained from Sigma-Aldrich (Budapest, Hungary), Isopropanol (IPA) from
Avantor (Radnor, PA, USA), Hydroxypropyl methylcellulose (HPMC) from Colorcon
(Budapest, Hungary), Polyethylene glycol 200 (PEG 200) from Merck KGaA (Darmstadt,
Germany), and the cellulose acetate filter from Macherey-Nagel GmbH & Co. KG (Diiren,
Germany). Additionally, 70% Sodium laureth sulfate (SLES) and Niacinamide (NIAC) was
provided by Biesterfeld Specialis Kemikaliak Magyarorszag Ltd. (Budapest, Hungary), and
Dexpanthenol (DEXP) by DSM Nutritional Products Ltd. (Basel, Switzerland). For the
chorioallantoic membrane assay, Sodium dodecyl sulfate (SDS) was purchased from

Sigma-Aldrich (Steinheim, Germany).



4.2. Methods of experiment part 1 — Formulation and characterization of the
physicochemical properties of foams

4.2.1. The Quality by Design approach
The initial stage in QbD-based development (Figure 5) involves outlining the Target
Product Profile (TPP), and then QTPP summarizes its quality characteristics, encompassing
factors such as efficiency, delivery route, dosage form, packaging, appearance, and
therapeutic indication. Throughout the development process, the QTPP parameters forms
the basis [56-58].
To ensure the desired quality of the pharmaceutical product during both development and
production, the second stage is to define the CQAs. The third crucial step involves
identifying material (CMA) and process parameters (CPP) that could impact the CQAs of
the foams. The determination of these parameters helps to find the relationship between
material properties and process parameters that are related to critical product quality
parameters [53,59].
Assessment identifies critical parameters affecting quality attributes, using various quality
tools [60]. The Ishikawa diagram helps identify potential root causes affecting product
quality, while Pareto analysis categorizes risks based on impact: Category A for high-risk,
Category B for medium-risk, and Category C for low-risk parameters. Risk estimation
matrix (REM) establishes the level of risk parameters and the relationship between quality
attributes, CPPs, and CMAs.

10
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Figure 5. Process of the QbD approach in the development of pharmaceutical

formulations.

4.2.2. Preparation of foams
Firstly, different foam compositions were prepared, as outlined in Table 1. The lifetime of
the foam can be extended by increasing the viscosity of the liquid phase among the air
bubbles. One possible solution is the use of polymers in the composition. Therefore, the
formulated foams contained different types of polymers in different concentrations (Phase
B) [61]. The foaming agents were mainly surfactants (Phase A). All formulations contained

the same amount of surfactants. Phase C contains the microbiological preservative.

The initial step in foam preparation involved preparing Phase B, where polymer swelling
lasted for 2 hours in purified water. Subsequently, Phase C was added to Phase A. The final
step was the addition of Phase B to the mixture of Phases A and C. Following sample
preparation, the liquids were stored in well-sealed jars until the start of the examination.
Before each analysis, 30 grams of bulk liquid underwent stirring with an IKA stirrer for 5

minutes at 2000 rpm, as determined by preformulation studies.
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Table 1. Composition of different formulations (‘+’ indicates that the formulation contains the excipient, ‘=’ indicates that the formulation

does not contain the excipient).

F-
Opolymer

F_
XANT 0.1

F_
XANT 0.2

F_
HEC_0.2

F_
HEC 0.4

F-

LMW—

HA

0.1

F-

HA w02 HA, ., 01 HA,, 02

F-

F-

F-
HA,, 0.1

F-
HA._0.2

Phase A

Caprylocaproyl Polyoxyl-8
glycerides /surfactant/

Polyoxyl castor oil
[surfactant/

Phase B

Xanthan gum
/polymer/

0.1%

0.2%

HEC
/polymer/

0.2%

HALmw
/polymer/

HAHMwW
/polymer/

HAcL
/polymer/

0.1%

0.2%

Purified water
/solvent/

+

+

Phase C

Blend of Phenoxyethanol
and Caprylyl Glycol
Ipreservative/
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4.2.3. Characterization of the critical parameters of the foams

4.2.3.1. Macroscopic characterization of foams
The macroscopic properties of the foams were determined by using the cylinder method
[42]. After stirring the bulk liquid for 5 minutes, the foam was filled into a glass measuring
cylinder and the initial and the aged volumes of the foam after 30 minutes were recorded.
The following parameters can be determined by macroscopic tests:

e relative foam density (RFD);
o foam expansion (FE, %);
e foam volume stability (FVS, %).

These parameters were calculated using the formula below [62,63].

m(foam)
m(water)

RFD = ()

The European Pharmacopoeia describes RFD in the Monograph “Medicated foams”. It
equals the weight of the test sample of foam compared to the weight of the same volume of

water.

V(foam)-V(formulation)
V(formulation)

FE(%) =

-100% )

where V(formulation) is the volume of the formulation [mL] required to produce V(foam)
[mL] [42].

V(foam,30 min)

FVS(%) =W'100% (3)

where V(foam,30min) is the foam volume after 30 min [mL] [64,65].

4.2.3.2. Microscopic characterization of foam kinetics and bubble morphology

The microscopic measurements were performed with Leica DM6 B Fully Automated
Upright Microscope System (Leica Biosystems GmbH, Wetzlar, Germany) Through
microscopic examination, the structure and bubble size of the foams can be determined,
providing information about the foam kinetics.

The structure of the foam from the microscopic images was analyzed after a predetermined
time (0, 10, 20, 30 minutes). The results of the bubble size analysis can be found in Annex 1.
Foam uniformity can also be determined with this method as the homogeneity of air
bubbles.
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The size, roundness, and the aspect ratio of incorporated air bubbles as well as bubble

amount in a predetermined area are the parameters of interest in foam characterization [66].

4.2.3.3. Rheological investigations
The rheological properties of the foams were investigated using an Anton Paar Physica
MCR302 Rheometer (Anton Paar, Graz, Austria) employing a parallel plate type measuring
device (diameter: 50 mm, gap height: 2 mm). Flow curves of the bulk liquids were recorded
with a cone-plate type measuring device (diameter: 25 mm, gap height: 0.1 mm), over the
shear rate range from 0.1 to 100 1/s and from 100 to 0.1 1/s at 25°C. The analysis of the
foams involved amplitude sweeps, wherein the strain value increased from 0.1% to 100%,

with an angular frequency of 10 rad/s [67].

4.2.3.4. Assessment of spreadability

The spreadability of foams was assessed using a TA.XT plus Texture Analyzer (Stable
Micro Systems Ltd., UK) equipped with a TTC Spreadability Rig, involving a male 90°
cone probe and a precisely matched female perspex cone-shaped product holder [68]. The
male cone immersed into the sample in the female cone until a 1 mm gap was reached.

The force required for the product to flow outward at 45° between the male and female
cone surfaces determined the spreadability, with the maximum force (firmness) recorded
in the force-distance curve. This method models the application of semisolid dermal dosage

forms.

4.3.  Methods of experiment part 2 - Biopharmaceutical analysis of a diclofenac
sodium-containing foam drug delivery system compared to foam bulk
liquid and hydrogel

4.3.1. Preparation of the formulations

In this part, properties of the foam formula were compared to the foam bulk liquid (which
is a polymer solution) and to a conventional hydrogel. Regarding the formulations, both the
foam and hydrogel shared identical concentrations of non-ionic emulsifiers and
preservatives. The variations were observed in solvent types, polymer types, and
concentrations. In our preliminary research, xanthan gum-based foam (F-XANT_0.2)
demonstrated superior stability and physicochemical properties [69], while HPMC-
containing hydrogels exhibited optimal results [70].
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In the hydrogel preparation, HPMC underwent a 2-hour hydration in purified water, and a
mixture of polyethylene glycol 200 and isopropanol was simultaneously prepared.

After polymer swelling, a predetermined amount of diclofenac sodium was dissolved in the
solvent mixture and gradually added to the hydrated polymer. Mechanical stirring
homogenized the formulation, which was then stored in a sealed container.

For foam preparation, a polymer solution was prepared with a 2-hour swelling process in
purified water. The preservative solution was mixed with emulsifiers, and the swelled
polymer was incorporated into this mixture. After homogenization with a mechanical
stirrer, the liquid was stored until examination, mirroring the bulk liquid preparation
process. The foams used in the experiments were generated using a propellant-free foam
pump.

Detailed compositions are provided in Table 2.

Table 2. The composition of foam, hydrogel, and bulk liquid (‘= indicates that the

formulation does not contain the excipient).

Hydrogel Foam/Foam bulk liquid

DS (%)
/active ingredient/ 1 1
PEG 200 (%)
/solvent/ 3.5 -
IPA (%)
/solvent/ 15 B
HPMC (%)
/polymer/ 3
Xanthan gum (%)
/polymer/ B 0.2
Caprylocaproyl Polyoxyl-
8 glycerides (%) 2 2
/surfactant/
Polyoxyl castor oil (%)
/surfactant/ 2 2
Blend of Phenoxyethanol
and Caprylyl Glycol (%) 05 05
/preservative/

Purified water (%)
/solvent/ up to 100 up to 100
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4.3.2. Preformulation test of foam formula: Investigation of ex vivo permeation
through the skin using fluorescent microscope

To model whether the formulation can permeate the stratum corneum, fluorescent
microscopy was employed. The investigation included assessing the permeation capacity
of the blank foam (without active ingredient).
Experiments on ex vivo skin permeation were conducted using excised human skin obtained
from a Caucasian female patient who had undergone routine plastic surgery at the
Department of Dermatology and Allergology, University of Szeged (Ethical Permission:
BMEU/2339-3/2022/EKU). After plastic surgery, the skin underwent a gentle cleansing
process and was stored at —20 °C for a maximum of 6 months before use.
Fluorescein sodium water-soluble dye was used to visualize the permeation of the foam
system. At room temperature, full-thickness subcutaneous fat-free human abdominal skin
was used in the experiment. The skin samples were defrosted and kept on filter papers
soaked in phosphate-buffered solution to preserve their hydration. To ensure the permeation
of formulations, 0.2 g of each formulation was applied to the skin surface, and observation
times of 10 and 30 minutes were employed. Following the treatment, any excess
preparation remaining on the skin was carefully wiped off. Subsequently, a section of the
treated skin was frozen and sliced using a Leica CM1950 Cryostat (Leica Biosystems
GmbH, Wetzlar, Germany). Cross-sections with a thickness of 10 pum were placed on slides
and examined using a light microscope (LEICA DM6 B, Leica Microsystems GmbH,
Wetzlar, Germany) at room temperature. A red fluorescence filter (580-660 nm) was
utilized to prevent interference from skin autofluorescence during analysis. The
examination was conducted at a magnification of 200x [71].
Images of the untreated skin were captured as a negative control, while skin pretreated with
a solution containing sodium laureth sulfate (SLES) was used as a positive control. Images
of the treatments were taken and visually compared to the control groups. The ImageJ
software was employed to assess the color intensity of the images, representing the
distribution of color intensity within each image. The increase in intensity is indicated as
relative intensity (R1), signifying how many times the intensity increases compared to the

negative control (untreated skin) [72].
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4.3.3. Rheological properties of the foam formula compared to bulk liquid and
hydrogel

The viscosity of the bulk liquid, foam, and hydrogel was assessed using an Anton Paar
Physica MCR302 Rheometer (Anton Paar, Graz, Austria) at 25°C. A cone-plate type
measuring device with a 50 mm diameter and a 0.045 mm gap height in the middle of the
cone was employed. Utilizing the RheoCompass software, the instrument calculated the
viscosity of the preparations at a shear rate of 50 1/s through interpolation. Three
measurements were simultaneously conducted, and flow curves for the examined

formulations were plotted over a shear rate range from 0.1 to 100 1/s.

4.3.4. Biopharmaceutical investigation of the foam formula compared to bulk
liquid and hydrogel
4.3.4.1. In vitro drug release and permeation tests (IVRT and IVPT) using Franz
Diffusion Cell System

The drug release through the synthetic membrane from the bulk liquid, foam, and hydrogel,
as well as its permeation through human heat-separated epidermis, were modeled using the
vertical Franz Diffusion Cell (Hanson Microette TM Topical & Trans-dermal Diffusion
Cell System, Hanson Research Corporation, Chatsworth, CA USA). The excised human
skin, just like in the case of the fluorescent microscope method, was obtained through
plastic surgery.
For in vitro release tests, as a donor phase, 0.3 g of the sample (in the case of the hydrogel
and bulk liquid) was applied onto a synthetic membrane filter. In the case of foam (due to
its large volume), 0.085 g was placed onto the membrane (Porafil cellulose acetate
membrane with a pore diameter of 0.45 um, Macherey-Nagel GmbH & Co. KG, Diiren,
Germany). In contrast, for the in vitro permeation test, a heat-separated human epidermis
[73,74] was employed as the membrane. Both the drug release and permeation tests lasted
6 hours and the sampling dates were 10, 20, 30 mins; 1; 2; 4; and 6 hours. The amount of
the active pharmaceutical ingredient released from the formulation and transported through
the skin was determined by using ultra-high performance liquid chromatography (UHPLC)
(Shimadzu Nexera X2 ultra high-performance liquid chromatography system).
The UHPLC was equipped with a Phenomenex Kinetex XB-C18 (50%2.1 mm, 2.6 pum)
column, which was used as a stationary phase. Separation was achieved through isocratic
elution employing a 36:64 mixture of 0.136 g/L KH2PO4 solution and methanol as the

eluent.
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The separation procedure occurred at 40°C with a flow rate of 0.5 mL/min, spanning a 3-
minute analysis time. The retention time for DS was noted at 1.5 minutes. A sample volume
of 3 uL was injected for analysis. Detection was carried out using a di-ode array UV-VIS
detector at a wavelength of 247 nm [75].

The calculation of in vitro permeation was based on the cumulative amount of diclofenac
sodium that permeated through the epidermis, considering the diffusion area. These
findings were graphed over time, and the steady-state flux (J) was calculated from the slope
of the permeation curve, quantified in terms of pg/cm?/h. For this analysis, the incubation
period ranged from 1 to 6 hours, during which the flux data for diclofenac sodium was
determined.

4.3.4.2. Investigation of ex vivo drug permeation using Raman Spectroscopy

The confocal Raman spectroscopy can be employed to investigate topical formulations, for
both determining permeation and permeation depth. In my research, Raman microscopy
was utilized to capture images depicting the spatial distribution of diclofenac sodium within
ex vivo human skin.

The skin preparation and sectioning followed the same procedure as for fluorescence
microscopy but with a 3-hour incubation time. Subsequently, approximately 15-micrometer
thick cross-sectional skin samples were placed on aluminium-coated slides. Raman
spectroscopic assessments were performed using a Thermo Fisher DXR Dispersive Raman
Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a CCD
camera and a diode laser emitting at 780 nm with a peak power of 24 mW. This wavelength
is optimal for studying biological specimens, minimizing fluorescence interference. A
microscopic lens with 50x magnification and a pinhole aperture with a 25 um diameter
were used for the measurements [76]. Mapping was conducted over a 100 x 500 um area
with vertical and horizontal step sizes of 50 um. The untreated skin map served as a control
throughout the measurement.

The spectra of diclofenac sodium in the bulk liquid and hydrogel were employed as a basis
for comparing treated and untreated skin samples. To capture the spectra of diclofenac
sodium, a 780 nm laser source was utilized. A total of 24 scans were recorded for each
spectrum with an exposure time of 6 seconds. The Raman microscope featured 50x optical

magnification with a 25 um slit aperture.
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Data collection and analysis were carried out using the Dispersive Raman software package
OMNICTM 8.2 (ThermoFisher Scientific Inc., Waltham, MA, USA) [77].
4.3.5. Statistical analysis

The results of the in vitro drug release tests underwent statistical analysis utilizing the two-
way ANOVA (analysis of variance) test with Bonferroni’s multiple comparison method,
using Prism 5.0 software for Windows 10 (GraphPad Software Inc., La Jolla, CA, USA).
The presented data comprise the mean values obtained from six experiments, accompanied
by standard deviations. Significant distinctions from the foam formulation were noted at

the significance levels of *p <0.05 and ***p <0.001.

4.4. Methods of experiment part 3 - Assessment of biocompatibility and wound

healing potential of foam components and formulations

4.4.1. Composition of the investigated formulations

For cytotoxicity tests, the components were individually dissolved in Dulbecco’s Modified
Eagle’s Medium with high D-Glucose concentration (DMEM-HG) medium in a 100-fold
dilution compared to the applied concentrations in the formulations.

The aim of the wound scratch and impedance-based assay was to investigate the effects of
the polymers and active ingredients.

On the other hand, the in ovo assay targeted the examination of irritation of the promising
materials. In these studies, formulations including F-Opolymer, F-XANT _0.2, and F-
HAnmw_0.2, among the previously blank compositions, as well as formulations containing

active ingredients, were also tested (Table 3).
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Table 3. The composition of active ingredient-containing foam formulations (‘- indicates
that the formulation does not contain the excipient).

F-XANT_0.2-
F-XANT_0.2-{ HAnmw_0.2- F- F- F-
DS 1 DEXP 1- |HAnmw_0.2- | HAumw_0.2- | HAumw_0.2-
a NIAC 1 NIAC_5 DEXP_5 DS 1
DS (%) 1 B B B 1
/active ingredient/
DEXP (%) B 1 3 5 B
/active ingredient/
NIAC (%) B 1 5 3 B
/active ingredient/
HAHmw (%) - 0.2 0.2 0.2 0.2
/polymer/
0,
Xanthan gum (%) 0.2 0.2 B B B
/polymer/
Caprylocaproyl
Polyoxyl-8 glycerides
%) 2 2 2 2 2
/surfactant/
Polyoxyl castor oil (%) 9 5 5 ’ )
/surfactant/
Blend of
Phenoxyethanol and
Caprylyl Glycol (%) 0.5 0.5 0.5 0.5 0.5
/preservative/
Purified water (%)
Isolvent/ up to 100 up to 100 up to 100 up to 100 up to 100

During the experiments, the foam bulk liquids were examined, with pure DMEM-HG
medium serving as the control.
4.4.2. Cell culturing

Abdominal human keratinocytes and AD-MSCs were extracted using enzymatic digestion
and then cultured in Dulbecco’s Modified Eagle’s Medium with 4.5 g/ D-Glucose
(DMEM-HG) (REF: LM-D1111/500, Biosera, Nuaille, France), supplemented with 10%
fetal bovine serum (REF: FB-1090/500, Biosera, Nuaille, France), 1% L-Glutamine (REF:
XC-T1715/100, Biosera, Nuaille, France), and 1% Antibiotic-antimycotic (AB/AM) (REF:
XC-A4110/100, Biosera, Nuaille, France). The cells were then incubated at 37°C with 5%
COa. At passage 5, the expression of stem cell markers and differentiation ability were
confirmed using flow cytometry and standard tri-lineage differentiation assays with
StemPro™ Differentiation Kits (Gibco) for adipogenesis, osteogenesis, and

chondrogenesis [78,79].
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4.4.3. Citotoxicity assay
The impact of the utilized components on cell toxicity was assessed through MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assays following the
manufacturer's guidelines. AD-MSCs and keratinocytes were distributed into 96-well
plates, with each well initially containing 5 x 103 cells. These cells were then exposed to a
solution containing the components, in the same concentrations as used in the foam
formulations, for 24 hours in triplicate. Absorbance was measured using the Synergy HTX
multi-plate reader (Agilent/BioTek, Santa Clara, CA, USA) at 550 nm, with a reference
wavelength set at 650 nm [80].

4.4.4. Investigation of the effect of foam preparations on an in vitro wound healing
model

4.4.4.1. Wound scratch assay with AD-MSCs
The effects of dermal agents on the wound-healing potential of AD-MSCs were examined
under in vitro conditions. For this, 5 x 10* cells/well were seeded into 24-well plates.
Uniform wounds were made on the cell layer using the AutoScratch wound-making device
(Agilent/BioTek, Santa Clara, CA, USA). After scratching, dermal agents — diluted in
media — were added to the wells. Wound healing was examined with an Olympus 1X83
microscope in the microscope's Okolab incubation system (37°C, 5% CO2), at 10x
magnification for 48 hours, with 1-hour intervals. To evaluate the wound-healing test, the
area of the wounds between first and last time points was manually measured and compared

to the untreated control, which were graphically represented and analyzed [81].

4.4.4.2. Impedance-based measurement of wound healing
The effects of dermal agents on the wound-healing potential of AD-MSCs were examined
under in vitro conditions. For this, 1.5 x 10* cells per well were seeded into E-Plate
WOUND 96 plates (REF: 300600970, Agilent/BioTek, Santa Clara, CA, USA). Uniform
wounds were prepared using the AccuWound 96 wound-making device (Agilent/BioTek,
Santa Clara, CA, USA). Wound healing was assessed using the xCELLigence Real-Time
Cell Analyzer (Agilent/BioTek, Santa Clara, CA, USA), which measured impedance via
golden electrodes. Cellular impedance was monitored for 48 hours to evaluate wound
healing, and the resulting data were visually represented and analyzed. Impedance-based
cell monitoring operates on the fundamental principle that adherent cells are cultivated on

flat gold-film electrodes positioned at the base of a cell culture dish.
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The presence of dielectric cell bodies augments electrochemical impedance, as current must
navigate around or through the cells. Impedance measurements are responsive to alterations
in cell coverage on the electrode and modifications in the morphology of the adherent cells
[82-84].

4.45. lrritation evaluation by the HET-CAM assay
To evaluate biocompatibility, an in vivo assessment was conducted using the in ovo
chorioallantoic membrane assay (CAM). In brief, fertilized chicken (Gallus gallus
domesticus) eggs were kept in a controlled, humidified atmosphere at a temperature of
37°C. Subsequently, 4-5 mL of egg white was extracted, and openings were made in the
upper shells. The embryos were then maintained until the experimental procedure, with all
tests conducted in triplicate [85-87].
The potential toxicity on mucosal or skin tissues was investigated using the in vivo Hen’s
Egg Chorioallantoic Membrane Test (HET-CAM) carried out according the Interagency
Coordinating Committee on the Validation of Alternative Methods (ICCVAM)
recommendations and adapted to the condition of the laboratory. The protocol evaluates
the potential irritant effect on the vascular plexus of the chorioallantoic membrane,
assessing the in vivo biocompatibility with multiple applications in ophthalmology,
cosmetology and dermatology [88-90].
The sample volume of 300 uL were applied on the CAM surface on the 10" day of
incubation, followed by a 5-minute continuous observation of the modifications produced
at the CAM level by means of stereomicroscopy (ZEISS SteREO Discovery. V8, Gottingen,
Germany).
Distilled water served as the negative control, whereas SDS at a concentration of 0.5%
acted as the positive control. Significant images were registered before the application (to)
and after 5 minutes (300 seconds, ts) of contact with the samples. All images were processed
using Axiocam 105 color, AxioVision SE64. Rel. 4.9.1 Software, (ZEISS Goéttingen,
Germany), ImageJ (ImageJ Version 1.50e, [91]) and GIMP software (GIMP v 2.8, [92]).
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The evaluation of potential irritative effects on vascularized CAM tissues involved noting
the occurrence time, in seconds, of parameters such as hemorrhage (H), vascular lysis (L),

and coagulation (C). An irritation score (IS) was then calculated using a specific equation:

301 — SecH 301 — SecL 301 —SecC
IS = 5x [7] 7 [_] +ox [7]

300 300 300

(4)

where: hemorrhage (Sec H) = start of observation (in seconds) of bleeding reactions on the
membrane, lysis time (Sec L) = start of observation (in seconds) of lysis of the vessel on
the membrane, coagulation time (Sec L) = start of observation (in seconds) of the formation

of coagulation on the membrane.

Means values are obtained. The IS values range on a scale between 0 and 21, according to
the irritation scale recommended by Luepke [93], the irritation scores can be classified as
following: 0-0.9 — non-irritant, 1-4.9 weak irritant, 5-8.9 moderate irritant, 9-21 strong
irritant.
4.4.6. Statistical analysis

The results of the cytotoxicity assay and impedance-based measurement of wound healing
underwent statistical evaluation using the one-way ANOVA analysis of variance test
(Dunnett's Multiple Comparison Test) with Prism 5.0 for Windows 10 software (GraphPad
Software Inc., La Jolla, CA, USA). The data represent the mean values derived from four
(in the case of cytotoxicity test) and three (in the case of impedance-based wound healing
measurement) experiments, along with the standard error of the means, and significant
differences from the control were observed at the levels of ***p < 0.001 vs. Control, **p <
0.01 vs. Control, *p < 0.05 vs. Control.

5. RESULTS AND DISCUSSION
5.1. Experiment part 1 - Formulation and characterization of the
physicochemical properties of foams

5.1.1. Definition of QTPP, CQAs, CMAs, and CPPs for foam systems
The experimental aim outlined the QTPP, which included the skin as the route of
administration, foam as the dosage form, topical application as the site of action, stability
of the formula, and a transparent or white, homogeneous appearance for the liquid systems,
and a white appearance for the foam systems.
The characteristics of excipients influence the properties of both the liquid system and the
resulting foam, with polymer content playing a role in foam stability.
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The liquid systems were assessed for physical properties like viscosity, pH, and surface
tension, while the foam systems are evaluated for attributes such as bubble size, stability,
expansion, density, rheological properties, and spreadability. The criteria for the specified
QTPPs and CQAs were determined based on existing literature. Following this, the CMAs
and CPPs for the foam formulae, containing different polymers, were identified through
risk assessment.

Risk assessment involves evaluating the potential risks associated with foams. An Ishikawa
diagram illustrates the impact of key attributes and parameters on foam quality, revealing

the causes and sub-causes influencing foam system characteristics (Figure 6).
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Figure 6. Ishikawa diagram of material attributes and process parameters of foams.

Subsequently, REM was employed to evaluate the relationship between CQAs and QTPPs.
A three-step scale was utilized to classify the connection between the parameters of CQAs
and QTPPs for the foam formulations: Low (indicating low-risk parameters), Medium
(signifying medium-risk parameters), and High (representing high-risk parameters). Using
the REM outcomes, Pareto charts (Figure 7) was generated to illustrate the severity scores
of the CQA:s.
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Figure 7. Pareto chart of CQA parameters.
The findings identified five critical foam properties, including macroscopic foam stability,
foam expansion, cross point, size of the bubbles, and number of the bubbles, as the most
critical parameters categorized under Category A, with severity scores exceeding 100,
indicating their criticality during development. Category B parameters, such as
spreadability, relative foam density, and viscosity of the liquid system, had severity scores
ranging from 60 to 90, while Category C parameters (surface tension, pH) had minimal
impact on product quality. Among the defined CPPs and CMAs, polymer concentration
and type, as well as stirring speed and time, had the highest influence on the target product,

which were the parameters investigated (Figure 8).
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Figure 8. Pareto chart of CPP/CMA parameters.
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5.1.2. Preformulation study of foams
Preformulation tests were conducted to optimize mixing time and speed crucial for
achieving the desired foam consistency. Various stirring speeds (1000 rpm, 1500 rpm, 2000
rpm) and durations (5, 10, 15 min) were evaluated to attain a foam volume twice that of the
liquid for testing. Results indicated that a suitable foam consistency for testing purposes
was achieved at 2000 rpm for 5 minutes.

5.1.3. Characterization of the critical formulation parameters

5.1.3.1. Macroscopic characterization of foams
During the macroscopic examination, the effect of polymer concentration and type on the
quality characteristics of the foam were investigated using the cylinder method. This allows
gathering insights into the stability of foam formulations, including foam expansion, foam

volume stability, and relative foam density. The results can be found in Table 3.

Table 3. The results of macroscopic cylinder test.

FE[%]  FVS[%] RFD

F-Opolymer 172+15.7 14+ 1.81 0.2028
F-XANT_0.1 158+£3.84 95+0.78 0.3879
F-XANT_0.2 134 +£1.92 100£0 0.4265

F-HEC 0.2 1770 15+1.39 0.3614

F-HEC 0.4 164+£192 29+1.28 0.3781
F-HALMW_O-l 179+1.92 14 +£0.09 0.3585
F-HALMW_O-Z 177+ 0 14 £0.35 0.3614

F-HA 0.1 130+3.33 77+14.22 0.4348

HMW—

F-HA,,,,-0-2 126 £3.85 94 +0.09 0.4434

F-HA_ 01 130+3.33  15+0.87 0.4348

F-HACL_O-Z 130+£3.33 14+0.21 0.4348

Macroscopic analysis revealed that the polymer-free composition exhibited high foam

expansion but poor foam stability, resulting in rapid breakdown of the foam structure.
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Similarly, formulations F-HEC 0.2, F-HA.ww_0.1, and F-HALmw_0.2 demonstrated high
foam expansion but low foam stability. F-HAcL displayed low foam stability at both
concentrations tested, with moderate foam expansion. In contrast, formulations F-XANT
and F-HAnww exhibited high foam stability across both concentrations. Remarkably,
increasing polymer concentration led to higher foam density for all polymers, although this
did not consistently correlate with foam stability and expansion. Formulations with foam
expansion exceeding 150% demonstrated optimal foaming characteristics. The most stable
formulations were those with foam volume stability above 70%, notably F-XANT _0.2 and
F-HArmw_0.2.

5.1.3.2. Microscopic characterization of foam kinetics and bubble morphology
Microscopic examinations were employed to follow the kinetics of foam destabilization

and investigated the structure of each foam containing different polymers.

Bubble sizes were assessed in microscopic images captured at specific time intervals (0,
10, 20, 30 min), revealing that increasing bubble size led to foam destabilization over time.
Foams which contain larger bubbles from the beginning were more friable. The size of the
bubbles depends on the concentration of the polymer. In the case of F-XANT, F-HAumw,
and F-HAcL with increasing polymer concentration, the initial size of the bubbles was also
larger.

Kinetic analysis enabled the determination of foam stability, with Figure 9 illustrating the
relationship between the number of bubbles and time. Foams with an initial bubble count
in a predetermined area exceeding 100 demonstrated microscopic stability, aligning well
with results obtained from macroscopic foam volume stability test using the cylinder

method.
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Figure 9. Kinetics of foam destabilization.

5.1.3.3. Rheological investigation of the foams (Oscillometric measurements)
Foam structure is characterized by a network of bubbles held together by a cohesive
dispersion medium, which can be analyzed using oscillatory rheology [94,95]. The
viscoelastic properties of a material, characterized by G’ (storage modulus) and G” (loss
modulus), and their relationship to each other, offer insights into its behavior. The point of
intersection in an amplitude sweep signifies a flow point (ys), the linear viscoelastic (LVE)
range and its limit (yield point, yy) represent the end of the linear range of the moduli. The
two points indicate structural stability of the coherent systems. A broader LVE range
suggests greater stability, with constant G’ and G”. Observations revealed two distinct
amplitude sweep curves: one with a wider LVE range and higher elastic modulus,
indicating stability, and another where G” dominates, signifying a lack of coherent foam
structure (Figure 10). Some foam formulations behaved like liquids with higher G” than G’
values in the LVE region, lacking flow points. Instability in other cases prevented
measurements. Polymer-free foam immediately flowed and displayed its highest LVE
range limit after 10 minutes due to liquid drainage. F-XANT 0.1 and F-XANT _0.2 were
more stable than polymer-free foam, but higher concentrations decreased stability after 30
minutes. F-HEC_0.2 and F-HEC_0.4 showed decreasing coherence over time, correlating
with polymer concentration. F-HALmw formulations remained stable for 20 minutes,

improving stability with higher polymer content.
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F-HAnmw_0.1 exhibited better coherence after 30 minutes, while cross-linked hyaluronic
acid accelerated foam breakdown with higher polymer concentrations. Xanthan gum-
containing and high molecular weight hyaluronic acid foams demonstrated promising long-

term stability, aligning with FVS% values.
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Figure 10. Typical rheological behavior of the formulated foams; stable (left) and

unstable (right) foams.

The amplitude sweep curves of the polymers and rheological parameters derived from the

curves can be found in Annex | and 1.

5.1.3.4. Rheological investigation: Flow and viscosity characteristics of foam bulk
liquids

Initially, viscosity assessment of bulk liquids, conducted after risk assessment, involves the
use of rheological parameters as sensitive indicators for liquid, semisolid, and foam
formulations. These parameters aid in characterizing spreadability, consistency, and
stability. Viscosity can influence foam formation; excessive viscosity may hinder it, while
insufficient viscosity can lead to quick destabilization. Polymer solutions typically
exhibited shear-thinning behavior due to macromolecular alignment under shear, notably
observed with xanthan gum and HEC-containing solutions where viscosity increased with
concentration. Low molecular weight hyaluronic acid and cross-linked hyaluronic acid
solutions showed similar rheological behavior to polymer-free solutions, while high
molecular weight hyaluronic acid exhibited shear-thinning behavior akin to xanthan gum,

alongside slight thixotropy. The flow curves can be found in Annex I.

29



5.1.3.5. Assessment of spreadability
Spreadability, indicating how easily a foam spreads on the skin, inversely correlates with
application ease [96]. Using a male cone probe, force is applied to penetrate the foam to a
specified depth, with maximum force indicating firmness. Viscosity, the connection
between bubbles, distribution, and geometry of bubbles influence foam firmness. Lower
force means easier spreading, while higher force suggests greater foam stability. Polymer-
free foam exhibited poor spreadability and quick flow, while polymer content generally
enhances firmness, preventing from flowing off the skin. Figure 11 illustrates that higher
polymer concentrations require more force for spreading. High molecular weight
hyaluronic acid foams demanded the most force, while xanthan gum and high molecular

weight hyaluronic acid foams have met spreadability requirements, and correlated with
macroscopic findings.
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Figure 11. Firmness values of the investigated formulations.

5.1.4. Summary of Experiment 1
Based on the initial risk assessment, eleven compositions were formed and analyzed. CQAs
identified included foam volume stability, expansion, cross point, bubble size, and number,
alongside medium-critical attributes like spreadability, foam density, and liquid viscosity.
Polymer concentration and type emerged as highly critical material parameters affecting
CQAs, while surfactant had a moderate impact. Polymer content significantly influenced
foam properties in different ways.
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Among my findings, formulations like F-XANT_0.1, F-XANT_0.2, F-HAxmw_0.1, and F-
HAnrmw_0.2 showed promising foam properties. Results from various methods exhibited
strong correlation.

The optimal formula can be determined by combining the macroscopic method of assessing
foam stability, examining the microscopic kinetics using a light microscope, and employing
oscillometric measurements to find cross-points. In contrast to prior researches, this study
has developed a protocol that combines these methods to choose the optimal foam
formulation.

5.2. Experiment part 2 - Biopharmaceutical analysis of a diclofenac sodium-
containing foam drug delivery system compared to foam bulk liquid and
hydrogel

5.2.1. Preformulation study of foam formula: Ex vivo permeation through
fluorescent microscope

The foam underwent comparison with both negative and positive controls during the study.
The negative control involved evaluating the appearance of untreated skin under a
fluorescent microscope. Microscopic images revealed a high fluorescence intensity in the
stratum corneum (Figure 12A), consistent with previous literature documenting the
physiological appearance of this skin layer [97]. To assess the permeation of the fluorescent
dye-marked formulation, examination of the lower epidermal and dermal layers was
necessary, as these layers exhibit low intensity under the fluorescent filter and are

unaffected by skin autofluorescence (Figure 12B).

A B

Figure 12. Microscopic images of the negative control (untreated skin): Image of stratum

corneum with upper skin layers (A) and lower skin layers (B).

For the positive control, the skin underwent pretreatment with a solution containing SLES

to enhance permeation.
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Alkyl sulfates can disrupt the skin barrier, enabling the passage of fluorescein dye solution
through the stratum corneum. Relative intensity was then evaluated to determine the
increase compared to untreated skin (negative control).

Results (depicted in Figure 13) revealed a significant rise in light intensity following the
SLES pretreatment. This indicates that SLES reduced the protective function of stratum
corneum, enabling the dye solution to penetrate deeper skin layers. After 10 minutes of
treatment, intensity increased by 7.81 times, while after 30 minutes, it only increased by

6.41 times compared to the untreated skin.

RI: 7.81 RI: 6.41

10 minutes 30 minutes
Figure 13. Microscopic images of the positive control, indicating the values of relative

intensity at 10 and 30 minutes.

For the foam, as the observation time progressed, there was a noticeable rise in fluorescence
intensity. Following 10 minutes, permeation increased by 3.76-fold, whereas after 30
minutes, this value increased by 6.68-fold (Figure 14). Initially, intensity was low with the
foam preparation at 10 minutes, but after 30 minutes, it reached the relative intensity of the
positive control. Based on the results, the foam formulation could achieve deep permeation

similarly to the positive control.

RI: 3.76 | RI: 6.68

10 minutes 30 minutes

Figure 14. Microscopic images of the foam formulation, indicating the values of relative
intensity at 10 and 30 minutes.
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5.2.2. Rheological properties of the foam formula compared to bulk liquid and
hydrogel

Rheological measurements were employed to examine the consistency of the systems. The

viscosities of both the initial bulk liquid and the residual liquid film after foam breakdown

were analyzed and compared with those of a standard hydrogel formulation (Table 4).

Table 4. The viscosity of the prepared formulations under a shear rate of 50 1/s.

Viscosity (mPas)

Bulk liquid 46.99 +0.80
Liquid film (after the foam decay) 58.68 +1.07
Hydrogel 378.78 +4.39

The foam initially formed from the bulk liquid, combining with air through a propellant-
free foam pump. Over time, the foam decayed into a liquid film due to binding forces and
chain interactions, leading to a more organized network compared to the initial bulk liquid.
This structured network increased the viscosity of the liquid film, resulting in decreased
volume filling and higher density. The hydrogel exhibited significantly higher viscosity,
typical of semisolid formulations. Rheological analysis showed that all three systems
displayed shear-thinning behavior common in polymer solutions, where viscosity decreases
with shear. The high viscosity of the hydrogel was attributed to its higher polymer content.
Since the viscosity of the hydrogel increased by 6.5 times compared to the bulk liquid and
liquid film, it may lead to a delay in skin permeation due to increased resistance to

deformation.

5.2.3. Biopharmaceutical investigation of the foam formula compared to bulk
liquid and hydrogel
5.2.3.1. Invitro drug release and permeation tests (IVRT and IVPT) using Franz
Diffusion Cell System
The results indicated rapid release of diclofenac sodium from the foam, with about 80%
released in 30 minutes, compared to approximately 5 hours for the hydrogel (Figure 15).
This rapid release from the foam may be attributed to its porous structure, facilitating easier
dispersion of active ingredients and quicker delivery to the target site.
The surfactants and polymers used contribute to the formation and stabilization of this
porous structure. These excipients prevents thinning and destabilization of the liquid film

between air bubbles, stabilizing the foam [94].
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Surfactant molecules orient with polar parts in contact with water and hydrophobic chains
facing the air, both at the interface and within the water film, facilitating rapid active
ingredient release [38]. While the release kinetics were slower in case of the bulk liquid
and hydrogel, diclofenac sodium exhibited slightly faster diffusion from the bulk liquid.
This could be due to the lower viscosity of polymer solutions, allowing for easier diffusion
of active ingredients. Conversely, hydrogels, with their higher viscosity and more organized
structure, may contribute slower release, potentially influenced by the more organized and

interconnected structure typical of hydrogels.
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Figure 15. Release profile of diclofenac sodium in various dosage forms (***p < 0.001

vs. Foam, *p < 0.05 vs. Foam).

The data of the permeation rate (Table 5) indicated that rapid drug release from the foam
led to swift drug permeation. Due to its ability to cover a large skin surface area, the foam
allows for quick absorption of the active ingredient, enhancing its rapid delivery to the skin
and accelerating its efficacy. Additionally, the liquid film formed after foam decaying may
have become supersaturated, leading to faster permeation compared to hydrogel and bulk

liquid formulations.
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Table 5. The flux of diclofenac sodium through the human epidermis.

J (ng/cm?/h) R?
Bulk liquid 0.866 0.9811
Foam 5.838 0.9921
Hydrogel 1.65 0.9173

5.2.3.2. Investigation of ex vivo drug permeation using Raman spectroscopy

The ex vivo permeation was studied with Raman spectroscopy. Figures 16—18 demonstrate
the qualitative distribution of diclofenac sodium in human skin samples following the
application of foam, bulk liquid, and hydrogel, aiming to determine the permeation of
diclofenac sodium into the epidermis or dermis.

Warmer colors on the maps indicated the higher presence of the active ingredient. In the
case of bulk liquid, diclofenac sodium was detectable in deeper skin layers within 10
minutes, becoming more pronounced by 30 minutes (Figure 16). Conversely, in foam-
treated skin sections, diclofenac sodium was concentrated in upper epidermal layers
initially, with presence in deeper layers increasing over time (Figure 17). Gradual foam
decay led to liquid leakage between bubbles onto the skin after 10 minutes, creating a
supersaturated layer. Consequently, the increased diclofenac sodium presence in the foam
became more prominent, with increased active substance concentrations observed between
20 to 30 minutes.
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Figure 16. Raman correlation map of bulk liquid.
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Figure 17. Raman correlation map of foam.

In terms of the hydrogel (Figure 18), the findings suggested that diclofenac sodium
permeated only into the outermost epidermal layer during the entire study period.
Subsequently, after 1 hour, elevated concentrations were observed only in the upper part of
the skin.
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Figure 18. Raman correlation map of hydrogel.
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5.2.4. Summary of Experiment 2
In this part of research, the biopharmaceutical properties of foams with those of traditional
hydrogel and polymer solutions were compared. The results indicated that compared to the
hydrogel, the foam as a drug delivery system achieved rapid drug release and deeper skin
permeation. Within just 30 minutes, approximately 80% of the active ingredient was
released using the foam, while it took about 5 hours for the hydrogel to reach the same level
of release. The rapid release observed from the foam could be attributed to its porous
structure, which aids in the efficient dispersion of active ingredients, leading to faster
delivery to the target area. Based on the IVPT results, the permeation rate of the foam was
the highest which results showed good correlation with ex vivo Raman measurements.
Raman skin permeation studies revealed that the foam concentrated in the upper epidermal
layers within 10 minutes and gradually permeated deeper layers over time. Despite having
the same composition as the bulk liquid, the foam formulation exhibited higher permeation
of the active ingredient after 20 minutes. In contrast, the hydrogel, with the highest
viscosity, impeded diclofenac sodium permeation into deeper skin layers even after one
hour.

5.3. Experiment part 3 - Assessment of biocompatibility and wound healing

potential of foam components and formulations

Due to their advantageous properties, foams may have the potential to assist in maintaining
a moist environment around the wound, which promotes ideal conditions for effective
wound healing. It is suitable for treating hard-to-reach areas and it is flexible and
conformable to wound contours, ensuring optimal contact with the wound bed.
The wound healing process involves the sequential phases of inflammation, proliferation,
and remodeling, following initial injury [98,99]. Inflammation, after hemostasis, is crucial
for activating the innate immune system to protect against pathogens and remove dead
tissue [100]. During proliferation, the wound surface undergoes re-epithelialization,
collagen synthesis, extracellular matrix formation, and vascular network restoration. In the
final remodeling phase, regenerative processes diminish, giving way to connective tissue
reorganization and the onset of the contractile response [98]. In the next series of
experiments, the aim was to incorporate active ingredients into foams such as dexpanthenol
which plays a significant role in all three main phases of wound healing [101], while
diclofenac sodium acts as an anti-inflammatory agent. Additionally, niacinamide, which is

more involved in the remodeling phase, has anti-inflammatory effects [102,103].
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Furthermore, the foam formulations contained xanthan gum [104] and hyaluronic acid
[105] as polymers, which may demonstrate activity in wound healing and could be

beneficial for treating minor wounds and scars.

5.3.1. Cytotoxicity assay

The MTT assay was performed on the ingredients of the investigated foam formulations.
Both the polymers, and active agents had a similar effect on cell viability. Results showed
(Figure 19) that, in the case of AD-MSCs, components slightly reduced cell viability
(except Polyoxyl 40 castor oil), with diclofenac sodium having the most significant
reducing effect. Nonetheless, all tested components maintained viability above 70%,
meeting the criteria for non-cytotoxicity to mesenchymal cells according to 1SO 10993-5
standards [106]. The control group displayed 100% viability (measured in quadruplicates,
N=4).
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Figure 19. Effect of foam components on cell viability of AD-MSCs (***p < 0.001 vs.
Control, **p <0.01 vs. Control, *p < 0.05 vs. Control).

For keratinocytes (Figure 20), except for diclofenac sodium and one of the non-ionic
surfactants, all applied components increased cell viability; Polyoxyl 40 castor oil
demonstrated even significantly greater cell viability than all of the active agents and
polymers. Because of the higher standard error of the mean values, no more significant
differences could be observed in this study. The results also indicated that each component
reached the 70% cell viability value set by the 1ISO 10993-5 standard.
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Figure 20. Effect of foam components on cell viability of keratinocytes (***p < 0.001 vs.

Control).

Based on the cytotoxicity evaluation, the components within the formulations showed no
cytotoxic effects on mesenchymal cells and keratinocytes at the concentrations used.
Comparing the two cell types, AD-MSC cells were less sensitive to changes in the applied
conditions than keratinocytes, therefore they are more suitable for detecting the significant

effects of the components on the cells.

5.3.2. Comparison of the wound scratch and impedance-based wound healing
assays

In this part of the research, the effects of five foam formulae were examined on two widely

used wound healing models. One method, the wound scratch assay, is a simple yet useful

tool for analyzing cell migration in two dimensions [107]. The other method, the

impedance-based approach, which has gained prominence in recent years, has been

identified as promising for three-dimensional proliferation assays [108].

Before the scratching, cells formed a contiguous monolayer (Figure 21). Scratching with
Autoscratch device resulted in about 40-45 um? wound on the monolayer with a sharp
wound edge. During the wound healing AD-MSCs from the wound edge migrated into the

inner region of wounds.
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Initial state After 48 hours Initial state After 48 hours

F-HARMw_0.2 F-XANT 0.2-DS_1
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F-XANT_0.2-HAuww_0.2-DEXP_1-NIAC-1

Initial state After 48 hours

Figure 21. The process of wound closure with different foam formulations.

It was notable that the majority of wounds had successfully closed, indicating effective
wound-healing properties. However, one notable exception was observed in the case of the
wound treated with foam containing diclofenac sodium, which exhibited incomplete
closure compared to the other wounds. This suggests a potential inhibitory effect of
diclofenac sodium on the initial wound healing process. Supported by previous studies,
diclofenac inhibits the proliferation, migration, and differentiation of neural stem cells
[109] and mesenchymal stem cells [110], however, in an appropriate combination, it can
promote rapid wound healing [111].

According to the results of the impedance-based wound healing assay (Figure 22), the
polymers had a beneficial effect on wound healing and improved cell migration from 30.9%
(F-Opolymer) to 43.05% with xanthan gum and to 46.13% with hyaluronic acid. In contrast,
diclofenac sodium-containing foam formulations exhibited a relatively low migration
percentage (15.99%). Combining the polymer-containing foam formula with dexpanthenol
and niacinamide slightly decreased the migration percentage, but higher values were

obtained compared to the polymer-free formulation.

41



Overall, the results of the wound scratch assay and the impedance-based measurement of
wound healing showed a correlation, thus, due to the low migration percentage observed

with diclofenac sodium-containing foam, wound closure did not occur.
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Figure 22. Wound-healing rate of AD-MSCs (***p < 0.001 vs. Control, **p <0.01 vs.
Control, *p < 0.05 vs. Control).

5.3.3. In ovo examination of foam formulations
Based on the results of the wound scratch assay, the effect of hyaluronic acid alone and in
combination improved the extent of wound healing. Therefore, during the in ovo
examinations, | investigated hyaluronic acid-containing foam formulations alone and in

combination.

5.3.3.1. Irritation potential on HET-CAM assay
The images in Figure 23 (ts) and the irritative scores outlined in Table 6, which are based
on observations made within 5 minutes after application, suggested the absence of irritation
in all samples compared to the positive control (treated with sodium dodecyl sulfate).
However, a distinct observation emerges upon extending the observation period to 30
minutes after application, a distinct observation emerges. After 30 minutes, only the
negative control and the F-HAnmw_0.2-DEXP_5 formulation showed no irritation in the

measurement.
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F-HAgpy_0.2

Figure 23. Irritation potential of hyaluronic-acid containing foam systems using HET-
CAM assay; images represent the initial moment, before application (to), and 5 minutes
after application of the samples (ts) and 30 minutes post-application (t3o); scale bars

represent 500 pm.

Table 6. The irritative scores of the analyzed samples in the HET-CAM assay.

SAMPLES IF (SMINUTES) EFFECT (5 MINUTES)

H,O 0 No irritation
SDS 16.4 +0.54 Severe irritation

F-Opolymer 0 No irritation
F-HApvw 0.2 0 No irritation
F-HAmvw_0.2-NIAC 5 0 No irritation
F-HAnmw_0.2-DEXP 5 0 No irritation
F-HAmvw 0.2-DS 1 0 No irritation

5.3.4. Summary of Experiment 3

In conclusion, the formulated foam systems presented advantageous properties that may
contribute to maintaining a moist wound environment, thus facilitating effective wound
healing. Incorporating active ingredients such as dexpanthenol, niacinamide, and
diclofenac sodium into foam formulations addresses specific aspects of wound healing,
from inflammation control to tissue repair. Cytotoxicity assays demonstrated the safety of
these formulations on both mesenchymal stem cells and keratinocytes.

Comparative analyses of wound scratch and impedance-based assays underscored the

importance of polymer content in promoting cell migration and wound closure.

43



Notably, foam formulations containing diclofenac sodium exhibited incomplete wound
closure, suggesting a potential inhibitory effect on the initial healing process. The
impedance-based measurement also showed the lowest migration value (15%) with the
foam containing diclofenac.

In ovo examinations have further clarified the effects of dexpanthenol-containing foam
formulation, revealing no signs of irritation, indicating their potential to promote tissue

repair.

6. CONCLUSION

The medicinal use of dermal foams is increasingly popular among the public. Their
application is aesthetic, non-greasy, and easily removable from the skin, thus enhancing
patient adherence. Foams have excellent spreadability on the skin, facilitating immediate
absorption of active ingredients without the need for intense rubbing. Despite their
numerous advantages, formulating dermal foams poses significant challenges. Meeting
user demands for quick spreadability and pleasant skin sensation while ensuring
environmental friendliness has become crucial. Additionally, while foams offer many
benefits, their availability in the market remains relatively low compared to traditional
products like creams and gels.

In my Ph.D. work, novel foam systems were formulated and new investigational methods
were established suitable for testing the physicochemical and subsequently the
biopharmaceutical properties of foams. Finally, | investigated the biocompatibility and the
effects of the formulated products on wound healing.

During my work, | managed to develop testing methods capable of assessing the
mechanical properties of foam, and the results indicated that foam, as a dosage form, is
suitable for providing rapid drug release, deeper permeation, and may serve as alternatives

to conventional carrier systems.

7. FINDINGS AND PRACTICAL RELEVANCE OF THE WORK

e The QbD approach was employed for the first time in foam development,
demonstrating its efficacy in identifying and quantifying the critical parameters of
these systems.

e A new light microscopy measurement method has been successfully developed for

measuring foam kinetics and bubble morphology.
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The effect of stability enhancing polymers used in foams has been demonstrated
and the effect of different polymers on the physicochemical properties of foams has
been investigated. It has been determined that the combined application of
macroscopic, microscopic, and rheological measurement methods allows for the
appropriate selection of excipients used in foam formulations.

The Texture Analyzer device was first employed to determine the physical stability
of the foams.

Through biopharmaceutical investigations, it was demonstrated that foam dosage
forms enable immediate drug release and achieving deeper skin permeation. The in
vitro quantitative IVPT and qualitative ex vivo Raman mapping studies were well-
correlated. The combination of IVRT, IVPT, and Raman spectroscopy was first
employed to determine the biopharmaceutical properties of the foams, establishing
that rapid drug release and deep permeation can be achieved.

The Raman mapping results exhibited a strong correlation with the fluorescent
microscopic examination providing additional evidence for the system’s rapid
permeation.

The biocompatibility of components in dermally applied foams was demonstrated
using human adipose-derived mesenchymal stem cells and keratinocytes extracted
from viable human skin, supporting the safety of application on the skin. The
correlation between the two MTT tests indicated that, due to their sensitivity, assays
conducted on human adipose-derived mesenchymal stem cells are more suitable for
determining the cell viability of foam components.

The wound healing effects of the foam bulk liquids were confirmed in two different
models. The combined use of these two models showed good correlation, which
may be suitable for selecting the optimal formula for wound treatment.

The in ovo HET-CAM assay was suitable for determining the irritation of foam

formulations.
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Dermal foams are promising drug delivery systems due to their many advantages and ease of application. Foams
are also considered a novelty in the field of dermatology. In particular, they are beneficial for the treatment of
skin conditions where patients have highly inflamed, swollen, infected and sensitive skin, as the application of
the foam to the skin surface to be treated minimizes the need for skin contact. In order to formulate foams, it is
necessary to know which material and process parameters influence the quality characteristics of foams and
which methods can be used to study foams; this part of the research is assisted by the QbD approach. By using the
QbD concept, it contributed during the development process to ensure quality-based development. With initial
risk assessment, the critical material attributes (CMAs) and the critical process parameters (CPPs) were identified
to ensure the required critical quality attributes (CQAs). During the initial risk assessment, five high-risk CQAs,
namely foam volume stability, foam expansion, cross point, the initial values of the number and size of bubbles,
and three medium-risk CQAs, namely spreadability, relative foam density and viscosity of the liquid system were
identified and investigated. In this research, different types of polymers (xanthan gum, hydroxyethylcellulose,
different types of hyaluronic acids) were used to improve the properties of foam formulations. The formulations
containing xanthan gum and high molecular weight hyaluronic acid had good foam properties and will be
appropriate delivery systems for an active pharmaceutical ingredient. Overall, the polymer content had a great
effect on the properties of the foams. Different polymers affect the properties of foams in different ways. When
used in combination, the methods reinforce each other and help to select a formula for dermal application.

1. Introduction

Foams are part of our daily lives in the field of cosmetics, as well as in
the pharmaceutical and food industries. Pharmaceutical foams are
usually applied topically (Zhao et al., 2010) as dermal, vaginal, or rectal
administration, but there are other special applications such as paren-
teral and oral (Farkas et al., 2019; Hoc and Haznar-Garbacz, 2021). It is
a preferred delivery system used to improve wound healing and to treat
sunburn or skin diseases such as psoriasis and is also used in the pedi-
atric field (Velasco et al., 2019).

Foams have many beneficial properties over conventional carrier
systems. Their high rate of expansion allows large skin surfaces to be
covered rapidly. It is really advantageous for patients who need to treat
highly inflamed, swollen, abraded, infected and sensitive skin because
the application of foam minimizes the need for touch, resulting in

* Corresponding author.
E-mail address: gasparne.kovacs.anita@szte.hu (A. Kovacs).

https://doi.org/10.1016/j.€jps.2022.106160

enhanced patient compliance (Parsa et al., 2019). Dermal foams are
used to treat the skin or specific mucosal surfaces in order to exert their
effects locally or by absorption through the skin. By applying liquid
foams dermally, a local effect can be easily achieved. The transdermal
delivery route allows a smaller amount of drugs to be used. It avoids not
only the destructive effect of the gastrointestinal tract but also the
enterohepatic circulation of the drug, making it less likely to cause
systemic side effects. However, the main limitation of using foams is that
they are thermodynamically unstable, therefore foams are prone to
decay. The composition, both excipients and active ingredients, may
affect the stability and quality of foams (Parsa et al., 2019; Cantat and
Cohen-Addad, 15 June 2021).

In terms of their structure, foams are produced by dispersing a
gaseous substance in a solid or liquid dispersion medium. Before
formulation, it is essential to select suitable excipients, which greatly
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Table 1
Composition of different formulations.
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Foam 1 Foam 2 (F-
(F- XANT_0.1)
Opolymer)

Foam 3 (F-  Foam 4 Foam 5
XANT.0.2)  (F- (F-
HEC.0.2) HECO0.4)

Foam 6 (F-
HAvw 0.1)

Foam 7 (F-
HAvw 0.2)

Foam 8 (F-
HApyw_0.1)

Foam 9 (F- Foam 10 Foam 11
HAxvw_0.2) (F- (F-
HAc 0.1) HAg 0.2)

Phase A

Labrasol ALF + + + + +
/surfactant/

Kolliphor RH40 + -+ + + +
/surfactant/

Phase B

Xanthan gum -
(Xant.)
/polymer/

Hydroxyethyl- - - -
cellulose
(HEC)
/polymer/

Low-molecular- - - - _ _
weight
hyaluronic
acid
/polymer/

High-molecular- - - - _ _
weight
hyaluronic
acid
/polymer/

Cross-linked - - - _ _
hyaluronic
acid
/polymer/

Purified water + + + + +
/solvent/

Phase C

Phenoxyethanol + + + + +
/preservative/

0.1% 0.2% - -

0.2% 0.4%

0.1% 0.2% - - - -

0.1%

0.2% - -

0.1% 0.2%

affect foam stability. They usually contain surface-active agents, sol-
vents, foam stabilizers, preservatives and may also include penetration
enhancers (Parsa et al., 2019). Aerosols are pressurized in cans. These
containers are capable of ex tempore foam formation. Propellant-free
liquid foams are produced by adding air to a polymer solution with
stirring or a propellant-free pump device. Liquid foams have many
unique properties thanks to their ability to exhibit both liquid and solid
behavior (Cantat and Cohen-Addad, 15 June 2021).

As noted above, the lifetime and the stability of the foam can be
increased by using surfactants and foam stabilizing excipients (Langevin
2017; Bureiko et al., 2015). Increasing the viscosity of the liquid phase
with polymers may lead to the stabilization of the foam structure. For
instance, polymers used in foams can be naturally occurring polymers
such as xanthan gum, agar-agar, tragacanth gum; acidic polymers such
as palmitic acid, stearic acid; and semi-synthetic polymers such as cel-
lulose ethers (Parsa et al., 2019). In addition to conventional polymers,
there is a lack of literature on the effect of hyaluronic acid on foam
stability. Hyaluronic acid plays a crucial role in skin moisture and helps
the tissue regeneration process. Furthermore, it has an anti-aging effect
and reduces dermatitis (Draelos 2011; Berko et al., 2013).

There are four different main parallel mechanisms that occur when
foam is decaying. These are: drainage, coalescence, disproportionation
(Ostwald ripening) and bursting of bubbles. Drainage is when the liquid
drains off through the Plateau borders due to gravity. These Plateau
borders act as paths for the liquid to flow down through. As this happens,
the lamellas of each bubble will get thinner and the foam will dry out.
This results in the liquid getting to the bottom, which increases over
time. In the case of coalescence, surface tension acts as a driving force
when two bubbles get close to each other. Then they will conjoin and
form a single bubble. The next way of foam decay is similar to coales-
cence but the mechanism is slightly different. Both coalescence and
Ostwald ripening describe the formation of large masses. Coalescence is

the process in which a few smaller masses merge with each other to form
a large mass. These small masses can be droplets, bubbles, particles, and
so on. When they come in contact, they tend to fuse and form a single
drop, particle, or bubble. The main reason for Ostwald ripening is that
large particles are thermodynamically more favorable than small par-
ticles. For the same reason, the process of Ostwald ripening is a spon-
taneous process. However, during Ostwald ripening the small particles
dissolve in the solution and re-deposit to form large masses. Finally, the
bubble form is not a stable state so they burst after a certain time. The
bursting of foam lamellas leads to the elimination of air from the foam
(Arzhavitina and Steckel, 2010; Karakashev et al., 2012; Guerrero et al.,
2013).

Stabilization and thus the right quality is the first and the leading
requirement for pharmaceuticals in development (Sivaraman and
Banga, 2015; Anita Kovacs et al., 2020). Nowadays, the Quality by
Design approach in the design stage helps the development in pharma-
ceutical industry (Radhakrishnan et al., 2018). Generally, QbD aims to
improve the efficiency of the design process, reducing costs in different
stages of development. Initially, it records the critical quality attributes
and critical process parameters that affect the quality of the product. In
summary, QbD is science-based and risk-based drug development that
begins with predetermined goals. If the design and testing of the active
substance and pharmaceutical form are based on the QbD approach in
the research phase, the results obtained during the research can be more
effectively integrated into the development process. The first step of the
QbD approach is to define the Quality Target Product Profile (QTTP),
which is the goal of the development. The next step is to identify critical
quality attributes (CQA), critical material attributes (CMAs) and critical
process parameters (CPPs), and then parameters that potentially affect
product quality are selected by risk assessment (A Kovacs et al., 2017.;
Visser et al., 2015; Yu, 2008). Although, the QbD approach is an inno-
vative method in the field of drug development, its implementation is
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Table 2 Table 3
Quality target product profiles (QTPPs). Critical quality attributes (CQAs) of the foams.
QTPP parameters Target Justification CQA Target Justification
Route of Dermal The dermal delivery of drugs is Bulk liquid properties
administration an opportunity to avoid systemic pH 4-8 Ideal pH of topical
side effects. It is non-invasive, formulations for the safety of
thus increasing patient the product and the skin. (
compliance. Lambers et al., 2006).
Dosage form Foam The good spreadability of the Viscosity 20-200 mPas Viscosity influences the
foams on the skin ensures the stability of foam systems and
immediate release of the active their applicability to the skin.
ingredient, no rubbing on the Surface tension 27-30 mN/m The surface tension of the
skin is necessary (Parsa et al., initial liquid is important for
2019). bubble growth. The lower the
Site of action Topical Most medicated foams contain surface tension of the initial

antiseptic, antifungal, anti-
inflammatory, local anesthetic
agents, as well as skin
moisturizers and emollients (
Parsa et al., 2019; Tamarkin
etal., 2006). Absorption into the
systemic circulation is not the
aim of these formulations.
Stability is an important
parameter of the liquid system as
it can affect foaming and foam
stability.

An esthetic preparation needs to
be formulated for good patient
adherence.

Stability of liquid
system

There is no sign of
instability, homogenous

Appearance of
liquid system

Transparent or white,
homogeneous

Stability of foam Adequate stability for Adequate stability of the foam
system the dermal route of system is required for the foam
administration to remain at the site of
application.
Appearance of White To increase patient compliance.

foam system

Polymer content Increasing foam stability ~ Increasing the viscosity of the
liquid phase with polymers can
lead to the stabilization of the

foam structure.

challenging for developers, as the incorporation of elements of the QbD
concept varies from one pharmaceutical formulation to another.

The aim of our research was to design stable foam compositions
based on the QbD approach and to determine the proper methods to
investigate their physicochemical and structural properties and to
compare the results of different methods. A further aim was to investi-
gate the effect of different polymers on foam stability as well as on foam
structure.

2. Materials and methods
2.1. Materials

Kolliphor RH 40 was obtained from BASF SE Chemtrade GmbH
(Ludwigshafen, Germany). Labrasol ALF was from Gattefossé (Saint-
Priest Cedex, France), Xantural® 180 was provided by CP Kelco A Huber
Company (Atlanta, GA, USA). Verstatil PC was purchased from Bies-
terfeld GmbH (Hamburg, Germany). Hydroxyethylcellulose (Ph. Eur. 9.)
was supplied by Molar Chemicals Ltd. (Budapest, Hungary). Purified
and deionized water was used (Milli-Q system, Millipore, Milford, MA,
USA). HyaCare50, HyaCare Filler CL and HyaCare Tremella were
product samples from Evonik Industries AG (Essen, North Rhine-
Westphalia, Germany).

2.2. Methods
2.2.1. Quality by design methodology

2.2.1.1. Definition of quality target product profile (QTPP). The first step
in QbD-based development is to define the target product and to

liquid, the less force is required
for the bubbles to blow (
Farkas et al., 2021).
Foam properties
Size of bubbles
(initial value)

200-500,000 um? The unique bubble size
provides information on the
stability and homogeneity of

the foam (Farkas et al., 2021).

Number of 100 < The number of bubbles
bubbles (initial provides information on the
values) stability of the foam.

Foam volume This parameter indicates the
stability (FVS rate of foam collapse. Stability
%) is important to ensure that the

active substance has a
sufficient contact time (Kamal

50% <

2019).
Foam expansion 100 < Foam expansion is necessary to
(FE%) make the preparation suitable
for treating large surfaces (
Bikard et al., 2007).
Relative foam <0.5 One of the foam stability

density (RFD) parameters. It also indicates
the firmness of the foam (
Mirtic et al., 2017).

The presence of the cross point

Rheology: Cross Detectable within the strain

point value range of 0.1% to ensures that the foam has a
100% coherent structure.
Spreadability The force required to spread  In the case of foams, the goal is

a cream is about 500 mN (
Yadav et al., 2014).

to spread on their own.

summarize the quality characteristics of the product. This determines
the efficiency, the delivery route, the dosage form, the packaging, the
appearance and therapeutic indication, etc. During development, QTPP
parameters form the basis of development (Grangeia et al., 2020;
Bakonyi et al., 2018; Kis et al., 2019).

2.2.1.2. Definition of CQA, CMA, CPP. In order to ensure the desired
quality of the pharmaceutical product during development and pro-
duction, the second step is to define the quality attributes. In the case of
medicated foam formulations, the pH and viscosity of the bulk liquid,
the homogeneity of bubble size and the skin penetration of the active
pharmaceutical ingredient (API) etc. can also be critical quality
parameters.

As a third step, it is necessary to determine the material and process
parameters that can affect the critical quality attributes of the foams.
The determination of these parameters helps to find the relationship
between material properties and process parameters that are related to
critical product quality parameters (Kovacs et al., 2017; Charoo et al.,
2012).

2.2.1.3. Risk assessment: quality tools. The QbD concept is based on risk
assessment. Risk assessment can be used to identify critical parameters
that have an impact on critical quality attributes. In our research, we
applied quality tools such as the risk estimate matrix (REM), Pareto
analysis and Ishikawa diagram. We started the risk assessment with a
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Fig. 1. Ishikawa diagram.

Table 4
Risk estimation matrix of QTPP and CQA parameters (LeanQbD™ Software) Low = low-risk, Medium = medium-risk, High = high-risk parameters during formulation.
Route of Dosage Site of Stability of Appearance of Stability of foam  Appearance of foam  Polymer
administration (M) form (M) action (M) liquid system liquid system (M) system (M) system (M) content (M)
o)

pH Low Low Low Medium Low Medium Low Low

Viscosity of liquid Low Low Low Medium Medium Medium Low High
system

Surface tension Low Low Low Medium Low Medium Low Medium

Size of bubbles Low High Low High Low High Low Medium
(initial)

Number of Low High Low High Low High Low Medium
bubbles (initial)

Foam volume Medium Medium Low High Low High Low High
stability

Foam expansion Medium Medium Low High Low High Low High

Relative foam Medium Medium Low Medium Low Medium Low High
density

Cross point High Medium Low Low Low High Medium High

Spreadability Medium High Low Medium Low High Low Medium

popular quality tool method called the Ishikawa diagram. This method
helps to collect the possible root causes influencing the quality of foams.
The next step was to determine the critical parameters with Pareto
analysis, which is also called ABC analysis (Kovacs et al., 2017). The
items in Category A are the high-risk parameters, in Category B the
medium-risk parameters and in Category C the low-risk parameters
(ICH Guideline Q9 on Quality Risk Management, 2021). REM was used
to define the level of the risk parameters and the connection between
quality attributes and CPPs, CMAs. The LeanQbD™ software (QbD
Works LLC, Fremont, CA, USA) was used for risk assessment.

2.2.2. Preparation of foams

Different foam compositions (Foam 1-Foam 11) were prepared
(Table 1.) The lifetime of the foam can be extended by increasing the
viscosity of the liquid phase among the air bubbles. One possible solu-
tion is the use of polymers in the composition. Therefore, the formulated

foams contain different types of polymers in different concentrations
(Phase B) (Vandewalle et al., 2011). The foaming agents are mainly
surfactants (Phase A). All formulations contain the same amount of
surfactants. Phase C contains the microbiological preservative.

The first step of foam preparation was to prepare Phase B, where the
swelling of polymers lasted for 2 h in purified water. Phase C was then
added to Phase A. The last step was the addition of Phase B to the
mixture of Phases A and C. After the preparation of the samples, the
liquids were stored in a well-sealed jar until the start of the examination.
Before each investigation, 30 g of bulk liquid was stirred with an IKA
stirrer for 5 min at 2000 rpm based on preformulation studies.

2.2.3. Investigation of foam properties

2.2.3.4. Macroscopic characterization of foams. The macroscopic prop-
erties of the foams were determined by using the cylinder method
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Fig. 2. Pareto chart of CQA parameters.

Table 5
Risk estimation matrix of CPPs/CMAs and CQA parameters (LeanQbD™ Software) Low = low-risk, Medium = medium-risk, High = high-risk parameters during
formulation.
Composition Production
Polymer Polymer Surfactant Surfactant Preservative Stirring Stirring Stirring
concentration type concentration type type speed time temperature
pH Low High Low Low Medium Low Low Low
Viscosity of liquid High High Medium Medium Medium Medium Medium Medium
system
Surface tension Low Medium Low Low Low Low Low Low
Size of bubbles (initial) ~ High Medium Medium Medium Low High High Low
Number of bubbles High Medium Medium Medium Low High High Low
(initial)
Foam volume stability Medium High Low Low Low Medium Medium Low
Foam expansion High Medium Medium Medium Low High High Low
Relative foam density High Medium Medium Medium Low High High Low
Cross point High High Medium Medium Medium Medium Medium Low
Spreadability High High Medium Medium Low Medium Medium Low

(Parsa et al., 2019). After stirring the bulk liquid for 5 min, the foam was
filled into a glass measuring cylinder and the initial and the aged vol-
umes of the foam after 30 min were recorded. The following parameters
can be determined by macroscopic tests:

e relative foam density (RFD)
e foam expansion (FE,%)
e foam volume stability (FVS,%).

These parameters were calculated using the formula below (Arzha-
vitina and Steckel, 2010; Mirti¢ et al., 2017).
RFD = m(foam) 1
m(water)
The European Pharmacopoeia describes RFD in the Monograph
“Medicated foams”. It equals the weight of the test sample of foam
compared to the weight of the same volume of water.

V(foam) — V(formulation)
V(formulation)

FE(%) = 100% (2

where V(formulation) is the volume of the formulation [ml] required to
produce V(foam) [ml] (Parsa et al., 2019).

V(foam, 30 min
s T

where V(foam,30 min) is the foam volume after 30 min [ml].

-100% 3

2.2.4. Microscopic examination

The microscopic measurements were performed with Leica DM6 B
Fully Automated Upright Microscope System (Leica Biosystems GmbH,
Wetzlar, Germany) The structure of the foam from the microscopic
images was analyzed after a predetermined time (0, 10, 20, 30 min).

Through microscopic examination, we can determine the structure
and bubble size of the foams, providing information about the foam
kinetics.

Foam uniformity can also be determined with this method as the
homogeneity of air bubbles (Zhao et al., 2009). The size, roundness, and
the aspect ratio of incorporated air bubbles as well as bubble amount in a
predetermined area are the parameters of interest in foam
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characterization. appearance of the liquid and the foam system and the polymer content of

With the microscopic method, the temporal stability of foams as well
as the kinetics of the destabilization mechanism were determined.
During the examination, the change in bubble size over time was also
observed, which gave information about the stability of the foam
samples.

2.2.5. Rheology

The rheological properties were studied with an Anton Paar Physica
MCR302 Rheometer (Anton Paar, Graz, Austria). The measuring device
was of the parallel plate type (diameter 50 mm, gap height 2 mm). The
flow curves were recorded over the shear rate range from 0.1 to 100 and
from 100 to 0.1 1/s at 25 °C for the liquid formula.

The foams were analyzed by means of amplitude sweeps, where the
strain value was increased from 0.1% to 100%, and the angular fre-
quency was 10 rad/s (Kealy et al., 2008).

2.2.6. Spreadability

The dermal application of any semi-solid dosage forms can be
modeled with a texture analyzer. The forces required to spread the
product on the skin were measured. The spreadability of the foams was
investigated with a TA.XT plus Texture Analyzer (Stable Micro Systems
Ltd., Vienna Court, Lammas Road, Godalming, Surrey, UK. GU7 1YL)
using a TTC Spreadability Rig, which comprises a male 90° cone probe
and a precisely matched female perspex cone-shaped product holder
(Bayarri et al., 2012). During the test, the male cone immerses into the
sample in the female cone until a gap of 1 mm is reached. The product is
forced to flow outward at 45° between the male and female cone sur-
faces during the test, the ease of which indicates the degree of spread-
ability. The spreadability of the sample characterized the maximum
force (firmness) recorded in the force-distance curve.

3. Results and discussion
3.1. Determination of QTPP and CQAs
The QTPP of the foams containing polymers includes the route of

administration, dosage form, site of action, appearance of the drug de-
livery system, stability of the liquid system and the foam system,

the foam for stability and skin application. The properties of the liquid
system and the foam formed depend on the characteristics of the ex-
cipients used. The properties of the foams are influenced by several
excipients, from which the polymer content was selected, and the in-
fluence of them was investigated. The polymer content can influence the
stability of the foams. CQAs are defined from QTPPs. The CQAs were
defined with the consideration of the attributes of the liquid system and
the formed foam, too. On the one hand, the properties of the liquid
systems are, for example, physical properties, viscosity, pH, surface
tension. On the other hand, the formed foam system has attributes such
as bubble size, foam stability, foam expansion, foam density, rheological
properties, spreadability Tables 2. and 3 show the QTPP and CQA pa-
rameters with their targets and their justifications.

After the determination of QTPPs and CQAs, the following step is to
determine the critical material attributes (CMAs) and the critical process
parameters (CPPs) of the foams containing polymer with risk
assessment.

3.2. Initial risk assessment

Risk assessment is the determination of the risks related to foams.
Risk assessment tools can be utilized to rank and identify parameters
based on their risk. An Ishikawa diagram represents the effect of the
primary attributes and parameters of foams. It interprets the causes and
sub-causes affecting the quality attributes of foam systems (Fig. 1).

The risk estimate matrix (REM) was used to assess the connection
between CQAs and QTPPs (Table 4). A three-step scale was applied to
rate the link between the CQA and QTPP parameters for the foam for-
mulations: Low (low-risk parameters), Medium (medium-risk parame-
ters), High (high-risk parameters) were the alternative levels. Based on
the results of the REM, a Pareto chart (Fig. 2) was created to represent
the severity scores of the CQAs

Our results show that five foam properties such as macroscopic foam
stability, foam expansion, cross point, size of the bubbles and number of
the bubbles are the most critical parameters, called Category A, with the
highest severity score (> 100) during development. The next is Category
B with a severity score of 60-90, which includes spreadability, relative
foam density and viscosity of the liquid system. The third category of
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Fig. 4. Flow curves of bulk liquids.

severity scores is Category C (below 60), including parameters which
have a low impact on product quality. High (Category A) and medium
(Category B) risk parameters indisputably have an effect on the quality
of foam systems. Therefore, these parameters were investigated.

The second REM (Table 5) presents the relationship between CQAs,
CMAs and CPPs. The same scale was used for assessment (low, medium,
high). The critical material attributes are polymer concentration and
type, surfactant concentration and type, preservative type. The critical
process parameters are the following: stirring speed, time and
temperature.

In the light of the results of the initial risk assessment (Fig. 3), there
are three groups of parameters regarding the risk level. In Category A,
the critical parameters are both material and process parameters:
polymer concentration and type, stirring speed and time with the
highest severity score (> 4000). Category B includes surfactant

concentration and type with a severity score of 2000-4000, which have
a medium effect on quality. The parameters considered above are the
parameters investigated during the experiment. Category C has the
lowest impact (< 2000) on the quality of the foams: preservative type,
stirring temperature. Based on the risk assessment, the critical (A) and
medium critical (B) quality attributes, defined above, were investigated
by varying the critical material and process parameters (A).

Among the QbD tools, the Ishikawa diagram was used to collect from
literature and current knowledge all the material and process parame-
ters, affecting the foam properties, from which the critical parameters
were selected by REM and Pareto analysis.

According to the results, five CQAs, namely foam volume stability,
foam expansion, cross point, the initial size of bubbles and the initial
number of bubbles, were found to be critical attributes for the foam
system. Moreover, three CQAs, namely spreadability, relative foam
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Table 6

Effect of mixing time and speed on foam volume.
F-Opolymer 1000 rpm 1500 rpm 2000 rpm
5 mins x x v
10 mins x x v
15 mins x x v
F-XANT 0.2
5 mins x x v
10 mins x v v
15 mins x v v
F-HEC_ 0.4
5 mins x x v
10 mins x x v
15 mins x x v
F-HAjmw_ 0.2
5 mins x x v
10 mins x x v
15 mins x x v
F-HApmw_ 0.2
5 mins x x v
10 mins x v v
15 mins x v v

density, the viscosity of the liquid system, were found to be attributes of
medium influence. These parameters were investigated in the course of
the research work. Thus, the number of ten quality attributes of foams,
determined based on prior knowledge and literature, was reduced to five
with initial risk assessment. Then, test methods were developed to
investigate these five critical quality attributes.

Furthermore, the initial risk assessment showed that there were two
highly critical material parameters for CQAs that were the concentration
and type of polymers, and two highly critical process parameters were
found in this development, namely the stirring speed and time. Conse-
quently, the number of eight material and process parameters, influ-
encing the quality attributes of foams, was reduced to four with initial
risk assessment and the effect of varying these parameters was
investigated.

3.3. Preformulation studies of bulk liquid-Rheological investigation

Based on the results of the risk assessment, the viscosity of the bulk
liquids was tested first. Rheological parameters are sensitive indicators
of changes within liquid, semi-solid, foam formulations, e.g., they are
suitable for characterizing the spreadability, consistency, and stability of
the formulation.

The viscosity of the initial liquid preparation can have an effect on
the formation of foam. Too high viscosity can hinder foam formation,
while too low viscosity can lead to fast destabilization.

Polymer solutions are characterized by a shear-thinning flow due to
the shear orientation of the macromolecules. For xanthan gum and HEC-
containing solutions, a more significant jump in values can be seen with
increasing concentration. The rheological behavior of low molecular
weight hyaluronic acid and cross-linked hyaluronic acid-containing so-
lutions was similar to that of the polymer-free solution, no significant
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increase in rheological parameters was observed with the polymer
content. In contrast, high molecular weight hyaluronic acid behaves
similarly to xanthan gum, the polymer is characterized by a thinning
flow to solution shear, and even slight thixotropy is observed (Fig. 4).

3.4. Preformulation studies of foams of CPPs

Preformulation tests were carried out to select the appropriate mix-
ing time and speed. These were essential to produce a foam with the
right consistency. The bulk liquid was stirred at different speeds (1000
rpm, 1500 rpm, 2000 rpm) for different lengths of time (5, 10, 15 min).
Our goal was to produce a foam macroscopically suitable for testing
purposes. We aimed to have a foam with twice the volume of the liquid
to carry out the tests (v: complies with the criteria, x: does not comply
with the criteria). Based on the results (Table 6), a foam of sufficient
consistency for the tests was obtained at 2000 rpm after 5 min.

3.5. Investigation of foam properties

3.5.1. Macroscopic properties

Through the determination of macroscopic properties (cylinder
method), we can acquire information on the stability of foam formula-
tions (foam expansion, foam volume stability, relative foam density).
Based on the macroscopic tests, polymer-containing foams are more
stable formulations than the polymer-free one. In the tested formula-
tions, F-XANT_0.1, F-XANT_0.2, F-HAgmw_0.1 and F-HAppw_0.2 had the
highest stability but the lowest foam expansion values. In general, the
results show that the greater the foam expansion, the higher its foam-
ability, and the higher the foam volume stability value, the more stable
the resulting foam. From the tested formulations, the well-foaming
composition was foams with an expansion above 150%. The most sta-
ble formulations are the formulations with foam volume stability above
70%, and in this case these were F-XANT 0.2 and F-HApmw_0.2
(Table 7).

The macroscopic examinations showed that the polymer-free
composition had a high value of foam expansion but a low value of
foam stability, which was also apparent because the structure of the
foam was broken down quickly. Similarly to the polymer-free formula-
tion, F-HEC_0.2, F-HA;yw_ 0.1 and F-HApyw_ 0.2 showed high foam
expansion and low foam stability. F-HA¢, showed low foam stability at
both concentrations tested, however, its foam expansion was not high
either. F-XANT and F-HAyyw formulations showed high foam stability
at both concentrations tested.

As the polymer concentration was increased, foam density increased
for all polymers used, however, based on the results, it did not correlate
with foam stability and foam expansion results.

3.5.2. Microscopic properties

3.5.2.5. Structure and homogeneity. The structure of each foam con-
taining different polymers can be observed with the help of microscopic

Table 7
Results of macroscopic investigations and the viscosity of bulk liquid.
Viscosity of bulk liquid [mPaes] (50 1/s) FE [%] FVS [%] RFD

F-Opolymer 3.06 £+ 0.56 172 +15.7 14 £1.81 0.2028
F-XANT 0.1 14.32 + 0.96 158 + 3.84 95 + 0.78 0.3879
F-XANT 0.2 42.05 + 0.22 134 £1.92 100 £ 0 0.4265
F-HEC_0.2 4.38 £ 0.19 177 £ 0 15 +1.39 0.3614
F-HEC_0.4 7.27 £ 0.22 164 + 1.92 29 +1.28 0.3781
F-HA vw 0.1 2.67 £ 0.26 179 £1.92 14 + 0.09 0.3585
F-HApyvw_ 0.2 3.00 £ 0.23 177 £ 0 14 £ 0.35 0.3614
F-HAgnmw_ 0.1 44.22 + 0.24 130 + 3.33 77 + 14.22 0.4348
F-HApmw_ 0.2 97.79 + 1.44 126 + 3.85 94 + 0.09 0.4434
F-HAc 0.1 2.57 £ 0.15 130 +3.33 15 +0.87 0.4348
F-HA( 0.2 2.64 £+ 0.06 130 + 3.33 14 +£0.21 0.4348
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Fig. 5. Microscopic images.

images (Fig. 5). Foams which contain larger bubbles from the beginning larger. The lamellas between two bubbles are thinner in F-HEC than in
are more friable. The size of the bubbles depends on the concentration of formulations containing xanthan gum and high molecular weight and
the polymer. In the case of F-XANT, F-HApmw, and F-HA¢, with cross-linked hyaluronic acid.

increasing polymer concentration, the initial size of the bubbles was also The homogeneity of formulations can be determined by bubble size
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F-HAcL_0.1

F-HAcL_0.2

Fig. 5. (continued).

analysis (Table 8). An example of bubble size analysis performed by the
software is shown in Fig. 6. During editing the bar charts, the data were
plotted in the range between the minimum and maximum areas. All
foam systems are polydisperse.

3.5.2.6. Kinetics of foam stability. The kinetics of foam destabilization

10

was observed with microscopic examinations. Bubble sizes were detec-
ted in microscopic images taken after a predetermined time (0, 10, 20,
30 min). The microscopic pictures showed that the increasing size of the
bubbles leads to the destabilization of the foam over time. The stability
of the foams could be determined by kinetic analysis Fig. 7. shows the
number of bubbles versus time. Foams with an initial bubble count
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Table 8
Results of microscopic investigations.

Minimum area (um?) Maximum area (um?) Mean (um?) Std Dev
F-Opolymer
0 min 505 306 477 63 957 63 726
F-XANT 0.1
0 min 1339 88 659 23718 17 973
F-XANT_ 0.2
0 min 1494 174 564 26 346 31479
F-HEC_0.2
0 min 3114 277 779 53018 54914
F-HEC_0.4
0 min 1015 243 753 47 054 45 447
F-HA;mw_0.1
0 min 8574 235 000 69 631 50 716
F-HA yw_0.2
0 min 10 593 366 345 115178 94 767
F-HApmw 0.1
0 min 456 103 582 22721 22 420
F-HAumw_0.2
0 min 382 286 301 23 700 31159
F-HA( 0.1
0 min 5796 120 204 46 715 30937
F-HA¢ 0.2
0 min 8281 245 578 73 323 47 835

F-Opolymer
Original image Processed image
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Fig. 6. The method of bubble size analysis in the case of F-Opolymer.
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Fig. 8. Typical rheological behavior of the formulated foams; stable (a) and unstable (b) foams.

above 100 were microscopically stable. These are F-XANT_ 0.1, F-
XANT_O.Z, F-HALMw_O.z, F-HAHMw_O.l and F-HAHMw_O.Z, which shows
that the results correlated well with the stability determined by the
macroscopic FVS% method.

3.5.2.7. Rheology—Oscillometric measurement. The structure of the foam
is built up of a network of bubbles. A coherent structure can be formed
due to the cohesive dispersion medium formed among the bubbles. This
structure can be analysed by oscillatory rheology (Dollet and Raufaste,
2014), (Thurston and Martin, 1978). The viscoelastic property of a
material can be expressed by the value of the G’ (storage modulus) and
G” (loss modulus) parameters and their relationship to each other. In the
case of amplitude sweep, the point of intersection of the two curves can
be interpreted as a flow point (y¢). The linear viscoelastic (LVE) range
and its limit (yield point, yy), which indicate the stability of a coherent
structure, can be also determined. In this range, G’ and G” are constant,
the structure is maintained. The wider this range, the more stable the
structure.

Two typical amplitude sweep curves can be distinguished: one which
represents a wider LVE range, the elastic modulus is higher than the
viscous one, and the moduli are constant up to higher strain values,
indicating a more stable coherent structure (Fig. 8.a). The other type of
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rheological behavior of the foam is when G” dominates over G’ in the
entire strain range, and a crossover point cannot be detected (Fig. 8.b).
These preparations did not form a real coherent foam structure.

The measurable rheological parameters of the foams are summarized
in Table 9.

Some foam formulations showed that G” values were higher than G’
in the LVE region. These samples had a yield point (detectable limit of
LVE range) but no flow point because the structure of these foams did
not form a coherent structure, they behaved like liquids. There were
other cases where it was not measurable due to foam instability. The
polymer-free foam has no flow point, which means it flows from the
beginning. The limit of the LVE range was the highest after 10 min due to
liquid drainage from the interspace between the bubbles.

F-XANT_0.1 and F-XANT_0.2 have higher vy and y¢ values than the
polymer-free foam. With increasing concentration, the values of flow
point also showed an increase. F-XANT_0.1 was still stable after 30 min,
however, higher concentration results in a less stable formulation after
30 min. This can be explained by the fact that too high a polymer content
can cause the destabilization of the foam.

The structure of F-HEC_0.2 and F-HEC_0.4 was less coherent than
that of F-XANT. Stability decreased over time. Rheological values
changed in direct proportion to polymer concentration.
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Table 9
Rheological parameters derived from the amplitude sweep curves.
¥t (%) vy (%)
F-Opolymer
0 min x 0.202
10 min x 0.49
20 min x 0.205
30 min not measurable not measurable
F XANT_ 0.1
0 min 15.9 0.43
10 min 4 0.192
20 min 7.98 0.196
30 min 7.98 0.204
F-XANT 0.2
0 min 10.1 0.23
10 min 12.7 0.237
20 min 15.9 0.255
30 min 20.1 0.73
F-HEC_ 0.2
0 min x 0.245
10 min 0.318 0.104
20 min x 101
30 min not measurable not measurable
F-HEC_ 0.4
0 min x 0.421
10 min 0.318 0.163
20 min 0.159 0.152
30 min not measurable not measurable
F-HA;mw_ 0.1
0 min 2.01 0.199
10 min x 0.311
20 min x 0.136
30 min not measurable not measurable
F-HA;yw_0.2
0 min x 0.22
10 min x 0.112
20 min x 1.07
30 min not measurable not measurable
F-HAgmw_ 0.1
0 min x 0.248
10 min 12.7 0.309
20 min 159 0.283
30 min 20.1 0.369
F-HApmw_ 0.2
0 min 0.634 0.157
10 min 25.2 0.79
20 min 31.8 0.69
30 min 31.8 0.658
F-HA 0.1
0 min 0.798 0.206
10 min x 0.13
20 min x 0.334
30 min not measurable not measurable
F-HA¢;_ 0.2
0 min x 0.221
10 min x 0.331
20 min not measurable not measurable
30 min not measurable not measurable

X: NO Cross point.
not measurable: the foam sample was immeasurable due to destabilization.

F-HApmw formulations were measurable for 20 min. The foam con-
taining the lower concentration of polymer started to lose its coherent
structure after 10 min. The increase in the amount of polymer made it
more stable after 20 min.

F-HApgyw had the best rheological properties among our formula-
tions. Both concentrations had a decrease in the rheological values after
20 min. However, after 30 min, F-HApyw_ 0.1 proved to be more
coherent. As with the xanthan gum-containing foam, higher polymer
concentration caused the breakage of the coherent structure of the foam.

Cross-linked hyaluronic acid also caused the early breakage of the
structure of the foam. The higher the polymer concentration, the earlier
the breakage of the coherent structure occurs.

The long-term stability of the foam is insufficient for possible
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application to the skin. Our results indicate that xanthan gum-
containing and high molecular weight hyaluronic acid foams met this
requirement. These results correlated well with FVS% values.

3.5.2.8. Spreadability. Spreadability is the ability of foam to spread on
the skin. If spreadability values decrease, the application of the foam is
easier (Djiobie Tchienou et al., 2018).

The force is applied with a male cone probe, which penetrates
through the foam to a certain depth. During penetration, the force
gradually increases to the maximum penetration depth. The maximum
force (firmness) is obtained during the measurement. Primarily, the
factors that affect the firmness of the foam are the viscosity of the bulk
liquid, the interactions between the bubbles, the distribution of the
bubbles and the geometry of the bubbles. The results show that the
lower the detected force, the easier for the foam to spread. Secondly, the
greater the force required to spread, the more stable the foam.

The spreadability of the polymer-free foam is not-compliant, it starts
to flow very quickly. On the basis of the results, in general, the polymer
content improved the firmness of the foam (Fig. 9), which would prevent
the formulation from flowing off the skin. As the concentration in-
creases, the force required to spread the foam is also greater. In the case
of high molecular weight hyaluronic acid-containing foams, the greatest
force was required to spread the foam formulation. Our results indicate
that xanthan gum-containing and high molecular weight hyaluronic
acid foams met this requirement and correlated with the macroscopic
investigations.

4. Conclusions

The aim of our study was to find, develop and compare the test
methods that are suitable for the investigation of foam compositions,
and with their help to select the appropriate composition during the
development of a foam formula. The application of the QbD concept,
including risk assessment, was of great help in the development of
methods for testing foams.

The purpose of this research work was to acquire a better knowledge
of the properties of API free foams as a delivery system and to establish
control methods suitable for testing the foams.

Considering the results of initial risk assessment, eleven composi-
tions were formed and investigated.

During the initial risk assessment, five CQAs, namely foam volume
stability, foam expansion, cross point, size of bubbles and number of
bubbles were found to be highly critical attributes, and three CQAs,
namely spreadability, foam density and the viscosity of the liquid system
were found to be medium critical attributes in the development of foam
formulations. These parameters were investigated. The initial risk
assessment also showed that there are two material parameters, polymer
concentration and polymer type, which were highly critical parameters
for CQAs, while surfactant had a medium impact on CQAs.

In summary, the polymer content has a great effect on the properties
of the foams. Different polymers affect the properties of foams in
different ways Table 10. summarizes and compares the results obtained
on the basis of the previously established requirements (Table 3). When
used in combination, the methods reinforce each other and help to select
a formula for dermal application. Based on our results, formulations F-
XANT_0.1, F-XANT_0.2, F-HApyw 0.1 and F-HApyw_ 0.2 have good
foam properties and will be appropriate delivery systems for an active
pharmaceutical ingredient. The results of the different methods showed
good correlation and can be used in preformulation studies. The
appropriate formula can be selected by using macroscopic method of
foam stability (FVS), the investigation of the number of bubbles with a
light microscope, and the oscillometric measurement methods of cross-
point determination. While previous research papers have used these
test methods separately, the selection protocol of an appropriate foam
formula has been developed based on the results of the present research
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Fig. 9. Foam firmness.

Table 10
Summary of the investigation of foams; v'v': Exceptionally good result, v: The result meets the target requirement, x: The result does not meet the target requirement.
Investigation Target F- F- F- F- F- F- F- F- F- F- F-
Opolymer XANT 0.1 XANT 0.2 HECO0.2 HEC0.4 HAyw.0.1 HAmw 0.2 HApgyw 0.1 HAguw 0.2 HAg 0.1 HAg 0.2
Foam expansion 100% < 4 L4 v L4 L4 54 44 v v v v
Foam density <0.5 v v v v v v v v v v v
Number of bubbles 100 < x v v x x x v v v x x
(Initial values)
Spreadability <500mN Vv v v v v v v v v v v
Cross point Detectable  x v v x x v x x v v x
Foam volume stability 50% < x v 4 x x x x v v x x
Viscosity of liquid 20-200 x x v x x x x v v x x
system mPas
and these results assist in the development of pharmaceutical foams to References
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Abstract: Foams are increasingly popular in the field of dermatology due to their many advantages
such as easy spreading, good skin sensation, and applicability in special skin conditions. One of
the critical points of foam formulation is the choice of the appropriate stabilizing ingredients. One
of the stability-increasing strategies is retarding the liquid drainage of liquid films from the foam
structure. Therefore, our aim was the application of different hydrogel-forming polymers in order to
retain the stabilizing liquid film. Dexpanthenol and niacinamide-containing foams were formulated,
where xanthan gum and hyaluronic acid were used as foam-stabilizing polymers. Amplitude (LVE
range) and frequency sweep (G’, G”, tand, and frequency dependency) were applied as structure-
and stability-indicating rheological parameters. The rheological data were compared with the results
of the cylinder method, microscopical images, and the spreadability measurements. The application
of the gel-forming polymers increased the stability of the dermal foams (increased LVE range, G’
values, and decreased frequency dependency). These results were in correlation with the results
of the cylinder and spreadability tests. It was concluded that in terms of both foam formation and
stability, the combination of xanthan gum and dexpanthenol can be ideal.

Keywords: foam stability; hyaluronic acid; xanthan gum; spreadability; rheology

1. Introduction

The use of dermal foams has become widespread in both the pharmaceutical and
cosmetic fields. Foams are colloidal systems in which gas bubbles are dispersed in a solid
or liquid dispersion medium and the two phases are separated by a solid wall (solid foams)
or a liquid lamella (liquid foams). The lamellae can adhere to each other to form a foam.
Dermal foams are liquid foams and preferred pharmaceutical products which are used
to improve wound healing and treat chronic dermatological diseases and are also used
in the pediatric field. They can be considered as special delivery systems due to their
many advantages, such as convenient application on extensive or hairy skin surfaces [1].
In addition, their high rate of expansion allows large skin surfaces to be covered rapidly.
The bulk liquid, which is stored in a container, is unsaturated or saturated for the active
substance used. With the use of an appropriate foaming pump head, foams are produced
by adding air to the bulk liquid. The volatile components are rapidly eliminated from the
applied foam, resulting in supersaturation. For the active substance, after the foam starts to
decay, a supersaturated thin liquid film (lamella) is formed, from which penetration starts
at high speed due to the propulsive forces in the system. The fields of application require
that the foam remains stable for a sufficient period of time to achieve a good spreading and
the desired therapeutic effect, which is also beneficial for improving patient compliance.

In order to find the most suitable components and formulation strategies to ensure
the foam stability, the main mechanisms that cause the foam decay must be clarified.
The four main mechanisms are drainage, coalescence, Ostwald ripening, and bursting of
bubbles [2]. Briefly, drainage is when the liquid drains off owing to gravity. The Plateau

Gels 2022, 8, 413. https:/ /doi.org/10.3390/ gels8070413

https:/ /www.mdpi.com/journal/gels


https://doi.org/10.3390/gels8070413
https://doi.org/10.3390/gels8070413
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/gels
https://www.mdpi.com
https://orcid.org/0000-0002-3842-8876
https://orcid.org/0000-0001-5593-1329
https://orcid.org/0000-0001-5187-5702
https://doi.org/10.3390/gels8070413
https://www.mdpi.com/journal/gels
https://www.mdpi.com/article/10.3390/gels8070413?type=check_update&version=3

Gels 2022, 8,413

20f13

borders between the bubbles allow the liquid to flow down through. Foams with a high
liquid content can show very round bubbles. As the liquid starts to go through the foam,
the bubbles take a polyhedral shape. As a result, the foam becomes unstable because the
liquid is crucial to stabilize the lamellas of each bubble. The occurrence of coalescence is
the result of surface tension (SFT). The bubbles get close to each other; afterwards, they
conjoin and form a single bubble. Ostwald ripening is a consequence of thermodynamical
instability between bubbles. In bigger bubbles, the pressure is lower and the small bubbles
can dissolve in the solution and re-deposit to form large bubbles. Finally, bursting causes
the air to eliminate from the foam bubbles as the liquid film is ruptured.
Foam formation involves three main stages [3], which are represented in Figure 1.

The bulk liquid Foam
(mixture of
polymer

(the bubbles are
conjoined, a
solution, coherent foam
surfactants, and structure is
preservatives) formed)

Dispersion of air
gases (no coherent
foam geometry)

Figure 1. Stages of the foam formation.

Foaming techniques can be grouped into physical, chemical, and biological foaming [4].
The physical foaming techniques of mixing and foam formation by foam pumps are
discussed in our article. These two techniques are the easiest and the most environmentally
friendly methods. During the use of the mechanical stirrer, the turbulence causes air to
diffuse into the liquid medium, thus allowing the foam to form. Among dermal foams, the
propellant-free pump formulations are more favored. The propellant-free foam pump is
easy for patients to use, and it is an environmentally friendly method as the liquid is mixed
with the air, resulting in foam generation. The bulk liquid is contained in a liquid dosing
chamber. The foam pump device also includes an air dosing chamber. The air from the
air dosing chamber and the bulk liquid from the dosing chamber are moved through an
uptake tube.

Foam stability is determined by a combination of dynamic and static factors. Forces be-
tween the interfaces of two bubbles determine the stability of the liquid film that separates
them [4]. The key objective when stabilizing foams is to stop destabilizing mechanisms.
Studies over the past decade indicate that many strategies can be used to stabilize foams.
These methods may include the use of surfactants, photosurfactants [5], proteins [6], poly-
electrolytes [7], and other gel-forming polymers. They can be usually used in combination
to achieve the desired stability. The most common combination is the simultaneous use
of polymer and surfactant, which are commonly used as foaming agents [8,9]. On the one
hand, if higher elasticity can be reached by adding a high concentration of the foaming
agent, then the bubbles have to work against the increased interfacial viscoelasticity. This
mechanism can provide an energy barrier that could prevent the early shrinkage of the
bubbles [10]. Moreover, polymers can increase the viscosity and elasticity of the liquid
films, which can greatly contribute to delaying the break-up of lamellae. On the other
hand, surfactants can reduce the mobility of the bubbles when adhering to the liquid—gas
interface, which delays bubble formation fluctuations. In our research, we used surfactants
and gel-forming polymers whose effects on the skin are already recognized, but their effects
on foam stability are not known. Regarding surfactants, although ionic surfactants are
effective foam stabilizers, they are known to be skin irritants [11] and the use of non-ionic
surfactants is therefore recommended, especially when inflamed areas need to be treated.
Our research has been conducted to investigate the effect of two popular polymers on
foam stability: xanthan gum (XANT) and hyaluronic acid (HA). Xanthan gum is a widely
used excipient in pharmaceutics [12,13]. It is one of the only naturally derived thickeners
commonly used in dermal preparations. Accordingly, it has the ability to lock in water to
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help maintain skin hydration. The hyaluronic acid used in the formulae is derived from
natural sources and has moisturizing and water-retaining properties. Hyaluronic acid not
only promotes skin hydration but also plays a crucial role in wound healing because it has
an anti-inflammatory effect and aids tissue regeneration [14,15].

Our work aimed to formulate stable foam formulations containing two potential
dermatological active ingredients (API) (dexpanthenol, DEX and niacinamide, NIA), for
which two different liquid film stabilizing polymers (namely xanthan gum and hyaluronic
acid) were chosen. The formation of foam was analyzed by rheological amplitude sweep
test (linear viscoelastic (LVE) range), surface tension, microscopical investigation, and
cylinder test. The stability of the foams was investigated through the rheological frequency
sweep test and the spreadability test.

The application of the gel-forming polymers improved the stability of dermal foams
(wider LVE range, higher G’ values, and decreased frequency dependency). The rheological
results were in correlation with the results of the cylinder and spreadability tests. With the
applied methods, the ideal combination and composition can be selected.

2. Results and Discussion

In the first part of the work, the foam formation ability of the composition was analyzed
using surface tension measurement, macroscopic foam stability (foam expansion, FE; foam
volume stability FVS), microscopical, and rheological investigations. In this section, two
physical foam-forming techniques were compared. Mechanical stirring represents the foam
formation more realistically, the duration of the foam formation is more traceable, while
the propellant-free pump devices imitate the real conditions of the application.

In the second part of the work, the structure and the applicability of the foams formed
by the pump (Figure S1) were evaluated using rheological and texture analyzer technics.

2.1. Foam Formation Ability

The surface tension of liquids significantly affects the dispersibility of air, the size [16,17],
and the stability of the bubbles formed [18]. The surface tension of the bulk liquids was
determined using the pendant drop method. The surface tension of the API-free (AF) and
the polymer-free (PF) solution was 27.54 mN/m; compared to this, the addition of polymers
caused an increase, i.e., their surfactant inactivity prevailed (Table 1). When dexpanthenol
was added to the formulation, a decrease in surface tension was observed in the polymer-
free and xanthan gum-containing formulations, suggesting that dexpanthenol may be
contributing to the interfacial formation, whereas niacinamide only altered the polymer-
free formulations and increased the surface tension in a similar way to polymer-containing
formulations. The results suggest (Table 1) that dexpanthenol-containing formulations
have the most favorable surface tension for foam formation, even with xanthan gum which
increases the surface tension, lower surface tension can be measured to compensate for its
surface inactivity.

Table 1. The results of the surface tension, foam expansion, and foam volume stability measurements.

Sample SFT (mN/m) FE (%) FVS (%)
PF-AF 27.54 +0.11 172.2 +15.8 143+1.8
XANT-AF 29.20 + 0.06 1344+ 1.9 100.0 = 0.0
HA-AF 28.78 + 0.33 125.6 + 3.8 94.6 = 0.1
PF-DEX 2432 +1.18 180.0 & 0.0 15.1+0.7
XANT-DEX 24.00 &+ 3.85 1144 +£19 100.0 = 0.0
HA-DEX 28.40 +0.30 1444 £19 88.2 +£0.7
PE-NIA 29.20 +0.22 183.3 + 0.0 11.8 £ 0.0
XANT-NIA 29.49 + 0.08 126.7 £ 3.3 100.0 0.0

HA-NIA 29.31 £ 0.01 1133 £33 919+1.3
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The lower surface tension may lead to a significantly higher foam expansion (FE).
However, the FE-values are more significant in polymer-free compositions, with values
above 170%, while in polymer-containing compositions, it is usually below 150%. This
is due to the fact that the amount of air emulsified in the foam with mechanical stirring
depends significantly on the viscosity of the mixed bulk liquid, and in our case, polymer-
containing bulk liquids are considered to be more viscous. Comparing the effect of the two
polymer-containing foams on expansion, no distinct correlation can be found.

Regarding foam volume stability, the macroscopic tests confirmed that polymer-
free systems collapsed rapidly (FVS values ranging from 11 to 15%), while for polymer-
containing systems, xanthan-containing foams maintained their foam volume after 30 min,
although a 5-10% volume decrease was observed for HA-containing compositions. Al-
though the addition of the polymer to the bulk liquid increases the viscosity and elasticity,
which leads to a more difficult foam formation, the thickness and stability of the lamellae
surrounding the bubbles after foam formation are increased [19]. A common example is
the polymer-free and xanthan gum samples containing dexpanthenol, where due to the
favorable surface tension, the foam formation is the greatest in the case of the polymer-
free sample (FE = 180%), while the polymer-containing foam has a much lower value
(FE = 114%). By contrast, the parameter indicating their stability (FVS) is much more
favorable in the sample containing xanthan gum (100% vs. 15%).

During rheological investigations, the linear viscoelastic range of the formed foams
(Figure 2) was determined, and measurements were performed with pump-formed foams,
and also foams prepared with mechanical stirrer after preparation (0 min) and 10, 20, and
30 min. With amplitude sweep, the mechanical resistance of the foams can be determined
and the formation of the foam, namely the formation of the foam structure can be identified.
The interfacial interactions between bubbles and lamellae induced a coherent structure,
which can be characterized by the storage (G’) and loss (G”) moduli on the rheological
curves for the elastic and viscous properties.

In our case, for compositions defined as real foam, when the coherent structure is
formed, the G’ modulus was higher than the G” modulus, and it was constant up to a given
strain value, depending on the strength of the foam structure. The end of linearity, and
the associated strain value, represent the resistance of the structure to deformation; the
higher the strain value, the more resistant the structure is. The coherent foam structure is
weak, and the viscoelastic range of our formulated foams ends under 1% strain (Figure 2).
These results are similar to values indicated in previous literature on topically applied
foams [20]. We could also observe that samples from the aged foams were rheologically
divergent (Table S1). In some cases, water leaking out of the lamellae means a decrease in
the fluidity of the lamellae, so the viscoelastic range is extended. This behavior could be
observed in most foams; however, it should be added that in polymer-free formulations,
the measurements were performed on a foam that had already shrunk significantly (below
15% FVS-value). In several cases, the coherent structure was no longer measurable, and the
classical foam structure disappeared (PF-AF at 30 min; DEX-PF at 30 min). In these cases,
the G” modulus was higher than the G’ modulus, and no linearity was observed, so the
end of the viscoelastic range in the investigated range was not detectable.

The foams formed with mechanical stirrer and the foams formed with pumps were
also compared throughout the rheological studies. The linear viscoelastic range of the foams
generated by the mechanical stirrer is most similar to the initial rheological values of the
non-aging foam, showing a highly rapid structural breakdown (yrygr < 0.3%). In general,
the viscoelastic range of polymer-free systems breaks down earlier, resulting in a more
fragile structure when produced by both mechanical stirrer and pump.
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Figure 2. The amplitude sweep of the formed foams (a) without polymer; (b) with XANT; (c) with
HA.; (d) DEX: without polymer; (e) DEX with XANT; (f) DEX with HA; (g) NIA without polymer;
(h) NIA with XANT; (i) NIA with HA.

The structure of foams produced by mechanical stirrer and pump is illustrated by
microscopic images (Figure 3). Foams produced with a pump exhibit a more heterogeneous
structure, meaning that there is a variety of smaller and larger bubbles, whereas the size of
the bubbles was smaller and more uniform in systems produced with a mechanical stirrer.

Microscopic images provide the opportunity to study the film or lamellae that bound
the bubbles. In general, a thicker wall structure was observed in polymer-containing
foam systems, which was more noticeable in pump-formed foams. When comparing
the two polymers, the film thickness may have been greater for xanthan gum-containing
compositions, and the amount of liquid bound by the polymer in the interfacial layer may
have been more significant.
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Figure 3. The comparison of the structure of foams produced by the pump and mechanical stirring:

(a) polymer-free foams; (b) xanthan gum-containing foams; (c) hyaluronic acid.

Microscopic images enable the determination of the bubble sizes as well as the char-
acterization of the wall thickness of the lamellae around the bubbles. However, several
authors [21,22] and our own experience point out that conventional microscopic sectioning
is difficult due to the dynamic behavior of foams and their weak structure; therefore, oc-
casionally no conclusions can be drawn. In order to avoid this, our work compared only
the differences in bubble size (monodisperse or heterodisperse) and wall thicknesses for
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microscopic evaluations, without detailed statistical measurements. For a more accurate
characterization of the structure, we therefore subsequently used methods that provide
well-reproduced information on a large sample volume (rheology and texture analyzer)

2.2. Characterization of the Structure of Foams Generated by Pumps

Dermal foams are usually formed using propellent-free pump devices, and therefore it
was considered necessary to investigate the structure of these foam systems in more detail.

The formed coherent gel structure was investigated with frequency sweep (Figure 4).
The value of the G" and G” moduli, their relationship to each other (tand), and their
frequency dependence provided information about the strength and stability of the formed
foam structure (Table 2). For polymer-free systems, the moduli showed much lower values,
the storage modulus was lower than the loss modulus, and the tand values were below
1, which means that the coherent structure did not characterize the formed foam. The
significant frequency dependence (high slope value) of the polymer-free samples also
indicated instability. The addition of polymer in the system showed an increase in elasticity,
an increase in G’ modulus values, and an increase in tand and frequency dependence. The
addition of the polymer referred to the strengthening of the coherent structure. In the
APlI-free systems, the two polymers resulted in similar changes in rheological parameters,
with no significant difference. However, it is remarkable that dexpanthenol together with
xanthan gum significantly increased the elasticity and stability of the foam. The G" modulus
increased from 11.2 Pa to 20.3 Pa after the addition of dexpanthenol, while tand decreased
from 0.30 to 0.26, similarly, the frequency-dependent slope decreased from 0.50 to 0.33. This
formulation had a very low surface tension value which indicates the xanthan gum and the
dexpanthenol together can modify the bubble-liquid film interface. This modification may
change the mechanical behavior of the foam based on the results presented earlier, which
also suggests that the combination of polymer and dexpanthenol strengthens the effect of
each other.

Table 2. Results of the frequency sweep measurement and the spreadability of the foam formed by

the pump.
Rheology Spreadability
Sample G’ at 10 rad/s G” at10 tand at 10 Slope Firmness
(Pa) rad/s (Pa) rad/s (-) P (mN)

PF-AF 3.86 £+ 0.61 6.60 + 0.87 1.76 - 0.46 1.89 +0.33 120.9 £ 5.0

XANT-AF 29.09 + 3.81 8.71 +1.24 0.30 + 0.03 0.51 4+ 0.09 229 £ 6.7
HA-AF 29.73 + 6.29 9.83 + 2.38 0.33 + 0.01 0.53 +0.03 2919 £ 5.8
PE-DEX 8.51 + 2.32 9.38 + 0.69 1.14 +0.23 0.85 4+ 0.08 1279 + 11.3

XANT-DEX 40.35 £ 0.74 10.63 £ 0.38 0.26 £0.01 0.34 £ 0.03 275.8 £ 4.9
HA-DEX 30.60 = 1.27 15.62 £ 3.76 0.45 £ 0.02 0.56 + 0.04 271.0 £8.9
PF-NIA 9.32 £1.65 11.04 £ 1.35 1.19 £ 0.06 1.30 = 0.46 1459 £ 8.5
XANT-NIA 38.02 £ 2.58 11.13 £+ 0.49 0.29 £0.01 0.42 £0.03 2542 +£6.3
HA-NIA 30.96 £ 0.26 11.29 + 0.62 0.36 + 0.02 0.47 £+ 0.07 258.6 £ 14.4

Commercially available dermally applied foams can have very different rheological
properties [20]. In our research, the rheological parameters were used to optimize the
composition in order to select the appropriate formulation with the most favorable stability
and structure. The combination of dexpanthenol and xanthan gum is also indicated as the
optimal formulation in this respect.
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Figure 4. The frequency sweep of the formed foams (a) without polymer; (b) with XANT; (c) with
HA.; (d) DEX: without polymer; (e) DEX with XANT; (f) DEX with HA; (g) NIA without polymer;
(h) NIA with XANT; (i) NIA with HA. Three parallel measurements are presented.

The spreadability of the foams can appear to be critical for application and for this
purpose, a texture analyzer was used to determine the firmness values, which are charac-
terized by the maximum strength of the force-distance curve required to spread the foam
to a thickness of 1 mm (firmness). The results suggest that polymer-free foams with no
elastic properties could be spread with much lower forces, as predicted from the rheological
properties. No clear correlation was observed between the two foam systems containing
different polymers in terms of spreading. In the absence of a similar study of foams in pre-
vious literature, we compared the values obtained with the rheological parameters in our
research. With the texture analyzer, the foams did not show as much difference as with the
rheological parameters, which means that the rheological parameters can provide a more
accurate indication of the effect of both polymers and active ingredients on the structure.
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3. Conclusions

The purpose of our work was to formulate a dermal foam in which the ingredients are
present in quality and quantity that results in a foam structure with adequate mechanical
strength and stability. Two potential dermal agents (dexpanthenol, niacinamide) were used
with the aim of selecting an ideal polymer.

The results proved that the addition of the polymer resulted in a much more stable and
better structured foam. The xanthan gum provided more favorable rheological properties
and more stable foam systems. In terms of both foam formation and stability, the combi-
nation of xanthan gum and dexpanthenol proved to have the most beneficial properties,
making it an ideal combination.

4. Materials and Methods
4.1. Materials

Kolliphor RH 40 was provided by BTC Europe GmbH-A BASF Group Company
(Burgbemheim, Germany). Labrasol ALF was supplied by Azelis Hungary Ltd. (Budapest,
Hungary), Xantural® 180 was obtained from Biesterfeld GmbH (Budapest, Hungary). Ver-
statil PC was purchased from Biesterfeld GmbH (Budapest, Hungary). Purified and deion-
ized water was used (Milli-Q system, Millipore, Milford, MA, USA). HyaCare Tremella
(1240 kDa) was a product sample from Finecon-Evonik Industries AG (Essen, North Rhine-
Westphalia, Germany). Niacinamide was kindly supplied by Biesterfeld GmbH (Budapest,
Hungary). D-Panthenol was by DSM Nutritional Products Ltd. (Basel, Switzerland).

4.2. Methods
4.2.1. Composition and Preparation of Foam Samples

The exact composition of different foam formulations is shown in Table 3. The type
and the concentration of the surfactants and preservative were chosen based on our earlier
study [23].

Table 3. Composition of the investigated formulations.

Hyaluronic Acid-Containing
Compositions

Components PF-AF PF-DEX PF-NIA XANT-AF XANT-DEX XANT-NIA HA-AF HA-DEX HA-NIA
Phase A

Labrasol ALF
/surfactant/
Kolliphor RH40
/surfactant/

Phase B

Polymer Free Compositions Xanthan Gum-Containing Compositions

Xanthan gum (Xant.)
/polymer/
Hyaluronic acid N N N
(HA) /polymer/ - - - - - - 0.2% 0.2% 0.2%
Purified water
/solvent/
Dexpanthenol
/active ingredient/
Niacinamide
/active ingredient/

Phase C

- 5% 5% - - 5% -

- - 5% - - 5% - - 5%

Phenoxyethanol

. + + + + + + + + +
/preservative/

+ the component is in the formulation, - the component is not in the formulation.

Each formulation contains the same amount of surfactants, preservatives, and solvents.
The difference between the formulations is the contained polymer and active ingredient. As
the aim is to develop an appropriate foam formula for dermatological use, we were looking
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for a suitable polymer for transdermal application. Niacinamide and dexpanthenol are the
active ingredients used as they contribute to the improvement of the skin’s barrier function.

Phase A contains a mixture of surfactants, which are the main foaming agents of the
formulation. Phase B contains the chosen polymers, the solvent, and one of the active
ingredients. When preparing Phase B, the polymer was swollen in half the amount of
purified water for 1.5 h. In the remaining water, a solution was made with the active
ingredient. After the complete dissolution of the active ingredient and swelling of the
polymer, the two solutions were then mixed. The first step was the addition of Phase
C to Phase A. Lastly, Phase B was mixed with the mixture of Phases A and C. After the
preparation of bulk liquids, the samples were kept in well-sealed jars and propellant-free
foam pumps until the start of the investigations. To compare the effect of the two production
methods, the tested foams were generated with a propellant-free foam pump. In the other
method of preparation, 30 g of bulk liquid was stirred with the IKA stirrer for 5 min at
2000 rpm, before each investigation.

4.2.2. Macroscopic Characterization of Foams

In order to develop appropriate compositions, it is important to identify test methods
for investigating the stability of foams. Foam stability is the parameter that indicates the
period of time until which the foam can maintain its initial properties. These can be tested
to provide data on foamability and foam stability. This method has only been performed
with foams produced with mechanical stirring. First, 30 g bulk liquid was stirred for 5 min,
then a glass graduated cylinder was filled up with the foam. The initial foam volumes were
recorded, and after 30 min the aged foam volumes.

The parameters can be calculated using the following formulae [24]:

V(foam, 30 min)

FVS(%) = —— Goam) 10 o 1)

where V(foam,30 min) is the foam volume after 30 min (mL).

V(foam) — V(formulation)
V(formulation)

FE(%) = -100% )
where V(formulation) is the volume of the formulation (mL) required to produce V(foam)
(mL) [24].

The cylinder method can be used to determine the foam volume stability (FVS, %) and
foam expansion (FE, %), as it is an easy and convenient method [24].

4.2.3. Spreadability (Texture Analyzer)

With texture analyzer, dermal application of any semi-solid dosage forms can be
modeled. The instrument measures the forces required to spread the product on the skin.

The spreadability of the foams was examined with a TA.XT plus Texture Analyzer
(Stable Micro Systems Ltd., Vienna Court, Lammas Road, Godalming, Surrey, UK. GU7
1YL) using a TTC Spreadability Rig, which includes a 90° cone-shaped male probe and a
precisely fitting female cone-shaped, Perspex product holder. When a trigger forceof 1 g
was achieved, the male probe proceeded to penetrate the sample at a test speed of 10 mm/s
until a gap of 1 mm. The force to penetrate the sample increased during this time. The
tested foam flowed outward at 45° between the surfaces of male and female cones and
the ease of spreading indicated the degree of spreadability. The maximum force value in
the force-distance graph is a measure of firmness that characterizes the spreadability of
the sample.

4.2.4. Microscopic Characterization of Foams and Image Analysis

The investigation of the microscopically observable properties of foams was carried out
with Leica DM6 B Fully Automated Upright Microscope System (Leica Biosystems GmbH,
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Wetzlar, Germany). The structure of the foams can be observed with microscopic images.
The roundness, size, size distribution of bubbles, and the thickness of lamellae between two
bubbles can provide paramount information on foam stability. The structure of the foam
was analyzed immediately after the generation of foams through the light microscope.

4.2.5. Determination of the Surface Tension

The surface tension affects the foam stability. Measuring the surface tension is of major
importance because the lower surface tension assists the bubble formation and the higher
surface elasticity helps to maintain the stability of the foam lamellae [25]. The surface
tension of bulk liquids was measured with OCA 20 Contact Angle System (Dataphysics
Instruments GmbH, Filderstadt, Germany) by analyzing the shape of the pendant drop.
The pendant drop was created at the end of a needle with a predefined inner and outer
diameter in a vertical position. The contour of the droplet was detected by the SCA20/22
software V.5.0.41 module using the Young-Laplace equation. The camera was rotated by
90° for a better resolution, which allowed the software to get a larger screenshot and a
more accurate contour analysis, in which case the camera image detected the hanging
droplet from left to right. As the instrument detected the contour of the pendant drop, it
calculated the surface tension from it. The average of 5 parallel measurements was used for
the evaluation.

4.2.6. Oscillometric Measurements

Studying the structure of foams has always been problematic, as the structure of
foams is easily friable and often contains large bubbles. Oscillometric methods (amplitude
sweep, frequency sweep) can be used to gain more insight into the mechanical properties
of foams such as the elasticity of the film, and thus the stability of the foam. The rheological
properties of foams were studied at 25 °C with an Anton Paar Physica MCR302 Rheometer
(Anton Paar, Graz, Austria). The measuring device was of the parallel plate type (diameter
50 mm, gap height 2 mm). Each measurement was performed immediately after the
generation of foam samples or after a given storage time (10, 20, and 30 min).

4.2.7. Amplitude Sweep

The foams were analyzed through amplitude sweeps [20], at an increase of the strain
value from 0.1% to 100%, and at a constant angular frequency of 10 rad/s. The linear
viscoelastic (LVE) range was determined by the RheoCompass™ software v.1.25 (Anton
Paar, Graz, Austria). We selected a 3% tolerance range of deviation for G” around the
plateau value for the determination of the LVE range. The results of the measurement of
the LVE range were used for the setting of the frequency sweep tests, and the LVE range
can give information on the formation of foam structure.

4.2.8. Frequency Sweep

Storage modulus (G’), loss modulus (G”), loss factor (tand), and the slope of the curve
(frequency-dependency) were determined [20] over the angular frequency range from 0.1
to 100 rad/s. The applied strain value (0.1%) was in the range of the linear viscoelasticity
of the foams. Three parallel measurements were carried out.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/gels8070413/s1, Table S1: Calculated LVE range of the foams; Figure S1:
Photos of the different foams. (a) PF-AF, XANT-AF, HA-AF; (b) PE-DEX, XANT-DEX, HA-DEX, and
(c) PE-NIA, XANT-NIA, HA-NIA.
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Abstract: Medicated foams have emerged as promising alternatives to traditional carrier systems
in pharmaceutical research. Their rapid and convenient application allows for effective treatment
of extensive or hirsute areas, as well as sensitive or inflamed skin surfaces. Foams possess excel-
lent spreading capabilities on the skin, ensuring immediate drug absorption without the need for
intense rubbing. Our research focuses on the comparison of physicochemical and biopharmaceutical
properties of three drug delivery systems: foam, the foam bulk liquid, and a conventional hydrogel.
During the development of the composition, widely used diclofenac sodium was employed. The
safety of the formulae was confirmed through an in vitro cytotoxicity assay. Subsequently, the closed
Franz diffusion cell was used to determine drug release and permeation in vitro. Ex vivo Raman
spectroscopy was employed to investigate the presence of diclofenac sodium in various skin layers.
The obtained results of the foam were compared to the bulk liquid and to a conventional hydrogel.
In terms of drug release, the foam showed a rapid release, with 80% of diclofenac released within
30 min. In summary, the investigated foam holds promising potential as an alternative to traditional
dermal carrier systems, offering faster drug release and permeation.

Keywords: dermal foam; diclofenac sodium; Raman mapping; in vitro permeation test; in vitro
release test

1. Introduction

Dermal drug delivery is a critical field of study in pharmaceutical research, with the
goal of successfully administering therapeutic agents through the skin for localized or
systemic effects.

A wide range of dermal preparations are available for use in product development.
Within the traditional forms, solid, semi-solid, and liquid preparations are distinguished.
Powders and patches are associated with the solid form applied dermally, while ointments,
creams, gels, and pastes represent the semi-solid form. Solutions, emulsions, suspensions,
and aerosols belong to the liquid form [1,2].

Only a few of the active ingredients are capable of achieving adequate transdermal
penetration on their own since they need to possess suitable solubility and permeabil-
ity [3]. To achieve a systemic effect, it is necessary to develop a formulation that is capable
of crossing this protective barrier by temporarily disrupting the skin barrier before it
quickly returns to its original structure. Among the methods for enhancing penetration,
we distinguish between passive and active approaches. Passive methods involve reduc-
ing the barrier function of the stratum corneum through the use of chemical penetration
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enhancers [4,5], increasing hydration [6], and employing various nanostructured systems
(NLC, liposome) [7].

In addition, an increasing number of new, innovative forms are being encountered
in both the pharmaceutical and cosmetic industries [8]. In the field of dermatology, foams
have gained attention [9,10], particularly in the treatment of sunburns, wounds, and ulcers.
They are used in numerous areas, and the development of environmentally friendly designs
has become paramount to reducing the environmental footprint [11]. This has led to the
gradual replacement of propellant-containing systems with propellant-free systems. The
therapeutic use of dermal foams is becoming increasingly appealing to the population
because of its ease of application [12]. Foams are often utilized as a topical formulation,
which allows for easier distribution and consistent covering of the affected region. Their
appearance is aesthetic, non-greasy, and non-sticky, yet easily removable from the skin,
thereby improving patient adherence. Foams also have good spreadability on the skin [13],
ensuring the immediate absorption of the active ingredient, and eliminating the need for
vigorous rubbing [14].

Foams have specific physical properties and a distinct structure that set them apart
from other conventional drug delivery systems, such as hydrogels. Understanding the
physical characteristics and structure of foams is critical for comprehending their benefits
in dermal drug delivery. Foams are distinguished by their porous structure, which is
formed during the foaming process [15]. These pores are bare spots or holes inside the foam
matrix that contribute to its spongy appearance. The presence of pores in foams is essential
for their drug delivery capabilities. The porous nature enables the incorporation and
entrapment of drugs within the foam structure, allowing for sustained release upon [16-18]
application to the skin. Additionally, this porous nature increases the accessible surface area
for drug absorption, allowing for faster (immediate) drug diffusion. During formulation, it
is essential to ensure the perfect dissolution of the active ingredient in the carrier excipient.
Upon application, volatile components quickly evaporate from the foam applied to the
skin, leading to supersaturation [19,20]. Consequently, a supersaturated layer forms on the
epidermis in terms of the active ingredient, from which penetration initiates at a high speed
due to the tremendous driving force within the system. If this process occurs rapidly, there
is no opportunity for the active ingredient to crystallize since the rapid penetration causes
a decrease in the concentration of the active ingredient in the foam layer. Furthermore, the
linked network of foams allows for effective medication transportation across the epidermal
layers, resulting in improved absorption and bioavailability [21].

Despite numerous advantages, formulating dermal foams presents significant chal-
lenges. When designing their compositions, it is crucial for the formulation to remain on
the skin for a sufficient duration. It should quickly spread to meet user preferences and
provide a pleasant skin sensation. In terms of shelf life, they are stored in sealed containers,
minimizing microbiological contamination. However, despite the aforementioned advan-
tages of foams, the number of available topical foam preparations in the market remains
relatively low compared to traditional formulations such as creams and gels.

In our study, diclofenac sodium was used as an active pharmaceutical ingredient
(API). Among the NSAIDs, diclofenac sodium is the only API approved by the FDA
for topical use in the treatment of pain associated with osteoarthritis. Being an organic
acid, diclofenac exhibits lipophilic characteristics, whereas its salts readily dissolve in
water under neutral pH conditions. The mix of these two attributes enables diclofenac to
effectively permeate cell membranes, encompassing the synovial lining of diarthrodial joints
as well as the skin [22]. Furthermore, the occurrence of adverse effects is minimal compared
to oral administration, especially those topical formulations that contain diclofenac [23,24].
Various concentrations of hydrogels, creams, and other products with this API are available
on the market.

Foams and hydrogels are two significant rivals within the dermal field that have been
widely researched. However, it is becoming increasingly clear that foams have triumphed,
outperforming hydrogels in many ways and changing dermal drug delivery [21,25].
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Foams possess excellent stability and a prolonged shelf life due to their ability to
maintain structural integrity during storage and application. Unlike hydrogels, foams
are less prone to leakage or drying out, ensuring a consistent and effective drug delivery
performance over an extended period.

In summary, achieving transdermal permeation is challenging, requiring the devel-
opment of formulations that can temporarily disrupt the skin barrier for systemic effects.
Foams, gaining attention in dermatology, offer advantages such as an easy application,
aesthetic appearance, and better patient adherence. Despite their numerous benefits, for-
mulating dermal foams poses challenges, with considerations for duration on the skin, user
preferences, and shelf life. In our study, diclofenac sodium served as an active substance,
showecasing its effectiveness in topical formulations. In many ways, foams are superior to
hydrogels in terms of stability and extended shelf life, making them a promising dosage
form in dermal drug delivery research.

Our research focused on comparing the physicochemical and biopharmaceutical
properties of three drug delivery systems: foam, foam bulk liquid (a polymer solution), and
a conventional hydrogel. Addressing the limited studies on medicated foams, our goal was
to develop comprehensive investigational methods covering aspects such as foam stability,
viscosity, pH, in vitro drug release, and ex vivo skin permeation. This includes examining
the potential differences in properties between the preparations, as well as investigating
the impact of diclofenac sodium (DS) at a concentration of 1% on the foam system.

2. Materials and Methods
2.1. Materials

Diclofenac sodium (DS) and fluorescein sodium were handled by Sigma-Aldrich
(Budapest, Hungary). Isopropanol (IPA) was obtained from Avantor (Radnor, PA, USA).
Hydroxypropyl methylcellulose (HPMC) was provided by Colorcon (Budapest, Hungary).
Polyethylene glycol 200 (PEG 200) was purchased from Merck KGaA (Darmstadt, Germany).
Phenoxyethanol and Caprylyl Glycol were from Biesterfeld GmbH (Hamburg, Germany).
Polyoxyl castor oil was kindly supplied by BASF SE Chemtrade GmbH (Ludwigshafen,
Germany). Gattefossé (Saint-Priest Cedex, France) provided Caprylocaproyl Polyoxyl-
8 glycerides and CP Kelco A Huber Company (Atlanta, GA, USA) provided xanthan
gum. Deionized and purified water was used (Milli-Q system, Millipore, Milford, MA,
USA) during the research. The cellulose acetate filter (Porafil membrane filter, cellulose
acetate, pore diameter: 0.45 pm) was acquired from Macherey-Nagel GmbH & Co. KG
(Dtiren, Germany). Additionally, 70% sodium laureth sulfate (SLES) was provided by Kao
Chemicals Europe S.L. (Barcelona, Spain).

2.2. Methods
2.2.1. Preparation of the Formulations

In terms of the examined formulations, both the foam and hydrogel contained the same
non-ionic emulsifiers and preservatives at the same concentration. The difference lies in the
type of the solvents and the type and the concentration of the polymer. In our preliminary
research, we investigated several polymers. Among the foams, formulations containing
xanthan gum exhibited the most stable and superior physicochemical properties [26], while
for the hydrogels, those containing HPMC showed the best results.

The initial stage of hydrogel preparation involved the hydration of HPMC, which
was carried out in purified water for a duration of 2 h. Simultaneously, a mixture of
polyethylene glycol 200 and isopropanol was prepared. Following the swelling of the
polymer, a predetermined quantity of DS was dissolved in the solvent mixture. The DS
solution was then added incrementally to the hydrated polymer. The final homogenization
of the formulation was carried out using a mechanical stirrer (Velp DLH Digital Overhead
Stirrer, Italy). Ultimately, the uniform preparation was preserved.

The first stage of foam preparation was to prepare a polymer solution, with the poly-
mers undergoing a 2 h swelling process in purified water. Subsequently, the preservative
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solution was blended with the emulsifiers. The final step involved incorporating the
swelled polymer into the mixture of emulsifiers and preservative solution. Following
the preparation and homogenization with a mechanical stirrer, the liquid was stored in a
well-sealed container until the start of the examination. The process of preparing the bulk
liquid and its composition in this study is identical to that of the foam.

The exact compositions are illustrated in Table 1.

Table 1. Composition of the formulated foam, foam bulk liquid, and hydrogel (‘+" indicates that the
formulation contains the excipient, ‘—’ indicates that the formulation does not contain the excipient).

Hydrogel Foam/Foam Bulk Liquid

Diclofenac sodium (g) 1 1
PEG 200
IPA
HPMC
Xanthan gum
Caprylocaproyl Polyoxyl-8 glycerides
Polyoxyl castor oil

Blend of Phenoxyethanol and Caprylyl Glycol
Purified water upto100 g upto100 g

+ o+ + o+ + o+

2.2.2. Citotoxicity Assay

The impact of the utilized components on cell toxicity was assessed through MTT
assays following the manufacturer’s guidelines. Human-adipose-tissue-derived mesenchy-
mal stem cells (AD-MSCs) were distributed into 96-well plates, with each well initially
containing 5 x 103 cells. These cells were then exposed to a solution containing the com-
ponents, in the same concentrations as used in the formulations, for 24 h in triplicate.
Absorbance was measured using the Synergy HTX multi-plate reader (Agilent/BioTek,
Santa Clara, CA, USA) at 550 nm, with a reference wavelength set at 650 nm.

2.2.3. Preformulation Studies of Foam Formula

In order to examine a foam formulation effectively, it is crucial to analyze the physico-
chemical properties of the foam formula. This analysis allows us to assess the impact of
each component on the foam structure.

2.2.3.1. Macroscopic Characterization of Foam Formula

The macroscopic characteristics of the foam formula were evaluated using the cylinder
method [9]. After 5 min (min) of mechanical stirring of the bulk liquid, the foam was
poured into a glass measuring cylinder, and the initial volume as well as the volume after
30 min of aging were measured. Macroscopic tests enable the determination of various
parameters, including foam expansion (FE, %); foam volume stability (FVS, %); and foam
liquid stability (FLS, %).

The parameters can be calculated using the following equations:

V(foam) — V(formulation)

FE(%) = V(formulation)

x 100% (1)

where V(formulation) represents the volume of the formulation [mL] required to generate

V(foam) [mL]. A direct correlation can be observed between FE (foam expansion) and

good foamability.

V(foam, 30 min)
V(foam)

FVS(%) = x 100% )

where V(foam, 30 min) represents the volume of the foam after 30 min [mL].

o\ V(liquid, 30 min) o
FLS(%) =~ trcam)— * 100% 3)
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where V(liquid, 30 min) is the drained volume after 30 min [mL].

2.2.3.2. Microscopic Characterization of Foam Formula

The microscopic measurements were conducted using the Leica DM6 B Fully Automated
Upright Microscope System (Leica Biosystems GmbH in Wetzlar, Germany). The structure
of foams and the relative bubble sizes provide information on the differences between foam
generation techniques and their stability. The images were captured at 50 x magnification.

2.2.3.3. Ex Vivo Permeation through the Skin Using Fluorescent Microscope

To model whether the formulation can permeate the stratum corneum, fluorescent
microscopy was employed. During the investigation, the permeation capacity of the blank
foam (without API) was examined. Experiments involving ex vivo skin permeation were
carried out using excised human skin obtained from a Caucasian female patient who had
undergone routine plastic surgery at the Department of Dermatology and Allergology,
University of Szeged (Ethical Permission: BMEU /2339-3/2022/EKU). Following the plastic
surgery, the skin surface underwent a gentle cleansing process using cotton swabs and was
subsequently stored at a temperature of —20 °C for a maximum period of 6 months before
being used.

Fluorescein sodium water-soluble dye was used to visualize the permeation of the
foam system. At room temperature, full-thickness subcutaneous fat-free human abdominal
skin was used in the experiment. The skin samples were defrosted and kept on filter
papers soaked in a phosphate-buffered solution to preserve their hydration. To ensure the
permeation of formulations, 0.2 g of each formulation was applied to the skin surface, and
observation times of 10 and 30 min were employed. Following the treatment, any excess
preparation remaining on the skin was carefully wiped off. Subsequently, a section of the
treated skin was frozen and sliced using a Leica CM1950 Cryostat (Leica Biosystems GmbH,
Wetzlar, Germany). Cross-sections with a thickness of 10 um were placed on slides and
examined using a light microscope (LEICA DM6 B, Leica Microsystems GmbH, Wetzlar,
Germany) at room temperature. A red fluorescence filter (580-660 nm) was utilized to
prevent interference from skin autofluorescence during the analysis. The examination was
conducted at a magnification of 200x [4].

Images of the untreated skin were captured as a negative control, while skin pretreated
with a solution containing sodium laureth sulfate (SLES) was used as a positive control.
Images of the treatments were taken and visually compared to the control groups. Image]J1
software was employed to assess the color intensity of the images, representing the distri-
bution of color intensity within each image. The increase in intensity is indicated as relative
intensity (RI), signifying how many times the increase in intensity compares to the negative
control (untreated skin) [27].

2.2.4. Comparison of Physicochemical Properties of Foam Formula, Bulk Liquid,
and Hydrogel

2.2.4.1. Rheological Measurements

The viscosity of the bulk liquid, foam, and hydrogel was examined using an Anton
Paar Physica MCR302 Rheometer (Anton Paar, Graz, Austria) at a temperature of 25 °C.
A cone-plate-type measuring device was applied with a diameter of 50 mm, and the gap
height in the middle of the cone was 0.045 mm. The RheoCompass™ software v.1.25
(Anton Paar, Graz, Austria) of the instrument was utilized to calculate the viscosity of
the preparations at a shear rate of 50 1/s through interpolation. The process involved
conducting three measurements in parallel. Flow curves of the investigated formulations
were plotted from a 0.1 to 100 1/s shear rate.

2.2.4.2. Investigation of pH

Each 5 g sample was placed in a beaker, and the pH was measured using a Testo
206 pH meter (Testo SE & Co. KGaA, Lenzkirch, Germany), at room temperature. Three
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measurements were performed in parallel. The pH values were evaluated to assess the
basicity /acidity of the preparations since the normal pH of the skin varies from 4 to 6 [28-30].

2.2.5. Comparison of Biopharmaceutical Properties of Foam Formula, Bulk Liquid,
and Hydrogel

2.2.5.1. In Vitro Drug Release and Permeation Tests (IVRT and IVPT) Using Franz Diffusion
Cell System

The drug release through the synthetic membrane from the bulk liquid, foam, and
hydrogel, as well as its permeation through the human heat-separated epidermis, were
modeled using the Vertical Franz diffusion cell (Hanson Microette TM Topical & Trans-
dermal Diffusion Cell System, Hanson Research Corporation, Chatsworth, CA, USA). The
excised human skin, just like in the case of the fluorescent microscope method, was obtained
through plastic surgery.

For in vitro release tests, as a donor phase, 0.3 g of the sample (in the case of the
hydrogel and bulk liquid) was applied onto a synthetic membrane filter. In the case of
foam (due to its large volume), 0.085 g was placed onto the membrane (Porafil cellulose
acetate membrane with a pore diameter of 0.45 um, Macherey-Nagel GmbH & Co. KG,
Diiren, Germany). In contrast, for the in vitro permeation test, a heat-separated human
epidermis [31,32] was employed as the membrane. Both the drug release and permeation
tests lasted 6 h and the sampling dates were 10, 20, and 30 min, and 1, 2, 4, and 6 h.
The amount of the active pharmaceutical ingredient released from the formulation and
transported through the skin was determined by using UHPLC (Shimadzu Nexera x2,
Shimadzu, Kyoto, Japan, ultra high-performance liquid chromatography system).

The UHPLC was equipped with a Phenomenex Kinetex XB-C18 (50 x 2.1 mm, 2.6 um)
column, which was used as a stationary phase. Separation was achieved through isocratic
elution, employing a 36:64 mixture of a 0.136 g/L KH,PO, solution and methanol as
the eluent. The separation procedure occurred at 40 °C with a flow rate of 0.5 mL/min,
spanning a 3 min analysis time. The retention time for DS was noted at 1.5 min. A sample
volume of 3 puL was injected for the analysis. Detection was carried out using a diode array
UV-VIS detector at a wavelength of 247 nm [33].

To study the release mechanism of the investigated formulations, we applied the
Korsmeyer-Peppas model by fitting it to the release curve until reaching the plateau phase,
providing information about the mechanism of drug release [34].

The calculation of in vitro permeation was based on the cumulative amount of DS
that permeated through the epidermis, considering the diffusion area. These findings
were graphed over time, and the steady-state flux (J) was calculated from the slope of the
permeation curve, quantified in terms of pg cm 2 h~!. For this analysis, the incubation
period ranged from 1 to 6 h, during which the flux data for DS were determined.

2.2.5.2. Investigation of Ex Vivo Drug Permeation Using Raman Spectroscopy

Raman spectroscopy is an emerging spectroscopic approach grounded in identifying
the characteristic vibrational energy states of a molecule when exposed to laser irradiation.
It offers insights into the molecular arrangement of tissue constituents devoid of the
necessity for fluorescent markers or chemical dyes [35,36]. The confocal Raman microscopy
can be employed to investigate topical formulations, for determining both permeation and
permeation depth. In our research, Raman microscopy was utilized to capture images
depicting the spatial distribution of DS within ex vivo human skin.

The preparation and sectioning of the skin were conducted in the same manner as for
fluorescence microscopy examination, with the only difference being the incubation time
of 3 h. Subsequently, the cross-sectional skin samples, with a thickness of approximately
15 micrometers, were positioned onto slides coated with aluminum. Raman spectroscopic
assessments were conducted using a Thermo Fisher DXR Dispersive Raman Spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) fitted with a CCD camera and a diode
laser. A laser light emitting at a wavelength of 780 nm was employed, reaching a peak power
of 24 mW. This wavelength is optimal for studying biological specimens as it provides
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enough energy for the vibrations of protein constituents within the skin. Using this specific
laser source reduced the impact of fluorescence. For the measurements, a microscopic lens
with a magnification of 50 x was employed, and the pinhole aperture had a diameter of
25 um [37]. While conducting the mapping procedure, an area of 100 x 500 pm on the skin
was visualized, using both vertical and horizontal step sizes of 50 um. Throughout the
measurement, the map of the untreated skin was used as a control.

The spectra of DS in the bulk liquid and hydrogel were employed as a basis for comparing
treated and untreated skin samples. To capture the spectra of DS, a 780 nm laser source was
utilized. A total of 33 scans were recorded for each spectrum with an exposure time of 6 s.
The Raman microscope featured 10x optical magnification with a 25 um slit aperture.

The data collection and analysis were carried out using the Dispersive Raman software
package OMNICTM 8.2 (ThermoFisher Scientific Inc., Waltham, MA, USA).

2.2.6. Statistical Analysis

The results of the in vitro drug release tests underwent statistical evaluation using
the two-way ANOVA analysis of variance test (Bonferroni’s multiple comparison) with
Prism 5.0 for Windows 10 software (GraphPad Software Inc., La Jolla, CA, USA). The
data represent the mean values derived from six experiments, along with the standard
deviations, and significant differences from the foam formulation were observed at the
levels of * p < 0.05 and ***p < 0.001.

3. Results
3.1. Cytotoxicity Assay

The MTT test was conducted for the components of all three examined preparations
(Figure 1). The findings indicated that the applied components enhanced cell viability,
although diclofenac sodium had a minor reducing effect, as determined by the MTT assay.
All examined components exhibited a viability of over 70%, indicating that, in accordance
with the ISO 10993-5 standard [38], these substances are not cytotoxic to mesenchymal cells.
The control group demonstrated 100% viability (measured in triplicate, N = 3).

e
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Figure 1. Effect of components on the viability of AD-MSCs.
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3.2. Preformulation Studies of Foam Formula

A preformulation study was carried out to ensure that our foam formula meets the
physicochemical and biopharmaceutical properties required for dermal application.

3.2.1. Macroscopic Characterization of Foam Formula

In order to determine the effect of the polymer and the active pharmaceutical ingre-
dient (API) on foam expansion, foam volume, and foam liquid stability, a comparison
was made between a polymer-and-active-ingredient-free formulation, a xanthan-gum-
containing, active-ingredient-free formulation, and the foam system containing DS and
xanthan gum together (Table 2).

Table 2. Result of the macroscopic examination.

Polymer-and-API-Free Xanthan-Gum-Containing Xanthan-Gum-and-DS-
Foam Foam Containing Foam
Foam expansion (FE, %) 172 £15.8 134 + 1.9 120 £ 0.7
Foam volume stability (FVS, %) 14 +1.38 100 £+0.0 98 + 0.0
Foam liquid stability (FLS, %) 36 £2.0 0+£0.0 1.5+0.2

The API and the polymer content had a negative effect on foam expansion, possi-
bly due to the initial increase in the viscosity of the bulk liquid. However, each foam
formulation met the criterion for well-foaming preparations, exhibiting over 100% foam
expansion [26].

Regarding foam volume stability, macroscopic observations clearly supported that the
polymer-and-API-free systems collapsed quickly, while the xanthan-gum-containing system
maintained its foam volume even after 30 min. The foam system containing DS, which also
included xanthan gum as a polymer, also preserved its original volume at nearly 100%.

The FLS value also indicates macroscopic foam stability and a lower FLS value refers
to better stability. In this case as well, it was observed that the polymer-free foam had lower
stability, compared to the other two formulations.

3.2.2. Microscopic Characterization of Foam Formula

The structure of foams can be analyzed directly after their formation using a light
microscope. The examination of the microscopic structure of foams can be conducted most
conveniently with a fully automated microscopic system. Microscopic images provide the
opportunity to study the connections between bubbles and liquid films, known as lamellae,
that enclose the bubbles. Additionally, the changes in bubble size and number over time
can be observed.

The foams were produced using two different foam formation techniques, which were
compared during the investigation (Figure 2). Mechanical stirring provides a more realistic
representation of foam formation, and the duration of foam formation can be better tracked,
while the foams produced with a propellant-free pump simulate real application conditions.

The bubbles produced with a propeller stirrer are smaller and more uniform in size
in the case of xanthan-gum- and diclofenac-containing formulations. The smaller bubbles
contribute to the formation of a coherent foam structure, making these systems more stable
than the polymer- and API-free formulation. The results, therefore, correlate with the
results of macroscopic foam stability. For the formulations produced with the pump, the
film thickness was greater in the case of xanthan-gum-containing compositions, and the
amount of liquid bound by the polymer in the boundary layer could be more significant.
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Figure 2. Microscopic images of the structure of foams produced by the pump and mechanical stirrer:
(a) polymer- and DS-free foams; (b) xanthan-gum-containing, DS-free foam; (¢) xanthan-gum- and
DS-containing foam. The images were captured at 50 x magnification.

3.2.3. Ex Vivo Permeation through Fluorescent Microscope

The foam was compared to the negative and positive controls throughout the investi-
gation. The negative control involved assessing the appearance of untreated skin under
a fluorescent microscope. The microscopical images revealed that the stratum corneum
exhibited a high fluorescence intensity (Figure 3A). This characteristic of untreated skin
has already been documented in previous literature, which indicates the physiological
appearance of the structure of the stratum corneum [39]. To determine the permeation of
the formulation marked with the fluorescent dye, lower epidermal and dermal layers need
to be examined since these layers only appear with low intensity under the fluorescent filter,
and the autofluorescence of the skin does not interfere with the evaluation (Figure 3B).

In the case of the positive control, the skin was pretreated with an SLES solution, which
facilitated permeation. Alkyl sulfates have the capacity to disrupt the barrier structure
and allow a fluorescein dye solution to pass through the stratum corneum. Based on these
evaluations, the increase in intensity (relative intensity) was assessed compared to the
untreated skin (negative control).
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Figure 3. The untreated skin was used as a negative control. The stratum corneum with the upper skin
layers (A) and the lower skin layers (B). The examination was conducted at a magnification of 200 x.

The findings indicated (seen in Figure 4) that the light intensity of the skin significantly
increased following the SLES pretreatment. SLES reduced the protective function of the
stratum corneum, allowing the fluorescent dye solution to reach deeper layers of the skin.
After 10 min of treatment, the intensity increased by 7.51 times, while after 30 min of
treatment, it only increased by 6.41 times compared to the negative control.

RI: 6.41

10 minutes 30 minutes

Figure 4. Images of the positive control: Relative Intensity Values at 10 and 30 min. The examination
was conducted at a magnification of 200 x.

In the case of the foam, as the observation time increased, there was a noticeable
increase in fluorescence intensity. After 10 min, there was a 3.76-fold increase in permeation,
but after 30 min, this value increased by 6.68-fold (Figure 5). In the case of foam preparation,
the intensity of permeation was low at 10 min, but after 30 min, it reached almost the same
relative intensity compared to the positive control. Without irritation, deeper permeation
similar to the positive control can be achieved with the foam formulation.

RI: 3.76 RI: 6.68

10 minutes 30 minutes

Figure 5. Images of the skin treated with the foam formulation: Relative Intensity Values at 10 and
30 min. The examination was conducted at a magnification of 200x.
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3.3. Comparison of Physicochemical Properties of Foam Formula, Bulk Liquid, and Hydrogel
3.3.1. Rheological Measurements
The consistency of the systems was investigated with rheological measurements.

The viscosities of the bulk liquid and the liquid film, remaining after the breakdown
of the foam, were compared to each other and the reference hydrogel formulation (Table 3).

Table 3. The viscosity of the formulated preparations at 50 1/s shear rate.

Viscosity (mPas)

Bulk liquid 46.99 + 0.80
Liquid film (after the foam decay) 58.68 + 1.07
Hydrogel 378.78 4= 4.39

The foam was formed from the bulk liquid (initial polymer solution), during which
the propellant-free foam pump mixed it with the ambient air. After a certain period of
time, as the foam decayed, it transformed into a liquid film through the effects of binding
forces and interactions between chains, causing the polymer chains to form a more orderly
network or structure than what exists among the polymers in the initial liquid. This ordered
structure can result in reduced volume filling and density, increasing the viscosity of the
liquid film. The viscosity of the formulated hydrogel was much higher, found to be typical
of semi-solid formulations.

According to the rheological results (Figure S1), all three systems exhibit the charac-
teristic shear-thinning behavior typical of polymer solutions, where viscosity decreases
under the influence of shear. Clearly, in the case of the hydrogel, the viscosity value is high
due to the higher polymer content. The viscosity of the remaining liquid film was greater
than that of the initial liquid. The increase in viscosity may be due to the ordered structure
of the polymer liquid film, making it less liquid and more resistant to deformation. This
could potentially cause a slight delay in skin permeation due to the more orderly network
formed between polymer chains.

3.3.2. Investigation of pH

Testing and adjusting the pH of dermal formulations can be key to ensuring the
efficacy of the formulation and the barrier function of the skin. The pH values of the bulk
liquid/foam and the hydrogel were in the range of 7-8, revealing the suitability of them
for topical application, as it is reported in Table 4. In addition, the surface of the stratum
corneum is slightly acidic, although it tends toward more neutral values (pH 7-7.4) in the
vital layers [40]. Moreover, in the short term, a higher pH value may be tolerated. Human
skin has a certain degree of buffer capacity and may tolerate a slight pH change in the skin.

Table 4. The pH values of the formulated preparations.

pH
Bulk liquid /Foam 7.86 = 0.11
Hydrogel 729 £0.37

3.4. Comparison of Biopharmaceutical Properties of Foam Formula, Bulk Liquid, and Hydrogel
3.4.1. In Vitro Drug Release and Permeation Tests (IVRT and IVPT) Using Franz Diffusion
Cell System

The release of the active substance may depend on a number of factors that can
influence how much and at what rate it is released from a given formulation into the
surrounding medium or onto the treated surface. The drug release curves of the three
forms are shown in Figure 6.
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Figure 6. The release profile of DS in different dosage forms (*** p < 0.001 vs. foam, * p < 0.05 vs. foam).

The results suggested that most of the DS was released from the foam within a relatively
brief duration. Around 80% of the active ingredient was released in just 30 min when using
the foam, whereas it took approximately 5 h for the hydrogel to achieve the same outcome.
This quantity of DS was released from the bulk liquid after approximately 2 h.

The results could be due to the porous structure of the foam; it consists of many pores,
channels, or air bubbles in which the active substances are more easily dispersed. This
porous structure allows the active ingredients to move and reach their target site more
quickly. The kinetics of release exhibited a resemblance between the bulk liquid and the
hydrogel; however, DS demonstrated a slightly more rapid diffusion from the bulk liquid.
On the one hand, polymer solutions (bulk liquid) generally have a lower viscosity than
hydrogels. The lower viscosity allows the active molecules to diffuse more easily from the
polymer solution into the surrounding medium or onto the skin. Conversely, hydrogels
have a higher viscosity, which may limit the diffusion and release of the active substance.

On the other hand, the release may be affected by the polymer network and structure.
Hydrogels typically possess a more organized, interconnected structure, which may result
in a slower release as the drug has more difficulty diffusing through the polymer network.

In the investigation, the release of the drug is comprehensively studied and explained
through the application of the Korsmeyer—Peppas model. This model allows for a detailed
analysis and understanding of the drug release kinetics, providing valuable insights into
the release mechanism (Table 5).

Table 5. Korsmeyer—Peppas model for the mechanism of drug release kinetics of the investigated
formulations.

Formulation R? n k
Bulk liquid 0.9094 0.6105 4.9352
Foam 0.9372 0.6243 9.8115
Hydrogel 0.9880 0.8033 0.9284

In the case of all systems, the observed n values are between 0.5 and 1.0, indicating that
the mechanism of drug transport involves both diffusion and relaxation (erosion). Based
on the k value, the fastest release rate was observed in the case of foam formulation [34].
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The permeation rate values (Table 6) suggested that, in the case of foam, quick drug
release resulted in rapid drug permeation. The foam can come into contact with the skin
over a large surface area and the active ingredient can be absorbed quickly. This facilitates
the swift delivery of active ingredients to the skin, expediting their effectiveness. The
liquid film that emerges after the foam decaying may become supersaturated, resulting in
accelerated permeation compared to hydrogel and bulk liquid.

Table 6. The flux values of DS through the human epidermis.

J (ug/cm?/h) R2
Bulk liquid 0.866 0.9811
Foam 5.838 0.9921
Hydrogel 1.65 0.9173

3.4.2. Investigation of Ex Vivo Drug Permeation Using Raman Spectroscopy

The correlation maps depicted the distribution of DS, employing suitable spectra for
accurate fitting with the spectra of the treated skin. Figures 6-8 exhibit the qualitative
distribution of DS within human skin samples following the application of foam, bulk
liquid, and hydrogel. Our objective was to ascertain whether the permeation of DS remains
confined to the stratum corneum or if it can permeate into the epidermis or dermis. On the
maps, the warmer color indicates a higher presence of DS.

For the bulk liquid, DS became detectable in the deeper skin layers within 10 min and
exhibited a more pronounced presence in these layers by 30 min (Figure 7). In contrast, in
the case of skin sections treated with foam, the DS was concentrated in the upper layers of
the epidermis after 10 min, and the presence of the active substance was detected in deeper
layers as time progressed (Figure 8). Due to the gradual decay of the foam, liquid between
the bubbles began to leak onto the skin after 10 min, forming a supersaturated liquid layer.
Consequently, the intense presence of DS in the foam became more prominent, with higher
concentrations of the active substance observed between 20 and 30 min.
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Figure 7. Kinetics of ex vivo drug permeation of bulk liquid.

Regarding the hydrogel (Figure 9), the observation indicated that DS managed to
permeate solely into the uppermost epidermal layer throughout the study duration. After
1 h, higher concentrations were achieved in the stratum corneum.
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Figure 9. Kinetics of ex vivo drug permeation of hydrogel.

To conclude, the Raman maps highlighted the impact of viscosity on permeation. The
composition of the foam and bulk liquid is the same; however, in the case of the foam
formula, there is a higher permeation of the active ingredient after 20 min, which is visible
as an intense red color on the Raman map. When compared to the hydrogel, possessing
the greatest viscosity, it hindered the permeation of DS; therefore, it did not permeate the
deeper layers of the skin even after 1 h. This higher viscosity prevents the active ingredient
from permeating into the deeper layers of the skin even after 1 h. Meanwhile, the bulk
liquid, with the lowest viscosity, exhibited swift and intense permeation into the deeper
layers. The formation of a supersaturated liquid film during foam aging was evident after
20 min and its effects were still detectable after 1 h. The supersaturated liquid film formed
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during the aging of the foam could be formed after 20 min and its effect was still detectable
after 1 h.

4. Discussion

In this work, we compared the physicochemical and biopharmaceutical properties of
foams with those of traditional hydrogel and polymer solutions.

According to the cytotoxicity assessment, the components in the formulations did not
exhibit any cytotoxic impact on mesenchymal cells at the concentrations used. Therefore, we
found these components to be suitable for the formulation of dermally applied preparations.

In terms of preformulation studies of foams, the presence of DS reduced foam expan-
sion based on macroscopic observations but did not negatively impact foam stability, as
confirmed by microscopic results, since it had no adverse effects on the foam structure. The
pH values of both the bulk liquid/foam and the hydrogel ranged from 7 to 8, making them
suitable for topical application.

Biopharmaceutical examinations revealed that the foam, as a drug delivery system,
can achieve rapid drug release and deeper skin permeation compared to the hydrogel.
Approximately 80% of the active ingredient was released in just 30 min using the foam,
while it took approximately 5 h for the hydrogel to achieve the same outcome.

The drug release from the formulations was studied and explained using the Korsmeyer-
Peppas model. The fastest release rate was observed in the case of foam formulation, which
correlates with the result of drug permeation.

Results from Raman skin permeation studies demonstrated that within just 10 min,
the foam concentrated in the upper layers of the epidermis and gradually permeated even
deeper layers over time. The supersaturated liquid film formed during the aging of the
foam could be observed after 20 min, and its effect was still detectable after 1 h. The
Raman mapping results exhibited a strong correlation with the fluorescent microscopic
examination, as the foam formulation maintained high light intensity even after 10 min,
providing additional evidence for the system’s rapid permeation. In comparison, the
hydrogel, with the greatest viscosity, hindered the permeation of DS. Therefore, it did not
permeate the deeper layers of the skin even after 1 h.

The applied test methods were suitable for the complex investigation of the foam
formula, including the physicochemical and biopharmaceutical properties, as well as for
the detection of the potential differences between the preparations. Furthermore, it can be
concluded that diclofenac sodium (DS) at a concentration of 1% did not negatively affect
the stability of the foam.

5. Conclusions

Overall, foaming systems have great potential through rapid drug release and deeper
skin permeation, not only for the pharmaceutical industry but also for the cosmetic in-
dustry. Among our future plans is the assessment of the developed formulations’ effects
on keratinocytes and mesenchymal stem cells in vitro. Additionally, we aim to conduct
in vivo studies using animal models.
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