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Abstract

Rheology is a science that deals with the movement and deformation of materials, while
interfacial rheology is a branch of rheology that focuses on the study of the mechanical properties
of fluid interfaces, such as liquid-liquid and liquid-gas interfaces. The behavior of fluid interfaces
differs significantly from that of bulk materials, and standard rheological measurements of bulk
materials cannot adequately describe their properties. Interfacial rheology is a specialized
approach to the study of viscoelasticity and interfacial tension at liquid interfaces and provides
valuable insight into intermolecular interactions and surface forces. This knowledge is
particularly important for the development of advanced formulations and systems with tailored
properties and functionalities. Interfacial rheology is a rapidly growing research field with diverse
applications in science and industry. It plays a pivotal role in the development and optimization
of pharmaceutical formulations and design of innovative drug delivery carriers with improved
stability, enhanced drug release profiles, and targeted delivery capabilities. This review article
aims to provide a comprehensive overview of interfacial rheology, its principles, measurement
techniques, and applications in various industries. By exploring recent advancements and
emerging trends in the field, we aim to highlight the significance of interfacial rheology in
optimizing formulations, enhancing product performance, and driving innovations, particularly
in pharmaceutical science.
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Introduction

A large number of pharmaceutical formulations used for drug delivery are dispersed
systems. Some of the most popular pharmaceutical dispersions are emulsions and foams.
Emulsions have the ability to incorporate several active pharmaceutical ingredients in
both aqueous and oily phases. In addition, they can mask the unpleasant taste or smell of
the active ingredients, reduce the toxicity of the drug, increase the possibility of
penetration into the skin, etc. One of the most important characteristics of emulsions is
that they can provide the encapsulation of active pharmaceutical components that are in
the dispersed phase and thus protect them from the influence of the external environment
and, at the same time, ensure their controlled release (1). On the other hand, foams are
most often used for topical application due to the possibility of incorporating active
substances and often show better properties than traditional formulations such as oils,
creams, lotions, and gels. The advantage of the foams lies in the fact that, due to their low
viscosity, they are easily spread over the skin without causing irritation. Moreover, due
to their low specific density and ability to become carriers for modified forms of drugs,
foams are used for oral (e.g. as gastroretentive formulations) and parenteral
administration (e.g. as implants that serve simultaneously as drug carriers and scaffolds
for regenerating the tissue) (2-4).

Both types of dispersion systems, emulsions and foams, are made of two or more
immiscible fluids. Emulsions consist of two immiscible liquid phases (water and oil),
where one liquid (the dispersed phase) is dispersed in the other (the continuous phase),
while foams are produced as dispersions of a high concentration of gas bubbles in a small
amount of a continuous liquid phase. They are thermodynamically unstable systems and
their pronounced instability originates from the physicochemical nature of the phases.
Therefore, they always contain a third component, which is called an emulsifier (for
emulsions) or foaming agent (for foams), and it is most often a surfactant (5, 6). The
dispersion process is non-spontaneous, due to the fact that energy is required for the
production of the smaller particles from the larger ones. In this process, such as
emulsification or foaming, droplets or bubbles are suspended in another substance
producing an emulsion (liquid/liquid) or foam (liquid/gas), most often by applying
mechanical energy. During the process of dispersion, a large amount of interface area
created between immiscible fluids in combination with a high value of interfacial or
surface tension produces a surface-free energy i.e., potential energy, which leads to the
instability of the system. Emulsions and foams are, therefore, thermodynamically
unstable systems in which, after the emulsification or foaming is completed, different
processes occur over time that aim to reduce the amount of free surface energy. In
emulsions, destabilization may occur as a result of gravitational separation (creaming or
sedimentation), droplet aggregation (flocculation, coalescence, and partial coalescence),
and Ostwald ripening (7, 8). In foams, physicochemical processes such as liquid drainage,
Ostwald ripening and bubble coalescence influence their stability (2-4). These
physicochemical processes are highly dependent on the characteristics of the type of
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surfactant used in the formulation, as well as on the properties of the formed layer at the
interface.

For example, the coalescence of droplets or bubbles is a phenomenon that occurs
in emulsions and foams and leads to a decrease of potential energy, which is the result of
a high amount of specific surface area. It is accelerated by the gravitational force that
enables the interaction of the particles of the dispersed phase. In the case of pure fluids,
which do not contain an added stabilizing agent, coalescence occurs fast and the system
returns to its initial state in a short time after the mechanical energy used in the dispersing
process ceases (2, 7). Therefore, it is necessary to include different types of stabilizing
agents in the formulation of emulsions and foams, such as surfactants and stabilizers
(which act as texture modifiers, thickeners, etc.), in order to ensure the long-term stability
of the formulation (6, 8).

Surface-active agents (also known as surfactants) are amphiphilic molecules
consisting of two parts, polar and non-polar. This molecular structure sets this group of
compounds apart from the others, due to the fact that it makes surfactants both hydrophilic
and hydrophobic at the same time. The presence of both parts in the compound gives
surfactants specific properties, such as adsorption on different interfaces and the
formation of aggregates in solutions, known as micelles (9-12). Surfactants are essential
for the process of formation of emulsions and foams, as well as their stabilization.
Therefore, the selection of an adequate surfactant is crucial for the production and
obtaining of a stable emulsion or foam (8, 13). In addition to low molecular weight
surfactants, some synthetic macromolecules or biopolymers are frequently used to obtain
and stabilize these systems. The surfactants included in the formulation of emulsion or
foam can slow down the destabilization processes or even, in certain circumstances,
completely stabilize them.

Interfacial properties and rheology of interfacial layers

The interface can be described as a dividing line between two immiscible phases of
a certain thickness, with properties that are different from the properties of the individual
phases. The interfacial tension that occurs is a consequence of the difference in the
cohesive forces on molecules of a liquid at the interface compared to the molecules in
bulk (7, 14).

The roles of the surfactant during the emulsification or foaming are to enable their
production and ensure its stability for a certain period of time. In order to successfully carry
out this task, the surfactant must fulfill the following requirements: to be adsorbed in a short
time on the surface of the droplets of the dispersed liquid or bubbles formed in the
production process, it must significantly reduce the interfacial or surface tension between
the phases and form a protective layer (film) on the surface of the dispersed droplets or
bubbles and protect them from aggregation or coalescence (13, 15, 16) (Figure 1).
Surfactants, amphiphilic molecules, at liquid-liquid or liquid—gas interface influence
interfacial or surface tension, but those values alone cannot fully describe the phenomena
that occur after external perturbations and the response of surfactants monolayers on
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them. In addition, surface activity or interfacial tension gradients cannot be considered as
dominant factors in emulsion or foam stability. It is necessary to consider adsorption
kinetics, surface coverage, surface charge, packing, and thickness of the emulsifier or
foaming agent in order to achieve emulsion or foam long-term stability. It is also well
known that thin liquid films that represent a barrier to the coalescence of droplets or
bubbles are in some correlation with the rheology characteristics of adsorbed surfactant
monolayers at the interface (8, 17). The adsorption rate of emulsifiers at the oil-water
interface and the rate of formation of the interfacial layer should exceed the collision rate
between freshly formed droplets during the emulsions formation process. There are
differences in the stabilization mechanism of emulsions between low-molecular weight
surfactants and surface-active macromolecules. Small-molecule surfactants can quickly
and easily be adsorbed onto freshly formed oil droplets' surfaces, reducing interfacial
tension and stabilizing the emulsion. Surface active macromolecules (proteins and
hydrocolloids) are sometimes slower than low-molecular weight surfactants in adsorption
rate, but they can form a viscoelastic interfacial layer on surface of droplets and provide
long-term emulsion stability during further processing. For example, the thickness of
interfaces formed by adsorbing polysorbate molecules is about 1 nm, which is not enough
to provide long-term stability for emulsions. Therefore, polysorbates are often combined
with macromolecular surfactants (proteins and polysaccharides) to improve the
rheological properties of the interfacial layer and thereby ensure better stability of the
system in the long term (8). In addition to the interfacial tension in the examination of the
interface, it is necessary to include the rheological characteristics as well. Optimizing

I:l oil as internal phase
|:| water as external phase

surfactant

Ij air as internal phase
water as external phase

surfactant

Figure 1. Internal structure of (A) emulsions and (B) foams
Slikal.  UnutraSnja struktura (A) emulzija i (B) pena
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interfacial rheological properties is vital to prevent phase separation and improve the
long-term stability of formulations. Those properties, which express the viscoelasticity of
the monolayer, are very important for numerous processes and applications such as
emulsification, foaming, wetting and dewetting, foam and emulsion stability, etc (18, 19).

Rheology is a science that studies the movement and deformation of materials (fluid
and solid). It describes how certain materials respond to the force (20). Consequently, the
main subject of interfacial rheology is the response of the mobile interface to deformation.
For bulk material, three different types of deformation can be distinguished: shear,
dilation, and extension (Figure 2). The rheological characteristics of the system are
independent of the plane of determination, and therefore rheology can be treated as a
three-dimensional characteristic. Much like bulk materials, interfaces can also be
deformed in a different way. But unlike rheology for bulk materials, interfacial rheology
can be defined only for two types of deformation: shear and dilation. Interfacial rheology
is used to study how different emulsifiers interact with the interface and affect dispersion
stability. Therefore, interfacial rheology can be defined as the rheology of a thin layer of
surfactants that forms between the interface of two liquid phases or the surface of liquid
and gas phases. Unlike bulk rheology, interfacial rheology is limited only to the interfacial
layer, so it can be called two-dimensional rheology (21). If there is a non-uniform
distribution of the concentration of surfactants at the phase boundary, a gradient of
interfacial tension arises and it depends on the surface area of the interface. Sometimes
this gradient is also defined by Gibbs elasticity:

g= 1)

where v is interfacial tension, and A is the surface area of interface, which induces
volumetric liquid motion, which is the basis of the so-called “Marangoni effect” (11). The
Marangoni effect is a crucial phenomenon in interfacial rheology, which occurs due to
differences in surface tension across the interface. When the surface tension gradient is
present, it generates surface flow, known as the Marangoni flow, which can, together with
Van der Waals forces, destabilize the final remaining film of surfactants at the interface.
If the drainage of the film of surfactant occurs, a surfactant concentration gradient arises
that causes a Marangoni stress, which acts in the direction opposing the drainage flow.
This stress tends to immobilize the interface and inhibits film drainage and thus
coalescence. Marangoni effect is particularly significant in emulsions and foams
stabilization (22). Many films made by low molecular weight or macromolecular
surfactants exhibit non-Newtonian interfacial behavior. In interfacial rheology the same
techniques are used as in bulk rheology in order to investigate the viscose response of
interface, which is under applied stress or strain. Different types of deformation (shear
and dilation) should be considered in order to define conditions for the stability of
dispersed systems. Since interfacial rheology examines the rheological properties of
interfaces, which is the basis for the stability of the dispersed system, it can be considered
that interfacial rheology describes the factors that contribute to the stability of the
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dispersed system better than bulk rheology (21). In shear rheology, if the interface is in
thermodynamic equilibrium with the bulk solution, the data of the change in the shape of
the interface at a constant surface area can be obtained. On the contrary, dilatational
rheology explains the changes in surface area while keeping the shape constant. These
are two complementary methods that deal with different aspects of the interfacial layer.
The changes in the rheological parameters of the interfacial layer during shearing can
contribute to the long-term stabilization of dispersed systems, while dilatational rheology
affects the stabilization in the short term (23). In addition, bulk and interfacial shear
rheology can be used to explain the effect of external factors such as temperature, ion
strength, pH, and solvent on the functional properties of proteins. Bulk rheology studies
the response of a system (protein solution or gel) to external mechanical deformation,
while surface rheology provides data on the kinetics of adsorption to the oil/water or
air/water interface during emulsification or foaming of proteins or other surfactants and
the stability of the formed film on the surface over time (24, 25).

AT REST DEFORMED

SHEAR DEFORMATION

DILATATIONAL DEFORMATION

EXTENSIONAL DEFORMATION

Figure 2. Types of material deformation: shear, dilatational and extensional
Slika2.  Tipovi deformacije materije: smicanjem, dilataciona i ekstenziona

Adsorption dynamics shows that with increase in surface aging time, the
concentration of surfactants at the interface becomes higher, which leads to a decrease in
interfacial tension. Interfacial or surface tension decreases with increasing numbers of
surfactant molecules at the interface before adsorption equilibrium. At the same time, an
increased number of surfactant molecules in the interface leads to thicker adsorbed
surfactant layers and their higher packing density exhibiting higher values of surface
viscosity and viscoelastic moduli due to an increase in interactions between them (26,
27). Finally, it can be concluded that while interfacial tension decreases, surface viscosity
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and viscoelastic moduli increase with the increase in surfactant adsorption (Figure 3).
After the adsorption is completed, both the interfacial tension and surface viscosity and
viscoelastic moduli reach equilibrium values.

SURFACTANT CONCENTRATION

oil oil ail oil

water water water water

Figure 3. Influence of surfactant concentration on surface tension and surface
viscosity
Slika 3.  Uticaj koncentracije surfaktanta na povrSinski napon i povrsinski viskozitet

Measurement techniques of interfacial rheology

There are a number of different methods that can be used to measure the rheological
properties of interfaces (Figure 4), each with its own advantages and disadvantages. The
choice of method depends on the specific application.

Interfacial rheology measurements are typically divided into shear and dilatation
methods. Interfacial shear rheology techniques measure the shear stress required to
deform an interface. In interfacial shear rheology, the area of the interface stays constant,
but instead the shape of the interface is deformed. Interfacial dilatational rheology
techniques measure the stress required to increase or decrease the area of an interface,
and the response to the change is typically detected by measuring the surface tension or
surface pressure change. Besides, there are measuring techniques that determine
interfacial viscoelasticity. These techniques measure the storage (G’) and loss (G")
moduli of the interfacial layer. The storage modulus is a measure of the elastic response
of the interface, while the loss modulus is a measure of its viscous response (19, 28).
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Figure 4. Measurement techniques for interfacial rheology: (A) bicone system, (B) Du
Nody ring, (C) double-wall ring, (D) oscillating needle, (E) oscillating drop,
(F) Langmuir-Blodgett method

Slika4.  Tehnike merenja medufazne reologije: (A) bikonusni sistem, (B) Du Noiiy
prsten, (C) prsten dvostrukog zida, (D) oscilatorna igla, (E) oscilatorna kap,
(F) Langmir-BlodZet metod

The bicone system (Figure 4A) is a type of interfacial shear rheometer that is used
to measure the shear stress required to deform a liquid interface. The bicone is a cone-
shaped object that is placed at the liquid-liquid or air-liquid interface. The bicone is then
rotated and the shear stress at the interface is measured as a function of the shear rate. The
bicone system is a relatively simple and inexpensive way to measure the shear stress at
an interface. However, it has a limitation of being sensitive only to relatively large shear
stresses, and the method is thus mainly suitable for stiff interfaces. Besides, the bicone
system can only be used to measure the shear stress at a single point in the interface and
the positioning of the plate at the interface can be sometimes challenging. Due to the large
size of the probe, the contribution of bulk fluids to total torque needs to be taken into
account (21, 29, 30).

With the bicone interfacial rheology configuration, both rotational and oscillatory
experiments can be conducted. Firstly, in order to determine the interface position, an
axial ramp experiment needs to be performed for finding the correct interfacial position
of the bicone rotor. When plotting the normal force as a function of the gap, the point
where the normal force goes from negative to positive numbers indicates the ideal
position of the bicone rotor at the interfacial layer. The zero-crossing point can be
determined precisely by applying a quadratic fit in the software. Before the viscosity or
viscoelastic parameters of an interfacial layer can be tested, the individual upper and
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lower liquids need to be tested separately. The individual contributions from the two bulk
fluids to the total resistance acting on the bicone rotor need to be subtracted from the total
results (19, 29).

The interfacial viscosity can thus be calculated using the equation:

na¥)  ns¥)
2 2

)

where n;(y) represents interfacial viscosity as a function of the applied shear rate,
Neorar (V) total viscosity signal from the measurement with the two liquids, while n,(y)
and ng(y) represent viscosity signals from the bulk fluids A and B, respectively. For
oscillatory experiments, a similar approach can be applied using interfacial and total
storage (G") and loss (G") moduli, along with storage and loss moduli of bulk fluids.

Th’()'/) = ntotal()./) -

The Du Noly ring method (Figure 4B) was firstly used to measure the surface
tension of a liquid, but it can be used for interfacial rheological measurements as well. A
horizontal ring is placed at the interface (or on the surface) and rotates around its axis.
Compared to the bicone method, it is a light and fragile geometry with a small moment
of inertia, but the inner area of the ring is not considered, which may be an issue when
the film is formed both inside and outside of the ring. Due to low inertia, this geometry is
good for oscillatory measurements, but it is not suitable for very strong interfaces.
Besides, it is more difficult to place the ring at the interface due to the round cross-section
(19, 312).

The double-wall ring (Figure 4C) combines the advantages of the bicone (bigger
contact area) and those of Du Nouy ring (lightweight and low inertia). Moreover, the
cross-section of the ring is diamond-shaped, which enables to place the probe at the
interface more easily (21, 32).

The oscillating needle (Figure 4D) is the most sensitive interfacial shear rheology
measurement method. A floating magnetized needle oscillates longitudinally at the air-
liquid or liquid-liquid interface by the use of a mobile magnetic trap. This needle is
aligned along with the flow cell and the sheared interface is the horizontal surface
between the needle and the edge of the cell. The needle position and movement are
recorded with a high-resolution camera and the viscoelastic properties of the film can be
calculated. Since the needle is floating at the interface, there are no positioning problems,
as in the previously described methods (33, 34).

The oscillating drop (Figure 4E) and oscillating bubble methods are dynamic
techniques employed to study dilatational surface rheology, i.e. interfacial viscoelasticity.
In the oscillating drop method, the volume of a pendant drop is oscillated using
compression and dilatation with ultrafine control, while in the oscillating bubble method,
a bubble is formed at the end of a capillary submerged in the liquid phase and is
periodically expanded and contracted at the interface. The resulting frequency and
amplitude response provide valuable insights into the viscoelastic properties of the fluid
interface, especially in complex systems like surfactant-based formulations (35). To study
interfacial viscoelasticity, the software analyses the sinusioidally increasing and shrinking
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drop area, as well as the interfacial tension, and their phase shift determines the
viscoelastic parameters of the studied system. These methods provide valuable
information for designing drug delivery systems with tailored release kinetics and
enhanced stability (36, 37).

Similarly, drop shape analysis is a non-invasive technique used to measure dynamic
interfacial tension in pharmaceutical systems. Drop shape analysis, often using optical
techniques, enables the determination of surface tension and dynamic interfacial
properties. In this method, a droplet of a dispersed phase is formed at the tip of a needle
and placed in contact with the continuous phase. The shape of the droplet is recorded over
time, and interfacial tension is calculated based on the droplet deformation. This
technique is particularly valuable in optimizing self-emulsifying drug delivery systems
(SEDDS) and assessing the stability of pharmaceutical emulsions during storage and
administration (38, 39). Axisymmetric drop shape analysis - profile (ADSA-P) is an
extension of the drop shape analysis method that provides high-precision measurements
of surface tension and interfacial viscoelasticity. By analyzing the profile of a pendant
drop or sessile drop, ADSA-P allows for the investigation of time-dependent interfacial
properties, including relaxation times and surface dilatational moduli (40, 41).

The Langmuir-Blodgett method or Langmuir trough (Figure 4F) is one of the most
widely used techniques for dilatational rheology measurements, mainly for studying
interfacial film properties. The Langmuir trough is a versatile apparatus fitted with a
contact probe (Wilhelmy plate) and two symmetric barriers that allow the precise control
of the surface area. A thin film of liquid is spread on a solid surface, and the surface is
then subjected to a variety of deformations. The vertical transference of a film from the
air-liquid interface to a solid substrate is assessed following the Langmuir-Blodgett
method. By compressing or expanding the interface at a constant rate, surface pressure-
area isotherms are obtained, which reveal valuable information about the surface
elasticity and interactions between molecules at the interface. The Langmuir trough
method has applications in studying surfactant monolayers, biomembranes, and
interfacial interactions in colloidal systems. Langmuir trough experiments may also aid
in the design of lipid-based drug delivery systems, where the mechanical properties of
interfacial films are crucial for drug encapsulation and controlled release (42, 43).

There are some other emerging measurement techniques for interfacial rheology in
pharmaceutical systems. Brewster angle microscopy (BAM) is a powerful imaging
technique employed in pharmaceutical science to visualize monolayers and drug-lipid
interactions at fluid interfaces. BAM exploits the changes in polarized light reflection to
reveal structural information about the interfacial films formed by lipids and surfactants.
This technique offers real-time visualization of surface processes and is particularly
valuable for studying drug-lipid interactions and membrane-related phenomena,
contributing to the development of liposomal and vesicular drug delivery systems (44,
45). Furthermore, microfluidics and droplet-based systems offer versatile platforms for
studying interfacial properties at small length scales. These systems enable researchers to
manipulate fluid interfaces and perform high-throughput experiments. In pharmaceutical
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research, microfluidics is used to study the behavior of drug carriers at biological
interfaces, providing insights into targeted drug delivery (46, 47). Recent advancements
in surface rheology have led to the development of novel measurement techniques, such
as optical surface stress sensors and micro-interferometry (48, 49). These emerging
techniques offer higher sensitivity and improved spatial resolution, paving the way for
deeper insights into interfacial mechanics and enabling new applications in materials
science, biotechnology, and nanotechnology.

Applications of interfacial rheology

Interfacial rheology is a relatively new field of research, but it has gained increasing
importance in recent years due to its potential applications in a wide range of industries,
including pharmaceuticals and food. Interfacial rheology is also used in a number of other
fields, such as cosmetics, paints, and textiles. It is a powerful tool for studying the
rheological properties of interfaces, and for developing new materials with specific
rheological properties. As the field of interfacial rheology continues to develop, it is likely
to find even more applications in a wide range of industries.

Interfacial rheology in the development and optimization of conventional
formulations

Interfacial rheology techniques play a critical role in the formulation optimization
of pharmaceutical products, cosmetics, and various industrial formulations. By
investigating the mechanical behavior of fluid interfaces, surface rheology provides
valuable insights into the stability, performance, and processing of formulations. Besides,
interfacial rheology can be used to characterize the surface properties of new surfactants
and polymers, and to study their interactions with other molecules (28, 50).

As previously explained, interfacial rheology can be used to study the stability of
emulsions and foams, and to optimize their formulation. Emulsions and foams are
ubiquitous in numerous products, from food and beverages to pharmaceuticals and
personal care items. Surface rheology plays a pivotal role in understanding and
optimizing the stability of these dispersed systems. By tailoring the interfacial properties,
such as surface tension and viscoelasticity, through surface pressure control and
surfactant engineering, interfacial rheology allows for the design of stable emulsions and
foams with desirable texture, shelf-life, and sensory attributes (51, 52).

Interfacial rheology is also widely used in the development of cosmetics and
personal care formulations. From creams and lotions to shampoos and conditioners, the
interfacial properties significantly influence the sensory attributes and application
characteristics of these products. Interfacial rheology measurements help in designing
formulations with desired spreadability, texture, and skin feel (53).

Additionally, interfacial rheology is integral in understanding the mechanics of thin
liquid films, such as those found in coatings and coating processes (54, 55). In coating
and printing applications, controlling the properties of thin liquid films is crucial for
achieving uniform and precise deposition. Interfacial rheology provides valuable insights
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into the dynamics of liquid film formation and flow behavior on solid surfaces. By
investigating the mechanical properties of paint films and coatings at the air-substrate
interface, formulations for better adhesion, leveling, and film formation can be optimized
(56-58).

Interfacial rheology in the development and optimization of drug delivery
systems

Interfacial rheology plays a central role in the field of drug delivery systems, where
understanding the behavior of fluid interfaces is essential for designing efficient drug
carriers and optimizing drug release profiles. By characterizing drug-lipid interactions
and the mechanical properties of drug carriers at fluid interfaces, interfacial rheology
provides valuable insights into the design and performance of drug delivery systems.
Besides, by investigating dynamic interfacial tension, viscoelasticity, and phase
transitions at fluid interfaces, drug carriers with enhanced drug encapsulation, targeted
delivery, and controlled release can be designed (59, 60).

For example, biodegradable lignin-based nanoparticles were developed as drug
delivery systems, but lignin derivatives were also shown to stabilize oil-in-water
emulsions. The dilational complex moduli E* of the lignin- and protein-based emulsion
systems were determined by varying deformation between 5 and 10 %, at constant
frequency of 0.1 Hz, and lignins were shown to form a denser and more elastic interfacial
layer than whey protein isolate. The highest complex dilational modulus of the lignin
systems was suggested to be a consequence of strong hydrophobic interactions among the
emulsifier molecules (61).

Nanoparticles, such as polymeric nanoparticles and lipid nanoparticles, have gained
significant attention in drug delivery due to their ability to target specific tissues and cells.
Interfacial rheology plays a critical role in characterizing the viscoelastic behavior of
nanoparticle interfaces, and the interfacial viscoelasticity is the main driver in design of
nanoparticles with controlled drug release profiles and improved cellular uptake (62).
Interfacial rheology also helps in characterizing the interactions between lipids and drug
molecules, which aids in formulating liposomal drug delivery systems with improved
stability, prolonged circulation time, and enhanced drug bioavailability (63).
Microemulsions and self-emulsifying systems are versatile drug delivery platforms for
both oral and topical administration. By optimizing the surfactant composition and
interfacial viscoelasticity, researchers can design microemulsions with enhanced drug
solubilization and bioavailability (64).

Interfacial rheology may contribute to the development of drug carriers with
targeted and controlled drug delivery. Targeted drug delivery aims to deliver drugs
specifically to disease sites, reducing systemic side effects and improving treatment
outcomes. By understanding the mechanical behavior of lipid-based carriers at biological
interfaces, drug delivery systems with improved cell penetration and targeted drug
delivery can be designed (65). Controlled drug delivery systems are designed to release
drugs in a sustained and controlled manner, enhancing therapeutic efficacy and
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minimizing side effects. Interfacial rheology measurements provide valuable information
about the mechanical behavior of drug-loaded carriers at fluid interfaces, influencing the
design of systems with tunable release rates. By optimizing interfacial properties,
researchers can develop drug delivery systems with controlled and predictable drug
release profiles (66, 67). Interfacial rheology is also used to study the mechanical behavior
of stimuli-responsive interfaces, guiding the design of smart drug carriers with controlled
drug release mechanisms. By understanding the interfacial viscoelasticity under different
stimuli, such as pH, temperature, or enzymes, researchers can tailor drug release profiles
for targeted therapies (68, 69).

Interfacial rheology in the development of new and advanced materials

Interfacial rheology can be used to develop new materials with specific rheological
properties, such as new surfactants and polymers in surfactant-based formulations.
Interfacial rheology plays a pivotal role in the development of advanced materials,
offering valuable insights into the mechanical behavior of fluid interfaces and influencing
the properties and functionalities of complex materials. Some of those advanced materials
include self-assembled monolayers (SAMs), thin films, nanostructured materials and
biomaterials. SAMs are organized layers of molecules spontaneously formed at fluid
interfaces. Interfacial rheology is a powerful tool for characterizing SAMs and
understanding their mechanical properties, such as surface elasticity and viscoelasticity.
Interfacial rheology has applications in developing SAMs for surface modification,
lubrication, and as model systems to study biological interfaces (70, 71). Interfacial
rheology plays a crucial role in studying nanostructured materials, including
nanocomposites and nanoscale emulsions, as well as in the development of biomaterials,
where understanding the mechanical behavior of biointerfaces is crucial. By investigating
the interactions between biomolecules and fluid interfaces, interfacial rheology guides
the design of functional biomaterials for tissue engineering, regenerative medicine, and
drug delivery applications (72, 73).

Interfacial rheology in biointerface characterization

Biological membranes play a vital role in cellular functions and interactions.
Interfacial rheology has emerged as a powerful tool for investigating membrane
mechanics and biophysical processes at the cell membrane interface. By probing the
mechanical properties of lipid bilayers and exploring interactions with biomolecules,
interfacial rheology contributes to a deeper understanding of cell adhesion, signaling, and
drug delivery (74).

Interfacial rheology techniques offer valuable insights into the mechanical behavior
of drug carriers and nanoparticles at the cell membrane interface. By investigating the
viscoelastic properties of drug-loaded carriers at the cell surface, researchers can
understand how carriers interact with cell membranes, which further guides the design of
drug delivery systems with optimized cell penetration and enhanced drug uptake,
ensuring efficient drug delivery to target cells (75, 76).
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In oral and mucosal drug delivery, the mucoadhesive properties of drug
formulations significantly impact drug retention and absorption. Interfacial rheology
provides critical information about the adhesive interactions between drug carriers and
mucus layers. By characterizing the interfacial viscoelasticity and surface tension, drug
delivery systems with improved mucoadhesion, prolonging drug residence time and
enhancing drug absorption can be tailored (77, 78).

Interfacial rheology enables the investigation of biomolecular interactions at fluid
interfaces, such as protein-lipid interactions. By understanding the mechanical behavior
of biological interfaces, researchers can design drug carriers with reduced
immunogenicity and improved biocompatibility (79, 80). Eventually, in biomaterial
engineering, understanding the mechanical behavior of biological interfaces is vital for
designing functional and biocompatible materials (81).

Future perspectives and emerging trends in interfacial rheology in
pharmaceutical science

Interfacial rheology in pharmaceutical science continues to evolve, driven by
advancements in experimental techniques, computational modeling, and interdisciplinary
collaborations. The field holds immense potential for designing innovative drug delivery
systems, understanding drug-membrane interactions, and optimizing formulation
performance. Some of the future perspectives and emerging trends in interfacial rheology
research in the pharmaceutical field involve advanced characterization techniques, the
integration of computational modeling, bioinspired interfacial engineering, and the
development of sustainable formulations and personalized drug delivery systems.

Emerging advanced characterization techniques, such as neutron reflectometry and
atomic force microscopy, offer non-invasive ways to probe interfacial structures and
mechanical properties. These techniques provide complementary information to
traditional interfacial rheology methods, facilitating a more comprehensive understanding
of drug carriers' behavior at fluid interfaces (82).

The integration of computational modeling with interfacial rheology experiments
enhances the ability to predict drug-membrane interactions and optimize drug delivery
systems. Molecular dynamics simulations and coarse-grained models are becoming
increasingly valuable in understanding the interactions between drug carriers and cell
membranes, providing insights into membrane penetration and drug release
mechanisms (83).

Bioinspired approaches draw inspiration from nature to design functional materials
and interfaces. Future perspectives in interfacial rheology involve exploring biomimetic
surfactants and lipids that mimic the behavior of biological molecules at fluid interfaces.
Such bioinspired interfacial engineering could lead to the development of more
biocompatible and targeted drug delivery carriers (84, 85).

With a growing emphasis on sustainability, future trends in interfacial rheology
research include the development of green and sustainable drug delivery formulations.
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Researchers are exploring environmentally friendly surfactants and stabilizers that reduce
the environmental impact without compromising performance. Interfacial rheology plays
a crucial role in understanding the behavior of sustainable interfaces and optimizing green
formulations (86, 87).

Eventually, the future of drug delivery lies in personalized medicine, where
therapies are tailored to individual patient needs. Interfacial rheology can contribute to
this paradigm shift by enabling the design of drug carriers specific to patient
characteristics and diseases (88, 89).

Conclusion

Interfacial rheology is a rapidly growing field of research with diverse applications
across scientific and industrial fields. Interfacial rheology plays a pivotal role in the
development and optimization of pharmaceutical formulations. By characterizing the
mechanical properties of fluid interfaces in nanoparticle systems, researchers can design
innovative drug delivery carriers with improved stability, enhanced drug release profiles,
and targeted delivery capabilities. Furthermore, interfacial rheology research in
pharmaceutical science is continuously evolving to address current challenges and cater
to emerging needs. By embracing advanced characterization techniques, computational
modeling, and sustainable approaches, researchers can unlock the full potential of
interfacial rheology in optimizing drug delivery systems. In addition to the applications
mentioned above, interfacial rheology is also used in a number of other fields, such as
cosmetics, paints, and textiles. As the field of interfacial rheology continues to develop,
it is likely to find even more applications in a wide range of industries.
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Kratak sadrzaj

Reologija je nauka koja proucava proticanje i deformacije materije, dok je medufazna
reologija grana reologije Ciji je fokus na prou¢avanju mehanickih svojstava granice faza, pre
svega teCnost-tecnost i teCnost-gas. PonaSanje granice faza fluida se znacajno razlikuje od
ponaSanja unutrasnjosti materijala, te standardna reoloska merenja Cesto ne opisuju adekvatno
svojstva na granici faza. Medufazna reologija pruza specijalizovan pristup za proucavanje
viskoelasti¢nosti i medupovrsinskog napona na granicama faza, pri ¢emu se stice uvid u delovanje
sila na granicama faza, kao i u medumolekulske interakcije. Ovo je posebno znacajno za
dizajniranje naprednih formulacija i terapijskih sistema sa Zeljenim karakteristikama. Medufazna
reologija je naucna oblast koja se brzo razvija i pronalazi primenu u razli¢itim nau¢nim oblastima
i industrijama. Medufazna reologija igra kljucnu ulogu u razvoju i optimizaciji farmaceutskih
formulacija i dizajnu inovativnih nosaca za isporuku lekova sa poboljSanom stabilnoséu,
poboljsanim profilima oslobadanja leka i moguénostima ciljane isporuke. Ovaj rad ima za cilj da
pruzi sveobuhvatan pregled medufazne reologije, njenih principa, tehnika merenja i primene u
razli¢itim oblastima. Analizirajuci skorasnja dostignuca i nove trendove u ovoj oblasti, cilj rada
je da se istakne znacaj medufazne reologije u optimizaciji formulacija, poboljSanju karakteristika
proizvoda i pronalaZenju inovativnih reSenja, posebno u farmaceutskoj nauci.

Kljuéne re¢i: medufazna reologija, viskoelasti¢nost, emulzija, pena, preformulacija
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