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Abstract

This study investigates composition-microstructure-rheology-performance relationships in
Carbopol-based emulgels and bigels containing different oils. Optical microscopy revealed
polydisperse droplets in liquid paraffin, isopropyl myristate, and almond oil formulations,
whereas cetyl alcohol systems exhibited larger, irregular birefringent particles with Maltese
cross-like patterns. All formulations showed shear-thinning behavior and predominantly
elastic responses (G’ > G"). Cetyl alcohol-based emulgels exhibited higher elastic moduli
and viscosity than those containing other oils. Increasing Carbopol concentration from
0.5% to 1% enhanced elasticity and viscosity, while reducing viscosity losses during heat-
ing from 10 to 40 °C from 35 to 40% to 11-26%. Bigels containing 20% and 30% oleogel
exhibited elastic moduli approximately 20% and 80% higher than the hydrogel, respectively,
suggesting possible synergistic mechanical reinforcement. Correlation analysis revealed
relationships between rheological parameters, drug release, and spreadability. Viscosities
above approximately 150 Pa-s were associated with reduced drug release, while moderate
viscosity favored a balance between structural integrity, spreadability, and release perfor-
mance. The absence of visible changes after 12 months of storage was consistent with
temperature-ramp rheology results, suggesting potential use as a preliminary screening
tool for formulation stability. Overall, oil phase selection, phase structuring, and Carbopol
concentration enable tailoring stable and functional emulgel and bigel formulations for
pharmaceutical and cosmetic applications.

Keywords: emulgels; bigels; rheology; drug release; spreadability

1. Introduction

Topical drug delivery systems offer localized therapeutic action with minimal systemic
side effects. Among these, multiphase gel-based dispersion systems such as emulgels and
bigels have emerged as versatile vehicles combining the advantages of emulsions and gels
or oleogels and hydrogels, respectively, in terms of skin feel, stability, drug loading/delivery,
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patient compliance and release profile [1-3]. Therefore, in recent years, such formulations
have been intensively developed as a platform for dermal application of various drugs [4—6]
and compounds of natural origin [7-9]. Beyond topical application, systems such as bigels
could also be utilized in the food industry to preserve probiotic activity and to replace
saturated and trans fats in meat products (e.g., sausages), baked goods, confectionery, and
dairy products without compromising their texture [10-12]. Recent advances in semi-solid
dosage forms have seen significant growth driven by the integration of nanotechnology,
“smart” polymers, and advanced rheological control methods. These innovations success-
fully overcome traditional limitations regarding penetration of the skin barrier (stratum
corneum) [12-16]. The primary advancement enabled by nanotechnology is the reduction
in oil droplet size to 10-200 nm. This drastically increases the specific surface area, improves
release kinetics, and allows the drug to penetrate deeper skin layers without the need for
aggressive chemical penetration enhancers [17].

Emulgels and bigels are modern biphasic semi-solid systems that combine the ad-
vantages of gels with liquid or structured lipid phases for dermal, buccal, and transder-
mal application.

A part of the main advantages of emulgels and bigels in the pharma and cosmetic
industry is related to their ability to include both hydrophilic and lipophilic active substances,
as well as their potential usage in controlled drug delivery [18,19]. This is due to their
specific composition: emulgels typically consist of an emulsion phase incorporated within
a gel matrix, whereas bigels are formed by blending hydrogel and oleogel networks in
different ratios. In this sense, the distinct internal architecture of these systems could impart
unique mechanical and rheological properties potentially influencing their performance,
stability, and user acceptance. Therefore, discovering the differences in the properties of
emulgels and the respective bigels would contribute to the overall understanding and
improvements in the area of their applications. The rheological behavior of emulgels and
bigels depends strongly on their composition and internal structure. Both systems typically
exhibit shear-thinning and viscoelastic behavior, while bigels may exhibit higher elastic
moduli and mechanical strength due to the presence of two structured phases and their
interactions [20]. Their drug release characteristics also depend on the distribution of
the active substance between the phases and the internal organization of the formulation.
In some systems, the structured hydrogel and oleogel phases may provide additional
resistance to drug diffusion, resulting in prolonged release compared with conventional
emulgels [21,22]. The presence of structured phases may also improve physical stability;
however, both emulgels and bigels can undergo destabilization processes, including phase
separation, depending on their composition and storage conditions [23].

Despite their immense potential for drug delivery, emulgels and bigels face a number of
technological and biopharmaceutical limitations related to phase instability and long-term
stability. Furthermore, striking a balance between rheological properties and drug efficacy
is a major challenge; while high viscosity and a dense polymer network ensure excellent skin
retention, they also create significant resistance to diffusion. This drastically slows the rate at
which the drug substance is released and permeates the skin barrier. Scaling up production
presents another challenge, as parameters such as shear sensitivity, temperature, and air
bubble formation are difficult to control when preparing large quantities of semi-solid
formulations. Despite growing scientific interest, a comprehensive theoretical model for
predicting the behavior and functionality of these systems remains lacking due to their
complex microstructure [12,24,25].

The comparative investigations of emulgels and the respective bigels reported in the
literature, however, are few [26-29] and have primarily focused on systems based on gelatin
or poloxamer.
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Sagiri et al. [26] investigated bigels, made with stearate organogel and gelatin, and
showed that bigels possess better mucoadhesive and mechanical properties, being more
elastic and firmer than emulgels. Rheological tests reported by Satapathy et al. [27] for
gelatin-based sesame oil-containing emulgels and bigels confirmed these differences: bigels’
higher firmness was linked to instantaneous force upon loading, while their significant
viscous component, estimated via stress relaxation, was related to structural rearrangement.
Furthermore, bigels based on gelatin—agar hydrogel and soybean oil organogel investigated
by Wakhet et al. [28], consistently showed the highest impedance compared to emulgels
and pure hydrogels. Despite these differences in mechanical and electrical properties,
Wakhet et al. [28] found similar swelling and drug release profiles between the two types
of formulations. Mazurkevicitté et al. [29] studied the effect of oil incorporation methods
on poloxamer-based formulations containing ciclopirox olamine, comparing emulgels and
a bigel. They found that gelating the oil phase significantly improved the mechanical
properties of the formed bigel. However, all tested formulations (emulgels with and without
polysorbate 80, and the bigel) exhibited similar antifungal activity. The authors also advised
that adding an emulsifier is necessary when mixing the poloxamer gel with mineral oil to
create a thermally stable semi-solid emulgel. Given the limited research mainly confined to
gelatin and poloxamer systems, a significant gap remains in comparing emulgels and bigels
using other gelling agents or oils.

The gelling agents, actually, are very important for the appropriate consistency of the
biphasic systems like emulgels and bigels. Among the various gelling agents, Carbopol (a
crosslinked polyacrylic acid polymer) is frequently used due to its excellent thickening, sta-
bilizing, and bioadhesive properties [30] and finds application in different pharmaceutical
formulations, including these of controlled-release type [31,32].

Additionally, the choice of oils in the emulgels and bigels plays a crucial role in the
respective drug delivery, skin feel, and stability [19,21,33-37]. For instance, bigels containing
fish oil or almond oil have been shown to enhance the transdermal delivery of drugs like
imiquimod and ketoprofen due to the oil’s unique fatty acid composition, which aids skin
permeation [19,33]. The choice and concentration of the oil also impact sensory attributes;
formulations with higher lipophilic phase proportions (35-40%) can feel greasy, which is
often undesirable for users [34], whereas emulgels are typically known for their favorable,
non-greasy feel [21]. The oil type also contributes to the physical stability of emulgels by
affecting droplet size and polymer interactions, with one study finding that andiroba oil
offered better stability than passion fruit or sweet almond oil [36]. The oil’s melting point
can even influence the freeze—thaw stability of gelled emulsions relevant to frozen foods [37].
While traditional accelerated aging tests at high temperatures are used for long-term stability
assessment of cosmetic and pharmaceutical products [38,39], temperature-ramp rheology
has been explored as a complementary approach for assessing temperature-dependent
structural changes and identifying potential signs of instability [40,41].

The viscoelastic properties and rheology of semi-solid topical formulations are critical
as they directly influence applicability, spreadability, drug release, and patient compli-
ance [42,43]. While many studies only provide steady shear and viscosity data [8,44],
this is insufficient for fully characterizing complex systems like emulgels and bigels; a
more in-depth analysis of viscoelastic properties using oscillating tests (amplitude, fre-
quency, and temperature ramps) is necessary. The current literature has limited studies
on the viscoelastic properties of emulgels and bigels [35,43], and there is a significant gap
regarding comprehensive comparative rheological profiling of respective emulgels and
bigels, especially concerning the influence of varying oil chemistry and concentration. To
address this, previous research by the authors focused on plant-oil-based bigels (Carbopol
hydrogel/sorbitan monostearate-almond oil-based organogel) [45] and later investigated
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the influence of different oil phases and gelling agent concentrations on Carbopol-based
emulgels [46] identified an almond oil-based emulgel with low Carbopol concentration
as having maximum drug release, prolonged therapeutic effect, and high stability over six
months, suggesting a potential correlation between lower viscosity and drug release and
therapeutic efficiency, which highlights the need to further explore the relationship between
therapeutic performance and visco-elasticity.

This study continues previous research [45,46] to provide a comprehensive under-
standing of Carbopol-based bigels and emulgels, focusing on their rheological viscoelastic
properties, microstructure, and long-term stability. The work systematically evaluates
emulgels containing four different oils (liquid paraffin, cetyl alcohol, isopropyl myristate,
and almond oil) to compare the effects of plant-based versus synthetic oils. Combining
optical microscopy with four rheological tests—steady shear, frequency sweep, amplitude
sweep, and temperature ramp—the study offers a full characterization suite. This approach
aims to address key literature gaps by (1) directly comparing how the structural differences
between emulgels and bigels affect viscoelasticity and mechanical integrity, (2) system-
atically exploring how oil chemistry and concentration modulate emulgel rheology, and
(3) assessing temperature-dependent rheological behavior as a complementary approach
to conventional stability testing. The novel aspects of this work relate to providing a com-
prehensive characterization of the rheological behavior and microstructure of emulgels and
bigels. This knowledge is valuable for a better understanding of the relationship between
microstructure, rheological behavior, and functionality and would contribute to the devel-
opment of a comprehensive theoretical model for predicting the behavior and functionality
of these systems.

2. Materials and Methods
2.1. Materials

This study utilized analytical-grade Carbopol® 940 (The Lubrizol Corporation, Wick-
liffe, OH, USA), propylene glycol (PG; Sigma-Aldrich, St. Louis, MO, USA), ethanol 95%
(v/v), Span® 60 (Sigma-Aldrich, USA), Tween® 60 (Sigma-Aldrich, USA), light liquid
paraffin (LLP; Ph. Eur.), cetyl alcohol (CA; Sigma-Aldrich, USA), isopropyl myristate (IPM;
Sigma-Aldrich, USA), almond oil (AO), triethanolamine (TEA), and purified water.

Sodium dodecyl sulfate (SDS, product of Acros Organics, Geel, Belgium, cat. No:
23042-500) was used in some optical observations as a dilution medium for the concen-
trated formulations.

2.2. Methods
2.2.1. Preparation of Emulgels and Bigels

A detailed description of the methods for emulgels preparation is reported in a previous
study [46]. Briefly, the oil, containing LLP (at different concentrations between 5 and 7.5%
w/w), CA, IPM or AO with the dissolved Span 60, and the hydrophilic phase, containing
PG, Tween 60, ethanol and purified water, were heated to the temperature of 70-80 °C. The
oil and aqueous phases were heated to 70-80 °C to ensure complete melting of the solid
lipophilic components (Span 60 and, where applicable, CA), facilitate homogeneous mixing,
and maintain consistent emulsification conditions across all formulations. The oil phase
was then added to the hydrophilic phase under continuous stirring (300 rpm). Carbopol
dispersions with concentrations of 1% and 2% (w/w) were prepared in purified water at
room temperature under continuous stirring (300 rpm). The obtained emulsions were then
mixed with the corresponding Carbopol dispersions at a 1:1 weight ratio, resulting in final
Carbopol concentrations of 0.5% and 1% (w/w), respectively. Subsequently, the pH was
adjusted to 5.5-6.5 using TEA. All formulations were drug-free.
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The investigated bigels were prepared by mixing a Carbopol-based (1% w/w) hydrogel
(containing also 5% w/w PG, 10% w/w ethanol (95% v/v) and 84% w/w purified water)
and an organogel containing 85% w/w almond oil and 15% w/w Span 60. The hydrogel
was prepared at 25 °C at 400 rpm as TEA was added (pH 5.5-6.5), and the organogel was
obtained at 60 °C at 100 rpm. The heated organogel was added to the hydrogel under
continuous stirring at 500 rpm in ratios 20:80 and 30:70 (w/w), and consecutive cooling to
ambient temperature was applied, obtaining formulations BG20 and BG30, respectively.

The composition of the various emulgel and bigel formulations with the respective
concentrations of the components is presented in Table 1.

Table 1. Composition of the studied emulgels and bigels (% w/w).

Formulation Code Cal;il(:)p()l LLP CA IPM AO Sp 6a0n® ngg m® PG Ethanol P&;;tﬁ;d
C1_LLP5 1 5 - - - 0.69 1.31 5 10 q.s.
C1_LLP6 1 6 - - - 0.69 1.31 5 10 q.s.
C1_LLP7.5 1 7.5 - - - 0.69 1.31 5 10 q.s.
C1_CA5 1 - 5 - - 0.14 1.86 5 10 q.s.
C1_IPM5 1 - - 5 - 0.69 1.31 5 10 q.s.
C1_AO5 1 - - - 5 0.69 1.31 5 10 q.s.
C0.5_LLP5 0.5 5 - - - 0.69 1.31 5 10 q.s.
C0.5_LLP6 0.5 6 - - - 0.69 1.31 5 10 q.s.
C0.5_LLP7.5 0.5 7.5 - - - 0.69 1.31 5 10 q.s.
C0.5_CAS5 0.5 - 5 - - 0.14 1.86 5 10 q.s.
C0.5_IPM5 0.5 - - 5 - 0.69 1.31 5 10 q.s.
C0.5_AO5 0.5 - - - 5 0.69 1.31 5 10 q.s.
BG20 0.8 - - - 17 3 - 4 8 q.s.
BG30 0.7 - - - 25.5 4.5 - 3.5 7 q.s.

The detailed bigel preparation procedure was reported in a previous work [45].

After preparation of the studied models, physical examination of the emulgels and
bigels was carried out. The prepared emulgels and bigels were visually inspected for their
color, homogeneity, consistency, and phase separation. It was found that all formulations
were white, viscous and creamy with a smooth and homogeneous texture. The consistency
of all emulgels was suitable for dermal application. No phase separation was observed as a
sign of physical instability.

2.2.2. Optical Observations

The droplet shape in the examined samples was determined by optical observations in
transmitted or cross-polarized light using a microscope Axio Imager M2m (Zeiss, Germany).

In these experiments we investigated either the concentrated formulations or samples
diluted with a 5 mM SDS solution. The samples were diluted with a 5 mM SDS solution
to facilitate the visualization of individual droplets and reduce the risk of coalescence
during dilution, which could otherwise occur when using pure water due to the decrease in
surfactant concentration in the continuous phase. The studied formulations were observed
as being placed on a glass slide between three microscope glass cover slips.
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The droplet size distributions were determined by quantitative analysis of optical
microscopy images. At least 500 droplets were analyzed for each formulation. The Sauter
mean diameter (ds,) and volume-weighted mean diameter (d,3) were calculated as follows:

ds, = Z(nidiS) /Z (nidiz)

dys = Z<n1d14) DY (nidi3)

where n; is the number of droplets with diameter d;. The polydispersity index (PDI) was cal-
culated as the ratio d,3/d;,, with higher values indicating broader droplet size distributions.
Droplet size analysis was not performed for cetyl alcohol-containing formulations due to the
irregular morphology of the dispersed particles, which prevented reliable determination of
their diameters.

2.2.3. Rheological Measurements

The rheological properties of the investigated emulgels and bigels were characterized
by using a rotational rheometer, Discovery Hybrid Rheometer DHR-3 (TA instruments, New
Castle, DE, USA). For all experiments we used a parallel plate geometry with a diameter
of 40 mm. Two types of oscillatory shear tests as well as steady shear deformation and
temperature ramp rheological measurements were performed to characterize the viscoelas-
tic properties and the temperature response of the samples. To mimic the conditions of
application of the studied emulgels and bigels on the skin, the first three types of tests
were performed at 32 °C (typical skin body temperature). In these cases, the samples
were loaded and an equilibration step was applied for 300 s at T = 32 °C. Afterwards the
frequency sweeps, the amplitude sweeps and the steady shear experiments were performed
with each sample. The particular parameters of the measurements are presented in the
following Section Frequency Sweeps, Section Amplitude Sweeps and Section Steady Shear.
The temperature ramp experiments were performed with a separate sample as explained
below in Section Temperature Ramp Tests.

Frequency Sweeps

In these tests the oscillation frequency was varied logarithmically between 0.01 and
100 Hz. The storage (elastic) and the loss (viscous) moduli, G’ and G”, respectively,
were measured as a function of the frequency of oscillations at a constant amplitude of
deformation (v, = 1%). The selected strain values were chosen based on preliminary
amplitude sweep measurements to ensure that all subsequent oscillatory experiments were
performed within the linear viscoelastic region.

Amplitude Sweeps

The oscillation strain amplitude, -y,, was varied logarithmically from 0.05 to 500% at a
fixed frequency of 1 Hz. Again, the elastic, G’, and viscous, G”, moduli of the formulations
were determined as a function of strain amplitude.

Steady Shear

The viscosity of the samples was measured in flow ramp experiments, in which the
shear rate, 7y, was logarithmically varied between 0.001 s~1and 2000 s~V and the shear stress
was measured.

Temperature Ramp Tests

In these tests, the temperature was raised from 10 °C to 40 °C with a heating rate of
5 °C/min while the sample was sheared at a fixed shear rate, ¥, of 1 s~1. The shear stress was
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measured and the viscosity was determined as a function of temperature. To homogenize
the sample, we first performed a pre-shear at a fixed shear rate, , of 20 s! at T = 10 °C
before the temperature ramp test was performed.

2.2.4. Long-Term Stability Tests

Independent stability tests were performed with the studied emulgel and bigel for-
mulations based on observations of the change in the systems’ visual appearance upon
storage. These assessments were performed in accordance with the International Council
for Harmonisation guidelines. For these experiments the emulgels were packed in tightly
closed plastic containers and stored at 30 £ 2 °C/65 £ 5% RH. After 12 months of storage,
evaluation of the visual appearance of the samples was performed.

3. Results and Discussion
3.1. Optical Microscopy Observations

Optical observations of concentrated emulgels revealed dispersed entities of irreg-
ular shape (Figure 1). Liquid paraffin samples showed small liquid drops (Figure 1A),
while isopropyl myristate and almond oil samples had larger, more polydisperse drops,
some of which exhibited partial coalescence (red arrows, Figure 1D). In contrast, the cetyl
alcohol-containing emulgel exhibited larger dispersed particles with a distinct morphology
(Figure 1B). Dilution with 5 mM SDS clarified the phase behavior. The IPM and AO emul-
gels formed spherical drops (Figure 1G,H), suggesting Span 60 is well-solubilized in the oil
phase. In contrast, the LLP emulgel drops remained slightly deformed (Figure 1E), likely
due to a solid shell of Span 60 that had adsorbed on the drop surface and frozen. Most
notably, dilution of the CA-containing emulgels revealed birefringent dispersed particles
exhibiting Maltese cross-like patterns under cross-polarized light (Figure 1F). In addition,
concentric optical features were observed around some particles, particularly in the formu-
lation with the lower Carbopol concentration (Figure S1). These observations are consistent
with the possible formation of onion-like lamellar structures, as previously reported for
similar systems [47-49]. However, since such birefringent patterns may also arise from
other anisotropic structures, additional structural characterization would be required to

confirm the presence of an onion phase.

Figure 1. Images obtained from the optical observations in transmitted light (A-D) of concentrated
samples and in cross-polarized light (E-H) of samples diluted with 5 mM SDS of emulgels containing
1% w/w Carbopol and 5% w/w (A,E) LLP (C1_LLP5 formulation), (B,F) CA (C1_CA5 formulation),
(C,G) IPM (CI1_IPMS formulation) and (D,H) AO (C1_AOS5 formulation). The red arrows in panel
(D) indicate droplet coalescence.
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The possible formation of onion-like lamellar structures in the CA-containing emulgels
may be associated with the phase behavior and relatively high melting temperatures of Span
60 and cetyl alcohol. The optical features suggesting such an organization were observed
only in the CA-containing formulations. This observation is consistent with the relatively
high phase transition temperatures of both components: 52.9 °C for the transition from
ordered to melted hydrocarbon chains in Span 60 [50-52] and 49.3 °C for the melting of
cetyl alcohol [53]. Consequently, both components may contribute to the formation of
ordered structures within the dispersed phase at room temperature. Similar spontaneous
formation of onion-like structures from Span 60—CA mixtures in water is reported in [53].
Conversely, LLP and AO have melting points below 0 °C, forming liquid oil drops.

Quantitative analysis of the microscopy images showed that, for formulations con-
taining 1% Carbopol and 5% oil phase, the mean droplet diameter (dj,) increased in the
order LLP < IPM < AO, with values of 4.33, 6.38, and 10.56 pm, respectively (Table 2).
The polydispersity index (PDI) followed the same trend, increasing from 1.12 for LLP to
1.19 for IPM and 1.24 for AO. Microscopic observations further revealed that the irregu-
larly shaped dispersed particles in CA-containing formulations were considerably larger
than the droplets observed in the other systems. Thus, the overall qualitative trend in
dispersed-phase particle size was LLP < IPM < AO < CA. However, reliable quantitative
size determination was not possible for the CA-containing formulations due to the irregular
morphology of these particles.

Table 2. Droplet size characteristics of the investigated emulgel and bigel formulations: Sauter mean
diameter (dj,), volume-weighted mean diameter (d,;), and polydispersity index (PDI = d,3/d3,).

Formulation Code d;,, mm dy;, mm ( d:;]/);n)
C1_LLP5 4.33 4.83 1.12
C1_LLP6 11.98 16.70 1.39
C1_LLP7.5 9.75 13.91 1.43
C1_CA5 - - -
C1_IPM5 6.38 7.56 1.19
C1_AO5 10.56 13.07 1.24
C0.5_LLP5 20.54 27.77 1.35
C0.5_LLP6 15.32 23.94 1.56
C0.5_LLP7,5 30.18 42.87 1.42
C0.5_CA5 - - -
C0.5_IPM5 7.29 9.09 1.25
C0.5_AO5 11.43 12.97 1.13
BG20 4.58 5.43 1.19
BG30 7.49 9.87 1.32

Interestingly, this trend was not maintained at the lower Carbopol concentration (0.5%).
The corresponding dj, values were 20.54, 7.29, and 11.43 ym for LLP, IPM, and AO, respec-
tively. Reducing the Carbopol concentration resulted in a pronounced increase in droplet
size for LLP-based formulations, a smaller increase for IPM, and only a minor change for
AO. These results indicate that the influence of Carbopol concentration on droplet size
depends on the oil phase, highlighting the importance of both parameters in determining
the microstructure of the investigated formulations.
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Optical microscopy of the bigel samples, prepared by combining a sorbitan monos-
tearate/almond oil oleogel with a Carbopol hydrogel, revealed closely packed dispersed
droplets within the continuous matrix (Figure 2A). Upon dilution with 5 mM SDS, approx-
imately spherical droplets of varying apparent sizes became more clearly distinguishable
(Figure 2B). The oleogel droplets in the diluted BG20 sample (Figure 2B) exhibited a mor-
phology similar to that observed in the diluted AO-containing emulgels (Figure 1H). How-
ever, quantitative analysis revealed that BG20 had smaller droplets than both AO-containing
emulgels, despite its intermediate Carbopol concentration, while the polydispersity indices
were comparable (Table 2). Since both formulations contain almond oil, differences in re-
fractive index associated with the use of different oils do not directly affect this comparison.
Nevertheless, differences in dispersed-phase composition and interfacial properties may
influence optical contrast and apparent droplet boundaries.

Figure 2. Images obtained from the optical observations in transmitted light of bigel BG20 (A) con-
centrated and (B) diluted with 5 mM SDS.

3.2. Rheological Properties of the Prepared Emulgels and Bigels

Four different rheological tests were performed with the studied emulgels and bigels
aiming to obtain a robust rheological profile essential for optimizing formulation perfor-
mance and end-use characteristics. The experiments included: (1) amplitude sweep tests
to determine the linear viscoelastic region, establishing the limits within which the material
maintains its structural integrity under strain; (2) frequency sweep tests performed within
the linear viscoelastic region to explore the viscoelastic moduli as a function of oscillatory fre-
quency, providing information on the gel-like or fluid-like nature of the systems; (3) steady
shear tests to assess flow behavior and viscosity profiles under varying shear rates, revealing
insights into the systems’ pseudoplasticity and shear-thinning behavior; and (4) temper-
ature ramp tests that were conducted to evaluate the thermal stability and transitions in
rheological properties, simulating conditions relevant to storage and application.

3.2.1. Effect of the Oil Type in Emulgels

The effect of oil type in emulgels was studied at two different Carbopol concentrations:
0.5% w/w and 1% w/w. The obtained experimental results from rheological tests are shown
in Figure 3 (1% w/w Carbopol) and Figure 4 (0.5% w/w Carbopol), and their statistical
assessment in Tables 52 and S3.

As shown in Figure 3A, at the low deformation values, both the G’ and G” moduli are
not influenced by the increase in the applied strain, defining the so called “plateau-region”
that represents the linear viscoelastic region. In this region, a well-visible predominance
of the elastic modulus over the loss modulus was determined, indicating formation of
a continuous gel structure. After a certain strain value, some destruction of the elastic
structure of the emulgels occurs, resulting in a decrease in the elastic modulus, whereas the
loss modulus started to increase, demonstrating that the formulations become more fluid.
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https://doi.org/10.3390/macromol6040107

Macromol 2026, 6, 107

10 of 24

Upon additional increase in the strain, a crossing of the moduli curves was determined,
indicating that the samples start to flow. The obtained viscoelastic modulus curves were
comparable to those reported for emulsions, xanthan gum-based gel systems, and Carbopol
gels in previous studies [54-56]. The decrease in elasticity at high amplitude of deformation
was associated with the arrangement of the system layers following the flux direction
which caused better spreading of the emulgels upon dermal application. Such behavior
is characteristic of structured polymeric emulgels and is consistent with the research of
Dabbaghi et al., according to which the end of the linear viscoelastic range is associated with
a critical shear stress that leads to the rupture of the three-dimensional gel network [57].
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Figure 3. The rheological profile of the studied emulgels containing 1% w/w Carbopol and 5% w/w
oil phase: LLP (black), CA (red), IPM (blue), or AO (green) as denoted in the graphs. Data are
presented for the elastic, G, (full symbols), and viscous, G”, (empty symbols), moduli as a function
of (A) strain amplitude at a fixed frequency of deformation of 1 Hz and (B) frequency of oscillations
at a fixed amplitude of deformation of 0.1%, as well as for the viscosity as a function of (C) shear rate
and (D) temperature. The measurements presented in (A-C) were performed at 32 °C.

The observed behavior of the rheology curves was common for all studied formula-
tions in this series, independent of the oil phase type (Figure 3A). The rheology response
of the LLP, IPM and AO-containing emulgels largely overlapped. At the relatively low
dispersed-phase volume fractions investigated in this study, differences in the viscosity
of the individual liquid oils are not expected to substantially affect the overall rheological
behavior of the emulgels. Instead, their rheological properties are expected to be predomi-
nantly governed by the continuous Carbopol-containing phase.

However, the CA-containing emulgel exhibited higher values of both G’ and G” com-
pared to the other formulations (Figure 3A). These higher moduli may be associated with
the distinct microstructure of the CA-containing emulgel, characterized by the presence
of birefringent dispersed particles observed under cross-polarized light (Figure 1F). Dif-
ferences in the size, rigidity, and interactions of the dispersed particles with the Carbopol
network may also contribute to the observed rheological behavior. The difference in the
rheology of the CA-containing formulations compared to the other studied emulgels is even
more significant in the case of the lower Carbopol concentration of 0.5% w/w (Figure 4A).
In this case, no plateau region was determined even at the lower strain applied for the
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CA-containing formulation and in the whole strain diapason, a decrease in the elastic mod-
ulus was determined. Concerning the viscous modulus, we observed significantly higher
values for it, which were even higher than these of the elastic moduli of the other studied
systems at the lower and higher values of the deformation. There is a region, however, in
which a slight minimum is observed in this curve, which then crosses that of the elastic
modulus of the sample (Figure 4A). Such a significant difference in the rheology curves that
this CA-containing sample exhibited could probably be due to insufficient homogeneity of
the sample. Nevertheless, the CA-containing formulation maintained higher viscoelastic
moduli than the other emulgels, consistent with the behavior observed at 1% w/w Car-
bopol. This further suggests that differences in the organization of the dispersed phase may
contribute to the rheological behavior of the CA-containing systems.
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Figure 4. The rheological profile of the studied emulgels containing 0.5% w/w Carbopol and 5% w/w
oil phase: LLP (black), CA (red), IPM (blue) or AO (green) as denoted in the graphs. Data are
presented for the elastic, G', (full symbols) and viscous, G”, (empty symbols) moduli as a function of
(A) strain amplitude at a fixed frequency of deformation of 1 Hz and (B) frequency of oscillations at
a fixed amplitude of deformation of 0.1%, as well as for the viscosity as a function of (C) shear rate
and (D) temperature. The measurements presented in (A-C) were performed at 32 °C.

The particular G’ and G” values of the LLP, IPM, and AO-containing emulgels were
lower in the case of lower Carbopol concentration (Figure 4A), but the rheology curves
of the systems containing these oil phases overlap independently of the oil phase type,
indicating similarity in the viscoelastic properties.

The higher values of the moduli in the case of 1% w/w Carbopol revealed that an
increase in the concentration of the gelling agent causes greater elasticity of the tested
models. This is related to the higher amount of polymer that enables the interaction
and interweaving of the polymer chains, hence resulting in the formation of a strong
polymer network. The obtained results confirmed the conclusions of other authors who have
investigated the viscoelastic properties of Carbopol gels with various concentrations [58].
Since it has been established that the gelling agent has a substantial impact on the emulgel
rheological properties [59], we could suppose that the rheological characteristics of the
studied formulations in the current work would correspond to the rheological properties of
Carbopol gels, as it is the gelling agent in the samples.
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Based on these results obtained from the amplitude sweep experiments, we deter-
mined the yield stress values for the studied systems, which were extracted by analyzing
plots of the calculated elastic stress, Telastic, (telastic = G'y0) versus strain amplitude,
Y0, [60]. Within the linear viscoelastic region, T, increases linearly with increasing
strain amplitude until the material reaches a critical shear stress (corresponding to the yield
stress) defined as the strain at which telastic attains its maximum value (Figure S2 in SI).
The dependence of yield stress on the oil phase composition is presented in Figure S3A (SI)
for both Carbopol concentrations. The results clearly demonstrate that the yield stress is
significantly affected by the polymer content, with samples containing higher levels of Car-
bopol exhibiting markedly greater values. The rheological behavior also reflects differences
in the microstructure of the investigated formulations. In particular, the CA-containing
emulgels, characterized by birefringent dispersed particles, exhibited the highest yield
stress at both Carbopol concentrations, suggesting that the distinct organization of their
dispersed phase may contribute to their greater resistance to deformation. Conversely,
formulations containing liquid paraffin (LLP) or isopropyl myristate (IPM) showed the
lowest yield stress, while those with almond oil (AO) exhibited intermediate values at
higher Carbopol levels. The elevated yield stress observed for AO-based emulgels relative
to LLP- and IPM-containing systems at 1% Carbopol 940 may be associated with differences
in the interfacial interactions and chemical composition of the oils. Almond oil consists
predominantly of unsaturated triglycerides and contains minor amphiphilic constituents,
which may contribute to differences in polarity and interfacial behavior compared to less
polar oils, such as liquid paraffin. These characteristics could potentially favor interactions
with the hydrophilic domains of the Carbopol network and with the surfactant-stabilized
oil-water interface, particularly at higher polymer concentrations. Such interactions may
contribute to a more cohesive gel structure with greater resistance to deformation, resulting
in higher yield stress values. In contrast, weaker interactions between the dispersed phase
and the polymer network in LLP- and IPM-containing formulations could contribute to
their lower yield stress. The differences between AO- and LLP/IPM-based formulations
become less pronounced at lower Carbopol concentrations, possibly due to a reduced con-
tribution of these interactions. However, this interpretation remains hypothetical, and its
experimental verification would require further investigation of the interactions between
the oil components, surfactants, and Carbopol network, which is beyond the scope of the
present study.

The experimental data from frequency sweep experiments of the emulgels are shown
in Figures 3B and 4B. In all of the studied formulations, G" consistently exceeded G” across
the tested frequency range, showing again that the emulgels possess a mainly elastic char-
acter. The obtained rheology curves in our frequency sweep experiments for LLP, IPM and
AO-containing samples again overlap as in the case of the amplitude sweep tests, whereas
the data for the CA-containing emulgel were well above those of the other formulations
(Figures 3 and 4). This difference may be associated with its distinct microstructure, partic-
ularly the presence of birefringent dispersed particles observed under cross-polarized light
(Figure 1F).

The flow curves of the studied emulgels, shown in Figures 3C and 4C, illustrate how the
viscosity of the formulations with different oil phases changes in response to different shear
rates at a constant temperature of 32 °C. All samples displayed a typical non-Newtonian,
shear-thinning behavior—an important feature for topical products, as it allows them to
become less viscous during application [61]. This is well seen from the results shown in
Figures 3C and 4C, where the rheology curves for the viscosity of the studied emulgels are
shifted to higher values for the higher gelling agent concentration, as expected. Concerning
the effect of the studied oil phases on the viscosity of the respective formulations, one can
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see that for the samples containing 1% w/w Carbopol it is negligible, and all the rheology
curves overlap (Figure 3C). In the case of 0.5% w/w gelling agent, the LLF, IPM, and AO
samples show even closer values of the viscosity as a function of the shear rate, and their
rheology curves practically coincide. The presence of CA, however, affects the emulgel
viscosity at the lower Carbopol concentration, with the corresponding flow curve showing
a slight shift towards higher viscosity values. This behavior may be associated with the
distinct microstructure of the CA-containing formulation.

All flow curves were fitted using the Herschel-Bulkley model, and the obtained fitting
parameters are presented in Table S1. The Herschel-Bulkley model provided an excellent fit
to the experimental data, with coefficients of determination (R?) exceeding 0.999 for most
formulations. The only exception was formulation C0.5_CAD5, for which a slightly lower R?
value of approximately 0.98 was obtained. Nevertheless, this value still indicates very good
agreement between the experimental data and the model predictions.

The fitting results clearly demonstrate that formulations containing CA exhibit substan-
tially different rheological behavior compared to the corresponding formulations prepared
with the other oils at the same Carbopol concentration. In addition, as expected, both the
yield stress and the consistency index increased with increasing Carbopol concentration,
confirming the dominant role of the polymer network in determining the flow properties
of the systems. These findings are consistent with the conclusions of a review paper that
analyzes the combined effects of concentration and pH on the Herschel-Bulkley parameters
for Carbopol 934, 940, 980, and Ultrez. The author explicitly states that both the yield stress
and the consistency index increase monotonically with rising concentration, as the microgel
particles become more densely packed and more firmly interlocked with one another [62].
Our results are also consistent with an earlier study, which directly demonstrates that
increasing the concentration of Carbopol significantly raises the yield stress, viscosity, and
consistency index, confirming the dominant role of the dense three-dimensional network of
swollen polymer chains [63].

For all formulations, the flow behavior index (n) ranged between approximately 0.3 and
0.4, indicating pronounced non-Newtonian behavior and a highly shear-thinning character.
Such values are typical of structured semisolid systems and suggest that the formulations
can be easily spread under shear while maintaining sufficient consistency at rest.

In order to assess the thermal stability of emulgels, we performed viscosity measure-
ments of the studied emulgels as a function of temperature in the range between 10 °C
and 40 °C with a rate of 5 °C/min at a fixed shear rate of 1 s7; see Figures 3D and 4D.
No abrupt changes in viscosity were observed within the investigated temperature range,
suggesting the absence of major thermally induced structural transitions. This is consistent
with the melting temperatures of Span 60 and CA being above 40 °C. The CA-containing
formulations exhibited higher viscosity than the other emulgels throughout the investi-
gated temperature range (Figures 3D and 4D), which may be associated with their distinct
dispersed-phase microstructure.

It should be noted that these measurements were performed within the temperature
range of 10-40 °C to assess the rheological behavior of the formulations under application-
relevant conditions rather than to identify phase transitions. Although no abrupt viscosity
changes were observed within this range, structural transitions at higher temperatures
cannot be excluded. Further investigations, including oscillatory temperature sweeps
over an extended temperature range and thermal or structural characterization, would be
required to identify possible phase transitions in the CA-containing systems.

Concerning the effect of the Carbopol concentration, again the emulgels with 1%
Carbopol showed higher viscosity in the whole temperature range compared to that of
the 0.5% Carbopol-containing samples. The viscosity of the formulations with the higher
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Carbopol level decreased by 11-26% compared to the 35-40% decrease in the case of the
systems with lower Carbopol concentration upon temperature increase. This result is
related to a denser polymer network formed at higher Carbopol concentration, which has
more crossed bonds between the polymer chains in the polymer structure. This increased
number of crossed bonds reduces the thermal mobility of the individual polymer chains,
thus causing less significant changes in viscosity and, hence, increased stability.

3.2.2. Effect of the Oil Phase Concentration in Emulgels

To further explore formulation parameters, LLP-based emulgels were prepared with
different oil content of 5, 6, and 7.5% w/w at two Carbopol levels (0.5 and 1% w/w). The
obtained results are shown in Figure 5 and their statistical assessment in Table S4. One
sees that the oil concentration has no significant impact on the rheological properties of
the formed emulgels, showing that the presence of oil drops in the hydrogel does not
significantly reinforce the gel network formed from Carbopol. All tests indicate that the
gelling agent concentration is significantly more critical for the rheological properties of
formed emulgels. This trend is also reflected in the determined yield stress, which does not
change significantly within the studied LLP concentration range (Figure S3B in SI).
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Figure 5. The rheological profile of the studied emulgels containing 0.5 or 1% w/w Carbopol and
different concentrations of LLP as denoted in the graphs. Data are presented for the elastic, G/,
(full symbols) and viscous, G”, (empty symbols) moduli as a function of (A) strain amplitude
at fixed frequency of deformation of 1 Hz and (B) frequency of oscillations at fixed amplitude of
deformation of 0.1%, as well as for the viscosity as a function of (C) shear rate and (D) temperature.
The measurements presented in (A-C) are performed at 32 °C.

The Herschel-Bulkley fitting results (see Table S1) support that the dominant factor
governing the rheological behavior of the investigated formulations is the Carbopol con-
centration. The effect of oil concentration appears to be negligible and, for most system:s,
remains within the experimental standard deviation. This observation is consistent with
the fact that the continuous Carbopol network primarily determines the flow properties of
the formulations, while variations in oil content have only a minor influence on the fitted
rheological parameters.
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Although the moduli decreased substantially at lower Carbopol concentrations, no
systematic dependence on oil concentration was observed (Figure 5B). The minor vari-
ations in the moduli, particularly at high frequencies, did not follow a consistent trend
with increasing oil content. These observations further support the conclusion that the
viscoelastic properties of the investigated emulgels are predominantly governed by the
Carbopol concentration rather than by variations in the oil content within the studied range.

3.2.3. Effect of the Oleogel Concentration in Bigels

To assess the influence of oil structuring on gel properties, almond oil was incorporated
either as liquid oil (emulgel) or as an oleogel dispersed within Carbopol hydrogel (bigels).
Additionally, the effect of the oleogel concentration was also studied as a comparison
between the pure hydrogel (0% oleogel), BG20 (20% oleogel), BG30 (30% oleogel), and the
pure oleogel (100% oleogel).

Amplitude sweep results (Figure 6A) revealed clear structural hierarchies. The oleogel
exhibited the weakest network, reaching flow at low strain. Hydrogel and emulgel showed
similar plateau moduli, while both bigel formulations demonstrated enhanced elasticity,
with BG30 displaying the highest G'. The storage modulus (G") of BG20 is approximately
20% higher than that of the corresponding hydrogel and about 13 times higher than that
of the oleogel. An even stronger effect is observed for BG30, whose storage modulus
is approximately 80% higher than that of the hydrogel and about 20 times higher than
that of the oleogel. Similar, and even more pronounced, trends are observed for the loss
modulus (G"). These results indicate that the mechanical properties of the bigels cannot be
explained as a simple additive contribution of the individual gel phases. Instead, the higher
moduli of the bigels compared to both individual gel phases suggest synergistic mechanical
reinforcement upon combining the oleogel and hydrogel components, although the specific
interactions responsible for this enhancement remain to be established. The difference
between BG20 and BG30 is particularly notable, indicating that increasing the oleogel content
from 20% to 30% resulted in higher elastic moduli and greater mechanical reinforcement
of the bigel structure. Furthermore, in our previous study [45], increasing the oleogel
content to 40% resulted in structural instability and disruption of the bigel structure. Taken
together, these findings suggest that an optimal oleogel content exists within the investigated
formulation system, with 30% providing the most favorable balance between mechanical
reinforcement and structural stability among the compositions studied. The viscous moduli,
G” followed the same order: oleogel << hydrogel ~ emulgel < BG20 < BG30 (Figure 6A).
It is particularly noteworthy that in the plateau region the elastic modulus of the oleogel
is similar in value to that of the viscous modulus of the emulgel, emphasizing the weak
structural capacity of the oleogel. A balance between structure and fluidity is reflected by the
moderate G” values measured for the studied hydrogel and emulgel. The bigels, however,
particularly the BG30 formulation, demonstrated enhanced viscous behavior. Frequency
sweeps (Figure 6B) supported these findings: G’ exceeded G” across the measured range
for all samples except the oleogel, which showed a crossover at higher frequencies. Both
BG20 and BG30 exhibited higher moduli than the emulgel or hydrogel alone, with BG30
again proving most elastic and showing synergistic reinforcement in the mixed gel systems.

It is important to note that the Carbopol concentration was not identical in all formula-
tions. The emulgel contained 1.0 wt% Carbopol, whereas the Carbopol concentrations in
BG20 and BG30 were 0.8 wt% and 0.7 wt%, respectively. This reduction resulted from the
dilution of the hydrogel phase during blending with the oleogel. Therefore, the observed
enhancement in the rheological properties of the bigels cannot be attributed to a higher
Carbopol concentration but rather to the synergistic interactions between the oleogel and
hydrogel networks.
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Figure 6. Comparison between the rheological profile of the studied bigels containing different
concentrations of oleogel (0%, 20%, 30% and 100%) and the respective emulgel. Data are presented
for the elastic, G, (full symbols) and viscous, G”, (empty symbols) moduli as a function of (A) strain
amplitude at fixed frequency of deformation of 1 Hz and (B) frequency of oscillations at fixed
amplitude of deformation of 0.1%, as well as for the viscosity as a function of (C) shear rate and
(D) temperature. The measurements presented in (A-C) are performed at 32 °C.

The oil phase incorporation manner does not influence the shear-thinning behavior
of the samples (Figure 6C). Such pseudoplastic flow of bigels is commonly reported in
the literature as observed for instance with sesame 0il/Span® 60/Carbopol®940 bigels [18].
The hydrogel and emulgel were the most viscous, whereas the oleogel was the least, as the
difference between these systems was determined to be of around two orders of magnitude
(Figure 6C). The bigels exhibited intermediate values close to one another. Incorporation of
oleogel reduced viscosity relative to the hydrogel but did not change the flow profile. A
similar comparison between the viscosity of the hydrogel, oleogel and the different blends
between them is reported in the literature [19].

The Herschel-Bulkley fitting results (see Table S1) further confirm that the rheolog-
ical parameters of the hydrogel are very similar to those of the corresponding emulgel.
In contrast, the oleogel exhibited the lowest values of both yield stress and consistency
index. Moreover, the flow behavior index of the oleogel was approximately 0.8, indicat-
ing a markedly different flow behavior compared to all other formulations investigated in
this study.

The bigels displayed intermediate rheological characteristics between those of the
hydrogel and the oleogel. Among them, BG30 exhibited higher yield stress and consistency
index values than BG20, indicating a stronger and more resistant network structure.

Temperature ramp tests demonstrated that the emulgel and bigel formulations main-
tained relatively stable rheological behavior within the investigated temperature range of
1040 °C, whereas the oleogel exhibited more pronounced temperature-dependent changes
(Figure 6D). Since the oleogel consists of almond oil and Span 60, these changes may be
associated with temperature-dependent rearrangements of the Span 60-based structuring
network. However, confirming whether crystallization or other thermal transitions con-
tribute to the observed behavior would require additional investigations, including DSC
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measurements and oscillatory temperature sweeps over an extended temperature range, to
establish possible relationships between thermal transitions and changes in the viscoelastic
properties of the oleogel and bigel formulations.

All these rheological results, including the statistical analysis (Table S5), demonstrate
the superior mechanical performance of BG30 compared to BG20, despite its lower hydrogel
content. Furthermore, in our previous study [45], increasing the oleogel content to 40%
resulted in structural instability and disruption of the bigel structure. Taken together, these
findings suggest that an optimal balance between the hydrogel and oleogel phases may exist,
rather than simply maximizing the hydrogel fraction, with BG30 exhibiting the most favor-
able mechanical properties among the investigated formulations. The observed increase in
elasticity with increasing oleogel fraction may be explained by a mechanism analogous to
that commonly observed in concentrated emulsions, where increasing the dispersed-phase
volume fraction enhances the mechanical resistance of the system. Although the oleogel
fractions investigated here are considerably below the close-packing limit typically associ-
ated with concentrated emulsions, a similar mechanism may contribute to the rheological
behavior of the bigels. In these systems, the dispersed droplets are embedded within a
continuous hydrogel network, which restricts their movement and rearrangement under
deformation. Increasing the oleogel fraction may further enhance these constraints, result-
ing in greater resistance to deformation and, consequently, a higher elastic modulus. Thus,
the observed reinforcement does not necessarily require close packing of the dispersed
droplets but may arise from the combined contribution of the dispersed oleogel phase and
the surrounding polymer network. The emulgel also offers favorable mechanical properties,
combining moderate elasticity and viscosity with good spreadability, making it suitable for
topical applications. In contrast, the oleogel, though structurally weakest on its own, can
significantly enhance the mechanical profile of multiphase gel-based dispersion systems like
bigels when appropriately integrated. This highlights the importance of phase interactions
and composition balance in designing gel-based delivery systems for pharmaceutical and
cosmetic applications. The conclusions drawn are consistent with actual research in the field
of pharmaceutical and cosmetic formulations. For instance, one study describes how, upon
exceeding the limit of dense packing (¢ approx 0.64-0.74), the droplets become “jammed”,
losing their ability to move freely relative to one another, undergoing deformation, and
causing a sharp increase in the elastic modulus (G') and the mechanical stability of the
system [64]. Another study investigates the influence of hydrogel/oleogel ratios (e.g.,
67:33, 83:17), with the authors demonstrating that altering the oleogel fraction changes the
mechanical response (viscosity, elasticity, hardness) and that there is a strictly critical and
optimal ratio for stability without phase separation [65].

3.3. Long-Term Stability of the Studied Emulgels and Bigels

Apart from the temperature ramp rheology experiments, a long-time stability test was
performed for all the studied samples as assessed in accordance with International Council
for Harmonisation guidelines. For this experiment, the emulgels and bigels were packed in
tightly closed plastic containers and stored at 30 £ 2 °C/65 + 5% RH. After 12 months, the
samples were evaluated for physical appearance. All samples were determined to be stable
for 12 months without any change in their visual appearance.

Conventional accelerated stability testing involves storage under elevated temperature
and humidity conditions, typically 40 + 2 °C/75 £ 5% RH for six months, according to
ICH Q1A(R2). In contrast, temperature-ramp rheology provides a rapid assessment of
the rheological response of formulations to continuously changing temperature. Similar
temperature-dependent rheological approaches have been employed to predict temperature-
induced instability in hydrogel-based materials [66].

https://doi.org/10.3390/macromol6040107


https://doi.org/10.3390/macromol6040107

Macromol 2026, 6, 107

18 of 24

The agreement between the temperature ramp rheological results and the long-term
visual stability observations provides two independent lines of evidence supporting the
physical stability of the investigated formulations. These findings also suggest that tem-
perature ramp rheology may be a useful complementary approach for the preliminary
assessment of formulation stability.

3.4. Correlation Between Rheology, Drug Release and Spreadability

Rheological properties of dermal formulations are intrinsically linked to their stabil-
ity, sensory attributes, and patient compliance. Importantly, rheology also governs drug
delivery performance by influencing the release profile [1-3].

Rheological properties play an important role in determining the functional perfor-
mance of semi-solid formulations. Viscosity and viscoelasticity reflect the resistance of
the formulation to flow and deformation and may influence drug release by affecting
the structure of the vehicle and the mobility of its components [67,68]. Yield stress and
shear-thinning behavior are particularly relevant to spreadability, as they determine the
resistance to flow during application [69]. A sufficiently high yield stress helps maintain
the formulation at the application site, whereas excessive resistance to flow may hinder
spreading. Viscoelastic properties may also influence the structural integrity and retention
of the formulation after application [70,71]. Consequently, an appropriate balance between
viscosity, elasticity, and flow behavior is important for achieving desirable application char-
acteristics and patient acceptability. However, drug release also depends on other factors,
including drug solubility, thermodynamic activity, and interactions with the formulation
components [72]. In this study, we extend the structural and rheological characterization of
the investigated systems by establishing correlations with drug release and spreadability.
The drug release and spreadability data were previously reported in our earlier work [46],
which formed part of a broader research project focused on the development and character-
ization of semi-solid dosage forms and the evaluation of their functional performance. The
novelty of the present study lies in combining these previously published data with the
detailed rheological characterization performed here to provide a new correlation analysis
exploring the relationships between microstructure, viscosity, yield stress, viscoelasticity,
drug release, and spreadability. Accordingly, correlation plots were constructed between
key rheological parameters (viscosity, yield stress, and G’), spreadability, and drug release
performance (cumulative release and time required for 50% release, t5,%), as shown in
Figures 7 and 54 in the SI.

Importantly, the rheological characterization, drug release studies, and spreadability
measurements were all conducted using the same materials, formulations, and prepara-
tion batches, minimizing potential effects of batch-to-batch variability on the comparisons
presented here.

The analysis revealed an apparent viscosity threshold of approximately 150 Pa-s, above
which markedly reduced drug release was observed (Figures 7A and S4A in the SI). Be-
low this value, cumulative release increased substantially, highlighting the importance of
viscosity for drug release within the investigated formulations. Although the relationship
was nonlinear, the observed trend illustrates the interplay between rheological properties,
structural characteristics, and drug release performance.

Yield stress displayed a comparable pattern: samples exceeding a critical yield stress
exhibited minimal release after 150 min, whereas those below the threshold demonstrated
significantly higher release (Figure 7B). Correlation of elastic modulus with release kinetics
showed that t5)% remained relatively constant within a plateau region before rising steeply
once G’ surpassed a critical value (Figure 7C). However, no consistent relation was observed
between G’ and long-term drug release (Figure S4B-D in SI).
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Figure 7. Correlations between different rheology parameters and formulations’ properties, as
constructed for the Carbopol-containing emulgels. Data are presented for the relation between
(A) the viscosity as measured at 32 °C and the cumulative drug release at 150 min; (B) the yield
stress of the samples and the cumulative drug release at 150 min; (C) the elastic modulus and the
time for 50% drug release, ts,,; and (D) the viscosity as measured at 32 °C and the spreadability of
the respective formulations. The red dashed line represents the fit to the experimental data.

In parallel, application-related attributes were assessed. Spreadability, an important
factor influencing patient acceptability, showed a clear inverse relationship with viscosity
(Figures 7D and S4E-G in the SI): high-viscosity formulations exhibited lower spreadability,
whereas low-viscosity systems were more easily distributed. Importantly, formulations
combining lower viscosity with higher spreadability also exhibited enhanced in vitro drug
release, highlighting the close relationship between rheological properties and the functional
performance of semi-solid formulations.

The obtained results demonstrate the important role of viscosity, yield stress, and
viscoelastic properties in controlling drug release and spreadability. Lower viscosity and
yield stress generally favor faster in vitro drug release and improved spreadability, whereas
excessively low viscosity may compromise structural integrity and long-term stability. Thus,
formulation design requires careful adjustment of rheological properties to achieve an
optimal balance between stability, spreadability, and drug release performance. Neverthe-
less, in vitro drug release measurements do not account for the barrier properties of the
skin or the complexity of drug transport under physiological conditions. Therefore, the
observed relationships cannot be directly extrapolated to skin permeation, bioavailability, or
therapeutic efficacy. Further skin permeation and in vivo studies are required to establish
the physiological relevance of these findings.

4. Conclusions

This study provides a microstructural and rheological characterization of emulgels
and bigels formulated with different oil phases and Carbopol concentrations, with addi-
tional insights into their drug release and spreadability. Microscopic observations revealed
dispersed droplets embedded within the continuous hydrogel matrix of the investigated
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emulgels and bigels, with differences in droplet morphology and size depending on the
formulation composition.

The type of oil was shown to be an important factor influencing the morphology and
size distribution of the dispersed particles. In particular, cetyl alcohol-containing formu-
lations exhibited larger, irregular birefringent particles with Maltese cross-like patterns,
suggesting possible internal structural organization that may contribute to their distinct
rheological behavior.

Rheological testing revealed that all systems exhibited shear-thinning, pseudoplastic
flow and gel-like properties (G’ > G" across relevant frequency ranges), favorable for der-
mal applications. Carbopol concentration emerged as the dominant parameter determining
elasticity, viscosity, and temperature resistance, while oil type and structuring played a
modulatory role, particularly through the formation of ordered aggregates in cetyl alcohol
systems. Bigels demonstrated enhanced elasticity compared with the corresponding emul-
gels, particularly at higher oleogel fractions, while maintaining relatively stable rheological
behavior within the investigated temperature range (10—40 °C). The higher elastic moduli
of the bigels, despite their lower Carbopol concentrations, suggest a possible synergistic
mechanical reinforcement arising from the combination of the hydrogel and oleogel phases.

Correlation analysis revealed relationships between the rheological parameters (vis-
cosity, yield stress, and elastic modulus) and the functional properties (drug release and
spreadability) of the investigated formulations. Formulations with higher viscosity ex-
hibited reduced release and poor spreadability, whereas systems with moderate viscosity
provided a favorable balance between structural integrity, user acceptability, and release
kinetics. When correlating rheological parameters with drug release, certain limitations
must be taken into account, such as the specific nature of the skin barrier, thermodynamic
activity, and the influence of excipients within the formulation. Rheological measurements
are conducted in vitro under controlled temperature and shear conditions; however, they
do not account for in vivo factors such as skin temperature and hydration, the presence of
sebum and sweat, mechanical friction (which alters the structure of non-Newtonian fluids
upon application), and microcirculation (the clearance of the drug from the dermis).

Hence, the current study demonstrates that rational selection of the oil phase, its struc-
turing, and the gelling agent concentration allow fine-tuning of the structural, rheological,
and functional properties of emulgels and bigels. The results emphasize the relevance of
phase structuring and network reinforcement strategies for developing dermal formula-
tions with enhanced stability, spreadability, and drug delivery performance, making them
suitable candidates for topical therapeutic and cosmetic applications.
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