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Abstract: Background: This study aims to evaluate the percutaneous permeation profiles of caffeic
acid (CA) from the cubic and hexagonal liquid crystalline phases of Pluronic P123 /water mixtures.
Method: The resulting drug-loaded mesophases were subjected to characterisation through deuterium
nuclear magnetic resonance spectroscopy and polarised optical microscopy observations. These
analyses aimed to evaluate the structural changes that occurred in the mesophases loading with
CA. Additionally, steady and dynamic rheology studies were conducted to further explore their
mechanical properties and correlate them to the supramolecular structure. Finally, CA release
experiments were carried out at two different temperatures to examine the behaviour of the structured
systems in a physiological or hyperthermic state. Results: As the concentration of the polymer
increases, an increase in the viscosity of the gel is noted; however, the addition of caffeic acid increases
microstructure fluidity. It is observed that the temperature effect conforms to expectations. The
increase in temperature causes a decrease in viscosity and, consequently, an increase in the rate of
permeation of caffeic acid. Conclusions: The CA permeation profile from the prepared formulations
is mostly dependent on the structural organisation and temperature. Cubic mesophase LLC 30/CA
showed greater skin permeation with good accumulation in the skin at both tested temperatures.

Keywords: lyotropic liquid crystals; pluronic P123; gel-like phases; caffeic acid; transdermal drug delivery

1. Introduction

In recent years, antioxidants have gained increasing interest in the pharmaceutical, cos-
metic, medical, and food sectors due to their many benefits. These prophylactic molecules
play a crucial role in the prevention and management of pathologies associated with ox-
idative stress, such as cancer [1], atherosclerosis [2], diabetes [3], ocular diseases [4], and
Alzheimer’s disease [5]. Their action involves inhibiting or reducing the effects caused
by free radicals and oxidising compounds. Due to regulatory restrictions on the use of
synthetic antioxidants, driven by potential risks associated with in vivo administration,
there is a growing interest in natural antioxidants [6]. Among these, phenolic antioxidants
act as scavengers of reactive species, including free radicals, actively participating in metal
chelation during the oxidative process. The donation of an electron or hydrogen atoms
stabilises free radicals, imparting antioxidant activity [7]. An example of a phenolic antioxi-
dant is caffeic acid (CA), also known as 3,4-dihydroxycinnamic acid, found in blueberries,
apples, cider, coffee, and propolis. In addition to its antioxidant properties, CA exhibits
antimicrobial activity, anti-inflammatory activity, is known as a cancer inhibitor, and con-
tributes to the prevention of heart diseases and atherosclerosis. Several studies have indeed
demonstrated the ability of CA to counteract inflammation evident in various diseases, such
as skin conditions like atopic dermatitis [8,9], and intestinal disorders like ulcerative colitis
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and Crohn’s disease [10]. CA has gained considerable attention in the pharmaceutical field
as a promising photoprotective agent and for skincare. However, the poor water solubility
and low chemical stability of CA require the use of suitable delivery systems to ensure
solubilisation, protection from degradation, and pharmaceutical efficacy [11,12]. The field
of nanotechnology has indeed focused extensively on antioxidant molecules due to their
numerous benefits, despite their low bioavailability and improper release into undesired
cellular compartments. Consequently, this has led to the development of antioxidant
nanosystems [13,14] aimed at enhancing the effectiveness of conventional antioxidants, im-
proving stability, increasing bioavailability, and ensuring a controlled and targeted release.
In recent years, research on transdermal delivery systems has undergone considerable
development, focusing on a wide range of drug carriers, such as liposomes, niosomes,
microemulsions, transdermal patches, microneedles, etc. The first approved transdermal
delivery system was the scopolamine patch for motion sickness in 1979. Since then, drugs,
such as non-steroidal anti-inflammatory [15], antimicrobials [16], antioxidants [17] and
anti-cancer [18], have been successfully formulated as transdermal drug delivery systems
(TDDS). Transdermal drug delivery systems, such as lyotropic liquid crystals (LLC), are
considered promising alternatives to improve pharmacological effectiveness, safety, and
patient compliance [19]. The LLC are soft materials that combine their anisotropic order
with the mechanical stability of a gel. A significant advantage of LLCs is their ability to
act as a barrier that controls the rate of release of encapsulated drugs [20,21]. This allows a
prolonged drug release while maintaining effective concentrations in the desired region.
Lyotropic liquid crystals (LLC) or self-assembling materials are typically formed from
water and surfactants in well-defined ratios. The structure-forming surfactants can absorb a
certain amount of water and then spontaneously form gel-like phases with unique internal
structures. They self-assemble into cubic, hexagonal (H;), and lamellar (Lx) mesophases,
depending on the concentration of constituents and temperature [22]. Among the surfac-
tants most used for LLC formulation are Pluronic surfactants, which are block copolymers
consisting of repeating units of ethylene oxide (EO) and propylene oxide (PO), represented
by the general formula (PEO)n(PPO)n(PEO),. Pluronic P123 (EOgPO70EO;), depending
on temperature and concentration, is capable of making various structures in water [23,24],
as observed in the phase diagram of the P123-water system determined by Wanka et al. [25].

The purpose of this article is to evaluate the percutaneous permeation profile of CA
from cubic and hexagonal liquid crystalline phases of Pluronic P123/water mixtures and
to identify how transdermal drug delivery was affected by the gel-like microstructure at
different bodily functions. In detail, permeation and diffusion studies were performed at
32° and 40 °C, to highlight any differences between physiological conditions while the data
on the characterisation were carried out also at 25 °C to point out our formulation’s storage
temperature. Mesophases obtained, with or without CA, were analysed using deuterium
nuclear magnetic resonance spectroscopy (*!H-NMR), polarised optical microscopy (POM)
observations and via dynamic rheology experiments, to identify the influence of CA in the
mesophases structures.

2. Results and Discussion
2.1. LLC Physical-Chemical Characterisation

Pluronic P123 (EOyPO79EQOy), belonging to the PEO-PPO-PEO block copolymer
series, has been widely used in cosmetics, pharmaceuticals, the food industry, etc. [26]. The
phase behaviour in water was studied by Wanka et al. [25] and shown in Figure 1.
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Figure 1. Phase diagram of the Pluronic P123 redrawn from [25].

Different mesophases such as isotropic, cubic, and hexagonal are formed by increasing
the copolymer concentration increases and changing the temperature. Based on this phase
diagram, samples were made with three different concentrations of P123: 30 wt% (LLC30),
40 wt% (LLC40) and 45 wt% (LLC45). At these concentrations and in the temperature
range 32-40 °C, the cubic and hexagonal phases in the P123/water binary system are
reported. Typically, the hexagonal phase consists of rod-shaped micelles arranged in
a three-dimensional hexagonal lattice [27]. While the cubic phase is characterised by a
spherical arrangement, with the polar segment of the molecule positioned on the surface
of the sphere and the non-polar segment residing in the centre of the sphere [28]. The
incorporation of drugs into the mesophase composition could induce structural changes,
so it was decided to test two hexagonal structures at 40% and 45%. The 40% P123 /water
hexagonal structure was identified as the system most affected by the introduction of a
third component, as it is closest to the boundary phase between the cubic and hexagonal
phases. Therefore, CA was added to P123, to assess its effect on the structural organisation
of the LLC and the possible improvement of drug penetration into the skin. The amount of
CA in the LLC was always 0.5 wt%. Visually, LLC 40 and LLC 45 had a gel-like consistency,
high viscosity and birefringence, while LLC 30 was less viscous and isotropic.

The characterisation of liquid crystalline phases was carried out using the polarising
optical microscope (POM). Indeed, hexagonal mesophases are anisotropic and birefringent
as, having mostly two refractive indices, they can split the polarised light ray into two ra-
diations that oscillate at different frequencies, while cubic mesophases are isotropic and
they appeared as solutions. POM observation allowed us to identify hexagonal phases
(LLC 40, LLC 45) because they are birefringent, but not the cubic phase (LLC 30), which
is isotropic. Figure 2 shows the typical hexagonal texture of LLC 45 formulations at
different temperature.
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Figure 2. POM images of mesophase LLC45at (A) 25 °C, (B) 32 °C and (C) 40 °C.

The LLC were analysed via magnetic nuclear resonance 2H-NMR. Empty LLC and CA-
loaded LLC were evaluated at three temperatures (25 °C, 35 °C and 40 °C). LLC 30 showed
a typical spectrum of cubic phase at each temperature, confirming the POM observation,
while LLC 40 was shown as an indicative biaxial spectrum typical of hexagonal phase
at each temperature; LLC 45 appears to show a uniaxial spectrum at all the recorded
temperature, as shown in Figure 3, but the same formulation both under the microscope
and observation in polarised light shows birefringence (Figure 2). This could be related
to the lack of long-range order in the gel microstructure, or even to the fact that it takes a
much longer time (as opposed to a few weeks) to reach homogeneity, as reported in the
literature [29]. Therefore, the spectra obtained could be due to the presence of very small
domains, which do not reveal the structure at NMR times. By introducing caffeic acid,
even in a small percentage, disorder is generated in all structured phases as can be seen in
Figure 4. The division of the quadrupolar peak or the width at half-height of the recorded
spectrum becomes smaller as the drug is introduced.
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Figure 3. 2H-NMR spectra of LLC 30, LLC 40 and LLC 45 at 25 °C, 35 °C and 40 °C.
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Figure 4. 2H-NMR spectra of LLC 30/CA, LLC 40/CA and LLC 45/CA at 25 °C, 35 °C and 40 °C.

2.2. Rheological Characterisation

For the steady flow experiments, the temperature and concentration dependence of
the viscosity are reported in Table 1. Considering temperature over 30 °C, the data suggest
the presence of a low-viscous gel at a lower concentration, while the system becomes
more viscous with increase in the concentration of the P123 polymer. It is worth noting
the fluidifying effect of the addition of CA in the systems marked by the decreasing of
viscosity. The effect of the temperature is expected. The viscosity decreases with increasing
temperature and this is due to kinetic effects. The LLC40/CA shows a higher viscosity
value at 40 °C. These data suggest a structural modification along this isopletal line.

Table 1. Formulations viscosity values at 25 °C, 32 °C and 40 °C at 100 Pa of stress. Error percentage
is about 3%.

Formulations Eta Pas(25 °C) Eta Pas(32°C) Eta Pa s(40 °C)
LLC 30 3 x 10° 0.3 0.25
LLC 30/CA 3 x 10° 0.2 0.18
LLC 40 8 x 10° 3 x 10° 2 x 10°
LLC 40/CA 8 x 10° 1 x 10* 2 x 10°
LLC 45 1 x 10° 1 x 106 7 x 10°
LLC 45/CA 1 x 10° 4 % 10° 6 x 10°

At a low temperature (25 °C), the viscosity is higher and at this temperature it is not
possible to appreciate the effect of CA on the structure since the changes are within the
experimental error. Typical strong gel spectra, consisting of two nearly horizontal straight
lines on G’ and G”, were recorded. In Figure 5, the dynamic spectra for the 40% sample
are shown. G’ is typically one order of magnitude greater than G”, quite apart from the
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temperature considered. However, it must be mentioned that while the mechanical profile
for all mixtures appears similar, differences can be observed in the value of the elastic and
viscous moduli. They are lower with CA addition and at higher temperatures.
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Figure 5. G’ and G” representation of (A) LLC 40 at 25 °C, 32 °C and 40 °C and (B) LLC 40/CA at
25°C, 32 °C and 40 °C.

Dynamic shear experiments (Figure 6) show the composition and temperature depen-
dence of the model parameters of the weak gel, z and A, obtained by fitting the viscoelastic
data to Equation (5). The system exhibits a high flow coordination number, z, and high
interaction strength values, A, in the hexagonal phase. Additionally, these data confirm
the presence of the gel that becomes stronger with increasing polymer concentration. The
flow coordination number jumps from a value close to 10 (cubic phase) up to about 90 for
mixtures at 45 wt% when a hexagonal phase is formed. This means a hardening of the gel
network and a different structural organisation in the hexagonal phase, characterised by
the increase in A and z, respectively.

(A) (B)

Figure 6. Weak-gel model parameters for the investigated formulations. The “gel strength”, A (A) and
the “flow coordination number”, z, (B) are shown at different temperatures.

Once again, the effect of adding CA is evident for the LLC 30 and LLC 45 mixtures,
where the A and z parameters decrease in presence of the CA and with the increasing of the
temperature. The LLC 40/CA mixture, although weaker in terms of gel interactions (A),
shows a higher coordination number than the mixture without CA at 32 °C; additionally, it
keeps constant in temperature. This trend is reversed for all other investigated mixtures.
The A and z decrease both with the addition of CA and with increasing temperature. It
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appears that CA induces a more coordinated tridimensional structure which is not modified
by temperature.

2.3. In Vitro Diffusion and Ex Vivo Permeation Studies

Diffusion studies (Figure 7) were performed using cellulose membranes for 24 h. LLC
30/CA was the formulation capable of releasing the highest amount of CA, corresponding
to 625.67 pg/cm? at 32 °C and 714.38 pg/cm? at 40 °C. The other two structured phases
showed a similar release profile at both temperatures.
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Figure 7. Diffusion profiles: (A) at 32 °C; (B) at 40 °C.

The diffusion coefficient (D, cm?/s) for formulations investigated in diffusion studies
at both 32 °C and 40 °C, were determined using Higuchi’s equation (Equation (1)) [30]:

Q D
Co—z\/;\/i ey

where Q is the molar flow of the drug across the surface, Cy is the drug concentration and ¢
is the release time.

The diffusion of drugs loaded in LLC phases is influenced by both structural factors
and external factors such as temperature. Normally, the diffusion of drugs from cubic
phases is faster than from hexagonal ones and the increase in temperature causes an increase
in the diffusion of the loaded drug [31].

For our LLC formulations, diffusion coefficients (Table 2) were higher in cubic (LLC
30/CA) than hexagonal phase (LLC 40/CA and LLC 45/CA), while they were affected
little by temperature in the LLC 40 and LLC45 formulations; in the LLC 30 formulation, the
diffusion was more affected by increasing temperature, also shown by the rheological data.
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Table 2. Diffusion coefficient (D)and R? value of formulations tested. * p value < 0.0532 °C vs. 40 °C.

T (°C) LLC 30/CA LLC 40/CA LLC 45/CA

32°C D=582x 1071 D =386 x 1071 D=219 x 10715
R? =0.9882 R2 =0.9881 R2 =0.9940

10°C *D=738x 1071 D=329 x 10715 D=229 x 10715
R? =0.9817 R2 = 0.9662 R2 = 0.9869

The statistical analysis confirmed that by increasing temperature, a significant differ-
ence in drug release was observed (p value < 0.05) for LLC 30/CA, while LLC 40/CA and
LLC 45/CA did not show no significant difference at temperatures tested.

Permeation profiles of P123 lyotropic liquid crystals with CA were performed using
rabbit ear skin, with vertical Franz diffusion cells for 24 h at 32 °C and 40 °C; the amount
of released CA was assessed with UV spectroscopy at 286 nm. For LLCs, the release
profile is strongly influenced by the phase taken up by microstructure, e.g., the cubic phase
releases encapsulated drugs faster than the hexagonal phase [32,33]. At both temperatures,
a faster and higher release can be seen for LLC 30/CA, 42.78 pg/ cm? and 89.70 ug/ cm?,
respectively. Furthermore, at 40 °C, LLC 45/CA released faster than LLC 40/CA, in contrast

t0 32 °C (Figure §)
1y0c (A)
50 -
—4—LLC45/CA
45 LLC40/CA :
. Y1 ——1LLC30ICA :
E 35 - *
3 -
2 30 4 : =
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2
= 154
3}
10 G
5 E
0 v '
0 5 10 15 & =
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100 -
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50
40
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10 4
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Figure 8. Permeation profiles through rabbit ear skin: (A) at 32 °C; (B) at 40 °C.

~=4-LLC45/CA
LLC40/CA
=== LLC30/CA

(B)

10 15 20 25
Time (h)

In skin permeation studies, two parameters are crucial: the permeability coefficient
(Kp) and the steady-state flux (Jss). The permeability coefficient is calculated from the
flux and initial concentration (Ci) of polyphenols in the donor compartment, while the
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steady-state flux measures the amount of permeant crossing the membrane at a constant
rate (Equation (2)) and is reported in Table 3:

Kp== (2)

Table 3. Permeation coefficient (Kp) and steady-state flux (Jss) values of formulations tested.

T (°C) LLC 30 LLC 40 LLC 45

32°C Jss = 3.2196 Jss = 3.0448 Jss = 1.9829
Kp =450 x 1074 Kp=3.65x 1074 Kp=218 x 1074

40 °C Jss = 5.7526 Jss =2.516 Jss =4.7164
Kp=8.05x107* Kp=3.02 x 107* Kp=5.19 x 1074

All formulations increase the permeation rate of caffeic acid with increasing tem-
perature, but only LLC 30/CA and LLC 45/CA double the amount of permeated drug.
LLC 40/CA also has an anomalous behaviour: although the amount of permeated drug
increases slightly, the flux and permeation coefficient decrease with increasing temperature.

2.4. Caffeic Acid Skin Retention Studies

Intracutaneous accumulation of the drug is a possibility to prolong its duration of
action and improve drug treatment. For this reason, the amount retained in the skin after
24 h of release was evaluated. Results were compared at both temperatures and reported
in Table 4. At 32 °C, the LLC45/CA formulation showed a higher accumulation in the skin
267.58 pg/ cm?, but slower drug release. At 40 °C, in contrast, the LLC40/CA formulation
showed a higher affinity for the skin layer (201.47 pg/ cm?) than LLC45/CA (90.35 ng/ cm?),
but the amount of drug released over 24 h was comparable. These results confirm those
obtained in the skin permeation study with LLC.

Table 4. Amount of CA retained into skin at 32 °C and 40 °C for all formulations tested.

CA Retained into Skin (ug/cm?)  CA Retained into Skin (ug/cm?)

Formulations at32°C at 40 °C
LLC30/CA 215.33 169.36
LLC 40/CA 163.38 201.47
LLC45/CA 267.58 90.35

The data obtained seem to justify the reported flux and Kp values. In fact, the hexag-
onal structure of the LLC 40/CA sample presents a greater accumulation in the skin as
the temperature increases, while the LLC 45/CA sample, although presenting the same
hexagonal phase, reduces its accumulation in the skin by almost three times by increasing
the amount permeated. The LLC 40/CA mixture appears to be affected in both diffu-
sion and permeation by the increased coordination found in the dynamic rheology and
viscosity studies.

LLC 30/CA showed a higher amount of drug permeation and a good CA retained in
the skin, about 215 pg/cm? and 169 pg/cm?, at different temperatures tested.

3. Conclusions

Caffeic acid loading in lyotropic liquid crystal based on the P123 /water microstruc-
tures showed a good permeation profile and retention in the skin ensuring sustained
drug release.

The addition of CA did not so much lead to changes in the LLC microstructure of
binary system P123/water, as reported using the 2H-NMR spectra and POM observations,
but rather modified its fluidity as showed the dynamic rheological measurements.

All experiments were carried out at 32 °C and 40 °C to reproduce the physiological
and hyperthermic conditions typical of inflammatory-based diseases. The permeation
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profile of all formulations showed an increased steady-state flux (J5s), and a decreased skin
drug retained at highest temperature tested.

Only LLC 40/CA formulation showed a different behaviour, in terms of NMR spec-
tra, results of the rheology studies, and diffusion and permeation profiles, if compared
to the similar hexagonal phase obtained through increasing the polymer concentration
(LLC 45/CA). This may have been attributed to the greater coordination that caffeic acid
establishes in this structure with the polymer chains, which determined an increase the CA
skin retained at 40 °C.

The liquid crystalline mesophases obtained from Pluronic P123 could represent a good
strategy for the skin treatment of a lipophilic drug such as caffeic acid.

In particular, the cubic phase LLC 30/CA shows a higher permeation profile and good
accumulation in the skin at both temperatures tested.

4. Materials and Methods

Caffeic acid (CA), Pluronic 123 (P123), cellulose membranes and all solvents were
purchased from Sigma Aldrich (Milan, Italy). Deionised water with 5 wt% deuterium oxide
(Aldrich, Milan) was used in order to perform 2H-NMR measurements. Rabbit ear skin
was provided by local farm that killed rabbits for slaughter purposes, where slaughter is
defined as killing for human consumption. Therefore, these are waste materials from farms
for which no ethical regulations are foreseen.

4.1. Liquid Lyotropic Crystals Gel Preparations

For preparations of Pluronic 123 LLC gels, a fixed drug percentage of CA (0.5% wt) and
various ratios of Pluronic to water were used to obtain the different P123 lyotropic liquid
phases [34]. Briefly, 25 mg of CA was mixed with an appropriate amount of water and block
copolymer; details on sample preparations are given in Table 5. Subsequently, samples
were centrifuged several times and stored at room temperature, or 4 °C, to ensure complete
homogenisation. As some of samples exhibit negative thermoreological behaviour, they
were liquid at low T, but LLC at room temperature [35]. Samples were evaluated and
analysed after two weeks.

Table 5. LLC composition.

Formulation P123 wt% H,O wt% CA wt%
LLC 30 30 70 -
LLC40 40 60 -
LLC45 45 55 -

LLC 30/CA 29.85 69.65 0.5

LLC 40/CA 39.80 59.70 0.5

LLC45/CA 44.78 54.72 0.5

4.2. Optical Microscopy Observations

A Leica 12 Pol optical polarising microscope equipped with a heating unit was used
for the phase characterisation of the samples. Indeed, the lyotropic liquid phases (except
cubic phases) can be identified by comparing the typical textures of each liquid lyotropic
phase with those reported in liquid crystal texture handbook [36].

4.3. 2H-NMR Theory and Experiments

2H-NMR is employed in the examination of liquid crystals due to their manifestation
of a distinctive NMR line contingent upon the anisotropy, geometry, and domain size of
the liquid crystal aggregates, along with the motion of deuterated water molecules. When
subjected to a magnetic field, liquid crystalline phases align in a manner influenced by the
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molecular diamagnetic susceptibility. 2H-NMR are predicated on quadrupolar interactions,
determining the spectral frequency as follows (Equation (3)):

Av = iqu(B cos? © — 1 sin” 0 cos 2¢) (3)

where v is the partially averaged quadrupole coupling constant, 8 and ¢ are the polar
and azimuthal angles defining the direction of the external magnetic field in the aggregate
frame and 1 is the asymmetry parameter. The theoretical >H-NMR spectra, illustrated in
Figure 9, exhibit distinct characteristics for different phases of a liquid lyotropic crystal:
lamellar, hexagonal, and cubic. The lamellar structure displays a line shape characterised by
two shoulders separated by a value of 3/2 vq, along with two edge singularities separated
by a value of 3/4 vq. The hexagonal phases exhibit a line shape like the lamellar phase
but with a smaller separation between the shoulders and singularities. In the case of an
isotropic sample, such as a cubic phase, a singlet is observed.

3/4 v,
A e B C

312 vq _J L _J

Figure 9. Typical 2H-NMR spectra of lamellar (A), hexagonal (B) and cubic (C) phase.

For the 2H-NMR experiments, a quadrupole echo sequence with a 7t/2 pulse width
of 3.5 us was employed. The delay between the two 71/2 pulses was 40 us and repetition
was 1 s. Spectra were recorded 30 min after each temperature setting to allow samples to
reach thermal equilibrium. The experiments were conducted using a Bruker AVANCE 300
pulsed superconducting spectrometer operating in Fourier Transform mode, at a resonance
frequency of 46.53 MHz. The sample temperature was controlled by passing air through
the sample holder at three different temperatures (25 £ 1 °C, 35 £ 1 °C and 40 = 1 °C).

4.4. Rheological Characterisation

The rheological characterisation of P123 crystalline mesophases was conducted using
a shear stress-controlled rheometer SR5000 (Rheometrics, Piscataway, NJ, USA) equipped
with a plate-plate geometry (gap 1.00 mm, diameter 25). The temperature was controlled
using a Peltier apparatus (£0.1 °C). All measurements were performed in triplicate. The
error was calculated and it was around 3%. To prevent errors due to evaporation, measuring
geometries were surrounded by a solvent trap containing water. Two different kinds of
experiments were carried out: (a) steady flow experiments; (b) dynamic shear experiments,
which were performed in a frequency range between 0.1 and 15.9 Hz. The small amplitude
dynamic tests provided information on the linear viscoelastic behaviour of materials
through the determination of the complex shear modulus (Equation (4)).

G*(w) = G (w) +iG" (w) 4)

where G'(w) is the in phase (or storage) component and G”(w) is the out-of-phase (or loss)
component. G'(w) is a measure of the reversible, elastic energy, while G”(w) represents
the irreversible viscous dissipation of the mechanical energy. The dependence of these
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quantities on the oscillating frequency gives rise to the so-called mechanical spectrum,
allowing the quantitative rheological characterisation of studied materials. All dynamic
rheological measurements were performed within the linear viscoelastic region. The Weak
Gel Model [37] was also applied to oscillatory spectra (Equation (5)):

1G*(w)] = /G ()2 + G (w)? = Aw? )

where A is interpreted as the interaction strength between the rheological units, a sort
of amplitude of cooperative interactions, and z as the coordination number, which corre-
sponds to the number of flow units interacting with each other to give the observed flow
response [38].

4.5. Percutaneous Permeation and Diffusion Release Studies

Permeation and diffusion release were performed using Franz’s vertical diffusion
cells for 24 h at two different temperatures: 32 °C and 40 °C. For permeation studies,
full-thickness rabbit ear skin from a local slaughterhouse was used, previously frozen at
—18 °C and 2 h before the experiments pre-equilibrated in saline at room temperature.
A portion of this skin was placed between the receptor and donor compartments, with
the epidermal side exposed to environmental conditions and the dermal side facing the
receptor solution. Portions of cellulose membranes (Spectra/Por®, cut-off 12-14 kDa) were
used for the diffusion studies. For all formulated mesophases, 0.4 g of CA-LLC gel was
loaded and covered with parafilm to prevent water loss. The receptor compartment was
filled with 5.5 mL of distilled water. At regular intervals and up to 24 h, the medium was
taken for analysis and filled with an equal volume of fresh water. The amount of drug
in the samples was assessed using UV-VIS spectrometry. The experiments were repeated
three times and expressed as mean =+ SD.

4.6. Caffeic Acid Skin Retention Studies

To assess the amount of caffeic acid retained into the skin, after permeation studies,
the skin was removed to Franz diffusion cells and placed in ethanol. The solution was
filtered with 0.22 um and evaluated using UV-Vis spectroscopy Millipore membrane filters
and analysed. All experiments were conducted in triplicate and expressed as mean + SD.

4.7. Statistical Analysis

All experiments were performed three times, and the results were expressed as
mean + SD. Statistical analysis was performed using a Student’s t-test and p-values of
<0.05 were considered statistically significant.

Author Contributions: M.R.: Methodology, investigation, data curation, writing—original draft
preparation, writing—review and editing; E.M.: methodology, data curation, writing—review and
editing. FL.: investigation and data curation; M.P.: investigation; C.O.R.: methodology, data curation;
R.M.: methodology, data curation, writing—original draft preparation, writing—review and editing,
supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by MIUR Excellence Department Project funds (L.232/2016),
awarded to the Department of Pharmacy, Health and Nutritional Sciences, University of Cal-
abria, Italy; PRIN (Progetti di Rilevante Interesse Nazionale) Grant 2020ENLMHA_002 from MUR,
Italy (S.A.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available within this article.

Conflicts of Interest: The authors declare no conflicts of interest. The authors declare that they
have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.



Gels 2024, 10, 181 13 of 14

References

1. Tamimi, R.M.; Hankinson, S.E.; Campos, H.; Spiegelman, D.; Zhang, S.; Colditz, G.A.; Willett, W.C.; Hunter, D.]J. Plasma
carotenoids, retinol, and tocopherols and risk of breast cancer. Am. J. Epidemiol. 2005, 161, 153-160. [CrossRef] [PubMed]

2. Bagchi, K,; Puri, S. Free radicals and antioxidants in health and disease: A review. EMHJ—East. Mediterr. Health . 1998, 4, 350-360.
[CrossRef]

3. Davi, G.; Falco, A.; Patrono, C. Lipid peroxidation in diabetes mellitus. Antioxid. Redox Signal. 2005, 7, 256-268. [CrossRef]
[PubMed]

4.  Hoffman, F. Antioxidant vitamins newsletter. Nutr. Rev. 1997, 14, 234-236.

5. Nunomura, A.; Castellani, R.J.; Zhu, X.; Moreira, PI; Perry, G.; Smith, M.A. Involvement of oxidative stress in Alzheimer disease.
J. Neuropathol. Exp. Neurol. 2006, 65, 631-641. [CrossRef]

6. Laguerre, M.; Lecomte, J.; Villeneuve, P. Evaluation of the ability of antioxidants to counteract lipid oxidation: Existing methods,
new trends and challenges. Prog. Lipid Res. 2007, 46, 244-282. [CrossRef]

7. Spagnol, C.M,; Assis, R.P.,; Brunetti, I.L.; Isaac, V.L.B.; Salgado, H.R.N.; Corréa, M.A. In vitro methods to determine the antioxidant
activity of caffeic acid. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019, 219, 358-366. [CrossRef] [PubMed]

8. Song, H.S.; Park, T.W.; Sohn, U.D.; Shin, Y.K.; Choi, B.C.; Kim, C.J.; Sim, S.S. The effect of caffeic acid on wound healing in
skin-incised mice. Korean J. Physiol. Pharmacol. 2008, 12, 343-347. [CrossRef]

9.  Zhang, M.; Zhou, J.; Wang, L.; Li, B.; Guo, J.; Guan, X.; Han, Q.; Zhang, H. Caffeic acid reduces cutaneous tumor necrosis factor
alpha (TNF-«), IL-6 and IL-1§3 levels and ameliorates skin edema in acute and chronic model of cutaneous inflammation in mice.
Biol. Pharm. Bull. 2014, 37, 347-354. [CrossRef]

10. Zielinska, D.; Zielinski, H.; Laparra-Llopis, ]. M.; Szawara-Nowak, D.; Honke, J.; Giménez-Bastida, ].A. Caffeic acid modulates
processes associated with intestinal inflammation. Nutrients 2021, 13, 554. [CrossRef]

11. Razborsek, M.L; Ivanovic, M.; Kolar, M. Validated stability-indicating GS-MS method for characterization of forced degradation
products of trans-caffeic acid and trans-ferulic acid. Molecules 2021, 26, 2475. [CrossRef]

12.  Andueza, S.; Manzocco, L.; De Pena, M.P; Cid, C.; Nicoli, C. Caffeic acid decomposition products: Antioxidants or pro-oxidants?
Food Res. Int. 2009, 42, 51-55. [CrossRef]

13. Khalil, L; Yehye, W.A_; Etxeberria, A.E.; Alhadi, A.A.; Dezfooli, S.M.; Julkapli, N.B.M.; Basirun, W.J.; Seyfoddin, A. Nanoantioxi-
dants: Recent trends in antioxidant delivery applications. Antioxidants 2019, 9, 24. [CrossRef] [PubMed]

14. Deligiannakis, Y.; Sotiriou, G.A; Pratsinis, S. E, Antioxidant and antiradical SiO, nanoparticles covalently functionalized with
gallic acid. ACS Appl. Mater. Interfaces 2012, 4, 6609-6617. [CrossRef] [PubMed]

15. Kumar, L.; Verma, S.; Singh, M.; Chalotra, T.; Utreja, P. Advanced drug delivery systems for transdermal delivery of non-steroidal
anti-inflammatory drugs: A review. Curr. Drug Deliv. 2018, 15, 1087-1099. [CrossRef] [PubMed]

16. Zaid Alkilani, A.; Hamed, R.; Musleh, B.; Sharaire, Z. Breaking boundaries: The advancements in transdermal delivery of
antibiotics. Drug Deliv. 2024, 31, 2304251. [CrossRef] [PubMed]

17.  Hatem, S.; Nasr, M.; Elkheshen, S.A.; Geneidi, A.S. Recent advances in antioxidant cosmeceutical topical delivery. Curr. Drug
Deliv. 2018, 15, 953-964. [CrossRef] [PubMed]

18. Kriplani, P.; Guarve, K. Transdermal drug delivery: A step towards treatment of cancer. Recent Pat. Anti-Cancer Drug Discov. 2022,
17,253-267. [CrossRef] [PubMed]

19. Hmingthansanga, V.; Singh, N.; Banerjee, S.; Manickam, S.; Velayutham, R.; Natesan, S. Improved topical drug delivery: Role of
permeation enhancers and advanced approaches. Pharmaceutics 2022, 14, 2818. [CrossRef]

20. Kim, D.H,;Jahn, A.; Cho, S.J.; Kim, ].S.; Ki, M.H.; Kim, D.D. Lyotropic liquid crystal systems in drug delivery: A review. J. Pharm.
Investig. 2015, 45, 1-11. [CrossRef]

21. Silvestrini, A.V.P; Caron, A.L.; Viegas, ].; Praca, EG.; Bentley, M.V.L.B. Advances in lyotropic liquid crystal systems for skin drug
delivery. Expert Opin. Drug Deliv. 2020, 17, 1781-1805. [CrossRef]

22. Rajabalaya, R.; Musa, M.N.; Kifli, N.; David, S.R. Oral and transdermal drug delivery systems: Role of lipid-based lyotropic
liquid crystals. Drug Des. Devel. Ther. 2017, 11, 393-406. [CrossRef]

23. Chen, Z.; Greaves, T.L.; Fong, C.; Caruso, R.A.; Drummond, C.J. Lyotropic liquid crystalline phase behaviour in amphiphile—protic
ionic liquid systems. Phys. Chem. Chem. Phys. 2012, 14, 3825-3836. [CrossRef]

24. Zhao, L.Y;; Zhang, W.M. Recent progress in drug delivery of pluronic P123: Pharmaceutical perspectives. . Drug Target. 2017, 25,
471-484. [CrossRef]

25. Wanka, G.; Hoffmann, H.; Ulbricht, W. Phase diagrams and aggregation behavior of poly (oxyethylene)-poly (oxypropylene)-poly
(oxyethylene) triblock copolymers in aqueous solutions. Macromolecules 1994, 27, 4145-4159. [CrossRef]

26. Tavano, L.; Muzzalupo, R.; Cassano, R.; Trombino, S.; Ferrarelli, T.; Picci, N. New sucrose cocoate based vesicles: Preparation
characterization and skin permeation studies. Colloids Surf. B Biointerfaces 2010, 75, 319-322. [CrossRef]

27. Neto, AM.F; Salinas, S.R. The Physics of Lyotropic Liquid Crystals: Phase Transitions and Structural Properties; OUP: Oxford, UK,
2005; Volume 62.

28. Rajak, P; Nath, L.K.; Bhuyan, B. Liquid Crystals: An Approach in Drug Delivery. Indian J. Pharm. Sci. 2019, 81, 11. [CrossRef]

29. Malmsten, M.; Lindman, B. Self-assembly in aqueous block copolymer solutions. Macromolecules 1992, 25, 5440-5445. [CrossRef]

30. Martiel, I.; Baumann, N.; Vallooran, ].].; Bergfreund, J.; Sagalowicz, L.; Mezzenga, R. Oil and drug control the release rate from

lyotropic liquid crystals. J. Control. Release 2015, 204, 78-84. [CrossRef]


https://doi.org/10.1093/aje/kwi030
https://www.ncbi.nlm.nih.gov/pubmed/15632265
https://doi.org/10.26719/1998.4.2.350
https://doi.org/10.1089/ars.2005.7.256
https://www.ncbi.nlm.nih.gov/pubmed/15650413
https://doi.org/10.1097/01.jnen.0000228136.58062.bf
https://doi.org/10.1016/j.plipres.2007.05.002
https://doi.org/10.1016/j.saa.2019.04.025
https://www.ncbi.nlm.nih.gov/pubmed/31055242
https://doi.org/10.4196/kjpp.2008.12.6.343
https://doi.org/10.1248/bpb.b13-00459
https://doi.org/10.3390/nu13020554
https://doi.org/10.3390/molecules26092475
https://doi.org/10.1016/j.foodres.2008.08.006
https://doi.org/10.3390/antiox9010024
https://www.ncbi.nlm.nih.gov/pubmed/31888023
https://doi.org/10.1021/am301751s
https://www.ncbi.nlm.nih.gov/pubmed/23121088
https://doi.org/10.2174/1567201815666180605114131
https://www.ncbi.nlm.nih.gov/pubmed/29875000
https://doi.org/10.1080/10717544.2024.2304251
https://www.ncbi.nlm.nih.gov/pubmed/38241087
https://doi.org/10.2174/1567201815666180214143551
https://www.ncbi.nlm.nih.gov/pubmed/29446743
https://doi.org/10.2174/1574892816666211202154000
https://www.ncbi.nlm.nih.gov/pubmed/34856914
https://doi.org/10.3390/pharmaceutics14122818
https://doi.org/10.1007/s40005-014-0165-9
https://doi.org/10.1080/17425247.2020.1819979
https://doi.org/10.2147/DDDT.S103505
https://doi.org/10.1039/c2cp23698b
https://doi.org/10.1080/1061186X.2017.1289538
https://doi.org/10.1021/ma00093a016
https://doi.org/10.1016/j.colsurfb.2009.09.003
https://doi.org/10.4172/pharmaceutical-sciences.1000474
https://doi.org/10.1021/ma00046a049
https://doi.org/10.1016/j.jconrel.2015.02.034

Gels 2024, 10, 181 14 of 14

31.

32.

33.

34.

35.

36.

37.
38.

Huang, Y.; Gui, S. Factors affecting the structure of lyotropic liquid crystals and the correlation between structure and drug
diffusion. RSC Adv. 2018, 8, 6978-6987. [CrossRef]

Zabara, A.; Mezzenga, R. Controlling molecular transport and sustained drug release in lipid-based liquid crystalline mesophases.
J. Control. Release 2014, 188, 31-43. [CrossRef] [PubMed]

Negrini, R.; Mezzenga, R. pH-responsive lyotropic liquid crystals for controlled drug delivery. Langmuir 2011, 27, 5296-5303.
[CrossRef] [PubMed]

Galarneau, A.; Cambon, H.; Di Renzo, F; Ryoo, R.; Choi, M.; Fajula, F. Microporosity and connections between pores in SBA-15
mesostructured silicas as a function of the temperature of synthesis. New J. Chem. 2003, 27, 73-79. [CrossRef]

Juhasz, J.; Lenaerts, V.; Raymond, P.; Ong, H. Diffusion of rat atrial natriuretic factor in thermoreversible poloxamer gels.
Biomaterials 1989, 10, 265-268. [CrossRef]

Demus, D. Textures of liquid crystals; Verlag Chemie: Weinheim, NY, USA, 1978.

Gabriele, D.; de Cindio, B.; D’Antona, P. A weak gel model for foods. Rheol. Acta 2001, 40, 120-127. [CrossRef]

Coppola, L.; Gianferri, R.; Nicotera, I.; Oliviero, C.; Ranieri, G.A. Structural changes in CTAB/H,O mixtures using a rheological
approach. Phys. Chem. Chem. Phys. 2004, 6, 2364-2372. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/C7RA12008G
https://doi.org/10.1016/j.jconrel.2014.05.052
https://www.ncbi.nlm.nih.gov/pubmed/24910192
https://doi.org/10.1021/la200591u
https://www.ncbi.nlm.nih.gov/pubmed/21452814
https://doi.org/10.1039/b207378c
https://doi.org/10.1016/0142-9612(89)90103-8
https://doi.org/10.1007/s003970000139
https://doi.org/10.1039/b316621j

	Introduction 
	Results and Discussion 
	LLC Physical-Chemical Characterisation 
	Rheological Characterisation 
	In Vitro Diffusion and Ex Vivo Permeation Studies 
	Caffeic Acid Skin Retention Studies 

	Conclusions 
	Materials and Methods 
	Liquid Lyotropic Crystals Gel Preparations 
	Optical Microscopy Observations 
	2H-NMR Theory and Experiments 
	Rheological Characterisation 
	Percutaneous Permeation and Diffusion Release Studies 
	Caffeic Acid Skin Retention Studies 
	Statistical Analysis 

	References

