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Abstract: Nanocomposite gels consist of nanoparticles dispersed in a gel matrix. The main aim of
this work was to develop nanocomposite gels for topical delivery of Flurbiprofen (FB) for humans
and farm animals. Nanocomposite gels were prepared stemming from nanoparticles (NPs) freeze-
dried with two different cryoprotectants, D-(+)-trehalose (NPs-TRE) and polyethylene glycol 3350
(NPs-PEG), sterilized by gamma (γ) irradiation, and gelled with Sepigel® 305. Nanocomposite gels
with FB-NPs-TRE and FB-NPs-PEG were physiochemically characterized in terms of appearance, pH,
morphological studies, porosity, swelling, degradation, extensibility, and rheological behavior. The
drug release profile and kinetics were assessed, as well as, the ex vivo permeation of FB was assessed
in human, porcine and bovine skin. In vivo studies in healthy human volunteers were tested without
FB to assess the tolerance of the gels with nanoparticles. Physicochemical studies demonstrated the
suitability of the gel formulations. The ex vivo skin permeation capacity of FB-NPs nanocomposite
gels with different cryoprotectants allowed us to conclude that these formulations are suitable topical
delivery systems for human and veterinary medicine. However, there were statistically significant
differences in the permeation of each formulation depending on the skin. Results suggested that
FB-NPs-PEG nanocomposite gel was most suitable for human and porcine skin, and the FB-NPs-TRE
nanocomposite gel was most suitable for bovine skin.

Keywords: flurbiprofen; nanocomposite gel; nanoparticles; drug permeation; polyethylene glycol
3350; D-(+)-trehalose; human skin; bovine skin; porcine skin

1. Introduction

NSAIDs (non-steroidal anti-inflammatory drugs) are commonly used to manage pain,
inflammation, and febrile processes in both human and veterinary patients. The ease
of their accessibility is directly proportional to the increase in their consumption, and
consequently, an increment in episodes of adverse gastrointestinal, cardiovascular, and
renal reactions, among others. Given these circumstances, studies have assessed new routes
of administration for NSAIDs that reduce the prevalence of these adverse effects [1–3].

Flurbiprofen (FB), 2-(2-fluoro-4-biphenylyl) propionic acid, inhibits the cyclooxygenase
enzymes (COXs), decreasing the production of prostaglandins as all NSAIDs do, and shows
a greater inhibition of the COX 1 enzyme than COX 2. This affinity for COX 1 implies
that this active ingredient is more likely to be gastro and kidney injurious because it is
the isoform responsible for promoting the production of protective prostaglandins in the
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gastric mucosal cells, kidneys, and platelets. Hence, FB is currently used to treat gout,
relieve sore throat pain in the short term, suppress the onset of edema, and decrease ocular
postoperative intense inflammation in both animals and humans. Also, it has been shown
to be effective in preventing pain associated with chronic diseases such as osteoarthritis
and rheumatoid arthritis. Moreover, Carprofen, ketoprofen, and FB are the most widely
reported from 2-arylpropionic acids in veterinary studies. They are commonly prescribed
for an antipyretic effect, perioperative pain, osteoarthritis, and orthopedic procedures
in veterinary medicine. There is a relative lack of information about FB use in animals.
Likewise, it must be taken into account that animals are more susceptible than humans
to the adverse effects, thus accurate dosing is absolutely necessary [4–7]. However, the
widespread use of FB oral therapy requires frequent dosing given that it has a short half-life
(4 h) and therefore, is not practical [8–11]. Under these circumstances, it is interesting to
assess new routes of administration for FB that reduce the prevalence of adverse effects.

In this study we raise the possibility of considering the dermal route as an alternative
since it allows a rapid action of a drug with localized absorption, avoids the first pass effect,
improves the drug bioavailability, and provides fewer fluctuation in plasma drug levels,
and subsequently side effects are reduced [10]. Only a few substances with a specific set
of criteria have this ability, such as small molecular weight, adequate ionization, water
solubility, and being lipophilic [11–13].

FB is classified as class II by BCS (Biopharmaceutical Classification System). It has
low solubility and high permeability; thus, its dissolution as well as its absorption into
skin are a challenge. Achieving sufficient bioavailability for a water-insoluble drug in a
new dosage form is generally a challenge from a medical, industrial, and scientific point of
view. To overcome these hurdles, FB can be produced in polymeric nanoparticles (NPs)
as a nanosuspension (NS). These carriers are known as permeation enablers and exhibit
prolonged retention with minimal systemic toxicity. Moreover, to improve its conservation
and prevent contamination by microorganisms, FB nanoparticles can be freeze-dried and
γ-irradiated [12–18].

Pharmaceutical hydrogels are semisolid dosage forms whose topical delivery popu-
larity is increasing due to their simple application and resistance to physiological stress,
adopting the shape of the applied area by not disrupting the skin’s flexion [19]. Among
other properties, it also provides modulation of drug solubility and release [9,16,20]. Em-
phasis is often placed on nanocomposite gels, which are gel materials with nanoparticles
dispersed into their structure. This combination of gel formulations and nanomaterials
leads to enhanced formulations with unique physiochemical characteristics [21,22] and
synergic effects [23]. That makes them suitable for diverse biomedical applications such as
drug delivery systems, tissue engineering, and wound healing due to their biocompatibility
and controlled release capabilities [20,24–26]. Among the diverse biomedical applications,
Mostafa et al. prepared a nanocomposite formulation composed of levofloxacin carried
into a chitosan and zeolite-A system [27]; Li et al. developed a nanocomposite gel dexam-
ethasone and imidazole for treating periodontitis [28]; Moghaddam evaluated the tolerance
and anti-inflammatory activity of ibuprofen loaded in liposomes embedded in a Carbopol
gel [29]; and Pramanik et al. elaborated a nanocomposite hydrogel with dexamethasone
for ocular delivery [30].

Sepigel 305® is a gelling agent. It is composed of polymer and surfactant that facilitates
the inclusion of non-water-soluble substances. Moreover, it is pre-neutralized and is
effective over a wide pH range. Sepigel 305® does not need to be pre-moistened and
its formulations turn out to be lightweight with light shades, therefore, it gives a better
appearance than other polymers used in gelation (Carbopol®, PemulenTM) [31,32].

In this study, we started with the synthesis of flurbiprofen nanoparticles (FB-NPs)
which had already been characterized for ocular administration. FB was encapsulated
in poly-ε-caprolactone, one of the most often investigated synthetic biomedical polymers
due to its biodegradability, biocompatibility, and good encapsulation capacity and release,
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particularly of hydrophobic drugs [33,34]. These nanoparticles were synthesized with
D-(+)-trehalose (TRE) and polyethylene glycol 3350 (PEG) as protectant agents [15,17].

After confirming their ability to permeate bovine, porcine, and human skin, we
incorporated them into a gel for topical application. Sepigel® 305 was selected for being
an excellent stabilizer and texturizing agent. These gel formulations were characterized,
assessed for permeation on the three skin types, and had the role of cryoprotectant agents
being investigated. A schematic illustration of the approach of this work can be seen in
Figure 1.

Overall, our work focused on developing nanocomposite gel formulations for top-
ical administration for human and farm animals, specifically bovine and porcine. As a
secondary aim, we evaluated whether the cryoprotectant used during the nanoparticle
elaboration impacted the nanocomposite gel features. This work is also a contribution to
counteract the relative lack of studies of NSAIDs in the veterinary field.
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Figure 1. Schematic approach of the preparation of flurbiprofen-loaded nanocomposite gels. PεCL:
poly(ε-caprolactone).

2. Results and Discussion

At the beginning of the research work, the permeation capacity of flurbiprofen-loaded
polymeric nanoparticles in the skin was investigated. To this end, nanoparticles optimized
by Ramos et al. [14,17] were synthesized by the solvent displacement technique, then
lyophilized with either TRE or PEG, and lastly, sterilized by γ-irradiation (Section 2.1).

When the permeation capacity of the nanoparticles through human, porcine, and
bovine skin was confirmed, the nanoparticles were incorporated with Sepigel® 305 to obtain
a nanocomposite gel suitable for dermal delivery. The results related to the nanocomposite
gels are presented from Section 2.3. onwards.

2.1. Morphological Analysis of Flurbiprofen Nanoparticles (FB-NPs)

The surface morphology and size study of the FB-NPs was carried out using Trans-
mission Electron Microscopy (TEM). As can be seen in Figure 2, freeze-dried and sterilized
nanoparticles showed slightly oval regular shapes with uniform distribution. Some grainy
surface was observed in nanoparticles containing TRE, specifically after irradiation ster-
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ilization. TEM images showed sizes smaller than 200 nm and no particle aggregation
phenomena were observed.
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2.2. Ex Vivo Permeation Studies of the Nanoparticle in Suspension

Initially, permeation studies were conducted using nanoparticle suspensions. The first
stage involved assessing the permeation potential of FB in porcine, human, and bovine
skin. Permeation parameters are summarized in Tables 1 and 2. Table 1 shows results
from the intrinsic permeation capacity of FB in PBS solution on the three types of skin and
the statistical differences. The saturated solution of FB stood out for its high permeation
parameters values on bovine skin. Also, bovine skin as a barrier strength was found to
be weaker than human and porcine skin for FB. Similar results were obtained by Parra
et al. [35] for the carprofen permeation on ex vivo bovine skin.

Skin permeation of FB from the two nanoparticle suspensions and free drug solution
with TRE and PEG added were compared, and the parameter values are summarized in
Table 2.

The Kp value obtained from porcine and human formulations was higher for FB-NPs-
TRE and Free drug + TRE than the formulation containing PEG, with significant statistical
differences. Regarding bovine skin, NPs-TRE showed a notoriously high Kp parameter.
The J values of bovine permeation obtained from all formulations were the most prominent
compared to porcine and human skin data.

It is probable that TRE’s features could facilitate FB permeation in human and porcine
stratum corneum due to their similar surface lipids, barrier thickness, and morphological
aspects [10]. In general, the higher FB permeability of bovine skin could be associated
with higher follicular transport. Bovine udder skin has a greater number of hair follicles
(207–338 follicles/cm2), than human skin (~6/cm2) and porcine skin (30–36 follicles/cm2) [12].
Qr values indicated Free drug + TRE has greater retention of the drug. Both nanoparticle
formulations showed acceptable permeation [36,37].

Table 1. FB skin permeation parameters of the intrinsic permeation, which was evaluated with a
saturated solution of FB in PBS.

FB Saturated Solution

Bovine Porcine Human

Kp × 102 (cm/h) 2.646 ± 0.218 0.152 ± 0.009 a 0.512 ± 0.041 a,b

J (µg/cm2/h) 31.440 ± 2.820 1.810 ± 0.132 a 6.070 ± 0.525 a,b

TL (h) 10.0 ± 0.9 4.7 ± 0.7 a 5.9 ± 0.5 a

Qr (µg/cm2/g) 10.346 ± 0.987 4.721 ± 0.387 a 3.492 ± 0.378 a,b

a difference statistically significant to Bovine; b difference statistically significant to porcine; Kp: Permeability
coefficient; J: Flux; TL: Lag time; Qr: Retained FB amount.
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Table 2. FB skin permeation parameters from irradiated freeze-dried formulations and free drug
solution dissolved with TRE and PEG.

Nanoparticles Suspension Solutions

Parameter FB-NPs-TRE FB-NPs-PEG Free Drug + TRE Free Drug + PEG

Bovine

Kp × 102 (cm/h) 8.846 ± 0.070 1.032 ± 0.097 a 0.822 ± 0.043 a,b 1.050 ± 0.091 a,c

J (µg/cm2/h) 8.470 ± 0.420 10.320 ± 0.980 a 8.230 ± 0.038 b 10.500 ± 0.961 a,c

TL (h) 4.1 ± 0.2 5.6 ± 0.3 a 2.5 ± 0.1 a,b 6.8 ± 0.3 a,b,c

Qr (µg/cm2/g) 5.346 ± 0.253 1.763 ± 0.095 a 2.046 ± 0.091 a 3.446 ± 0.161 a,b,c

Porcine

Kp × 102 (cm/h) 0.236 ± 0.016 0.039 ± 0.008 a 0.093 ± 0.004 a,b 0.047 ± 0.003 a,c

J (µg/cm2/h) 2.362 ± 0.192 0.387 ± 0.032 a 0.926 ± 0.042 a,b 0.473 ± 0.034 a,c

TL (h) 1.2 ± 0.1 1.1 ± 0.1 2.7 ± 0.2 a,b 12.2 ± 1.1 a,b,c

Qr (µg/cm2/g) 2.208 ± 0.218 1.980 ± 0.128 10.098 ± 1.026 a,b 1.968 ± 0.121 c

Human

Kp × 102 (cm/h) 0.965 ± 0.068 0.516 ± 0.231 a 0.888 ± 0.412 0.169 ± 0.017 a,c

J (µg/cm2/h) 9.650 ± 0.821 5.156 ± 0.421 a 8.876 ± 0.711 b 1.694 ± 0.982 a,b,c

TL (h) 5.5 ± 0.4 2.1 ± 0.2 a 4.9 ± 0.4 b 5.9 ± 0.4 b,c

Qr (µg/cm2/g) 1.605 ± 0.097 0.432 ± 0.038 a 2.439 ± 0.199 a,b 1.054 ± 0.096 a,b,c

a: difference statistically significant to FB-NPs-TRE; b: difference statistically significant to FB-NPs-PEG; c: differ-
ence statistically significant to Free drug + TRE solution. Kp: Permeability coefficient; J: Flux; TL: Lag time; Qr:
Retained FB amount.

As nanoparticles exhibited capacity to promote the penetration of FB into the differ-
ent skin species, the nanoparticles were further dispersed in a Sepigel® matrix and the
resulting nanocomposite gels were evaluated, the results of which are presented in the
following sections.

2.3. Nanocomposite Gels’ Physicochemical Characterization
2.3.1. Appearance and pH Evaluation

FB-NPs-TRE and FB-NPs-PEG nanocomposite gels showed a translucent to opaque
fluid appearance, white or slightly yellow (Figure 3). FB-NPs-TRE registered a pH of 4.0,
while FB-NPs-PEG nanocomposite gel had a pH of 4.6.
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These values are within the pH range tolerated by human skin 4.1–5.8 [36]; hence, we
would not expect irritation due to the pH of the formulations. On the other hand, the pH
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value of porcine skin is between 5.3–7.2 and the pH value of bovine udder skin is between
6.3–7.1 [38,39]. These skins tolerate a wider range of pH well, and the formulations could
be also used in the veterinary field.

2.3.2. Fourier Transform Infrared (FT-IR)

Fourier Transform Infrared (FT-IR) analysis was conducted to explore potential inter-
actions between the drug and the gel matrix. Figure S1, in the Supplementary Material,
shows the characteristic carbonyl group. FB undergoes a slight shift when interacting with
the Sepigel® 305 matrix and PEG; it has a more pronounced shift when interacting with the
TRE formulation. The range of the –C=O– peak is observed between approximately 1850
and 1650 cm−1, as can be verified in Figure S1 [38,40,41].

2.3.3. Morphological Analysis of Nanocomposite Gels Loading Flurbiprofen

The morphological study of the nanocomposite gels was carried out using Scanning
Electron Microscopy (SEM). SEM images of FB-NPs-TRE and FB-NPs-PEG nanocomposite
gels are shown in Figure 4. Both nanocomposite gels showed a dense structure with no
pores; however, slight differences in the gels’ structure were observed when using different
cryoprotectants. While FB-NPs-TRE gel depicted a smooth surface arrangement, FB-NPs-
PEG appeared with a foliage-like pattern, a well-ordered structure attributable to PEG
crystallization might have crystallized during solvent evaporation of the sample for SEM
observation. PEG is a semicrystalline polymer and [42] is widely used in pharmaceutical
and biomedical sciences because it is a biocompatible and hydrophilic compound [43]. For
instance, Burdick et al. developed PEG-diacrylate hydrogels as a scaffold for bone tissue
engineering [44]. Wu et al. characterized the morphology of a chitosan–PEG hydrogel for
nasal delivery; the SEM images revealed a non-porous and smooth surface [45].
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Figure 4. Morphological study of the nanocomposite gels: (a) Scanning Electron Microscopy image
of PEG gelled with Sepigel® 305 (FB-NPs-PEG), and (b) Scanning Electron Microscopy image of TRE
gelled with Sepigel® 305 (FB-NPs-TRE). Both images are taken at 10,000× magnification.

Moreover, the crystallization of PEG has been extensively studied. Golitsyn et al.
prepared different PEG networks and investigated the formation of crystals by deep char-
acterization of the networks. They used different techniques such as differential scanning
calorimetry, NMR spectroscopy, and X-ray scattering, among others [46]. According to Bilal
et al., PEG-based polymer networks show promising properties for biomedical applications.
Their study revealed that molar mass had an impact on cross-links which, in turn, affected
strength and stoichiometry [47]. In the same vein, Van Duong et al. investigated the
microstructure of semicrystalline solid dispersions of PEG with different molecular weights.
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The authors concluded that the conformation of the polymer significantly influences the
microstructure of semicrystalline dispersions, impacting their stability, dissolution behavior,
and pharmaceutical performance [48].

2.3.4. Porosity and Swelling Studies of the Nanocomposite Gels

Swelling and porosity studies for gels are essential for understanding and character-
izing the physical and functional properties of gel materials. In pharmaceuticals, gels are
often used as drug delivery systems. By studying their swelling and porosity, researchers
can optimize the release kinetics of drugs from the gel matrix. Controlling the gel’s ability
to swell and release drugs at a specific rate is crucial for effective drug delivery [49]. The
porosity of the nanocomposite gels prepared with two different cryoprotectants was similar:
39.3% for FB-NPs-PEG and 38.4% for FB-NPs-TRE. Hence, the cryoprotectants do not seem
to have an impact on the porosity. Additionally, the low porosity of both formulations is
in line with the dense structure observed by SEM. However, Sepigel® 305 also provides
formulations with highly porous structures; Ahmadi et al. developed a Sepigel® 305 con-
taining pranoprofen (an NSAID) encapsulated in nanostructured lipid carriers, and the
authors observed a porosity of about 84% [50].

The swelling capacity was evaluated for both nanocomposite gels at three different
pH values. The results show that the PEG formulation swelled the most at pH 7.4 and the
least at pH 5.5 (Figure 5a). The opposite occurs with the TRE nanocomposite gel, which
swelled the most at a pH of 5.5, increasing its volume almost eight times (Figure 5b). It is
notable how differently the nanocomposite gels responded to various pH levels depending
on which cryoprotectant (PEG or TRE) was added to the formulation.
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The results of swelling the PEG nanocomposite gel are in line with those obtained by
Berenguer et al. who assessed the swelling ratio (SR) of a Sepigel® 305 loading meglumine
antimoniate at a pH of 5.5 observing an SR of about 1 [32]. Similar results were obtained by
Ahmadi et al. for the swelling capacity of a Sepigel® 305 loading pranoprofen nanostruc-
tured lipid carriers in a medium at pH 5.5 [50]. Altogether, this suggests that TRE increases
the capacity of the formulation by up-taking solvent.

2.3.5. Degradation Studies of the Nanocomposite Gels Loading Nanoparticles

Both nanocomposite gels degraded the fastest at a basic pH and slowest at pH 5.5.
Formulations containing PEG tended to exhibit higher degradation (80.34% at pH 5.5,
94.23% at pH 7.4, and 97.26% at pH 8 in 22 min.) than formulations containing TRE (70.49%
at pH 5.5, 70.30% at pH 7.4, and 90.09% at pH 8 in 22 min) as demonstrated in Figure 6.
Consequently, this suggests that the FB-NPs-PEG formulation is more prone to degradation
under these conditions. Figure 6 presents the degradation of both nanocomposite gels. The
degradation process appears to be pH-dependent.
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Our results are in line with those observed by Berenguer et al. of the degradation of a
Sepigel® 305 formulation with meglumine antimoniate. The formulation was evaluated
for degradation at pH 5.5, and the authors observed that about 89% of the gel degraded in
20 min [32].

2.3.6. Extensibility Studies of the Nanocomposite Gels

Extensibility provides information about how the formulation spreads after weight
is applied. The nanocomposite gels hyperbolic model (Figure 7) results demonstrate an
elevated extensibility capacity for the PEG formulation compared to the TRE formulation,
as the former covered an area of 100 cm2 while the latter covered less than 20 cm2. This
could be due to the higher viscosity exhibited by the PEG formulation (Section 2.3.7). It
is important to assess the extensibility of topical formulations since the ease of spreading
helps to apply the formulation uniformly to the skin [51,52] using gentle movements and
preventing the need to add pressure to the inflamed skin.
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2.3.7. Rheological Study of the Nanocomposite Gels

Rheological nanocomposite gel measurements showed that formulations displayed
a non-Newtonian behavior. The formulations exhibited pseudoplastic flow and shear
thinning behaviors since the viscosity decreased with an increase in the shear rate from 0.1
to 100 s−1 (Figure 8). The mathematical model that best fit the experimental data was the
Cross equation which describes a general model for pseudoplastic materials (Equation (1)):

τ =
.
γ·(η∞ + (η0 − η∞))/(1 +

( .
γ/

.
γ0

)n
) (1)
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where τ is the shear stress (Pa),
.
γ is the shear rate (1/s),

.
γ0 is the zero shear rate (1/s), η0

is the zero shear rate viscosity (Pa·s), η∞ is the infinity shear rate viscosity (Pa·s), n is the
flow index.
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Concerning viscosity measurements, at 100 s−1, the addition of TRE resulted in a
viscosity value of 9.82 ± 0.21 Pa·s and the formulation with PEG showed a lower viscosity
5.60 ± 0.03 Pa·s than the TRE one.

Pseudoplastic behavior is important due to its ability to facilitate a smooth and ef-
fortless application without requiring excessive pressure, making the process painless for
inflamed skin. The pseudoplastic behavior from the galenic point of view is noteworthy
because the formulation has to retain its consistency during the storage of the product [53].

Additionally, the formulation with PEG (Figure 8a) shows thixotropy, presenting a
hysteresis loop that indicates a dependence on viscosity over time.

2.4. Drug-Release Kinetics of the Nanocomposite Gels

In vitro release studies of FB and the nanoparticles in suspension were published
by Ramos et al. [14,17]. The release studies of the nanocomposite gels were executed by
Franz diffusion cells to measure the drug release using a dialysis membrane at a cutaneous
temperature (32 ◦C), this gave the cumulative amount of FB released as a function of
time [17,20,35,36], depicted in Figure 9.
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Flurbiprofen was rapidly released from the matrix for both formulations according
to a one-phase exponential association model. This model was selected among Higuchi,
Korsmeyer-Peppas, and Weibull based on the Akaike Information Criterion (AIC), which
considers the number of parameters of the models, penalizing complex models to avoid
overfitting. Lower AIC values indicate a better fit. Table S1 reports the results of the kinetic
modelling. One-phase exponential association model describes the in vitro drug release
from the topical formulation as a process where the drug release rate is dependent on the
concentration of the drug remaining in the system, resulting in a fast drug release at early
times and decreasing the release rate as the drug depletes. The Korsmeyer-Peppas model is
often used to analyze the mechanism of drug release kinetics from systems. The n exponen-
tial (Table S1) provides information about the release kinetics, values below 0.45 indicate
that the mechanism of the drug release is predominantly controlled by Fickian diffusion,
where the drug molecules diffuse through the matrix proportionally to the concentration
gradient [54], which is consistent with the one-phase exponential association model.

Table 3 shows the results of fitting one-phase exponential association obtained for
FB-NPs-PEG and FB-NPs-PEG nanocomposite gels.

Table 3. Parameter values of the in vitro drug release data fitted one-phase exponential model
and the goodness of fit. Amax: maximum cumulative amount released estimated by the model;
K: release rate.

Parameter FB-NPs-PEG FB-NPs-TRE p-Value

Best-fit values
Amax (µg) 142.3 146.9 0.1494
K (h−1) 0.3615 0.3961 0.6889
Half-life (h) 1.917 1.750 -

Standard error
Amax 1.6 2.4 -
K 0.0410 0.0726 -

R2 0.9947 0.9889 -

Both nanocomposite gels presented similar release profiles and similar values for the
kinetic parameters, suggesting that the use of cryoprotectant either PEG or TRE does not
impact the release of FB. However, when the release of FB from the nanoparticles was
investigated, results revealed that the nanoparticles with TRE as cryoprotectant exhibited
a higher release of FB than the nanoparticles with PEG (Figure S2), thus refuting the
assumption that the cryoprotectant did not impact the drug release, but rather the opposite.
Our results are in line with previous observations. Ramos et al. assessed the release of FB
from the lyophilized and irradiated nanoparticles and observed a slower release rate for the
formulation containing PEG as the cryoprotectant. The authors concluded that on one hand,
an increase in viscosity in the medium, caused by PEG, could slow down the drug release
process and, on the other hand, an apparent increase in the nanoparticles’ porosity caused
by TRE might cause the differences in drug release [17]. When the nanoparticles were
incorporated into the Sepigel® 305, the differences in the release rate vanished, possibly due
to the increase in viscosity for both formulations leading to similar drug release profiles.
Table S2 reports the kinetics of nanoparticles. According to the determination coefficient,
the one-phase exponential association model and Weibull model fitted the release data well;
actually, the Weibull model had slightly higher R2 values, yet showed higher AIC values;
therefore, the one-phase exponential model was selected as the simplest model that best
described the release of FB from the nanoparticles.

Other researchers have also investigated the incorporation of nanoparticles in gel
formulations; for instance, Abrantes et al. encapsulated mosquito-repellent ingredients
in PCL nanoparticles which were further dispersed in a poloxamer-based hydrogel and
the formulations were tested for drug release. The authors observed remarkably higher
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drug release for IR3535 from the nanoparticles than from the nanocomposite gel, whereas
slight differences were observed when assessing geraniol from the nanoparticles and
the nanocomposite gels. However, similar profiles were observed in the permeation
study [55]. Bini et al. prepared nanocomposite formulations in which nanoparticles were
embedded in gelatin gels. They assessed the release of curcumin from the nanoparticles
and the nanoparticles dispersed in the gelatin gel; a lower release was observed for the
nanocomposite gel. The researchers also evaluated the release of sodium naproxen from
the nanocomposite gel, which was slower compared to the free drug [56]. Momekova et al.
assessed the drug release of cannabidiol loaded in polymeric micelles which had been
vehiculized in a Hydroxyethyl Cellulose gel. The authors observed a sustained release of
cannabidiol from the nanocomposite cryogel with respect to conventional gel [57].

2.5. Ex vivo Permeation of Nanocomposite Gels in Bovine, Porcine, and Human Skin

Similar to the in vitro drug release study, the amount of FB that was capable of
permeating through the porcine, human, and bovine skin was evaluated by Franz diffusion
cells. Table 4 shows the results obtained for the permeability coefficient, flux, lag-time, and
amount of FB retained in the skin after 24 h of exposure to the nanocomposite gels. There
are significant differences between gels with different cryoprotectants for each species. The
formulation with TRE shows better permeability in bovine skin, while the formulation with
PEG shows better permeation in porcine and human skin. While the retained amount of FB
(Qr) in human skin is similar in both formulations, the retained amounts of FB in bovine
and porcine skin show the same trend as the permeability studies.

Table 4. Permeation parameters for FB from the nanocomposite gels, with either TRE or PEG as
cryoprotectant for the lyophilization of the nanoparticles.

Parameter FB-NPs-TRE Gel FB-NPs-PEG Gel

Bovine

Kp × 102 (cm/h) 0.400 ± 0.040 0.100 ± 0.012 a

J (µg/cm2/h) 4.070 ± 0.440 1.100 ± 0.120 a

TL (h) Not applicable 2.3 ± 0.2 a

Qr (µg/cm2/g) 1.864 ± 0.182 0.893 ± 0.092 a

Porcine

Kp × 102 (cm/h) 0.200 ± 0.020 0.300 ± 0.031 a

J (µg/cm2/h) 1.790 ± 0.200 2.840 ± 3.100 a

TL (h) 13.3 ± 1.3 8.3 ± 0.8 a

Qr (µg/cm2/g) 1.269 ± 0.118 3.866 ± 0.038 a

Human

Kp × 102 (cm/h) 0.045 ± 0.004 0.220 ± 0.022 a

J (µg/cm2/h) 0.454 ± 0.040 2.030 ± 0.220 a

TL (h) 12.4 ± 1.3 5.6 ± 0.6 a

Qr (µg/cm2/g) 0.636 ± 0.060 0.653 ± 0.068
a: statistical significance p < 0.0001; Kp: Permeability coefficient; J: Flux; TL: Lag time; Qr: Retained FB amount.

When comparing the permeation of FB in nanocomposite gels to that of FB in the
nanoparticles (Table 2), it is noticeable that the Sepigel® 305 matrix modulates the perme-
ation in both directions. It either promotes the permeation, as observed in porcine skin for
FB-NPs-PEG gel, or constrains it, as seen in human skin for FB-NPs-TRE gel. It is known
that drug diffusion across a biological membrane depends not only on the physicochemical
properties of the drug but also on how the formulation interacts with the skin. This is
characterized by the partition coefficient [52]. Considering that skin from different species
may possess distinct attributes, these differences may influence the partition coefficient and
consequently contribute to variations in permeation between skin types.

Ex vivo models provide close insights into drug permeation behavior before testing
in humans. This allows researchers to evaluate how dosage forms interact with skin
and biological membranes, and to select and optimize formulations that save time and
costs in further clinical studies. Ternullo et al. developed hydrogels loading curcumin
in deformable liposomes with different surface charges, which were tested on ex vivo
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human skin. Results showed a slightly higher permeation of curcumin from the hydrogel
with neutral-charged liposomes compared to the curcumin hydrogel. Higher amounts of
the drug retained in the skin were also observed from the hydrogel containing liposomes
with respect to the curcumin hydrogel [58]. Shebata et al. evaluated the performance
of gels containing insulin niosomes through rat skin. The in vitro drug release study
revealed that the gels released curcumin following a Higuchi model and the permeation
of insulin was much superior from the noisome gels than from the conventional gels. The
results from the ex vivo permeation test were consistent with those from the in vivo in
rats [59]. Khan et al. compared the permeation of ketoconazole loaded in nanoparticles
and vehiculized in a Carbopol-based gel to ketoconazole nanoparticles and a dispersion
of the drug. Nanoparticles were the formulation that most permeated through rat skin,
followed by the nanostructured hydrogel and finally the dispersion. The authors conclude
that the nanostructured hydrogel was a potential candidate for topical delivery since the
formulation exhibited significant activity in the in vitro antifungal study [60].

After the permeation study, the amount of FB that remained in the skin discs was
extracted. The highest amount of FB was recovered from the porcine skin when exposed to
the nanocomposite gel composed of FB-NPs-PEG. The cryoprotectant used in the prepa-
ration of the nanoparticles affected the amount of drug retained in the skin. The same
donor skin saw a threefold decrease in the amount of drug retained when exposed to the
nanocomposite gel composed of nanoparticles with TRE as cryoprotectant. Opposite results
were observed in bovine skin samples. The human skin showed the lowest amount of drug
retained within the tissue with no significant differences regarding the cryoprotectant used.

2.6. Evaluation of the Biomechanical Properties of Skin

Skin hydration is essential for maintaining overall skin health. Adequately hydrated
skin is softer, smoother, and more flexible [61], while dehydrated skin is more prone to
irritation and inflammation, which can be exacerbated by the application of topical prod-
ucts [62]. Additionally, the skin’s hydration level may have an impact on the percutaneous
absorption of topical products [63].

Stratum Corneum Hydration (SCH) and Trans-Epidermal Water Loss (TEWL) were
measured to characterize the biomechanical properties of both nanocomposite gels with-
out active ingredient (NPs-PEG and. NPs-TRE) in healthy humans (Figure 10). Both
formulations presented comparable results.

At the time 0 (prior to the formulation’s application) the skins show a basal hydration
between 30–40 AU; this is considered dry skin [64]. The Corneometer initially measured a
decrease in the SCH value for both formulations (Figure 10a,b). This initial decrease could
be due to the nanocomposite gel absorbing water from the skin because of its swelling
capacity; this phenomenon was more remarkable in the nanocomposite gel formulated
with TRE, as evidenced in Figure 6b at pH 5.5. NPs-PEG formulation showed statistically
significant differences from the baseline values at all times (Figure 10a). Within the first
hour, the hydration values decreased, but then, gradually increased, trending towards the
baseline value. Despite this, even at 4 h, a statistically significant difference was observed
(p < 0.01). In contrast, with the NPs-TRE formulation (Figure 10b), the decrease was
observed only in the first 15 min showing a recovery afterwards. Compared to the baseline,
statistically significant differences were observed during the first 30 min, but were no
longer present beyond one hour; suggesting that baseline hydration had been restored.
Other researchers have prepared Sepigel®-based formulations and evaluated the impact
of the formulation on skin hydration. Berenguer et al. developed two gel formulations
for leishmaniasis treatment from a topical approach. One gel contained Amphotericin
B [65] and the other gel was loaded with meglumine antimoniate (MA) [32]. Interestingly,
the MA Sepigel showed a similar behavior on skin hydration to FB-NPs-TRE, a decrease
in the hydration levels was observed at 15 min post-application followed by a gradual
recovery of the SCH values [32], while the Sepigel loaded with Amphotericin B showed
the opposite effect; it increased the SCH values at 15 min post-application, and afterwards
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the hydration returned to the basal levels [65]. In another work, Ahmadi et al. prepared
a Sepigel-based nanocomposite gel loading nanostructured lipid carrier of pranoprofen.
The authors monitored changes in the hydration of ear skin in mice. The results showed an
increase in SCH levels after the application of the nanocomposite gel [50]. In all cases, the
Sepigel-based formulations were well tolerated and the authors did not observe any signs
of irritation during the tolerance study [32,50,65]. TEWL relates to skin integrity; values
below 15 g/h/m2 indicate that the barrier function of the skin is in good condition [66,67].
When the nanocomposite gels were applied, TEWL values did not increase (Figure 10c,d),
signifying that the nanocomposite gels did not disrupt the stratum corneum, and therefore
were well tolerated by the skin. Besides the skin integrity that remained intact during the
experiments, no visible skin irritation or alterations were observed. No significant statistical
differences were observed between the two gels when comparing all time points to time 0.
Our results are in line with those obtained by Berenguer et al. [32]; the authors evaluated
an MA Sepigel and no statistically significant differences were found after applying the
formulation with respect to the basal values. Evaluating TEWL is a useful tool to detect
irritant products for the skin because an increase in TEWL values when using a topical
product may indicate skin damage since the increase of TEWL is proportional to the skin
barrier impairment [68]. The assessment of the biomechanical properties of the skin led to
the conclusion that the nanocomposite gels were well tolerated and would not disrupt the
skin barrier function.
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3. Conclusions

Two nanocomposite gels have been developed and characterized. The formula-
tions were prepared stemming from polymeric nanoparticles loading flurbiprofen. These
nanoparticles were lyophilized using two different cryoprotectants, and sterilized by γ-
irradiation in previous work by our research group. First, the permeation capacity of the
nanoparticles was assessed through three skin species: human, porcine, and bovine. Once
it was clear that nanoparticles were a suitable carrier for FB topical delivery, they were
incorporated in Sepigel® resulting in nanocomposite gels, which were physicochemically
characterized and biopharmaceutically evaluated. Both nanocomposite gels exhibited
similar porosity and pH-dependent degradation patterns, showing a higher degradation in
alkaline medium, whereas the swelling behavior was different between the two nanocom-
posite gels, the highest swelling capacity was observed at pH 8 for FB-NPs-TRE, while
FB-NPs-PEG swelled most at the physiological pH. When analyzing the extensibility of
the nanocomposite gels, FB-NPs-PEG showed five-fold higher spreadability than FB-NPs-
TRE. FB-NPs-PEG nanocomposite gel also showed higher viscosity values and thixotropy,
suggesting that these parameters were affected by the different cryoprotectants used in the
lyophilization of the nanoparticles. The release study revealed that the incorporation of the
nanoparticles in Sepigel® modulated the release of FB, minimizing the differences observed
in the release of FB from the nanoparticles. Yet, when the nanocomposite gels were tested
on skin from three different species, it was observed that FB-NPs-PEG nanocomposite
gel was most suitable for human and porcine skin, and FB-NPs-TRE nanocomposite gel
formulation was most suitable for bovine skin. Both nanocomposite gels had an initial
drying effect on the skin. However, the formulation with TRE as cryoprotectant tended
to revert the dehydration at earlier times than the formulation with PEG. Despite this
effect, the nanocomposite gels were well tolerated since no signs of irritation were observed
and no statistically significant changes were observed on TEWL values with respect to
the basal values. In conclusion, the formulations may contribute to increasing the human
and veterinary medicinal products available for the management the inflammation in
skin disorders.

4. Materials and Methods
4.1. Chemicals and Reagents

Flurbiprofen, Poly(ε-caprolactone) with a molecular weight (Mw) ∼14,000 g/mol and
a number-average molecular weight (Mn) of ∼10,000 g/mol and dispersity of 1.4, PEG-3350,
D-(+)-trehalose and Acetone were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
The Poloxamer 188 (P188; Lutrol® F68) used was purchased from BASF (Barcelona, Spain).
Sepigel® 305 (Polyacrylamide, C13-14 Isoparaffin Laureth-7) was purchased from Acofarma
(Barcelona, Spain). Phosphate-buffered saline tablets (PBS) were acquired from Sigma-
Aldrich Chemie (Steinheim, Germany) and processed according to the manufacturer’s
specifications and then refrigerated for later use, ensuring optimal storage conditions. The
double distilled water was filtered using the Millipore® system (EMD Millipore, Billerica,
MA, USA). The chemicals and reagents used for high-performance (HPLC) were purchased
from Fisher Scientific (Leicestershire, UK).

4.2. NPs Preparation

Flurbiprofen nanoparticles were developed by Ramos et al. in previous works [10,11].
Those previous studies on flurbiprofen polymeric nanoparticles, which were prepared by
solvent displacement technique, provided specific materials and processes employed to
produce two highly reliable formulations [12,38]. Ramos et al. used 1 mg/mL of drug,
3.3 mg/mL of P
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great entrapment efficiency (EE) and an appropriate zeta potential (ZP) after re-dispersion
and the right conditions in the freezing and drying stages [12].

The resultant nanoparticles of the study of Ramos et al. [14] were sterilized for fu-
ture studies using a γ ray dose of 25 KGy to get NPs-TRE and NPs-PEG, the irradiated
formulation prepared with TRE and PEG, respectively. Likewise, they described the physic-
ochemical characterization of sterilized flurbiprofen nanoparticles within the following
values: NPs-TRE showed 187.5 ± 1.2 nm, 0.131 ± 0.015, 86.0 ± 0.2% and −13.20 ± 0.17 mV
of Zav, PI, EE and ZP, respectively and NPs-PEG showed 192.5 ± 2.0 nm, 0.091 ± 0.028,
85.1 ± 1.0% and −15.30 ± 0.37 mV of Zav, PI, EE and ZP, respectively [14,17].

4.3. Morphological Analysis of the Nanoparticles in Suspension

A transmission electron microscope (TEM) JEOL 1010 (JEOL Inc., Peabody, MA, USA)
was used to further assess the morphology and particle size of the optimized FB-NPs using
40,000 to 60,000× magnification. A sample drop (without previous dilution) was placed
onto a copper TEM grid coated with carbon film and negative stained with uranyl acetate
solution (1%, w/v). The grids were left to dry at room temperature.

4.4. Biological Tissue for Ex Vivo Permeation Study

Human, bovine, and porcine skin were used for permeation study. The study protocol
was approved by the Bioethics Committee of the Barcelona SCIAS Hospital in Spain with
reference number 0012016. Fresh samples of udder skin from healthy Holstein Frisian
bovines that had been legally butchered were collected at a nearby slaughterhouse in
Barcelona, Spain. The Yorkshire-Landrace pigs’ flank skin was collected from the animal
facility at the Bellvitge Campus of University of Barcelona (Barcelona, Spain) right after the
animals had been sacrificed for various reasons. The studies were carried out in accordance
with protocol that was approved by the Committee of Animal Experimentation of the
Regional Autonomous Government of Catalonia (Spain) and the Animal Experimentation
Ethics Committee of the University of Barcelona (Barcelona, Spain) with number 7428. The
skin samples were sliced using a dermatome GA 630 (Aesculap, Tuttlingen, Germany)
at varied thicknesses depending on the type of skin—400, 700, and 1000 µm for human,
porcine, and bovine udder skin after being frozen to a temperature of −20 ◦C [35].

4.5. Ex Vivo Permeation Profile Analysis of the Nanoparticles

The experiments were conducted as described in Section 2.2., in independent vertical
Franz diffusion cells with a diffusional surface area of 0.64 cm2. Biological tissues were
positioned between the two compartments of a Franz cell with the dermal side in contact
with the receptor medium and the epidermis side in contact with the donor chamber,
covered with a laboratory film (Parafilm®, Chicago, IL, USA) to prevent evaporation
during the study. Phosphate-buffered saline (PBS) solution at pH 7.4 was used as the
receptor medium. The permeation study was conducted for 24 h at 32 ± 0.5 ◦C under
continuous stirring, keeping sink conditions throughout the tests to avoid the medium
being saturated. For the donor compartment, 500 µL of the test formulations were applied
once the temperature of the skin surface had equilibrated to 32 ± 0.5 ◦C [35]. A saturated
solution of FB in PBS was also assayed. At each sampling interval up to 24 h, a volume of
300 µL was withdrawn and an equal volume of fresh PBS solution was added. Samples
were analyzed in triplicate by RP-HPLC for the cumulative amount of drug permeated.
Figure 11 summarizes the permeation studies on different skin types.

Permeation parameters such as permeability coefficient (Kp, cm/h), flux (J, µg/cm2/h)
and lag time (TL, h) were calculated by linear regression analysis using the GraphPad
Prism® software v. 5.0 (GraphPad Software Inc., San Diego, CA, USA) and Laplace software
(Scientist 2.01, Micromath. Inc., Salt Lake City, UT, USA) [39]. FB retained was extracted
with acetonitrile/water (50:50, v:v) under sonication for 15 min using an ultrasound bath.
Non-exposed skin around the diffusion area was removed prior to assay. The resulting FB
solutions were determined by RP-HPLC described in Section 4.9, yielding to the amount
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of FB extracted from the skin Qr (µg/cm2/g). The results are reported as the median and
range of six replicates (n = 6).
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The permeability coefficient (Kp, cm/h) was determined as the ratio between the flux
and the formulation’s concentration (Equation (2)):

Kp =
J

C0
, (2)

where J (µg/cm2/h) is the flux across the skin sample and C0 (µg/cm3) is the drug concen-
tration in the formulation applied to the donor compartment.

Starting from t amount of drug extracted from the tissues, the amount of drug retained
in the skin discs (QR (µg/cm2/g) according to the following formula:

QR =

(
Ex
Px

)
× R

A × 100
, (3)

where Ex (µg) is the quantity of drug extracted, Px (g) the weight of the skin discs that have
been permeated, A (cm2) is the effective surface area accessible for diffusion, and R the
recovery percentage of the drug as outlined previously [50,69].

4.6. Preparation and Characterization of the Gels Loading Flurbiprofen Nanoparticles

NPs-TRE and NPs-PEG lyophilized and irradiated were aqueously reconstituted to
prepare two nanocomposite gels. To complete the gelation process, 0.55 g of Sepigel® 305
was added to 5 mL of each nanoparticle in suspension and agitated to ensure a homoge-
neous mixture. This led to the formation of thin yet independent semisolid nanocomposite
gel structures.

4.6.1. pH Measurements

The pH determination was measured using a pH meter Micro-pH 2000 (Crison Instru-
ments S.A., Alella, Spain). Measurements were conducted in triplicate at room temperature
with the recently prepared nanocomposite gels, and repeated two months later.
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4.6.2. Fourier Transform Infrared (FT-IR)

The FB-NPs-TRE and FB-NPs-PEG nanocomposite gels, and FLB samples were exam-
ined with Fourier Transform Infrared Spectroscopy (FT-IR). Before the measurements, the
samples were dried in an oven at 55 ◦C. A Nicolet iZ10 spectrometer (Thermo Scientific,
Waltham, MA, USA) was used to obtain the FT-IR spectra. With a DTGS detector and a
spectral resolution of 4 cm−1, the measurements were carried out in the 4000–525 cm−1

range, yielding 32 scans per spectrum. Attenuated total reflectance (ATR) was used to
record the spectra using a diamond crystal [39,70].

4.6.3. Morphological Analysis of the Nanocomposite Gels

The nanocomposite gels’ microstructure was evaluated by Scanning Electron Mi-
croscopy (SEM). When using nonconductive samples, the sample must be dried and
covered in carbon or metal. For this reason, the nanocomposite gels were dried in an
oven at 55 ◦C, coated with a thin layer of gold, and examined using a JSM-7001F (JEOL,
Inc., Peabody, MA, USA). A small amount of material was deposited on a glass coverslip,
quickly immersed in absolute ethanol, and dried using the critical point technique (replac-
ing ethanol with CO2). Then the coverslips were mounted on the microscope slides and
coated with a thin layer of gold to improve their electrical conductivity.

4.6.4. Porosity and Swelling Studies

FB-NPs-TRE and FB-NPs-PEG nanocomposite gels were added to vials for poros-
ity experimentation and placed in an oven at 55 ◦C to dry out until a constant weight
was achieved.

To evaluate the porosity of the nanocomposite gels, ethanol was added to a weighted
amount of dried nanocomposite gel. The sample was shaken by hand and added to a bath at
a cutaneous temperature (32 ◦C) for 2 min. After the bath, the vials were centrifuged at 3000
revolutions per minute (rpm) for 3 min. Excess liquid was removed from the sample and
the remaining nanocomposite gel was weighed and recorded. The experiment concluded
when there was no longer a weight increase; either the weight remained consistent or
decreased. At this point, the porosity was determined using Equation (4):

P =
Ws − Wd

ρ − Vs
(4)

WS is the weight of a swollen nanocomposite gel, Wd is the weight of the dried nanocom-
posite gel, ρ is the density of ethanol, and Vs is the volume of the swollen nanocomposite
gel determined by a pycnometer (Vidra Foc, Barcelona, Spain) [50].

FB-NPs-TRE and FB-NPs-PEG nanocomposite gels were added to vials for swelling
experimentation and placed in an oven at 55 ◦C to dry out until a constant weight. The
experiment was conducted by adding solutions of 0.5 mL of PBS with pHs of 5.5, 7.4, and
8.0 to dried PEG and TRE nanocomposite gels. The same as in the porosity experiment,
samples were shaken by hand before being added to a 32 ◦C bath for 2 min, then centrifuged
at 3000 rpm for 3 min. The supernatant PBS was removed, and the weight was noted to
quantify the amount of solvent absorbed by the nanocomposite gel. This process was
repeated until the amount of liquid absorbed by the nanocomposite gels over set intervals
of time was constant. Equation (5) was used to obtain the Swelling (SR):

SR =
Ws − Wd

Wd
(5)

Ws is the weight of a swollen nanocomposite gel and Wd is the weight of a dried
nanocomposite gel [50,69].
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4.6.5. Degradation Studies

The experiment was conducted by adding 0.5 mL of PBS with pH’s of 5.5, 7.4, and
8 to fresh PEG and TRE nanocomposite gels, and the weight loss as a time function was
recorded. The process was the same as in porosity and swelling experimentation. Excess
PBS was removed every time after centrifugation and the nanocomposite gels weight was
observed over a few hours until it was constant or completely degraded [24]. Degradation
was calculated according to Equation (6):

WL (%) =
Wi − Wd

Wi
× 100% (6)

where WL is weight loss, Wi is the initial mass (weight), Wd is the weight of the gel at each
interval [50,71].

4.6.6. Extensibility Studies

A volume of 30 µL of FB-NPs-TRE and FB-NPs-PEG nanocomposite gel samples were
placed between two glass plates. The formulations’ surface areas were then measured
when various weights (5 g, 10 g, 20 g, 50 g, and 100 g) were placed to the upper plate with
a weight of 26 g. The weights were removed after 60 s and the diameter of the spread
was recorded. At room temperature, each sample was measured by triplicate for each
weight [38,72]. The increased spreading areas were plotted as a function of the increasing
weights applied. The extensibility was obtained with Equation (7):

Extensibility =
π × d2

4
(7)

d represents the mean diameter assessed across various orientations.
Different mathematical functions were evaluated using GraphPad Prism® software v.

5.0 (GraphPad Software Inc., San Diego, CA, USA), following with the major R2 value.

4.6.7. Rheological Behavior

Rheological rotational measurements were performed using a Haake Rheostress® 1
rheometer (Thermo Fisher Scientific, Karlsruhe, Germany) connected to a thermostatic
circulator Thermo® Haake Phoenix II and a computer PC provided with Haake Rheowin®

Job Manager v. 4.91 software. Haake Rheowin® Data Manager v. 4.91 software (Thermo
Electron Corporation, Karlsruhe, Germany) was used to perform the analyses of the ob-
tained data. Steady-state measurements were performed using a cone (Haake C60/2◦ Ti,
60 mm diameter, 2◦ angle)-and-plate geometry (0.105 mm gap). To obtain viscosity curves
(η = f(γ)) and flow curves (τ = f(

.
γ)) of nanocomposite gels, continuous rotational testing

were recorded in triplicate at 25 ± 0.2 ◦C 24 h after preparation in the shear rate range
of 0.1–100 s−1. The shear rate ramp program included a 180 s ramp-up period from 0 to
100 s−1 (ascendant curve), 60 s constant shear rate period at 100 s−1, and finally a 180 s
ramp-down period from 100 to 0 s−1 (descendent curve). Both curves collected 100 data
points. In order to describe the flow curves, five most commonly models were applied.
Mathematical models were used for fitting data from the flow curves; the models included
in the fitting were Bingham, Ostwald de Waele, Herschel-Bulkley, Casson, and Cross. The
one which best described the rheological profile was selected on the basis of the correlation
coefficient value (r) and chi-square value. The hysteresis loop area (SR), known as apparent
thixotropy (Pa/s), was determined to assess the microstructure disturbance during the test.
Apparent viscosity (η, Pa s) was obtained interpolated at the share rate section at 100 s−1.

4.7. In Vitro Drug Release Study from the Nanocomposite Gels

Franz-type diffusion cells, a diffusion area of 0.64 cm2 and a receptor chamber of
4.9 mL), together with a dialysis membrane (from Sigma-Aldrich, Madrid, Spain), and a
molecular weight of 14,000 Da, were used to study the FB drug release. The membrane
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was hydrated in methanol and water (1:1) for 24 h, rinsed, and then assembled into Franz
diffusion cells. PBS solution with a pH of 7.4 was used as the receptor medium and stirred
at 600 rpm to maintain the sink conditions. The experiment was carried out at 32 ◦C in a
thermostatic water bath. A total of 0.25 g of PEG and TRE nanocomposite gels was added
to the donor compartment. Throughout the experiment, 300 µL samples were extracted at
predetermined time intervals, and PBS solution was added to the cells after each sample
collection to keep the volume consistent. A validated HPLC-fluorescence method as
described in Section 4.9 was used to analyze the collected samples. FB release profiles
were described using various kinetic models that examined the cumulative amounts of FB
released from each formulation over time [73].

4.8. Ex vivo Permeation Profile of the Nanocomposite Gels

The experiments were conducted as described in Section 4.5 for the nanoparticles by
applying 500 mL of the nanocomposite gels to the skin. The sample collection and their
analysis were in accordance with the methodology described in Section 4.5. The calculation
of the permeation parameters also followed the same methodology.

4.9. Flurbiprofen Determination by HPLC

High-Performance Liquid Chromatography (HPLC) with a UV detector was used to
determine the amount of FB in each sample.

The mobile phase was comprised of water and acetonitrile (35:60, v:v); water was
previously acidified to a pH of 2.5 with orthophosphoric acid. The chromatographic column
was a reverse phase C18 column (4.6 × 75 mm, 3.5 µm) and the detection of FB was set at
the wavelength of 247 nm in the UV detector. The flux was 1 mL/min, and the injection
volume was 10 µL. The retention time of FB was at approximately 4 min. [14].

4.10. In Vivo Tolerance Study by Evaluating Biomechanical Properties of Human Skin

An in vivo tolerance study was carried out on 10 female volunteers aged between
20–40 years old with healthy skin. The experimental procedure, in accordance with The
Code of Ethics of the Declaration of Helsinki’s requirements for experiments involving
humans, was approved by the Local Ethics Committee of the University of Barcelona
(iRB00003099).

Baseline values were recorded before application of the blank nanocomposite gels (only
excipients, with unloaded nanoparticles) on the right and left forearm, and at determined
time intervals after formulation application. Trans-Epidermal Water Loss (TEWL, g/m2/h)
and Stratum Corneum Hydration (SCH, arbitrary units, AU) were registered by using a
Tewameter® TM and Corneometer® to evaluate the tolerability of the selected excipients
formulations on the skin. Results were reported as the mean ± SD (n = 10).

4.10.1. Stratum Corneum Hydration (SCH)

NPs-PEG and NPs-TRE gels were applied on the skin of human volunteers. The
measurements of the Stratum Corneum Hydration (SCH) over a period of 4 h were per-
formed with Corneometer® 825 (Courage and Khazaka, Electronic GmbH, Koln, Germany).
This was carried out using the capacitance technique, which utilizes water’s relatively
high dielectric constant in comparison to the dielectric constants of other skin-related
substances [74].

4.10.2. Trans-Epidermal Water Loss (TEWL)

Nanocomposite gels without FB, containing NPs-PEG and NPs-TRE, were applied to
the skin of human volunteers. TEWL values were measured by placing a Tewameter® TM
300 (Courage and Khazaka, Electronic GmbH, Koln, Germany) on the skin. The probe was
placed on the skin for 2 min at each time interval, to allow equilibration before readings.
The rate of water evaporation and diffusion from the epidermal layer to the surrounding
atmosphere was recorded over 3 h [75].
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4.11. Statistical Analysis

Results are reported as mean ± standard deviation. Statistical differences were deter-
mined conducting a one-way analysis of variance (ANOVA) in GraphPad Prism® software
v. 5.0 (GraphPad Software Inc., San Diego, CA, USA). The Tukey post-hoc test was used in
the permeation studies to determine significance differences between the mean of all groups
to the mean of each group. A p-value < 0.05 was considered as statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels10060362/s1, Figure S1: FITR spectra of the gels: (a) FB-NPs
gel (red), (b) PEG with Sepigel ® (red), (c) TRE with Sepigel ® (red), (d) FB-NPs-PEG gel (red) and
PEG with Sepigel ® (blue), (e) FB-NPs-TRE gel (red) and TRE with Sepigel ® (blue); Figure S2: In vitro
drug release profiles of FB for the nanoparticles FB-NPs-PEG and FB-NPs-TRE in comparison to
the nanocomposite gels FB-NPs-PEG and FB-NPs-TRE; Equation (S1): First-order kinetic model;
Equation (S2): Korsmeyer-Peppas model; Equation (S3): Higuchi model; Equation (S4): Weibull
model; Table S1: Estimated parameter values obtained by fitting of the data from the in vitro drug
release for the nanocomposite gels FB-NPs-PEG and FB-NPs-TRE; and Table S2: Estimated parameter
values obtained by fitting of the data from the in vitro drug release for the nanoparticles FB-NPs-PEG
and FB-NPs-TRE.

Author Contributions: Conceptualization, G.R.-Y., M.M. and A.C.C.; methodology, A.C.C. and M.M.;
validation A.C.C., M.M. and J.S.-C.; formal analysis S.E.B., G.R.-Y., L.G. and M.M.; investigation
S.E.B., L.G., C.Q. and J.S.-C.; resources A.C.C., M.M. and J.S.-C.; data curation S.E.B., L.G. and M.M.;
writing—original draft preparation S.E.B. and L.G.; writing—review and editing G.R.-Y., M.M., J.S.-C.,
A.C.C. and C.Q.; supervision G.R.-Y., J.S.-C. and A.C.C.; project administration J.S.-C. and A.C.C. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors wish to acknowledge the support of the Generalitat of Catalonia
(2021 SGR 01085).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the University
of Barcelona (IRB00003099, dated on 30 January 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to their being used as a part of a
doctoral thesis, and they will be available once the thesis has been published.

Acknowledgments: The authors would like to thank to AG Sanding from animal facility 758 (Univer-
sity of Barcelona) for his valuable help in animal studies. The authors also would like to acknowledge
Antoni Boix for his support during the in vivo studies. The authors would like to acknowledge the
Electronic Microscopy Unit of the Scientific and Technological Center of the University of Barcelona
for their technical support.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Oscanoa-Espinoza, T.; Lizaraso-Soto, F. Antiinflamatorios No Esteroides: Seguridad Gastrointestinal, Cardiovascular y Renal

Nonsteroidal Antiinflammatory Drugs: Gastrointestinal and Cardiovascular and Renal Safety. Rev. Gastroenterol. Perú 2015, 35,
63–71. [PubMed]

2. Modi, C.M.; Mody, S.K.; Patel, H.B.; Dudhatra, G.B.; Kumar, A.; Avale, M. Toxicopathological Overview of Analgesic and
Anti-Inflammatory Drugs in Animals. J. Appl. Pharm. Sci. 2012, 02, 149–157.

3. Clària, J. Los Nuevos Antiinflamatorios. Med. Integral. 2001, 38, 175–183.
4. Mathews, K.A. Non-Steroidal Anti-Inflammatory Analgesics: A Review of Current Practice. J. Vet. Emerg. Crit. Care 2002, 12,

89–97. [CrossRef]
5. Flood, J.; Stewart, A.J. Non-Steroidal Anti-Inflammatory Drugs and Associated Toxicities in Horses. Animals 2022, 12, 2939.

[CrossRef] [PubMed]
6. Lascelles, B.D.X.; Court, M.H.; Hardie, E.M.; Robertson, S.A. Nonsteroidal Anti-Inflammatory Drugs in Cats: A Review. Vet.

Anaesth. Analg. 2007, 34, 228–250. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/gels10060362/s1
https://www.mdpi.com/article/10.3390/gels10060362/s1
https://www.ncbi.nlm.nih.gov/pubmed/25875519
https://doi.org/10.1046/j.1435-6935.2002.00007.x
https://doi.org/10.3390/ani12212939
https://www.ncbi.nlm.nih.gov/pubmed/36359062
https://doi.org/10.1111/j.1467-2995.2006.00322.x
https://www.ncbi.nlm.nih.gov/pubmed/17451496


Gels 2024, 10, 362 21 of 23

7. Dorbandt, D.M.; Labelle, A.L.; Mitchell, M.A.; Hamor, R.E. The Effects of Topical Diclofenac, Topical Flurbiprofen, and Humidity
on Corneal Sensitivity in Normal Dogs. Vet. Ophthalmol. 2017, 20, 160–170. [CrossRef] [PubMed]

8. Fang, J.-Y.; Hwang, T.-L.; Leu, Y.-L. Effect of Enhancers and Retarders on Percutaneous Absorption of Flurbiprofen from
Hydrogels. Int. J. Pharm. 2003, 250, 313–325. [CrossRef] [PubMed]

9. Gonzalez-Mira, E.; Egea, M.A.; Garcia, M.L.; Souto, E.B. Design and Ocular Tolerance of Flurbiprofen Loaded Ultrasound-
Engineered NLC. Colloids Surf. B Biointerfaces 2010, 81, 412–421. [CrossRef]

10. Oktay, A.N.; Ilbasmis-Tamer, S.; Han, S.; Uludag, O.; Celebi, N. Preparation and in Vitro/in Vivo Evaluation of Flurbiprofen
Nanosuspension-Based Gel for Dermal Application. Eur. J. Pharm. Sci. 2020, 155, 105548. [CrossRef]

11. Aljubailah, A.; Alqahtani, S.M.S.; Al-Garni, T.S.; Saeed, W.S.; Semlali, A.; Aouak, T. Naproxen-Loaded Poly(2-Hydroxyalkyl
Methacrylates): Preparation and Drug Release Dynamics. Polymers 2022, 14, 450. [CrossRef] [PubMed]

12. Krishnaiah, Y.S.R. Pharmaceutical Technologies for Enhancing Oral Bioavailability of Poorly Soluble Drugs. J. Bioequivalence
Bioavailab. 2010, 2, 28–36. [CrossRef]

13. Zeb, A.; Arif, S.T.; Malik, M.; Shah, F.A.; Din, F.U.; Qureshi, O.S.; Lee, E.-S.; Lee, G.-Y.; Kim, J.-K. Potential of Nanoparticulate
Carriers for Improved Drug Delivery via Skin. J. Pharm. Investig. 2018, 49, 485–517. [CrossRef]

14. Ramos-Yacasi, G.R.; Calpena-Campmany, A.C.; Egea-Gras, M.A.; Espina-García, M.; García-López, M.L. Freeze Drying Optimiza-
tion of Polymeric Nanoparticles for Ocular Flurbiprofen Delivery: Effect of Protectant Agents and Critical Process Parameters on
Long-Term Stability. Drug Dev. Ind. Pharm. 2017, 43, 637–651. [CrossRef] [PubMed]

15. Silva, A.; Martins-Gomes, C.; Coutinho, T.; Fangueiro, J.; Sanchez-Lopez, E.; Pashirova, T.; Andreani, T.; Souto, E. Soft Cationic
Nanoparticles for Drug Delivery: Production and Cytotoxicity of Solid Lipid Nanoparticles (SLNs). Appl. Sci. 2019, 9, 4438.
[CrossRef]

16. Buwalda, S.J.; Boere, K.W.M.; Dijkstra, P.J.; Feijen, J.; Vermonden, T.; Hennink, W.E. Hydrogels in a Historical Perspective: From
Simple Networks to Smart Materials. J. Control. Release 2014, 190, 254–273. [CrossRef] [PubMed]

17. Ramos Yacasi, G.R.; García Lopéz, M.L.; Espina García, M.; Parra Coca, A.; Calpena Campmany, A.C. The Influence of Freeze
Drying and &upsih;-Irradiation in Pre-Clinical Studies of Flurbiprofen Polymeric Nanoparticles for Ocular Delivery Using
D-(+)-Trehalose and Polyethylene Glycol. Int. J. Nanomed. 2016, 11, 4093–4106. [CrossRef] [PubMed]

18. Chandel, A.K.S.; Nutan, B.; Raval, I.H.; Jewrajka, S.K. Self-Assembly of Partially Alkylated Dextran-Graft-Poly[(2-
Dimethylamino)Ethyl Methacrylate] Copolymer Facilitating Hydrophobic/Hydrophilic Drug Delivery and Improving
Conetwork Hydrogel Properties. Biomacromolecules 2018, 19, 1142–1153. [CrossRef] [PubMed]

19. Barreira, J.C.M.; Rodrigues, S.; Carvalho, A.M.; Ferreira, I.C.F.R. Development of Hydrosoluble Gels with Crataegus Monogyna
Extracts for Topical Application: Evaluation of Antioxidant Activity of the Final Formulations. Ind. Crops Prod. 2013, 42, 175–180.
[CrossRef]

20. Barrett-Catton, E.; Ross, M.L.; Asuri, P. Multifunctional Hydrogel Nanocomposites for Biomedical Applications. Polymers 2021,
13, 856. [CrossRef]

21. Topuz, F.; Bartneck, M.; Pan, Y.; Tacke, F. One-Step Fabrication of Biocompatible Multifaceted Nanocomposite Gels and Nanolayers.
Biomacromolecules 2017, 18, 386–397. [CrossRef] [PubMed]

22. Gandla, K.; Kumar, K.P.; Rajasulochana, P.; Charde, M.S.; Rana, R.; Singh, L.P.; Haque, M.A.; Bakshi, V.; Siddiqui, F.A.; Khan, S.L.;
et al. Fluorescent-Nanoparticle-Impregnated Nanocomposite Polymeric Gels for Biosensing and Drug Delivery Applications.
Gels 2023, 9, 669. [CrossRef] [PubMed]

23. Hajareh Haghighi, F.; Binaymotlagh, R.; Fratoddi, I.; Chronopoulou, L.; Palocci, C. Peptide-Hydrogel Nanocomposites for
Anti-Cancer Drug Delivery. Gels 2023, 9, 953. [CrossRef] [PubMed]

24. Hasnain, M.S.; Nayak, A.K. 7—Nanocomposites for Improved Orthopedic and Bone Tissue Engineering Applications. In
Applications of Nanocomposite Materials in Orthopedics; Inamuddin, A.M., Mohammad-Asiri, A., Eds.; Woodhead Publishing Series
in Biomaterials; Woodhead Publishing: Sawston, UK, 2019; pp. 145–177. ISBN 978-0-12-813740-6.

25. Karchoubi, F.; Afshar Ghotli, R.; Pahlevani, H.; Baghban Salehi, M. New Insights into Nanocomposite Hydrogels; a Review on
Recent Advances in Characteristics and Applications. Adv. Ind. Eng. Polym. Res. 2024, 7, 54–78. [CrossRef]

26. Ding, W.; Ge, Y.; Zhang, T.; Zhang, C.; Yin, X. Advanced Construction Strategies to Obtain Nanocomposite Hydrogels for Bone
Repair and Regeneration. NPG Asia Mater. 2024, 16, 14. [CrossRef]

27. Mostafa, M.; El-Meligy, M.A.; Sharaf, M.; Soliman, A.T.; AbuKhadra, M.R. Insight into Chitosan/Zeolite-A Nanocomposite as an
Advanced Carrier for Levofloxacin and Its Anti-Inflammatory Properties; Loading, Release, and Anti-Inflammatory Studies. Int.
J. Biol. Macromol. 2021, 179, 206–216. [CrossRef] [PubMed]

28. Li, N.; Xie, L.; Wu, Y.; Wu, Y.; Liu, Y.; Gao, Y.; Yang, J.; Zhang, X.; Jiang, L. Dexamethasone-Loaded Zeolitic Imidazolate
Frameworks Nanocomposite Hydrogel with Antibacterial and Anti-Inflammatory Effects for Periodontitis Treatment. Mater.
Today Bio 2022, 16, 100360. [CrossRef]

29. Moghaddam, A.A.; Ahad, A.; Aqil, M.; Ahmad, F.J.; Sultana, Y.; Ali, A. Ibuprofen Loaded Nano-Ethanolic Liposomes Carbopol
Gel System: In Vitro Characterization and Anti-Inflammatory Efficacy Assessment in Wistar Rats. J. Polym. Eng. 2018, 38, 291–298.
[CrossRef]

30. Pramanik, A.; Sahoo, R.N.; Nanda, A.; Mohapatra, R.; Singh, R.; Mallick, S. Ocular Permeation and Sustained Anti-Inflammatory
Activity of Dexamethasone from Kaolin Nanodispersion Hydrogel System. Curr. Eye Res. 2018, 43, 828–838. [CrossRef]

https://doi.org/10.1111/vop.12386
https://www.ncbi.nlm.nih.gov/pubmed/27118239
https://doi.org/10.1016/s0378-5173(02)00540-9
https://www.ncbi.nlm.nih.gov/pubmed/12527159
https://doi.org/10.1016/j.colsurfb.2010.07.029
https://doi.org/10.1016/j.ejps.2020.105548
https://doi.org/10.3390/polym14030450
https://www.ncbi.nlm.nih.gov/pubmed/35160440
https://doi.org/10.4172/jbb.1000027
https://doi.org/10.1007/s40005-018-00418-8
https://doi.org/10.1080/03639045.2016.1275669
https://www.ncbi.nlm.nih.gov/pubmed/28044462
https://doi.org/10.3390/app9204438
https://doi.org/10.1016/j.jconrel.2014.03.052
https://www.ncbi.nlm.nih.gov/pubmed/24746623
https://doi.org/10.2147/IJN.S105606
https://www.ncbi.nlm.nih.gov/pubmed/27601897
https://doi.org/10.1021/acs.biomac.8b00015
https://www.ncbi.nlm.nih.gov/pubmed/29486116
https://doi.org/10.1016/j.indcrop.2012.05.034
https://doi.org/10.3390/polym13060856
https://doi.org/10.1021/acs.biomac.6b01483
https://www.ncbi.nlm.nih.gov/pubmed/27977144
https://doi.org/10.3390/gels9080669
https://www.ncbi.nlm.nih.gov/pubmed/37623124
https://doi.org/10.3390/gels9120953
https://www.ncbi.nlm.nih.gov/pubmed/38131939
https://doi.org/10.1016/j.aiepr.2023.06.002
https://doi.org/10.1038/s41427-024-00533-z
https://doi.org/10.1016/j.ijbiomac.2021.02.201
https://www.ncbi.nlm.nih.gov/pubmed/33675827
https://doi.org/10.1016/j.mtbio.2022.100360
https://doi.org/10.1515/polyeng-2016-0462
https://doi.org/10.1080/02713683.2018.1446534


Gels 2024, 10, 362 22 of 23

31. Zamora, C.M.P.; Michaluk, A.G.; Torres, C.A.; Mouriño, V.; Chiappetta, D.A.; Nuñez, M.B. Influence of Herbal Extracts in
Physicochemical Properties and Stability of Antibacterial Gels. J. Adv. Pharm. Educ. Res. 2023, 13, 16–24. [CrossRef]

32. Berenguer, D.; Sosa, L.; Alcover, M.; Sessa, M.; Halbaut, L.; Guillén, C.; Fisa, R.; Calpena-Campmany, A.C.; Riera, C. Development
and Characterization of a Semi-Solid Dosage Form of Meglumine Antimoniate for Topical Treatment of Cutaneous Leishmaniasis.
Pharmaceutics 2019, 11, 613. [CrossRef] [PubMed]

33. Dash, T.K.; Konkimalla, V.B. Poly-

Gels 2024, 10, x FOR PEER REVIEW  23  of  24 

32. Berenguer,  D.;  Sosa,  L.;  Alcover,  M.;  Sessa,  M.;  Halbaut,  L.;  Guillén,  C.;  Fisa,  R.;  Calpena-Campmany,  A.C.;  Riera,  C. 
Development  and  Characterization  of  a  Semi-Solid  Dosage  Form  of  Meglumine  Antimoniate  for  Topical  Treatment  
of Cutaneous Leishmaniasis. Pharmaceutics 2019, 11, 613. https://doi.org/10.3390/pharmaceutics11110613.

33. є

34. Shreiber-Livne,  I.;  Sulimani,  L.;  Shapira,  A.;  Procaccia,  S.;  Meiri,  D.;  Sosnik,  A.  Poly(Ethylene  Glycol)-b-Poly(Epsilon-
Caprolactone) Nanoparticles as a Platform for the Improved Oral Delivery of Cannabidiol. Drug Deliv. Transl. Res. 2023, 13, 

3192–3203. https://doi.org/10.1007/s13346-023-01380-1.

35. Parra,  A.;  Clares,  B.;  Rosselló,  A.;  Garduño-Ramírez,  M.L.;  Abrego,  G.;  García,  M.L.;  Calpena,  A.C.  Ex  Vivo  Permeation  of 
Carprofen  from  Nanoparticles:  A  Comprehensive  Study  through  Human,  Porcine  and  Bovine  Skin  as  Anti-Inflammatory 

Agent. Int. J. Pharm. 2016, 501, 10–17. https://doi.org/10.1016/j.ijpharm.2016.01.056.

36. Netzlaff, F.; Schaefer, U.F.; Lehr, C.-M.; Meiers, P.; Stahl, J.; Kietzmann, M.; Niedorf, F. Comparison of Bovine Udder Skin with 

Human and Porcine Skin in Percutaneous Permeation Experiments. Altern. Lab. Anim. 2006, 34, 499–513.

37. GODIN, B.; TOUITOU, E. Transdermal Skin Delivery: Predictions for Humans from in Vivo, Ex Vivo and Animal Models☆. 
Adv. Drug Deliv. Rev. 2007, 59, 1152–1161. https://doi.org/10.1016/j.addr.2007.07.004.

38. Cecone,  C.;  Hoti,  G.;  Caldera,  F.;  Ginepro,  M.;  Matencio,  A.;  Trotta,  F.  Evaluation  of  the  Swelling  Properties  and  Sorption 

Capacity of Maltodextrin-Based Cross-Linked Polymers. Gels 2024, 10, 232. https://doi.org/10.3390/gels10040232.

39. Hamann, J.; Hansen, S.; Lacy-Hulbert, J.; Wollford, M.W. Measurement of Bovine Teat Skin PH. Milchwissenschaft 2002, 57, 

490–493.

40. Stoilova,  S.;  Georgieva,  D.;  Mihaylova,  R.;  Petrov,  P.D.;  Kostova,  B.  Nanogels  Based  on  N,N-Dimethylacrylamide  and  
β-Cyclodextrin  Triacrylate  for  Enhanced  Solubility  and  Therapeutic  Efficacy  of  Aripiprazole.  Gels  2024,  10,  217. https://
doi.org/10.3390/gels10040217.

41. Zhang, J.; Froelich, A.; Michniak-Kohn, B. Topical Delivery of Meloxicam Using Liposome and Microemulsion Formulation 

Approaches. Pharmaceutics 2020, 12, 282. https://doi.org/10.3390/pharmaceutics12030282.

42. Xu, W.; Zheng, Y.; Pan, P. Crystallization-Driven Self-Assembly of Semicrystalline Block Copolymers and End-Functionalized 

Polymers: A Minireview. J. Polym. Sci. 2022, 60, 2136–2152.

43. Rahmani,  S.;  Maroufkhani,  M.;  Mohammadzadeh-Komuleh,  S.;  Khoubi-Arani,  Z.  Chapter  7—Polymer  Nanocomposites  for 
Biomedical Applications.  In Fundamentals of Bionanomaterials; Barhoum, A.,  Jeevanandam,  J., Danquah, M.K., Eds.; Elsevier, 

2022; pp. 175–215 ISBN 978-0-12-824147-9.

44. Burdick,  J.A.;  Anseth,  K.S.  Photoencapsulation  of  Osteoblasts  in  Injectable  RGD-Modified  PEG  Hydrogels  for  Bone  Tissue 

Engineering. Biomaterials 2002, 23, 4315–4323. https://doi.org/10.1016/S0142-9612(02)00176-X.

45. Wu,  J.;  Wei,  W.;  Wang,  L.-Y.;  Su,  Z.-G.;  Ma,  G.-H.  A  Thermosensitive  Hydrogel  Based  on  Quaternized  Chitosan  and 

Poly(Ethylene   Glycol)   for   Nasal   Drug   Delivery   System.   Biomaterials  
2007,   28,   2220–2232. https://doi.org/10.1016/j.biomaterials.2006.12.024.

46. Golitsyn, Y.; Pulst, M.; Samiullah, M.H.; Busse, K.; Kressler, J.; Reichert, D. Crystallization in PEG Networks: The Importance 

of Network Topology and Chain Tilt in Crystals. Polymer 2019, 165, 72–82. https://doi.org/10.1016/j.polymer.2019.01.018.

47. Bilal, M.H.; Mahmood, N.; Samiullah, M.H.; Busse, K.; Kressler,  J. Physico-Mechanical Properties of Poly(Ethylene Glycol)-

Based Polymer Networks. J. Appl. Polym. Sci. 2023, 140, e54726. https://doi.org/10.1002/app.54726.

48. Van  Duong,  T.;  Goderis,  B.;  Van  Humbeeck,  J.;  Van  Den  Mooter,  G.  Microstructure  of  Pharmaceutical  Semicrystalline 

Dispersions:   The   Significance   of   Polymer   Conformation.   Mol.   Pharm.  
2018,   15,   629–641. https://doi.org/10.1021/acs.molpharmaceut.7b01007.

49. Suflet, D.M.; Constantin, M.; Pelin, I.M.; Popescu, I.; Rimbu, C.M.; Horhogea, C.E.; Fundueanu, G. Chitosan–Oxidized Pullulan 

Hydrogels Loaded with Essential Clove Oil: Synthesis, Characterization, Antioxidant and Antimicrobial Properties. Gels 2024, 

10, 227. https://doi.org/10.3390/gels10040227.

50. Ahmadi, N.; Rincón, M.; Silva-Abreu, M.; Sosa, L.; Pesantez-Narvaez, J.; Calpena, A.C.; Rodríguez-Lagunas, M.J.; Mallandrich,
M. Semi-Solid Dosage Forms Containing Pranoprofen-Loaded NLC as Topical Therapy for Local Inflammation: In Vitro, Ex 

Vivo and In Vivo Evaluation. Gels 2023, 9, 448. https://doi.org/10.3390/gels9060448.

51. Dantas,  M.G.B.;  Reis,  S.A.G.B.;  Damasceno,  C.M.D.;  Rolim,  L.A.;  Rolim-Neto,  P.J.;  Carvalho,  F.O.;  Quintans-Junior,  L.J.; 
Almeida, J.R.G. da S. Development and Evaluation of Stability of a Gel Formulation Containing the Monoterpene Borneol. Sci. 
World J. 2016, 2016, 7394685. https://doi.org/10.1155/2016/7394685.

52. Sandri, G.; Ruggeri, M.; Rossi, S.; Bonferoni, M.C.; Vigani, B.; Ferrari, F. (Trans)Buccal Drug Delivery. In Nanotechnology for 

Oral Drug Delivery; Elsevier: Amsterdam, The Netherlands, 2020; pp. 225–250.

53. Moussaoui,  S.E.;  Fernández-Campos,  F.;  Alonso,  C.;  Limón,  D.;  Mallandrich,  M.  Topical  Mucoadhesive  Alginate-Based 

Hydrogel  Loading  Ketorolac  for  Pain  Management  after  Pharmacotherapy,  Ablation,  or  Surgical  Removal  in  Condyloma 

Acuminata. Gels 2021, 7, 8.

54. De  Grau-Bassal,  G.;  Mallandrich,  M.;  Sosa,  L.;  Espinoza,  L.;  Calpena,  A.C.;  Bozal-de  Febrer,  N.;  Rodríguez-Lagunas,  M.J.; 

Garduño-Ramírez, M.L.; Rincón, M. A Novel Approach for Dermal Application of Pranoprofen-Loaded Lipid Nanoparticles 

for   the   Treatment   of   Post-Tattoo   Inflammatory   Reactions.   Pharmaceutics  
2024,   16,   643. https://doi.org/10.3390/pharmaceutics16050643.

-Caprolactone Based Formulations for Drug Delivery and Tissue Engineering: A Review. J.
Control. Release 2012, 158, 15–33. [CrossRef] [PubMed]

34. Shreiber-Livne, I.; Sulimani, L.; Shapira, A.; Procaccia, S.; Meiri, D.; Sosnik, A. Poly(Ethylene Glycol)-b-Poly(Epsilon-Caprolactone)
Nanoparticles as a Platform for the Improved Oral Delivery of Cannabidiol. Drug Deliv. Transl. Res. 2023, 13, 3192–3203. [CrossRef]
[PubMed]

35. Parra, A.; Clares, B.; Rosselló, A.; Garduño-Ramírez, M.L.; Abrego, G.; García, M.L.; Calpena, A.C. Ex Vivo Permeation of
Carprofen from Nanoparticles: A Comprehensive Study through Human, Porcine and Bovine Skin as Anti-Inflammatory Agent.
Int. J. Pharm. 2016, 501, 10–17. [CrossRef] [PubMed]

36. Netzlaff, F.; Schaefer, U.F.; Lehr, C.-M.; Meiers, P.; Stahl, J.; Kietzmann, M.; Niedorf, F. Comparison of Bovine Udder Skin with
Human and Porcine Skin in Percutaneous Permeation Experiments. Altern. Lab. Anim. 2006, 34, 499–513. [PubMed]

37. Godin, B.; Touitou, E. Transdermal Skin Delivery: Predictions for Humans from in Vivo, Ex Vivo and Animal Models. Adv. Drug
Deliv. Rev. 2007, 59, 1152–1161. [CrossRef] [PubMed]

38. Cecone, C.; Hoti, G.; Caldera, F.; Ginepro, M.; Matencio, A.; Trotta, F. Evaluation of the Swelling Properties and Sorption Capacity
of Maltodextrin-Based Cross-Linked Polymers. Gels 2024, 10, 232. [CrossRef] [PubMed]

39. Hamann, J.; Hansen, S.; Lacy-Hulbert, J.; Wollford, M.W. Measurement of Bovine Teat Skin PH. Milchwissenschaft 2002, 57,
490–493.

40. Stoilova, S.; Georgieva, D.; Mihaylova, R.; Petrov, P.D.; Kostova, B. Nanogels Based on N,N-Dimethylacrylamide and β-
Cyclodextrin Triacrylate for Enhanced Solubility and Therapeutic Efficacy of Aripiprazole. Gels 2024, 10, 217. [CrossRef]

41. Zhang, J.; Froelich, A.; Michniak-Kohn, B. Topical Delivery of Meloxicam Using Liposome and Microemulsion Formulation
Approaches. Pharmaceutics 2020, 12, 282. [CrossRef]

42. Xu, W.; Zheng, Y.; Pan, P. Crystallization-Driven Self-Assembly of Semicrystalline Block Copolymers and End-Functionalized
Polymers: A Minireview. J. Polym. Sci. 2022, 60, 2136–2152. [CrossRef]

43. Rahmani, S.; Maroufkhani, M.; Mohammadzadeh-Komuleh, S.; Khoubi-Arani, Z. Chapter 7—Polymer Nanocomposites for
Biomedical Applications. In Fundamentals of Bionanomaterials; Barhoum, A., Jeevanandam, J., Danquah, M.K., Eds.; Elsevier:
Amsterdam, The Netherlands, 2022; pp. 175–215. ISBN 978-0-12-824147-9.

44. Burdick, J.A.; Anseth, K.S. Photoencapsulation of Osteoblasts in Injectable RGD-Modified PEG Hydrogels for Bone Tissue
Engineering. Biomaterials 2002, 23, 4315–4323. [CrossRef]

45. Wu, J.; Wei, W.; Wang, L.-Y.; Su, Z.-G.; Ma, G.-H. A Thermosensitive Hydrogel Based on Quaternized Chitosan and Poly(Ethylene
Glycol) for Nasal Drug Delivery System. Biomaterials 2007, 28, 2220–2232. [CrossRef]

46. Golitsyn, Y.; Pulst, M.; Samiullah, M.H.; Busse, K.; Kressler, J.; Reichert, D. Crystallization in PEG Networks: The Importance of
Network Topology and Chain Tilt in Crystals. Polymer 2019, 165, 72–82. [CrossRef]

47. Bilal, M.H.; Mahmood, N.; Samiullah, M.H.; Busse, K.; Kressler, J. Physico-Mechanical Properties of Poly(Ethylene Glycol)-Based
Polymer Networks. J. Appl. Polym. Sci. 2023, 140, e54726. [CrossRef]

48. Van Duong, T.; Goderis, B.; Van Humbeeck, J.; Van Den Mooter, G. Microstructure of Pharmaceutical Semicrystalline Dispersions:
The Significance of Polymer Conformation. Mol. Pharm. 2018, 15, 629–641. [CrossRef]

49. Suflet, D.M.; Constantin, M.; Pelin, I.M.; Popescu, I.; Rimbu, C.M.; Horhogea, C.E.; Fundueanu, G. Chitosan–Oxidized Pullulan
Hydrogels Loaded with Essential Clove Oil: Synthesis, Characterization, Antioxidant and Antimicrobial Properties. Gels 2024, 10,
227. [CrossRef]

50. Ahmadi, N.; Rincón, M.; Silva-Abreu, M.; Sosa, L.; Pesantez-Narvaez, J.; Calpena, A.C.; Rodríguez-Lagunas, M.J.; Mallandrich, M.
Semi-Solid Dosage Forms Containing Pranoprofen-Loaded NLC as Topical Therapy for Local Inflammation: In Vitro, Ex Vivo
and In Vivo Evaluation. Gels 2023, 9, 448. [CrossRef]

51. Dantas, M.G.B.; Reis, S.A.G.B.; Damasceno, C.M.D.; Rolim, L.A.; Rolim-Neto, P.J.; Carvalho, F.O.; Quintans-Junior, L.J.; Almeida,
J.R.G. da S. Development and Evaluation of Stability of a Gel Formulation Containing the Monoterpene Borneol. Sci. World J.
2016, 2016, 7394685. [CrossRef]

52. Sandri, G.; Ruggeri, M.; Rossi, S.; Bonferoni, M.C.; Vigani, B.; Ferrari, F. (Trans)Buccal Drug Delivery. In Nanotechnology for Oral
Drug Delivery; Elsevier: Amsterdam, The Netherlands, 2020; pp. 225–250.

53. Moussaoui, S.E.; Fernández-Campos, F.; Alonso, C.; Limón, D.; Mallandrich, M. Topical Mucoadhesive Alginate-Based Hydrogel
Loading Ketorolac for Pain Management after Pharmacotherapy, Ablation, or Surgical Removal in Condyloma Acuminata. Gels
2021, 7, 8. [CrossRef]

54. De Grau-Bassal, G.; Mallandrich, M.; Sosa, L.; Espinoza, L.; Calpena, A.C.; Bozal-de Febrer, N.; Rodríguez-Lagunas, M.J.;
Garduño-Ramírez, M.L.; Rincón, M. A Novel Approach for Dermal Application of Pranoprofen-Loaded Lipid Nanoparticles for
the Treatment of Post-Tattoo Inflammatory Reactions. Pharmaceutics 2024, 16, 643. [CrossRef]

https://doi.org/10.51847/hUu6HHPZZa
https://doi.org/10.3390/pharmaceutics11110613
https://www.ncbi.nlm.nih.gov/pubmed/31731660
https://doi.org/10.1016/j.jconrel.2011.09.064
https://www.ncbi.nlm.nih.gov/pubmed/21963774
https://doi.org/10.1007/s13346-023-01380-1
https://www.ncbi.nlm.nih.gov/pubmed/37341881
https://doi.org/10.1016/j.ijpharm.2016.01.056
https://www.ncbi.nlm.nih.gov/pubmed/26826569
https://www.ncbi.nlm.nih.gov/pubmed/17121474
https://doi.org/10.1016/j.addr.2007.07.004
https://www.ncbi.nlm.nih.gov/pubmed/17889400
https://doi.org/10.3390/gels10040232
https://www.ncbi.nlm.nih.gov/pubmed/38667651
https://doi.org/10.3390/gels10040217
https://doi.org/10.3390/pharmaceutics12030282
https://doi.org/10.1002/pol.20210789
https://doi.org/10.1016/S0142-9612(02)00176-X
https://doi.org/10.1016/j.biomaterials.2006.12.024
https://doi.org/10.1016/j.polymer.2019.01.018
https://doi.org/10.1002/app.54726
https://doi.org/10.1021/acs.molpharmaceut.7b01007
https://doi.org/10.3390/gels10040227
https://doi.org/10.3390/gels9060448
https://doi.org/10.1155/2016/7394685
https://doi.org/10.3390/gels7010008
https://doi.org/10.3390/pharmaceutics16050643


Gels 2024, 10, 362 23 of 23

55. Abrantes, D.C.; Rogerio, C.B.; Campos, E.V.R.; Germano-Costa, T.; Vigato, A.A.; Machado, I.P.; Sepulveda, A.F.; Lima, R.;
de Araujo, D.R.; Fraceto, L.F. Repellent Active Ingredients Encapsulated in Polymeric Nanoparticles: Potential Alternative
Formulations to Control Arboviruses. J. Nanobiotechnol. 2022, 20, 520. [CrossRef]

56. Bini, R.A.; Silva, M.F.; Varanda, L.C.; da Silva, M.A.; Dreiss, C.A. Soft Nanocomposites of Gelatin and Poly(3-Hydroxybutyrate)
Nanoparticles for Dual Drug Release. Colloids Surf. B Biointerfaces 2017, 157, 191–198. [CrossRef] [PubMed]

57. Momekova, D.; Ivanov, E.; Konstantinov, S.; Ublekov, F.; Petrov, P.D. Nanocomposite Cryogel Carriers from 2-Hydroxyethyl
Cellulose Network and Cannabidiol-Loaded Polymeric Micelles for Sustained Topical Delivery. Polymers 2020, 12, 1172. [CrossRef]
[PubMed]

58. Ternullo, S.; Werning, L.V.S.; Holsæter, A.M.; Škalko-Basnet, N. Curcumin-in-Deformable Liposomes-in-Chitosan-Hydrogel as a
Novel Wound Dressing. Pharmaceutics 2020, 12, 8. [CrossRef]

59. Shehata, T.M.; Nair, A.B.; Al-Dhubiab, B.E.; Shah, J.; Jacob, S.; Alhaider, I.A.; Attimarad, M.; Elsewedy, H.S.; Ibrahim, M.M.
Vesicular Emulgel Based System for Transdermal Delivery of Insulin: Factorial Design and in Vivo Evaluation. Appl. Sci. 2020, 10,
5341. [CrossRef]

60. Khan, M.U.; ur Rehman, A.; Khan, M.F.A.; Ahmed, N.; Rashid, S.A.; Munawar, K.S. Novel Hybrid Nanostructure Hydrogel for
Treating Fungal Infections: Design and Evaluation. Bionanoscience 2024. [CrossRef]
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