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Abstract: Dexamethasone has a high anti-inflammatory efficacy in treating skin inflammation. How-
ever, its use is related to the rebound effect, rosacea, purple, and increased blood glucose levels.
Nanotechnology approaches have emerged as strategies for drug delivery due to their advantages
in improving therapeutic effects. To reduce dexamethasone-related adverse effects and improve
the anti-inflammatory efficacy of treatments, we developed nanocarriers containing this corticos-
teroid and oleic acid. Nanocapsules and nanoemulsion presented dexamethasone content close to
the theoretical value and controlled dexamethasone release in an in vitro assay. Gellan gum-based
hydrogels were successfully prepared to employ the nanostructured systems. A permeation study
employing porcine skin showed that hydrogels containing non-nanoencapsulated dexamethasone
(0.025%) plus oleic acid (3%) or oleic acid (3%) plus dexamethasone (0.025%)-loaded nanocapsules
provided a higher amount of dexamethasone in the epidermis compared to non-nanoencapsulated
dexamethasone (0.5%). Hydrogels containing oleic acid plus dexamethasone-loaded nanocapsules
effectively inhibited mice ear edema (with inhibitions of 89.26 £ 3.77% and 85.11 % 2.88%, respec-
tively) and inflammatory cell infiltration (with inhibitions of 49.58 + 4.29% and 27.60 & 11.70%,
respectively). Importantly, the dexamethasone dose employed in hydrogels containing the nanocap-
sules that effectively inhibited ear edema and cell infiltration was 20-fold lower (0.025%) than that
of non-nanoencapsulated dexamethasone (0.5%). Additionally, no adverse effects were observed in
preliminary toxicity tests. Our study suggests that nanostructured hydrogel containing a reduced
effective dose of dexamethasone could be a promising therapeutic alternative to treat inflammatory
disorders with reduced or absent adverse effects. Additionally, testing our formulation in a clinical
study on patients with skin inflammatory diseases would be very important to validate our study.

Keywords: skin inflammation; nanocarriers; edema; anti-inflammatory effects

1. Introduction

Glucocorticoids started to be used for therapeutic purposes in the mid-20th cen-
tury; nowadays, they are still widely used worldwide as immunosuppressive and anti-
inflammatory agents for their efficacy in treating cutaneous inflammatory disorders [1,2].
However, despite being widely used, glucocorticoids such as dexamethasone (DEX) present
several adverse local and systemic effects, including skin atrophy, purpura, ulceration,
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glaucoma, and increased blood glucose levels with the development of type 2 diabetes
mellitus, among others [2,3].

To reduce or avoid drug-related adverse effects, pharmaceutical strategies can be
employed, for example, the preparation of nanostructured systems such as nanocapsules
and nanoemulsions, employing nanoencapsulation techniques [4]. Nanoencapsulation
as a strategy for improving therapy with glucocorticoids has been studied in the last
years [5-8]. Nanocapsules are reservoir systems organized as an oily core surrounded by a
polymeric wall, while nanoemulsions are emulsions with droplets in the nanometric range,
stabilized by surfactants [9,10]. In addition to reducing adverse effects, nanostructured
systems can protect the loaded drug from degradation and prolong the drug release and
duration of the pharmacological effects [11,12]. Concerning the benefits of nanocarriers in
inflammatory diseases when compared to conventional non-nano drug delivery systems,
we also highlight the ability of nanocarriers to allow anti-inflammatory drugs to reach
target structures [13].

In fact, previous studies have shown that nanoencapsulation enhances and prolongs
the anti-inflammatory effects of different molecules [14,15]. Clinical and preclinical trials
have been conducted to reveal the positive impact of these drug carriers. Examples of
these trials refer to their anti-inflammatory effects on COVID-19 [16], skin inflammatory
disorders [17], osteoarthritis [18], periodontitis [19], and general inflammation-related
diseases [20].

Besides the results mentioned above, other alternative biologically active compounds,
such as coenzyme Q10 and vitamin E acetate [21], plant derivatives [22,23], and emergent
immunotherapies [24,25], effectively reduce skin inflammatory processes. We also pre-
viously showed the efficacy of oleic acid (OA), a natural compound present in several
vegetable oils [26-29], in inhibiting skin inflammatory processes induced by UVB radiation
and by irritant agent croton oil in mice [30,31].

In this study, we hypothesize that a subtherapeutic dose of DEX in association with
OA, whose anti-inflammatory efficacy has already been proved, both in nanocarriers, could
promote a satisfactory effect in inhibiting skin inflammation, without the occurrence of
critical adverse effects related to DEX (MW: 434.5 g mol~!, log P: 1.83, insoluble in water
at 25 °C). In this sense, this study aimed to develop nanostructure-based hydrogel forms
containing the association of oleic acid and DEX into nanocapsules and evaluate their
anti-inflammatory effects, employing a UVB-radiation-induced sunburn model in mice.

2. Materials and Methods
2.1. Materials

Gellan gum low acyl was kindly donated by CP Kelco (Atlanta, GA, USA). Ethylcellu-
lose 10 (Ethocel™ Standard 10 Premium) was donated by Colorcon® (Cotia, Brazil). Oleic
acid (OA) (about 78% purity) was purchased from LabSynth (Diadema, Brazil). Sorbitan
monooleate 80 (Span® 80), polysorbate 80 (Tween® 80), hexadecyltrimethylammonium
bromide (HTAB), and tetramethylbenzidine (TMB) were obtained from Sigma-Aldrich
(Sao Paulo, Brazil). Dexamethasone acetate was purchased from Nova Derme pharmacy
(Santa Maria, Brazil). Ketamine (Dopalen®) and xylazine (Anasedan®) were obtained from
Ceva (Paulinia, Brazil). Sodium citrate, sodium acetate, and acetone were purchased from
Vetec (Rio de Janeiro, Brazil). Laboratory kits for biochemical tests were purchased from
Labtest Diagnostica (Lagoa Santa, Brazil), Katal Biotecnologia (Belo Horizonte, Brazil),
and Wiener Lab (Sao Paulo, Brazil). Methanol high-performance liquid chromatography
(HPLC) grade was obtained from Merck (Barueri, Brazil). Acetone analytical grade was
purchased from Dindmica Quimica Contemporanea (Indaiatuba, Brazil). All other reagents
and solvents were of analytical grade and used as received.
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2.2. Methods
2.2.1. Preparation of Nanostructured Dispersions

Nanocapsule and nanoemulsion dispersions were prepared through the interfacial
deposition of the preformed polymer [32] and spontaneous emulsification methods, re-
spectively. For the nanocapsules’ preparation, an organic phase containing ethylcellulose
10 (1%), sorbitan monooleate 80 (0.77%), OA (3%), and acetone (27 mL) was prepared and
maintained under moderate magnetic stirring at 40 °C for 60 min. After the solubilization
of the components, DEX (0.0025 g; 0.025%) was added to the mixture, which was kept
under the same conditions for 10 min. Finally, this organic phase was added to 53 mL
of an aqueous dispersion of polysorbate 80 (0.77%), and the resultant mixture was kept
under moderate magnetic stirring at room temperature for 10 min. The organic solvent
and part of the water were removed via evaporation under reduced pressure to obtain a
final volume of 10 mL and a DEX concentration of 0.25 mg/mL. For the preparation of the
nanoemulsions, the polymeric component ethylcellulose 10 was omitted. For comparative
purposes, formulations without DEX were also prepared. The nanodispersions were named
as follows: oleic-acid-loaded nanocapsules (NC-B); oleic-acid-loaded nanoemulsion (NE-B);
DEX- and oleic-acid-loaded nanocapsules (NC-DEX-OA); and DEX- and oleic-acid-loaded
nanoemulsion (NE-DEX-OA).

2.2.2. Physicochemical Characterization of Nanostructured Dispersions
pH

To measure the pH values of the nanostructures, the electrode of a calibrated poten-
tiometer (Model pH 21, Hanna Instruments, Barueri, Brazil) was immersed directly in the
liquid formulations. The evaluations were performed at room temperature (25 + 2 °C) and
in triplicate (n = 3).

Assessment of Particle/Droplet Size, Polydispersity Index, and Zeta Potential of
Nanostructured Dispersions

To evaluate the particle/droplet sizes, polydispersity index (PdI) (n = 3), and zeta
potentials (n = 3) of the nanostructured dispersions, the samples were diluted in ultrapure
water (1:500) or NaCl (10 mM; 1:500), respectively. The particle/droplet sizes and PdI were
assessed using the photon correlation spectroscopy method, while the zeta potentials were
determined with microelectrophoresis using ZetaSizer Nano Series (Malvern Instruments,
Malvern, UK).

Dexamethasone Acetate Content and Encapsulation Efficiency

The DEX content in the nanocapsules and nanoemulsion dispersions (n = 3) was evalu-
ated by diluting an aliquot of the sample in methanol HPLC grade (10 mL), sonicating over
15 min to extract the drug, and filtrating through a 0.45 um pore size membrane. Afterwards,
the samples were injected into the chromatographic system. The chromatographic method
was based on [33]. It consisted of a mobile phase containing a methanol and water mixture
(70:30, v/v) at an isocratic flow rate of 1.0 mL/min, injection volume of 20 puL, DEX detection
wavelength of 239 nm, and RP C18 column (Inertsil® ODS-3 5 um; 4.6 x 150 mm; 100 A;
kept at room temperature) fitted with a guard column (SecurityGuard C18 4.0 x 3.0 mm).
The chromatographic system consisted of an LC-10A HPLC system (Shimadzu, Japan)
containing an LC-20AT pump, a UV-VIS SPD-M20A detector, a CBM-20A system controller,
and a SIL-20A HT valve sample automatic injector.

For the encapsulation efficiency (EE) assay, the ultrafiltration/centrifugation technique
was employed [21]. An aliquot of the dispersions was placed into 10,000 MW centrifugal
filter devices (Amicon® Ultra, Millipore, Burlington, MA, USA), and the free drug was
separated from the nanostructures via centrifugation at 2200x g for 10 min. The resulting
ultrafiltrate was diluted and evaluated with the HPLC analysis using the method described
above. The EE (%) was calculated as the difference between the total and free concentrations
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of the DEX determined in the nanodispersions and the ultrafiltrate, respectively, employing
the following equation (Equation (1)):

_ Total content — Free content

EE
Total content

x 100 1)

2.2.3. In Vitro Drug Release Study

The release profiles of the DEX from the nanocapsules or nanoemulsions were ob-
tained by employing the dialysis bag diffusion technique. An aliquot of 2 mL of the
nanostructured samples or methanolic solution of DEX (MS-DEX; 0.25 mg/mL) was placed
into 6 cm dialysis bags (molecular weight cut-off 10,000 Da; Sigma-Aldrich, Sdo Paulo,
Brazil) and immersed into 100 mL of phosphate buffer at pH 5.5 maintained at 37 °C under
uninterrupted moderate magnetic stirring. Aliquots of 1 mL of medium were collected at
predetermined times (0.25,0.5,0.75,1,1.5,2, 3,4, 5,6, 7, 8,10, 12, and 24 h) for quantification
via HPLC of the DEX released. The withdrawn volume was replaced with a fresh medium.

2.2.4. Preparation of Nanostructure-Based Hydrogels

Hydrogels based on nanostructured systems were prepared using a mortar and pestle
by dispersing the polysaccharide gellan gum (2%) in the nanocapsule suspension or na-
noemulsion (10 mL). For the hydrogels containing free compounds, DEX and OA were
solubilized in dimethyl sulfoxide (DMSO) (close to 3.66%) at the same concentrations found
in the nanodispersions and added to an aqueous dispersion of gellan gum (2%). Gellan
gum (2%) was dispersed in distilled water to use as the vehicle formulation, using the same
methodological process.

2.2.5. Hydrogels Characterization
pH

The pH value for the hydrogel aqueous dispersion (10% w/v) was evaluated using the
methodology described in Section pH.

Particle/Droplet Size and Pdl

The particle sizes and PdI (n = 3) were evaluated using ZetaSizer Nano Series (Malvern
Instruments, UK). A hydrogel sample (0.1 g) was diluted in 50 mL of ultrapure water and
stirred for 40 min before analysis.

Dexamethasone Acetate Content

The DEX content in the hydrogels was evaluated employing the chromatographic
method described in Section Dexamethasone Acetate Content and Encapsulation Efficiency.
For sample preparation, 0.5 g of hydrogel was solubilized into 25 mL of methanol, submitted
to sonication for 30 min, and filtered through a 0.45 um membrane before analysis.

Determination of Spreadability

The parallel plate method was used to evaluate the spreadability of the hydrogels [34,35].
An aliquot of the sample was put in the central hole of a mold glass plate, which was
positioned on the surface of a scanner (HP Deskjet, model 3050, J610 series). Ten glass
plates with known weights were placed upon the sample after mold glass remotion. Each
glass plate was added with an interval of 1 min of the subsequent plate. Using a desktop
scanner, at each 1 min interval, hydrogel images were captured, while Image J software
(Version 1.45e, National Institutes of Health, Bethesda, MD, USA) captured the spreading
areas of the hydrogel. For all formulations, the spreadability factor (SF), the formulation’s
ability to expand on a smooth horizontal surface when a gram of weight is added, was
calculated. The spreadability factor was calculated by the below equation (Equation (2)):

A
SF = @)
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SF means the spreadability factor (mm?/ g), A means the maximum spread area (mm?)
after the addition of the total number of plates, and W is the total weight added (g) on
the hydrogel.

Evaluation of Bioadhesive Properties

The bioadhesive properties of the hydrogels were determined by employing porcine
ear skin tissue as the biological membrane, which was obtained through donation from
a local slaughterhouse (Santa Maria, Brazil). Skin samples were cleaned to remove hair
and adipose tissue and stored frozen until use. On the day of the experiment, the skin
was acclimated to room temperature for 30 min before the assay. The porcine skin tissue
(n = 3) was fixed on the apparatus surface. A traditional balance was used, where one arm
contained the probe, added an amount of 0.8 g of sample, while the other arm contained a
plastic bottle. The probe was carefully placed in contact with the skin. Water was added
to the bottle after one minute. The bioadhesion for each hydrogel was determined by the
water volume necessary to detach the probe from the skin surface. A Carbopol® Ultrez
hydrogel (0.5%) (G-CBP) was employed with a comparative purpose. The results were
expressed as Dynes/cm? considering the skin surface area [36].

2.2.6. Skin Permeation Study

The DEX skin permeation from the hydrogels was assessed by employing the porcine
skin tissue obtained from a local slaughterhouse (Santa Maria, Brazil). The skin was cleaned
by removing bristles and adipose tissue and stored frozen until its use. Franz diffusion
cells were employed for this evaluation. The skin sample was positioned in the Franz cells
(n = 6) with the dermis in contact with the receptor medium (phosphate buffer at pH 5.5
maintained at 32 £ 0.5 °C under constant magnetic stirring), while the tested hydrogels
(0.5 g) were deposited on the stratum corneum. Twelve hours after incubation, the skin
samples and the remaining hydrogel above them were carefully removed, and the receptor
medium was collected. Eighteen plastic tapes (Flax®, Brazil) were used for the tape
stripping technique to remove the stratum corneum. The skin samples were weighed before
and after each separation step. The plastic tapes were immersed in 24 mL of methanol,
vortexed for 2 min, and submitted to sonication (15 min) and centrifugation (3000 rpm for
15 min). After, the samples were filtered and analyzed using chromatography. For dermis
and epidermis separation, the skin samples were immersed in a water bath at 60 °C for
45 s; the epidermis was removed with a spatula [37,38] and inserted into 1 mL of methanol.
The remaining dermis was cut out and immersed in 2 mL of methanol. The dermis and
epidermis samples were also submitted to vortexing (2 min), sonication (15 min), and
centrifugation (3000 rpm for 15 min), filtered and analyzed using chromatography.

2.2.7. In Vivo Evaluation
Animals

The Central Animal Facility from the Federal University of Santa Maria produced and
supplied male Swiss mice (25-30 g) for all in vivo experimental protocols. The mice were
kept under a controlled temperature (22 £ 2 °C) and on a 12 h light-dark cycle, and received
standard laboratory chow and water ad libitum. Before the behavioral tests, the mice were
acclimatized to the experimental room for at least one hour, and the experimental procedures
were performed between 8:00 a.m. and 5:00 p.m. All experimental protocols followed the
national legislation (Guidelines of Brazilian Council of Animal Experimentation—CONCEA)
and Animal Research: Reporting In Vivo Experiments ARRIVE guidelines [39]. The experi-
mental procedures were approved by the Institutional Animal Care and Use Committee of
the Federal University of Santa Maria (4369251019/2019).

The mice were randomly divided into the following experimental groups con-
taining 6 animals each: naive (non-irradiated); UVB radiation (UVB 0.5 J/ cm?); UVB
0.5J/cm? + G-Vehicle (vehicle hydrogel); UVB 0.5]/ cm? + G-L-DEX-OA (hydrogel con-
taining non-nanoencapsulated DEX at 0.025% and non-nanoencapsulated oleic acid at
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3%); UVB 0.5 J/cm? + G-NC-B (hydrogel containing oleic-acid-loaded nanocapsules);
UVB0.5]/cm? + G-NC-DEX-OA (hydrogel containing oleic-acid- and DEX-loaded nanocap-
sules); and UVB 0.5 J/ecm? + G-L-DEX (hydrogel containing non-nanoencapsulated DEX at
0.5%; positive control).

Antiedematogenic Efficacy

UVB radiation was employed to induce the acute ear edema model in the mice, according
to [30]. Briefly, the mice were anesthetized with 90 mg/kg of ketamine + 3 mg/kg of xylazine
through a single intraperitoneal injection [40], and subsequently, they were allocated to a
bench under the lamp. The mice’s right ears were exposed to UVB radiation for 30.8 min.
The remaining body surface was protected from UV radiation with a cotton cloth. The UVB
irradiation rate and the dose employed were 0.27 mW /cm? and 0.5 ] /cm?, respectively [21].

The surface of the right mouse ear was topically treated with hydrogels (15 mg/ear)
immediately after the UVB irradiation, according to the groups of treatment described
above [30].

A digital micrometer (Digimess, Sao Paulo, Brazil) was used to measure the mouse
right ear thickness. The measurements were performed before (basal measure) and 24 h
after exposure to UVB radiation or UVB radiation plus topical treatments. The micrometer
was positioned near the tip of the ear, distal to the cartilaginous ridges. When compared
to the basal value, an increase in ear thickness after UVB radiation was considered to be
edema, expressed in um as the difference between the basal thickness and ear thickness at
24 h after UVB or UVB plus treatments. A single experimenter performed this analysis to
reduce experimental bias [21,30].

Assessment of Myeloperoxidase (MPO) Activity

The evaluation of inflammatory cell infiltration was performed using the MPO activity
determination. The mice were euthanized 24 h after UVB radiation or UVB radiation plus
treatments to collect their ear samples. A solution containing acetate buffer (80 mM, pH 5.4)
and 0.5% hexadecyltrimethylammonium bromide (HTAB) was used to homogenize the ear
samples. After homogenization, the samples were immediately centrifuged at 16.000x g
at 4 °C for 30 min. The supernatants obtained were incubated at 37 °C for 10 min with a
solution containing acetate buffer and tetramethylbenzidine (TMB) solution (18.4 nM) [41].
The absorbance of the samples was obtained spectrophotometrically at 630 nm, and the
results were expressed as the optical density (OD)/mL of the sample.

Evaluation of Hydrogels” Antiedematogenic Efficacy over 72 h

We also verified the ability of the nanostructured hydrogels to sustain their antiede-
matogenic effect for 72 h. For this, the mouse right ear was exposed to UVB radiation and
immediately treated with a single application of the hydrogels, as described above. The ear
thickness was measured before (basal measure) and at 24 h, 48 h, and 72 h after the UVB
radiation and topical treatments, as described in Section Antiedematogenic Efficacy.

Histological Analysis

A histological analysis of the ear tissue was performed 72 h after UVB radiation to
investigate the inflammatory cell infiltration to the ear tissue irradiated or irradiated and
treated with hydrogels. The mice were euthanized after the ear edema measurement
assessment, and the right ear was collected and fixed in Alfac solution (16:2:1 mixture
of ethanol 80%, formaldehyde 40%, and acetic acid). To section the ear samples at 5 um
and stain them with hematoxylin-eosin, they were embedded in paraffin. A quantitative
analysis of the inflammatory cell number was performed in a representative area selected
using 10 x objectives [30]. This analysis was performed blindly. The counting of the
inflammatory cells per field was performed using the Image ] software. Three fields from
six distinct histological slides of each group were analyzed.
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Biochemical Markers of Toxicity

As indicators of hepatic and pancreatic alterations, we evaluated the alanine transami-
nase (ALT) and aspartate transaminase (AST) activities and blood glucose levels, respec-
tively. Seventy-two hours after inducing and treating the inflammatory process, the mice
were euthanized and blood samples were collected via cardiac puncture. To obtain the
serum, the blood samples were centrifuged at 3000 rpm for 10 min. Labtest®, Katal®, and
Wiener® Lab kits were used to assess the AST and ALT activities and the glucose levels
using spectrophotometry, according to the manufacturer’s specifications (Labtest Diagnos-
tica, Lagoa Santa, Brazil; Katal Biotecnologica, Belo Horizonte, Brazil; Wiener Laboratoérios,
Sao Paulo, Brazil) [42].

2.2.8. Statistical Analysis

All statistical tests were conducted using the GraphPad Prism 6.00 or GraphPad Prism
8.00 Software (San Diego, CA, USA). The results are presented as the mean + standard
error of the mean (SEM) or as the mean + standard deviation (SD) for the formulation
development assays. The results are also reported as geometric means plus their respective
95% confidence limits. The inhibitory effect was calculated based on the control groups,
whose results were considered 100% of the effect. One-way or two-way (repeated measures)
analyses of variance (ANOVA) followed by Tukey’s post hoc test were used to evaluate the
statistical significance between groups. P-values less than 0.05 (p < 0.05) were considered
as significative.

3. Results
3.1. Characterization of Nanostructured Dispersions

Table 1 presents the results of the nanostructured dispersions’ characterization. The pH
values obtained were in the acidic range for all dispersions. The nanostructures obtained
were in the nanometric range (close to 200 nm) with a low PdlI value (lower than 0.2),
indicating a narrow size distribution. The zeta potential was in the negative range, close to
—20 mV for all formulations (Figure 1). The DX content for all the nanostructured systems
was close to the theoretical value (0.25 mg/mL). The DEX encapsulation efficiency was
95.47% for NC-DEX-OA and 94.58% for NE-DEX-OA.

Table 1. pH, mean diameter, polydispersity index, zeta potential, and DEX content for the nanodispersions.

Formulation Mean Diameter (nm) PdI Zeta Potential (mV) DEX Content (%)
NC-B 5.0 £ 0.1 176 + 10 0.09 4 0.06 —20.0 £ 0.5 -

NC-DEX-OA 52+0.1 175 + 14 0.09 + 0.03 —19.8 +£3.9 100.29 4+ 2.44
NE-B 46 +02 208 + 19 0.14 £ 0.06 —20.8 £2.2 -

NE-DEX-OA 47 +03 226 + 46 0.19 4+ 0.08 —222+34 98.59 + 3.95

Each value represents the mean & SD (n = 3). Data were analyzed with one-way ANOVA followed by Tukey’s
post hoc test.

3.2. In Vitro DEX Release from Nanostructures

The release profiles of DEX from the nanocapsules, nanoemulsion, and methanolic
solution are represented in Figure 2. The release profiles were obtained by collecting and
analyzing samples between 0 and 24 h of incubation. We observed that all the DEX content
was released from MS-DEX until the 4 h assay (100.87 + 5.40%), evidenced by the dotted in
the Figure 2. On the other hand, the nanostructures exhibited an ability to control the DEX
release: 63.46 + 3.98% of DEX was released from NC-DEX-OA after the 24 h assay, while
67.75 £ 5.44% of DEX was released from NE-DEX-OA at the same time point.
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Figure 1. Representative images of the zeta potential determined via microelectrophoresis of the
nanocarriers NE-B (a), NC-B (b), NE-DEX-OA (c), and NC-DEX-OA (d).
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Figure 2. In vitro DEX release profiles from nanocapsules (NC-DEX-OA), nanoemulsion (NE-DEX-OA),
and methanolic solution (MS-DEX) between 0 and 24 h incubation. Data represent the mean + SD
(n = 3) and were analyzed with two-way ANOVA followed by Tukey’s post hoc test. *** p < 0.001
indicates a significant difference compared to NC-DEX-OA and NE-DEX-OA.
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3.3. Hydrogels Characterization

Table 2 presents the characterization of the hydrogels developed based on the nanodis-
persions. After the dispersion of gellan gum into the nanostructured systems, the pH values
were maintained in the initial range, close to 5.0. The mean diameter of the nanocarriers
after the redispersion of the hydrogel in water was close to the initial value. The mean
diameter for the nanocapsules-based hydrogel G-NC-DEX-OA was lower than the respec-
tive nanoemulsion-based hydrogel G-NE-DEX-OA (p < 0.01). The aqueous dispersion of
gellan gum (G-Vehicle) resulted in colloidal structures with a higher mean diameter and
size distribution when compared to the other hydrogels (p < 0.001). The DEX content was
close to 100% for all hydrogels.

Table 2. pH, mean diameter, polydispersity index, DEX content, and spreadability factor for the
hydrogels obtained from the nanodispersions.

Formulation pH Mean Diameter (nm) PdI DEX Content (%) SF (mm?/g)
G-Vehicle 50£0.2 1345 £ 436 *** 0.93 & 0.06 *** - 0.68 + 0.08
G-L-DEX-OA 52£01 - - 100.61 £ 3.19 0.48 £ 0.09
G-NC-B 54£0.2 195 £ 06 0.20 £ 0.01 - 0.59 £ 0.05
G-NC-DEX-OA 54 £0.1 181 £ 20 0.17 £ 0.08 97.23 £2.73 0.46 +0.05 &
G-NE-B 51=£01 218 £ 28 0.24 = 0.03 - 0.57 £ 0.09
G-NE-DEX-OA 53+0.1 280 £ 38 0.29 £0.10 96.72 + 1.57 0.51 +0.07

Each value represents the mean + SD (n = 3). *** p < 0.001 denotes the significant difference of G-Vehicle compared
with the other formulations; & p < 0.05 indicates a significant difference when compared to G-Vehicle. One-way
ANOVA followed by post hoc Tukey’s test.

3.4. Evaluation of Hydrogels Bioadhesive Properties

The results of the bioadhesive study are presented in Figure 3. We observed that the
necessary force to detach all the developed gellan-gum-based hydrogels of the skin was
significantly higher (p < 0.001) than that necessary to detach the Carbopol® Ultrez hydrogel
of the porcine skin membrane.

[ 1 G-Vehicle Il G-NE-B
] G-L-DEX-OA I G-NE-DEX-OA
= G-NC-B Bl G-CBP
Bl G-NC-DEX-OA
12,000
T T
NA
=
<
g 8000
>
a
c
o
‘B
(9]
5 4000
(5]
2
@
0

Figure 3. Bioadhesive study for the gellan-gum- and Carbopol® Ultrez (CBP)-based hydrogels. Data
represent the mean £ SD (n = 3) and were analyzed with one-way ANOVA followed by Tukey’s
post-hoc test. *** p < 0.001 indicates a significant difference from all other hydrogels tested.
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3.5. DEX Skin Permeation Study

The skin permeation of the DEX from the hydrogels was also assessed. Figure 4
represents the DEX distribution through the porcine skin layers. All the tested hydrogels
provided a higher DEX amount in the epidermis than in the other skin layers. Moreover,
the DEX from G-L-DEX-OA, G-NC-DEX-OA, and G-NE-DEX-OA was not quantified in the
stratum corneum. The total DEX amounts that permeated through the skin layers were
53.26 + 12.02 ng/g, 52.72 + 19.54 ug/g, 44.57 + 23.76 ug/g, and 36.03 &+ 8.37 ug/g for
G-L-DEX-OA, G-NC-DEX-OA G-NE-DEX-OA, and G-L-DEX, respectively.

[ G-L-DEX-OA
[ G-NC-DEX-OA
El G-NE-DEX-OA
[ G-L-DEX0.5%

16
X% %
17
12
“—
=
o
8 s
>~
2
(=)
4_ H
. oL .
. Receptor
S. corneum Epidermis Dermis .
medium

Figure 4. In vitro permeation study of DEX from hydrogels in porcine skin tissue. Distribution of
DEX through the skin layers 12 h after incubation with hydrogels. Results are expressed as mean + SD
from 3 independent experiments (n = 6). Data were analyzed with one-way ANOVA followed by
Tukey’s post hoc test. ** p < 0.01 and *** p < 0.001 indicate significant differences of G-L-DEX-OA and
G-NC-DEX-OA, respectively, compared to G-L-DEX 0.5% in the epidermis layer.

3.6. In Vivo Anti-Inflammatory Efficacy
3.6.1. Assessment of Antiedematogenic Effect and Enzyme MPO Activity

Exposure to UVB radiation increased the mice’s ear thickness by 60 & 4 pum, character-
ized as ear edema. G-NC-DEX-OA and G-L-DEX reduced the ear edema, with inhibitions of
89.26 £ 3.77% and 85.11 =+ 2.88%, respectively. None of the other tested hydrogels reduced
the UVB-radiation-induced ear edema (Figure 5A).

In addition to the antiedematogenic activity, we investigated if the hydrogels could
inhibit the inflammatory cell infiltration to damaged tissue by measuring the MPO enzyme
activity. UVB radiation increased the MPO activity in the mice ear tissue compared to
the naive group (non-irradiated). Topical G-NC-DEX-OA and G-L-DEX inhibited the
MPO activity on the mice’s ear tissue by 49.58 £ 4.29% and 27.60 £ 11.70%, respectively
(Figure 5B).

3.6.2. Evaluation of Hydrogels” Antiedematogenic Efficacy through 72 h

UVB radiation increased the mice” ear thickness by 64 + 3 um, 97 + 6 um, and
133 & 5 um at 24 h, 48 h, and 72 h after UVB exposure, respectively. Twenty-four hours after
UVB radiation or UVB radiation plus treatments, G-NC-DEX-OA reduced the mice ear
edema with an 86.27 & 4.58% inhibition. At the same time, the positive control, G-L-DEX,
inhibited it by 72.22 & 6.43%, respectively, compared to the irradiated group (no treatment).
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UVB (0.5 J/em?) + G-NC-DEX-OA
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Forty-eight hours after UVB radiation or UVB radiation plus treatments, the ear edema
was reduced by G-Vehicle, G-L-DEX-OA, and G-NC-B, with inhibitions of 22.28 + 3.08%,
38.11 + 4.38%, and 37.26 £ 6.78%, respectively. Importantly, at this time, G-L-DEX re-
duced ear edema by 68.42 1 4.49%, while the treatment with G-NC-DEX-OA presented
an inhibition of 76.00 £ 6.66%. At 72 h after UVB radiation or UVB radiation plus treat-
ments, G-L-DEX-OA, G-NC-B, and G-L-DEX were capable of reducing ear edema by
18.99 + 3.81%, 22.10 £ 3.68%, and 19.76 + 6.72%, respectively, while G-NC-DEX-OA
presented a better antiedematogenic effect with 35.32 & 5.30% inhibition (Figure 6).

Naive

UVB radiation (0.5 J/cm?)

UVB (0.5 J/cm®) + G-Vehicle
UVB (0.5 J/cm?) + G-L-DEX-OA
UVB (0.5 J/em?) + G-NC-B

UVB (0.5 J/em?) + G-NC-DEX-OA
UVB (0.5 J/em?) + G-L-DEX

I0NRE00

#i#

Myeloperoxidase Activity (OD/mL of sample)

0

Figure 5. (A) Antiedematogenic effect of topically applied (15 mg/ear) hydrogels containing OA and
DEX on acute UVB-radiation-induced sunburn model in mice. (B) Effect of hydrogels containing oleic
acid and dexamethasone acetate on the MPO enzyme activity in the mice ear tissue after acute UVB-
radiation-induced sunburn model. All formulations were applied in mice’s right ear immediately
after UVB radiation. Ear thickness and MPO activity were measured 24 h after UVB radiation or
UVB radiation plus treatments. Each bar represents the mean + SEM (n = 6); it p < 0.001 shows

a significant difference compared to the naive group; ***

&&&

p < 0.001 shows a significant difference
compared to the UVB radiation group; p < 0.001 shows a significant difference compared to the
G-L-DEX-OA and G-NC-B groups; &* p < 0.01 indicates a significant difference compared to the
G-L-DEX-OA group; and ¥ p < 0.05 refers to the significant difference when compared to the G-NC-B
group. One-way ANOVA followed by post hoc Tukey’s test.

3.6.3. UVB-Radiation-Induced Inflammatory Cell Infiltration

The histological analysis of the mice’s ear tissue at 72 h after UVB radiation or UVB
radiation plus treatments revealed that the UVB radiation increased cell infiltration to
the ear tissue (248 + 8 inflammatory cells per field) when compared to the naive group
(145 £ 12 inflammatory cells per field) (Figure 7). Topical treatment with G-NC-DEX-OA
and G-L-DEX-OA inhibited the cell infiltration by 70.87 + 13.02% and 95.47 + 9.84%,
respectively; the positive control G-L-DEX inhibited this inflammatory parameter by
89.90 £ 22.36%.
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Figure 6. Antiedematogenic effect of the hydrogels containing OA and DEX on the UVB radiation-
induced ear edema in mice. All formulations (15 mg/ear) were applied immediately after UVB
radiation. Ear thickness was measured at 24 h, 48 h, and 72 h after ear UVB radiation or UVB radiation
plus treatments with the hydrogels. Each bar represents the mean + SEM (n = 5-6); ## p < 0.001 shows
a significant difference compared to the naive group; * p < 0.05 and *** p < 0.001 show a significant
difference compared to the UVB (0.5 ] /cm?) (no treatment) group. One-way ANOVA followed by

post hoc Tukey’s test.
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Figure 7. Effect of hydrogels containing OA and DEX on the inflammatory cell infiltration in mice’s
right ear tissue employing histological technique. Polymorphonuclear cells per field of the mice’s
right ear tissue were quantified at 72 h after the UVB radiation or UVB radiation plus treatments.
Each bar represents the mean + SEM (n = 5-6). # p < 0.01 indicates a significant difference compared
to the naive group; * p < 0.05 and ** p < 0.01 denote a significant difference compared to the UVB
radiation group. One-way ANOVA followed by post hoc Tukey’s test.



Pharmaceutics 2024, 16, 176

13 0of 19

3.6.4. Preliminary Adverse Effects Assessment

Three biochemical markers were also evaluated as signs of toxicity: AST and ALT en-
zyme activities and glucose levels. No statistical difference was observed in the biochemical
marker levels on the blood samples of animals treated with the G-NC-B, G-NC-DEX-OA,
or G-L-DEX (Table 3).

Table 3. Biochemical markers levels on blood samples of animals treated with hydrogels.

Formulation AST (U/L) ALT (U/L) Glucose (mg/dL)
G-NC-B 63 + 37 31+18 163 £+ 94
G-NC-DEX-OA 57 £25 28 £12 145 £ 65
G-L-DEX 59 £ 26 34+£15 183 £ 82

Each value represents the mean + SEM (n = 5-6). One-way ANOVA followed by post hoc Tukey’s test.

4. Discussion

Many natural oils are topically used worldwide due to the facility of obtention. These
natural oils present biological activities like antimicrobial, antioxidant, anti-inflammatory,
and others [43]. OA is a natural compound found in several oils (olive oil, grape seed
oil, and avocado oil) [26-29,44] and has shown beneficial properties for skin health and
disease [43,45,46]. Our research group have already demonstrated the OA potential to
inhibit skin inflammatory processes in UVB-radiation-induced and irritant agent croton oil
inflammation models, both in mice [30,31].

Skin inflammatory processes are complex, involve many molecular and cellular medi-
ators, and present the risk of becoming chronic. For these reasons, inflammatory processes
must be finely controlled, which is quite difficult in clinical practice [47,48]. DEX and
other topical corticosteroids are broadly employed to contain inflammatory diseases [48],
although using these drugs causes severe adverse effects [3].

We previously observed that repeated topical treatment with a hydrogel containing
0.5% DEX for nine consecutive days in the mouse’s right ear induced a significant increase in
glucose blood levels [31], a classical adverse effect related to the use of corticosteroids [3]. In
the present study, we evaluated if a subtherapeutic dose of DEX, associated with OA, could
reduce skin inflammation without causing adverse effects. Additionally, we combined
nanostructured systems to vehicle both these compounds.

In the first moment, we prepared and characterized nanoemulsions and nanocapsule
suspensions containing DEX and OA. Additionally, we tested the in vitro DEX release from
these systems to simulate DEX release in vivo. Nanoemulsions and nanocapsules presented
the ability to control the DEX release over 24 h. Our result is relevant since developing a
system that can control drug release by employing nanotechnology is extremely positive
once it improves the treatment schedule by enabling an increase in the administration
interval. This fact contributes to reducing the occurrence of adverse effects [49], which
is particularly interesting about drugs with severe adverse effects like DEX. Moreover,
delivering drugs in a spatiotemporally controlled manner can potentially improve patient
adherence to therapeutic regimen [50,51].

Subsequently, we prepared gellan-gum-based hydrogels containing the nanostruc-
tured systems with DEX and OA. Hydrogels are pharmaceutical dosage forms for drug
delivery, bringing benefits such as ease of application and capability to vehicle a wide
variety of drugs, besides avoiding the first-pass effect in the organism [52,53].

Important parameters must be considered in the semisolid’s development: spread-
ability, bioadhesion, and drug permeation through skin layers. We obtained spreadability
values close to 0.5 for all hydrogels developed; that is, the lower the spreadability value, the
lower the formulation ability to spread over the applied area, and the higher the retention
at the local of the lesion [54]. In fact, such behavior causes a gradual and slow release of
the active from the formulation to the skin layers. Additionally, the higher retention at the
local of the lesion is an important feature of pharmaceutical formulations intended for skin
inflammatory disease treatment [55,56]. Similar results for this parameter were obtained
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in other studies that showed important anti-inflammatory effects, employing semisolids
of different nanostructured systems and loaded drugs [14,21]. Further, all hydrogels pre-
sented higher bioadhesive behavior compared to the Carbopol® Ultrez hydrogel, which is
a recognized gel-forming polymer for providing mucoadhesion to pharmaceutical formu-
lations [57,58]. These results suggest the ability to be in close contact with the absorption
tissue for longer when applied and promote local drug release [59,60]. Improving the time
of contact between the drug delivery system and the wound can contribute to wound
moisture maintenance, a recognized important factor of ideal wound care therapies [61,62].
Additionally, mucoadhesive drug delivery systems can increase drug bioavailability, fa-
voring wound healing [59] Furthermore, a bioadhesive delivery system with controlled
drug release could help to maintain an effective concentration of the drug at the action
site [57,59,63]. A similar result was already evidenced in a previous study of our research
group [36]. Through the permeation study, we observed that the DEX released from the
hydrogels was retained, for the most part, in the epidermis layer. At the same time, an
intermediate amount reached the dermis layer, and consequently, a lower amount was
available to suffer systemic absorption. A higher amount of drug retained in the epidermis
layer can be an important approach to wound treatment since burns affect the epidermis
layer first [64]. A higher amount of drug retained in the epidermis can prevent the burn
wound from advancing into a deeper layer, becoming a deeper burn [64]. Since substantial
DEX-related adverse effects occur after its systemic absorption, avoiding this event is
extremely important [65].

No difference was observed between the nanocapsules and nanoemulsions in relation
to the DEX in the in vitro release test, bioadhesion, and DEX skin permeation. However, it
is already known that polymeric nanoparticles for drug delivery present some advantages
over nanoemulsions, since the polymer can directly influence the nanosuspension and
loaded drug stability. Importantly, nanocapsules can also contribute to a drug-controlled re-
lease [10]. In this context, we chose the nanocapsules formulation containing the association
of AO and DEX for the in vivo anti-inflammatory activity evaluation in a UVB-radiation-
induced skin inflammation model.

UVB radiation exposure triggers skin inflammation that involves processes such as
vasodilation, which leads to edema development, erythema, inflammatory cell infiltration,
inflammatory cytokines/chemokines release, epidermal hyperplasia, and oxidative stress,
besides skin photoaging and photocarcinogenesis [15,21,22,30,66,67]. So, restricting acute
skin inflammation is extremely important to avoid it from becoming chronic.

Topical G-NC-DEX-OA presented a high anti-inflammatory efficacy by reducing mice’s
ear edema and leukocyte infiltration induced by UVB radiation. These results are important,
since edema formation is often the first and essential marker of skin inflammation [68,69].
Furthermore, inflammatory skin diseases are characterized by intense leukocyte infiltration,
a defense mechanism in inflammatory processes [70]. Thus, since G-NC-DEX-OA reduced
the ear edema and leukocyte infiltration caused by UVB radiation, our results indicate a
possible application of G-NC-DEX-OA to treat human inflammatory diseases. Additionally,
a single G-NC-DEX-OA application sustained this anti-inflammatory effect for at least
72 h after exposure to UVB radiation. As mentioned above, sustaining the drug release
and effect enables an increase in the administration interval, favoring the patient adhesion
to the pharmacological treatment. Our results are according to previous studies, which
demonstrated antiedematogenic and anti-inflammatory effects of topical OA and DEX
after mouse ear exposure to UVB radiation [22,30]. Relevantly, we demonstrated that
hydrogels containing OA- plus DEX-loaded nanocapsules in a subtherapeutic dose pre-
sented sustained antiedematogenic and anti-inflammatory effects, without causing adverse
effects in the preliminary toxicity tests. Given the complexity of inflammatory processes,
combining both these actives made it possible to reduce DEX to a subtherapeutic dose,
which is a promising approach to improving anti-inflammatory effects while diminishing
the possibility of dose-related adverse effects.
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The activity of the AST and ALT enzymes in the blood serum are commonly used
as markers of liver damage, and the long-term application of dexamethasone and other
glucocorticoids is known to upregulate the activity of these enzymes [71,72]. In this study,
neither the single topical application of the hydrogel containing non-nanoencapsulated
DEX nor the hydrogel containing oleic-acid- and DEX-loaded nanocapsules increased
the activity of the AST and ALT enzymes. Additionally, repeated use of glucocorticoids
such as dexamethasone is also related to increased blood glucose levels [3,29]. However,
a single topical application of the treatments did not increase the mice’s blood glucose
levels. Although non-nanoencapsulated DEX raised blood glucose levels when compared
to the other treatments, this increase was not significant. The discrepancies between our
results and the results found in previous studies probably occurred due to the time of the
administration of the treatments, where we performed a single topical application of the
formulations, while previous studies have demonstrated adverse effects of dexamethasone
after long-term treatment. In this sense, more studies considering the toxicity of the
formulations tested here are necessary to guarantee the absence of adverse effects when
applied in the long term.

5. Conclusions

We successfully developed nanocapsule suspensions and nanoemulsions containing
OA and DEX, since they could control DEX release in an in vitro assay. A DEX perme-
ation study employing porcine skin showed that hydrogels provided more DEX in the
epidermis, which can guarantee the anti-inflammatory effect of the formulation without it
reaching the bloodstream and causing systemic adverse effects. G-NC-DEX-OA effectively
reduced the inflammatory damage after mice skin exposure to UVB radiation with an
employed DEX dose 20-fold lower than non-nanoencapsulated (positive control), another
fact that could reduce the probability of DEX to cause adverse effects, since the dose was
significantly reduced. Since this model mimics solar sunburn, hydrogels containing OA-
plus DEX-loaded nanocapsules could represent a prosperous option for treating burns,
especially sunburns. Thus, testing our formulation in a clinical study on patients with skin
inflammatory diseases would be essential to validate our study.
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Abbreviations

ANOVA—analysis of variance; CONCEA—Brazilian Council of Animal Experimentation;
DEX—dexamethasone acetate; DMSO-—dimethyl sulfoxide; EE—encapsulation efficiency;
G-CBP—Carbopol Ultrez® 0.5% hydrogel; G-L-DEX—hydrogel containing non-nanoencapsulated
dexamethasone acetate at 0.5%; G-L-DEX-OA—hydrogel containing non-nanoencapsulated dexam-
ethasone acetate at 0.025% and non-nanoencapsulated oleic acid at 3.0%; G-NC-B—hydrogel contain-
ing oleic acid-loaded nanocapsules; G-NC-DEX-OA—hydrogel containing oleic acid and dexametha-
sone acetate-loaded nanocapsules; G-Vehicle—vehicle hydrogel (gellan gum aqueous dispersion);
HPLC—high performance liquid chromatography; HTAB—hexadecyltrimethylammonium bromide;
Imax—maximum inhibition; MPO—myeloperoxidase; MS-DEX—dexamethasone acetate methanolic
solution; NC-B—nanocapsules containing free (non-nanoencapsulated) oleic acid; NC-DEX-OA—
dexamethasone acetate and oleic acid-loaded nanocapsules; NE-B—nanoemulsion containing free
(non-nanoencapsulated) oleic acid; NE-DEX-OA—dexamethasone acetate and oleic acid-loaded
nanoemulsion; OA—oleic acid; OD—optical density; PdI—polydispersity index; SD—standard de-
viation; SEM—standard error of the mean; SF—spreadability factor; TMB—tetramethylbenzidine;
UVB—ultraviolet radiation type B.
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