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Abstract: Nanostructured lipid carriers (NLC) have been widely studied as delivery systems for a
variety of routes, including the skin. Their composition results in an imperfect lipid matrix, allowing
increased drug encapsulation. Allopurinol (AP), a xanthine oxidase inhibitor, is characterized by low
water solubility and high melting point, which has hampered its use through the topical route. In
this work, AP was incorporated in a NLC formulation to enhance drug-carrier association and skin
delivery as a topical approach to treat wounds. AP-NLC system was characterized in terms of size,
charge, rheological behavior, and in vitro skin permeation. The in vitro cytotoxicity was evaluated
using HaCaT cells. The wound healing efficacy of the AP-NLC formulation on animal skin lesions
was evaluated in male Wistar rats. The AP-NLC presented a mean size of 193 + 15 nm with a PdI
of 0.240 £ 0.02, zeta potential values around —49.6 mV, and an encapsulation efficiency of 52.2%.
The AP-NLC formulation presented an adequate profile to be used topically, since epidermal and
dermal drug retention were achieved. No reduction in HaCaT cells viability was observed at the
tested concentrations (AP < 10 ug/mL). The in vivo application of the AP-NLC formulation resulted
in the regeneration of skin lesions when compared with non-treated controls.

Keywords: wound healing; allopurinol; topical formulations; nanocarrier systems; nanostructured
lipid carriers

1. Introduction

Wound healing management has been extensively studied, since currently available
approaches do not completely respond to the need of reducing the incidence of nonhealing
wounds [1,2]. A successful healing system should be capable of accelerating the wound
closure, reducing infection, and stimulating healing mechanisms, mimicking the extracellu-
lar matrix feature, moisture the wound, and reducing scar formation [3]. The development
of effective novel wound therapies to better manage patients with chronic wounds is an
intense area of research to identify the physiological and metabolic key players in wounds’
prolonged inflammatory phase. In recent years, studies have revealed that uric acid is
elevated in wound fluid, and that higher concentrations are correlated with increased
wound severity [4,5]. The detrimental role of xanthine oxidoreductase (XOR) in impaired
healing role of in wounds is gaining increased interest, as XOR expression and activity
are upregulated in the chronic wound environment [6]. These events, once associated
with the overproduction of reactive oxygen species (ROS), result in prolonged closure
and sustained inflammation [6]. Thus, targeting wound XOR may offer a mode to control
local ROS, possibly achieved through topical application of XOR inhibitors. The idea of
treating wounds with topical allopurinol (AP) decreasing the uric acid and ROS released
into the wound environment has been already hypothesized [4]. AP is a molecule with a
structure very similar to hypoxanthine, and this similarity allows the drug to inhibit the
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enzymes with hypoxanthine as a substrate. This exemplary xanthine oxidase inhibitor
has been the keystone for the clinical management of gout and conditions associated with
hyperuricemia for several decades [7]. Additionally, this drug is inexpensive and can be
easily monitored via its breakdown product oxypurinol. However, AP is characterized
by low solubility in water and a high melting point, which has restricted its use only to
the oral route. The only topical AP study reported so far shows that AP (30 ug) topically
applied on excisional wounds made on male C57BL/ 6 mice significantly impaired wound
healing [8]. However, authors confirmed the xanthine oxidase abundance in wounds.

Topical treatments represent the classic approach to wound management. This ap-
proach uses colloidal agents, antiseptics, and antibacterials to prevent infections [3]. Con-
cretely, and with the exception of Madigan and co-workers’ study [8], there are only few
studies regarding AP topical administration for wound management. The indication of
an AP topical form has been described for the treatment of hand-foot syndrome (HFS), in
a dose-limiting toxicity of capecitabine on a trial conducted on the basis of preliminary
data that a 3% allopurinol-based topical agent may prevent HFS [9,10]. Topical AP was as
effective as established drugs, namely steroids and acetylcysteine, in the early treatment of
experimental alkali corneal burns [11]. A case report shows that a tattoo skin reaction was
possible to treat with 3% allopurinol oil-in-water anionic emulsion, topically, three times a
day for three months [12].

In fact, the topical route represents an advantageous alternative route, as it allows a
localized treatment without an involvement of the systemic route, promotes controlled
drug delivery, and avoids first-pass metabolism, reducing the toxicity associated with
the drug [13]. Moreover, the drug can be exposed only to affected skin, allows for self-
administration and, consequently, determines good patient compliance [14]. Several factors
influence the efficacy of the drug in topical administration: pharmacokinetics aspects,
physico-chemical properties, and the interaction with the skin [13]. Nanostructured bio-
materials, such as lipid-based nanocarriers, present good physiochemical properties for
the delivery of several drugs, overcoming some of the limitations of conventional thera-
pies [15]. Topical formulations can be applied when the skin is defective, such as in the case
of wounds, or when the skin barrier is intact. In the first case, the percutaneous absorption
is increased, since the permeability of the skin is highly variable in comparison to normal
skin, and results in higher absorption of the drug, especially hydrophilic molecules [16]. In
the case of an intact barrier, the formulation should promote deep skin drug delivery. In
the case of wounds, the topical delivery may have different targets as the drug needs to
be delivered in the stratum corneum (SC, the outermost layer of epidermis), epidermis, or
dermis. Furthermore, the vehicle should guarantee the drug delivery and promote the drug
retention within the skin [16]. Many encouraging results achieved by the topical treatment of
wounds using new topical delivery system have opened a stimulating nanotechnology area of
research and for this reason several lipid-based formulations are involved in clinical trials [17].

Due to its physico-chemical characteristics, the formulation of topical AP products
may constitute a technological challenge. Nevertheless, the encapsulation of AP has been
performed using different nanocarrier types for different therapeutic purposes. AP-loaded
poly (ethyl cyanoacrylate) nanoparticles were developed and successfully tested against
Trypanosoma cruzi in comparison to the free drug [18]; AP was encapsulated into bovine
serum albumin nanoparticles for kidney targeting of the drug [19], or loaded into chitosan
nanoparticles for sustained release of drug [20]; AP was also incorporated in sustained-
release solid lipospheres intended for use in a suspension formulation and other oral
dosage forms [21]. The only study related to AP encapsulation into a nanocarrier for topical
application regards the preparation AP-loaded transferosomes topical gel for the alleviation
of gout symptoms [22]. To the best of our knowledge, AP has never been encapsulated in a
nanoparticle as a strategy to improve skin bioavailability towards a topical application for
wound healing management.

Nanostructured lipid carriers (NLCs) are nanometric systems composed by a lipid core
with solid and liquid lipids dispersed in an aqueous emulsifier solution [23]. They have
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provided a great interest for topical application since they are able to protect chemically
labile ingredients, improve skin penetration, and modulate drug release [24]. They can
also be used in damaged skin, as they are based on non-irritant and non-toxic lipids which
can be easily sterilized [16]. NLCs also improve skin hydration, due to their composition
and occlusive effect on the skin [25]. When NLCs adhere to the skin, they form a film with
an occlusive effect, promoting a decrease in the trans-epidermal water loss and resulting in
an increase in water skin content, which facilitates the drug permeation into and through the
skin [15].

The main aim of this work was to associate AP with a nanostructured lipid carrier
novel formulation, suitable for topical application that could overcome the drug solubility
issues and improve the therapeutic index, reducing the side effects. The implications on
experimental skin lesions regeneration were addressed.

2. Materials and Methods
2.1. Materials

Allopurinol (AP) was purchased by Sigma Chemical Co (St. Louis, MO, USA).
Precirol®ATO 5 (glyceryl distearate) was provided by Gattefosse (Saint-Priest, France).
Myglyol® 812 (caprylic/capric triglyceride) was purchased from Acofarma (Terrassa,
Spain). Polysorbate 80 (Tween 80) and acetonitrile were obtained from Merck KGaA
(Darmstadt, Germany). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) and Dimethyl Sulfoxide (DMSO) were purchased from Sigma—Aldrich (Madrid,
Spain). Ultrapure water was provided by reverse osmosis in a MILLI-Q System Elix®
3 from Millipore®. All other reagents were of analytical grade, and were used without
further purification.

2.2. Cell Line and Culture Conditions

A human keratinocyte (HaCaT) cell line was obtained from ATCC (USA). HaCaT cells
were grown in RPMI with GlutaMAX™, supplemented with 10% iFBS and 1% penicillin-
streptomycin solution at 37 °C in a humidified incubator, with a 5% CO, atmosphere.

2.3. Animals

Adult male Wistar rats (280 &+ 30 g) were purchased from Instituto de Higiene e
Medicina Tropical (Lisbon, Portugal). All animal experiments were conducted according
to the animal welfare organization of the Faculty of Pharmacy, Universidade de Lisboa,
approved by the competent national authority Direcao-Geral de Alimentacao e Veteridria
(DGAV), and in accordance with the EU Directive (2010/63/EU), the Portuguese laws
(DL 113/2013, 2880/2015, 260/2016, and 1/2019), and other relevant legislation.

2.4. AP-NLC Preparation

NLC were prepared by an emulsion-sonication method as described elsewhere [26].
The amount of each ingredient of the formulation is shown in Figure 1. In short, 2.5 g of
solid lipid (Precirol® ATO 5) and 0.25 g of liquid lipid (Myglyol® 812) were taken in a 50 mL
beaker (oil or lipid phase). The aqueous phase consisted of 0.1875 g Tween®80, 0.025 g of
AP, previously solubilized in NaOH 0.1 N and water up to 25 g. Both the aqueous phase
and the lipid phase were heated at 80 °C. After the fusion of the lipids, the aqueous phase
was added to an oil phase. The mixture was sonicated with an 18 mm probe (B.BRAUN,
2000 U model) with high power level (output +120; repeating duty cycle: continuous;
10 min). The resulting dispersion was cooled until it reached 25 °C, forming the NLC.
Non-loaded particles (empty NLC) were also prepared for control experiments. Three
independent batches were prepared.
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® surfactant oil . Precirol ATOS 25 g
< Phase « Miglyol 812 025 g
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Liquid Lipid 3 [ Tween 80 0.1875 g
Aqueous « Allopurinol 0.025 g
© Lipophilic drug Phase « NaOH 0.1 N up to AP solubilization

\_* Water Qs 25¢

Nanostructured Lipid Carriers (NLCs)

Figure 1. On the left: schematic representation of an individual lipid nanoparticle showing the spatial distribution of the

components. On the right: AP-NLC qualitative and quantitative composition. Solid lipid: Precirol ATO 5; liquid lipid:

Miglyol 812.

2.5. Size and Zeta Potential

Size and polydispersity index (PdI) were measured by dynamic light scattering (DLS)
in a Zetasizer NanoS (Malvern Instruments®, Malvern, UK). Measurements were per-
formed at 25 °C, and the scattering information was measured at close to 180°. A value of
PdlI less than 0.2 indicated a homogenous and monodisperse population. Zeta potential
was measured by laser-doppler anemometry in a Zetasizer NanoZ (Malvern Instruments®,
Malvern, UK). Measurements were performed at 25 °C. Samples were diluted 100 times in
water for both size and zeta potential measurements.

2.6. Quantification of Allopurinol

The drug content analysis was created through the HPLC method at 254 nm (33 °C)
(HPLC Hitachi system LaCrom Elite, Column oven, Diode array detector UV-vis, Pump).
The column used was a LiChrospher 100 RP-18 5 um 125-4. The mobile phase consisted of
0.02 M sodium acetate pH 4.5, adjusted with acetic acid 30% at a flow rate of 1 mL/min
(loop: 40 uL).

The total amount of AP was quantified after complete disruption of the NLC with a
solvent mixture of methanol/chloroform (1:1 v/v) (1:10 dilution) and filtration through
a 0.2 um filter. To separate the non-encapsulated AP from loaded NLC, ultrafiltration
Amicon® ultracentrifugal filters (molecular weight cut-off, MWCO, 100,000 Da, Millipore,
Spain) were used (1500 x g, 20 min) [27].

The AP encapsulation efficiency (EE) and drug loading (DL) were calculated according
to the following equations:

EE (%) = W encapsulated drug/W total drug x 100 1

DL = W encapsulated drug/W lipid (2)

W total drug: weight of total drug quantified in non-separated samples.

W encapsulated drug: subtraction of the weight of drug quantified in the supernatant
of separated samples from the weight of total drug, quantified in non-separated samples.

W lipid: weight of lipids (solid lipid + liquid lipid).

2.7. AP-NLC Thermal Analysis

Thermal analysis by DLS (dynamic light scattering) was performed on a Zetasizer
Nano S apparatus (Malvern Instruments, Malvern UK), equipped with a Peltier precision
temperature control unit (accuracy of 0.1 °C). As a light source, an He-Ne laser with
A = 633 nm was used. The study of the influence of temperature variation in the mean
particle diameter was performed between 25 °C and 90 °C (heating phase), and between
90 °C and 25 °C (cooling phase), at a heating/cooling rate of 1 °C/min. The melting point
of the solid lipid was 74 °C. The mean diameter of the particles, the Pdl, and the total
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dispersion intensity were measured. AP-NLC and blank samples (10 uL) were previously
diluted in 3 mL purified water.

2.8. Skin Delivery Studies

In vitro permeation studies were performed using full-thickness skin from newborn
pigs as membrane in static-flow Franz diffusion cells. Fresh skin of newborn pigs was
obtained from a local abattoir. A suitable size of skin was cut and mounted on the Franz
cells. The receptor compartment had a capacity of approximately 4 mL. Prior to permeation
study, AP solubility was determined in PBS pH 7.4 containing increasing amount of NaOH
0.1 N in order to select an appropriate receptor fluid complying with sink conditions.
PBS: NaOH at 1:4 (v/v) (pH 12.0) ratio was chosen, since at this ratio, sink condition was
achieved. The system was maintained at 32 °C [28]. To ensure such conditions, the receptor
phase was immersed in a thermostatic water bath maintained at 32 °C throughout the
experiment. Approximately 300 uL of fresh formulation (empty and AP loaded) was spread
over the skin. Samples of 500 uL were collected at pre-defined times (2, 4, 6, 8, and 24 h).
After every collection, the same volume was replaced with fresh receptor phase maintained
at the same temperature. The AP content in the receptor compartment was quantified by
HPLC. The data were expressed as the cumulative amount of AP permeated through the
skin. To assess the amount of AP retained within the skin, the skin was recovered from
the Franz cells, and cleaned with a swab to remove the excess formulation. The amount of
AP in the SC was determined using the tape stripping method [29]. The SC was removed
by tape-stripping, using 20 adhesive tapes (Scotch 3M, S. Paulo, Brazil). To improve
the reproducibility of the tape-stripping technique, a cylinder of 2 kg was used with a
pressure of 349.3 g/cm?. This pressure was applied for 10 s for each tape. All of the tapes,
excluding the first one, were collected in a falcon tube for the extraction process. During
the extraction process, 3 mL of methanol were added to the tapes and stirred in a vertical
mixer (Ultraturrax, Ultra Turrax T25, IKA, Wilmington, DE, USA). Then, 2 mL MeOH were
added and stirred again to complete disruption. Samples were left at room temperature
for 30 min, and then centrifuged at 1700 rpm for 10 min rotor (Beckman Optima XL-90,
Ultracentrifuge, Palo Alto, CA, USA). The supernatant was recovered to quantify the
amount of AP retained in the SC layer. The remaining skin (viable epidermis and dermis
layers, E + D) was cut in small pieces, placed in Eppendorf tubes with 1 mL of methanol,
and sonicated for 15 min in an ultrasound bath. After 30 min at room temperature, the skin
samples were centrifuged at 1700 rpm for 10 min, and the supernatant was recovered to
quantify by HPLC the amount of AP retained in the E + D layer.

2.9. Rheology Studies

The rheological profile of NLC loaded with AP was evaluated at room temperature
(ISO 7884-2) using a Brookfield Rotation Viscosimeter, RV DV-II, SSA, with a spindle 21
(Brookfield Engineering Laboratories, Middleborough, MA, USA). The shear rate [1/s]
versus shear stress [Pa] plots (flow curves) were obtained by submitting the samples to a
shear rate sweep from 0.61 to 122 /s up and down.

2.10. Cell-Based Assays

The AP-NLC formulation, free AP, and empty NLC were evaluated in vitro for their
cytotoxicity to human cells using HaCaT, an adherent immortalized human keratinocyte
non-tumorigenic cell line.

HaCaT cells were harvested by trypsin treatment (TrypLE™) from exponential growth-
phase cultures, and transferred to 96-wells plate at a density of 2 x 10* cell/well in 200 uL
medium, followed by 24 h incubation for complete cell adhesion, and to reach 60-70%
confluence. Cells were treated with different concentrations of AP-NLC, Free AP, and empty
NLC serially diluted in RPMI medium. The positive control consisted of HaCaT without
the addition of any drug. Stock solution of free AP was prepared with a concentration
of 1 mg/mL in NaOH 0.1N diluted to 10 pg/mL in RPMI media. Then, a 2-fold linear
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dilution ranging from 10 to 0.156 pug/mL in RPMI media was prepared. For the AP-NLC
formulation, a suspension containing 100 pug/mL AP was diluted to 10 pg/mL AP in RPMI
media, and a 2-fold linear dilution ranging from 10 to 0.156 ug/mL in RPMI media was
prepared. For the control NLC formulation (blank), a suspension was prepared in media
RPM], considering the same steps as for the AP-NLC. The plates were incubated for 48 h at
37 °C and 5% CO,. After incubation the media was removed, cells were washed with PBS,
50 uL of MTT (0.5 mg/mL) was added to wells, and plates were incubated for 4 h. Then,
200 puL/well of DMSO was added and the plates were shaken for 10-15 min. Cell viability
was determined using a microplate reader at 570 nm, by applying the following equation:

e T _ ABSttest
Cell viability (% of control) =285 contral * 100 (3)
where ABS test is the absorbance value obtained for treated cells, and ABS control is the

absorbance value obtained for cells incubated with culture medium.

2.11. In Vivo Assays

A protocol for the evaluation of the efficacy of the formulation on animal skin lesions
based on chemical burns was established using male Wistar rats. The rationale was to
reproduce a non-infectious wound model, neither excisional nor incisional, where the SC
is defective, and the skin barrier is compromised. After hair removal on the back, rats were
treated for five consecutive days with 1 mL of Texapon® N 70 (Sodium Laureth Sulfate,
SDS; BASF SE, Ludwigshafen am Rhein, Germany) on an area of 3 x 3 cm?, to create lesions
on the skin. Before SDS application, animals were lightly anesthetized with isoflurane, the
skin was cleaned with a soft cotton pad soaked with lukewarm water and dried with a
paper towel, and the skin thickness was measured with a Traceable® Carbon Fiber Calipers,
6”. Skin lesions were scored to establish the evolution of the lesion. To avoid pain, codeine
was added to water (30 mg/500 mL). One rat received no SDS application, and was used
as a naive control. The treatment (days 8 to 12) was performed applying 1 mL (1 mg AP)
of AP-NLC (3.6 mg AP/kg) on the skin lesion area. On day 8, two animals showing skin
lesions were treated with 1 mL of AP-NLC that was applied for five consecutive days on
the back skin damaged area. Two animals remained untreated working as the control. At
the end of the study, on day 13, rats were sacrificed, and the skin was recovered and fixed
in 10% neutral buffered formalin (Sigma-Aldrich, Taufkirchen, Germany) for histological
analysis, using standard hematoxylin and eosin staining.

3. Results and Discussion
3.1. Characterization of AP-NLC Formulation

The selection of NLC components was based on literature reviews and on preliminary
assays. The combination of Precirol ATO 5, Miglyol 812 and Tween 80, as the solid
lipid, liquid lipid, and surfactant, respectively, has been described for the preparation of
drug-loaded NLC for topical application, mainly for lipophilic actives [30]. A suitable solid—
liquid lipid combination, which leads to the formation of an appropriate solid nanoparticle
matrix, was then chosen and the AP solubility in the lipids at 80 °C was evaluated. It was
possible to solubilize the maximum amount of AP in 2.5 g Precirol and 0.25 g Miglyol was
0.025 g. In another preliminary set of experiments, NLC formulations composed of AP
in different percentages were prepared to evaluate the effect of AP concentration on the
mean size, polydispersity index, and zeta potential of the final particles. AP solubility
studies permitted the selection of NaOH as an AP solubility enhancer. Figure 1 shows the
composition selected to perform the present study. The AP solubilization approach was
also followed in another AP formulation study [18]. Allopurinol has a pKa of 10 (drug
molecule has two acidic groups), and, according to the literature, it is in a non-ionized form
at low pH [18]. We could only solubilize AP when the pH was increased by the addition of
NaOH. The further incorporation of AP into nanoparticles was probably dependent on the
degree of drug ionization. Additional tests will be desirable to confirm if AP present in the
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NLC is mostly in an amorphous state with only few partially crystallized drug molecules,
as scarce information exists on allopurinol-to-lipids interaction. According to the literature
concerning solid state characterizations of polymer matrix, allopurinol is present as an
amorphous material entrapped in polymers, and this condition considerably enhances the
dissolution rate of the drug [31]. Recent studies have shown that the use of amorphous
actives in topical products responsible for higher saturation solubility creates an increased
concentration gradient between the formulation and skin, thus improving the diffusive
flux into the skin [32]. In our study, an empty formulation was also prepared to study the
characteristics of the formulation without the influence of the drug. The incorporation of
AP resulted in an increase of the negative superficial charge of the particles. Based on the
macroscopic appearance of the formulations and homogeneity, it was possible to select
the formulation containing 0.025 mg AP for further characterization. The pH value of
the selected formulation (7.0) is compatible with the skin pH. Skin pH is normally acidic,
ranging in pH values of 4-6; however, pH 7 is not considered irritative to the skin [33].
Considering the wound healing purpose, a pH known to improve skin regeneration should
be employed. In fact, it was demonstrated that the optimal pH for both keratinocyte and
fibroblast proliferation is between pH 7.2 and 8.3 [34].

In the case of drug-carrier skin application, drug permeation into the skin is influenced
by the physicochemical characteristics of the particles such as size, morphology, and surface
charge being the size and charge the most important factors [35]. The AP-NLC formulation
presented a particle diameter of 193 £ 15 nm, PdI of 0.240 + 0.02, and zeta potential of
—61.3 £ 7.0 mV. AP encapsulation efficiency obtained was 52.2%, and the drug loading
was 4.74 mg/g. The encapsulation efficiency is comparable to that obtained for other type
of nanoparticles [19,20]. Formulation of unloaded particles presented pH 6 and particles
presented a particle diameter of 183 £ 6 nm, PdI had a value of 0.243 £ 0.03, and zeta
potential was —34.8 & 1.0 mV. The incorporation of AP into NLC did not particularly
influence the characteristics of the formulation, with the exception of the zeta potential.
According to the literature, a large positive or negative value of zeta potential of particles
indicates good physical stability of nanosuspensions due to electrostatic repulsion of
individual particles [36]. According to the obtained results, the incorporation of AP
increased the particle electrostatic stability. There is a direct influence of pH on the zeta
potential of a colloidal particle. We have checked the ability to reverse the zeta potential
of nanoparticles by adjusting the pH, and when the pH decreases, the zeta potential
absolute value decreases as well. Although the nanoparticles have been surrounded by a
neutral surfactant as Tween, the negatively charged groups created on the surface of the
nanoparticle during the formation process are likely to contribute more significantly to the
surface potential of the particle [37]. In our case, as above mentioned, the incorporation of
AP resulted in an increase of the negative superficial charge of the particles.

Nanoparticles adsorb at the skin surface, creating a film transferring the nanoparticle-
loaded drug into the skin, and the smaller the size, the better percutaneous penetration [38].
The particle diameter obtained is adequate to create a film of lipid particles and to promote
skin delivery [39]. Considering the application in wounds, NLC are capable of increasing
residence time thus reducing the healing time process [39].

The effect of temperature on the particle size of NLC formulations was assessed using
DLS. This analysis is often used to study the physical behavior of solid lipid nanoparticles
suspensions during processes that include heating and cooling variations as a stress test
of physical stability [40]. Empty NLC particles and AP-loaded NLC particles exhibited
the same behavior due to the same lipid amount present in the tested formulations. A
decrease in the size, expressed in nm, occurred around the temperature of 4045 °C, for both
formulations during the heating process, far from the temperature of solid lipid melting
(~74 °C). The opposite behavior was observed during the cooling process, where an increase
in the size of both formulations occurred at approximately the same temperature. These
results are presented in Figure 2. NLC showed high stability within different temperature
conditions as observed for other lipid nanoparticles [41]. The influence of the temperature
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variation in the ranges 25-90 °C and 90-25 °C on particle size was independent of the
presence of AP. During the heating phase, a reorganization of the lipid matrix might have
occurred, considering the size changes; however, the particles were able to recover their
size which is indicative of formulation stability at high temperatures.
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Figure 2. Thermal analysis of naive NLC (A) and AP-loaded NLC (B): closed circles from 25 °C to 90 °C and open circles
from 90 °C to 25 °C.

The rheology assay is important to understand the spreadability and flow behavior of
the formulation, which is a significant aspect for topical administration to assure patients
compliance. Viscosity was measured for AP-loaded and empty NLC. Semisolid formula-
tions show advantages for topical application, as they prolong the contact time with the
skin, reducing the number of applications.

As shown in Figure 3, in rheological terms, both formulations present pseudoplastic
non Newtonian behavior. By increasing the shear rate, the viscosity decreases, but the
formulation easily recovers its structure after removal of applied force, with no hysteresis.
On the other hand, the incorporation of AP increases the viscosity value when compared
to empty NLC at the same shear rates. In general, the increase in viscosity is due to an
increase in the volume of lipid phase [25]. In our study, being that the volume of lipid
phase is the same for loaded and non loaded NLC, the difference in zeta potential may
have played a role in viscosity, being that the loaded nanoparticles are strongly anionic
(<—30 mV) in comparison with non-loaded ones. In any case, both formulations present a
rheological profile adequate for topical application.
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Figure 3. Rheological analysis of empty and AP-loaded NLC. Circles: AP-NLC, Squares: NLC.
Closed symbols: Ascendent curve; Open symbols: Descendent curve.
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3.2. Skin Delivery Study

The measurement of drug skin permeation from a given dosage form is an important
assay for the development of a new topical formulation [42]. The most common method
employs an open chamber design, and can be used with a synthetic membrane, a tissue
construct, or a biological sample, such as skin [42]. Permeation and retention studies were
performed using Franz diffusion cells. Permeation studies allow understanding the formu-
lation behavior when in contact with the skin, thus predicting drug skin permeation in vivo,
and possible systemic effect [29]. The skin barrier provides a hydrophobic environment
necessary for preventing and controlling drug delivery. In vitro permeation studies were
essential to evaluate the ability of AP-NLC to penetrate through the skin layers, instead of
being retained at the skin surface. Just as important as drug permeation results is the skin
drug retention in order to enlarge the period of drug contact with the skin. Permeation and
retention of AP-NLC were assessed using newborn pig skin as a human skin surrogate.
Figure 4 shows the results of permeation and skin retention obtained in different skin layers
when the drug is loaded in the NLC system.
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Figure 4. Permeation (left) and retention (right) assays for AP-NLC formulation. The results are expressed
as mean + S.D. (n = 6).

The AP retention was higher in the SC compared to the other skin layers. It seems that
the encapsulation of the drug in the developed formulation facilitates the skin deposition
as carrier association may increase drug solubility and partition in the skin. Due to the
high lipophilicity, AP should interact mostly with the stratum corneum components.
Therefore, it is expected to find AP in the skin and, to a greater extent, in the stratum
corneum. AP from AP-loaded NLC was able to cross the skin, and reached the receptor
fluid (Figure 4, left). The permeation and retention assays for free-AP (in solution) were
hampered by its solubility, and no detectable AP was found in the receptor phase or within
the skin. Comparison with data from the literature is difficult as the only study reported
so far presents the cumulative AP permeation through rat skin from transfersomal gel in
percentage values [22].

3.3. Assessment of Cellular Cytotoxicity against HaCaT Cells

A desirable feature of a compound for the topical application is the absence of cytotox-
icity against skin cells. HaCaT cell line has been widely used as a reproducible model for
the characterization of human skin keratinocytes. Therefore, a HaCaT keratinocyte cell line
was used to assess AP-NLC formulation cytotoxicity in mammalian cells, using the MTT
cell viability assay. AP-loaded NLC were tested and presented no cytotoxicity to HaCaT
cells on the range of concentrations tested (between 0.156 and 10,000 ng/mL) (Figure 5).
The empty formulation (vehicle) and free AP were also tested for the same concentrations,
and presented no toxicity. Overall, the results obtained indicate the safety of the developed
formulation.
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Figure 5. Evaluation of AP loaded NLC cytotoxicity on the HaCaT cell line. Results are expressed as
mean = standard error of a representative experiment.

3.4. In Vivo Assay

In this preliminary assay, a non-infectious model based on the formation of skin lesions
was developed on rat skin, in order to simulate a skin barrier damage, and to evaluate AP
ability to regenerate damaged skin. We decided to avoid an excisional model, since rodent
excisional wounds heal by contraction, while humans heal by re-epithelialization [43]. For
the purpose, before the administration of SDS gel responsible for the lesion formation, skin
thickness was measured daily.

The skin thickness remarkably increased during the application of the SDS gel (Figure 6).
In the case of skin and soft tissue inflammation and/or infection, it is common to observe
an increase of skin thickness as a consequence of microbial skin invasion and blood cells
infiltration. The application of AP-loaded NLC resulted in a decrease of skin lesion, when
compared to non-treated controls. Regarding any eventual toxicity signs, on average,
the animal body weight loss was not higher than 6% during the first 8 days, and the
animals recovered their weight at the end of the experiment. Animals presented no
behavioral changes during the experiment time course. Macroscopic lesions observations
(Figure 6a—c) were corroborated by the histological analysis (Figure 6A-C). A similar non-
infectious wound model was carried out in mice, to test the efficacy of topical insulin
nanoparticles [1]. Results were also favorable regarding tissue regeneration after skin burn,
based on macroscopical analysis over five days of treatment [1].

Histology analysis showed that the application of 40% SDS gel on rat skin for five con-
secutive days resulted in extensive and severe dermatitis lesions with epidermal necrosis
(Figure 6B). Skin treated with AP-NLC presenting macroscopic signs of healing (Figure 6C)
showed microscopically advanced healing of dermatitis lesions (Figure 6C). These results
were encouraging to proceed with a complete in vivo assay to test the potential of AP
formulation in the presence of tissue damage and excessive host immune response, and
compare it with several controls. Despite occlusion being generally accepted as preventing
wound desiccation, which may stimulate epidermal cell migration, a study with a NLC
composition very similar to the one presented in our work [44] demonstrated the lack of
wound healing activity of empty carriers. It would be interesting to determine the severity
of associated inflammatory skin disease that greatly contribute to change drug penetration
profile. In the study from Madigan et al., the topical application of AP (direct application of
30 ng/wound) resulted in a reduction of ROS production and significant delay in wound
closure [8]. In our study using another wound healing model and applying 1 mg AP to
each wound, we were able to achieve a reduction of skin lesion in comparison to non-
treated controls. Skin lesion drug targeting with a topical AP formulation thus appears as
a promising strategy to control wounds. Kimball and co-workers have created wounds in
diet-induced obese mice and injected animals with AP [45]. Injections started on day three,
and resulted in a significant improvement in healing through day seven, suggesting that
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xanthine oxidase antagonists may represent a target for the remission of inflammation in
diabetic wounds. These encouraging results were obtained using a parenteral approach to
treat wounds. In our work, with the administration of AP locally to wound sites we made a
step forward on the understanding how AP blocking uric acid could help wound healing.
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Figure 6. Top: timeline representation of the in vivo model; in the middle: skin thickness (%) during
the application of the SDS gel. Bottom: photographs of: (a) the skin from naive control rat skin; (b) rat
skin treated topically with SDS gel; (c) rat skin treated topically with SDS gel followed by topical
application of AP-NLC; representative microphotographs of skin stained with haematoxylin and
eosin (200 x magnification) from: (A) naive control rat skin; (B) rat skin treated topically with SDS
gel; (C) rat skin treated topically with SDS gel followed by topical application of AP-NLC.

4. Conclusions

In this work, NLCs were chosen as systems with the ability to solubilize, incorporate,
and deliver AP into the skin. A NLC formulation was prepared and characterized. The
formulation presented particles with suitable nanometric size, high drug incorporation,
and a zeta potential value to assure a good electrostatic stabilization. The rheological
behavior showed a prolonged contact between the drug and the site of action, and even the
in vitro skin retention and penetration showed good results for the topical administration
of AP with no evidence of toxicity towards skin cells. According to the results obtained in
this work, it is possible to conclude that the formulation shows potential for the topical AP
delivery. Despite being initial studies, in vivo assay proved that AP-NLC formulation has
potential to be used in the regeneration of skin lesions.

Author Contributions: Conceptualization, S.S. and M.C.; methodology, C.V., CE-S., C.E.,, M.C. and
S.S.; validation, S.S., M.C. and G.S.; formal analysis, C.V.; investigation, C.V.; resources, S.S. and
M.C,; data curation, C.E. and C.E-S.; writing—original draft preparation, C.V.; writing—review
and editing, S.5., M.C. and G.S.; supervision, S.S. and M.C.; project administration S.S. and M.C.;
funding acquisition, S.S. and M.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is funded by national funds through FCT—Fundacao para a Ciéncia e a Tecnolo-
gia, LP, through the projects UIDB/04138/2020 e UIDP/04138/2020.



Bioengineering 2021, 8, 192 12 of 13

Institutional Review Board Statement: All animal studies were performed in compliance with the
guidelines outlined in the Guide for the Care and Use of Laboratory Animals, in accordance with the
national (DL 113/2013, 2880/2015, 260/2016 and 1/2019) and international (Directive 2010/63/EU)
accepted principles for laboratory animals” use (3 R’s principles). All animal experiments were
reviewed and approved by the national authorities (protocol iMed.ULisboa/2018/NanoBaR).

Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are only available in this article.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Quitério, M.; Simoes, S.; Ascenso, A.; Carvalheiro, M.; Leandro, A.P,; Correia, I.; Viana, A.S.; Faisca, P.; Ascensao, L.; Molpeceres,
J.; et al. Development of a Topical Insulin Polymeric Nanoformulation for Skin Burn Regeneration: An Experimental Approach.
Int. ]. Mol. Sci. 2021, 22, 4087. [CrossRef]

Frykberg, R.G.; Banks, J. Challenges in the Treatment of Chronic Wounds. Adv. Wound Care 2015, 4, 560-582. [CrossRef] [PubMed]
Oliveira, A.; Simoes, S.; Ascenso, A.; Reis, C.P. Therapeutic advances in wound healing. J. Dermatol. Treat. 2020, 1-21. [CrossRef]
[PubMed]

Fernandez, M.L.; Upton, Z.; Shooter, G.K. Uric acid and xanthine oxidoreductase in wound healing. Curr. Rheumatol. Rep. 2014,
16, 396. [CrossRef] [PubMed]

Fernandez, M.L.; Upton, Z.; Edwards, H.; Finlayson, K.; Shooter, G.K. Elevated uric acid correlates with wound severity.
Int. Wound J. 2012, 9, 139-149. [CrossRef] [PubMed]

Fernandez, M.L.; Stupar, D.; Croll, T.; Leavesley, D.; Upton, Z. Xanthine Oxidoreductase: A Novel Therapeutic Target for the
Treatment of Chronic Wounds? Adv. Wound Care 2018, 7, 95-104. [CrossRef]

Pacher, P; Nivorozhkin, A.; Szabd, C. Therapeutic Effects of Xanthine Oxidase Inhibitors: Renaissance Half a Century after the
Discovery of Allopurinol. Pharmacol. Rev. 2006, 58, 87-114. [CrossRef]

Madigan, M.C.; McEnaney, R.M.; Shukla, A.].; Hong, G.; Kelley, E.E.; Tarpey, M.M.; Gladwin, M.; Zuckerbraun, B.S.; Tzeng, E.
Xanthine Oxidoreductase Function Contributes to Normal Wound Healing. Mol. Med. 2015, 21, 313-322. [CrossRef]
ClinicalTrials. Effectiveness Allopurinol Topical Agent Prevention Capecitabine-induced Hand-foot Syndrome. 2014.
Available online: https://clinicaltrials.gov/ct2/show /NCT01609166 (accessed on 27 October 2020).

Rodemer, Y.; Nobera Pharma SL. Use of Allopurinol for the Treatment of Palmar Plantar Erythrodysesthesia. U.S. Patent
US8557829B2, 15 October 2013.

Sekundo, W.; Augustin, A J.; Strempel, I. Topical Allopurinol or Corticosteroids and Acetylcysteine in the Early Treatment of
Experimental Corneal Alkali Burns: A Pilot Study. Eur. J. Ophthalmol. 2002, 12, 366-372. [CrossRef]

Navarro-Trivifio, FJ. Tattoo skin reaction treatment with topical allopurinol: A good alternative. Int. ]. Dermatol. 2019, 58,
e250-e252. [CrossRef]

Roberts, M.S.; Cheruvu, H.S.; Mangion, S.E.; Alinaghi, A.; Benson, H.A.E.; Mohammed, Y.; Holmes, A.; van der Hoek, ].; Pastore,
M.; Grice, ].E. Topical drug delivery: History, percutaneous absorption, and product development. Adv. Drug Deliv. Rev. 2021,
177,113929. [CrossRef] [PubMed]

Ascenso, A.; Ribeiro, H.M.; Cabral Marques, H.; Simées, S. Topical Delivery of Antioxidants. Curr. Drug Deliv. 2011, 8, 640-660.
[CrossRef]

Vitorino, C.; Sousa, J.; Pais, A. Overcoming the Skin Permeation Barrier: Challenges and Opportunities. Curr. Pharm. Des. 2015,
21,2698-2712. [CrossRef]

Simoes, S.; Carvalheiro, M.; Gaspar, M.M. Lipid-Based Nanocarriers for Cutaneous Leishmaniais and Buruli Ulcer Management.
Curr. Pharm. Des. 2016, 22, 6577-6586. [CrossRef]

Barroso, A.; Mestre, H.; Ascenso, A.; Simdes, S.; Reis, C. Nanomaterials in wound healing: From material sciences to wound
healing applications. Nano Sel. 2020, 1, 443-460. [CrossRef]

Gonzalez-Martin, G.; Figueroa, C.; Merino, I.; Osuna, A. Allopurinol encapsulated in polycyanoacrylate nanoparticles as potential
lysosomatropic carrier: Preparation and trypanocidal activity. Eur. ]. Pharm. Biopharm. 2000, 49, 137-142. [CrossRef]

Kandav, G.; Bhatt, D.C; Jindal, D.K,; Singh, S.K. Formulation, Optimization, and Evaluation of Allopurinol-Loaded Bovine
Serum Albumin Nanoparticles for Targeting Kidney in Management of Hyperuricemic Nephrolithiasis. AAPS PharmSciTech 2020,
21, 164. [CrossRef] [PubMed]

Kandav, G.; Bhatt, D.; Jindal, D.K. Formulation and evaluation of allopurinol loaded chitosan nanoparticles. Int. J. Appl. Pharm.
2019, 11, 49-52. [CrossRef]

El-Gibaly, I.; Abdel-Ghaffar, S.K. Effect of hexacosanol on the characteristics of novel sustained-release allopurinol solid lipo-
spheres (SLS): Factorial design application and product evaluation. Int. |. Pharm. 2005, 294, 33-51. [CrossRef]

Tiwari, R.; Tiwari, G.; Singh, R. Allopurinol loaded transferosomes for the alleviation of symptomatic after-effects of Gout: An
Account of Pharmaceutical implications. Curr. Drug Ther. 2020, 15, 404—419. [CrossRef]


http://doi.org/10.3390/ijms22084087
http://doi.org/10.1089/wound.2015.0635
http://www.ncbi.nlm.nih.gov/pubmed/26339534
http://doi.org/10.1080/09546634.2020.1730296
http://www.ncbi.nlm.nih.gov/pubmed/32056472
http://doi.org/10.1007/s11926-013-0396-1
http://www.ncbi.nlm.nih.gov/pubmed/24357442
http://doi.org/10.1111/j.1742-481X.2011.00870.x
http://www.ncbi.nlm.nih.gov/pubmed/21973196
http://doi.org/10.1089/wound.2016.0724
http://doi.org/10.1124/pr.58.1.6
http://doi.org/10.2119/molmed.2014.00191
https://clinicaltrials.gov/ct2/show/NCT01609166
http://doi.org/10.1177/112067210201200504
http://doi.org/10.1111/ijd.14604
http://doi.org/10.1016/j.addr.2021.113929
http://www.ncbi.nlm.nih.gov/pubmed/34403750
http://doi.org/10.2174/156720111797635487
http://doi.org/10.2174/1381612821666150428124053
http://doi.org/10.2174/1381612822666160701083812
http://doi.org/10.1002/nano.202000055
http://doi.org/10.1016/S0939-6411(99)00076-4
http://doi.org/10.1208/s12249-020-01695-z
http://www.ncbi.nlm.nih.gov/pubmed/32488630
http://doi.org/10.22159/ijap.2019v11i3.31932
http://doi.org/10.1016/j.ijpharm.2004.12.027
http://doi.org/10.2174/1574885515666200120124214

Bioengineering 2021, 8, 192 13 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Souto, E.B.; Baldim, L; Oliveira, W.P.; Rao, R.; Yadav, N.; Gama, EM.; Mahant, S. SLN and NLC for topical, dermal, and
transdermal drug delivery. Expert Opin. Drug Deliv. 2020, 17, 357-377. [CrossRef] [PubMed]

Rocha, K.A.D.; Krawczyk-Santos, A.P.; Andrade, L.M.; Souza, L.C.; Marreto, R.N.; Gratieri, T.; Taveira, S.F. Voriconazole-loaded
nanostructured lipid carriers (NLC) for drug delivery in deeper regions of the nail plate. Int. J. Pharm. 2017, 531, 292-298.
[CrossRef]

Loo, C.; Basri, M.; Ismail, R.; Lau, H.; Tejo, B.; Kanthimathi, M.; Hassan, H.; Choo, Y. Effect of compositions in nanostructured
lipid carriers (NLC) on skin hydration and occlusion. Int. J. Nanomed. 2013, 8, 13-22. [CrossRef]

Pivetta, T.P; Simoes, S.; Aratjo, M.M.; Carvalho, T.; Arruda, C.; Marcato, P.D. Development of nanoparticles from natural lipids
for topical delivery of thymol: Investigation of its anti-inflammatory properties. Colloids Surf. B Biointerfaces 2018, 164, 281-290.
[CrossRef] [PubMed]

Beloqui, A.; Coco, R.; Alhouayek, M.; Solinis, M.A,; Rodriguez-Gascén, A.; Muccioli, G.G.; Préat, V. Budesonide-loaded
nanostructured lipid carriers reduce inflammation in murine DSS-induced colitis. Int. . Pharm. 2013, 454, 775-783. [CrossRef]
Organisation for Economic Co-operation and Development. OECD Guideline 428 for the Testing of Chemicals: Skin Absorption: In
Vitro method; OECD: Paris, France, 2004.

Marto, J.; Vitor, C.; Guerreiro, A.; Severino, C.; Eleutério, C.; Ascenso, A.; Simdes, S. Ethosomes for enhanced skin delivery of
griseofulvin. Colloids Surf. B Biointerfaces 2016, 146, 616—623. [CrossRef]

De Souza Guedes, L.; Martinez, R.M.; Bou-Chacra, N.A.; Velasco, M.V.R.; Rosado, C.; Baby, A.R. An Overview on Topical
Administration of Carotenoids and Coenzyme Q10 Loaded in Lipid Nanoparticles. Antioxidants 2021, 10, 1034. [CrossRef]
[PubMed]

Changdeo, ].S.; Vinod, M.; Shankar, K.B.; Rajaram, C.A. Physicochemical characterization and solubility enhancement studies of
allopurinol solid dispersions. Braz. J. Pharm. Sci. 2011, 47, 513-523. [CrossRef]

Miiller, R.H.; Hespeler, D.; Jin, N.; Pyo, S.M. smartPearls—Novel physically stable amorphous delivery system for poorly soluble
dermal actives. Int. ]. Pharm. 2019, 555, 314-321. [CrossRef]

Baranda, L.; Gonzalez-Amaro, R.; Torres-Alvarez, B.; Alvarez, C.; Ramirez, V. Correlation between pH and irritant effect of
cleansers marketed for dry skin. Int. ]. Dermatol. 2002, 41, 494-499. [CrossRef]

Sharpe, J.R.; Harris, K.L.; Jubin, K.; Bainbridge, N.J.; Jordan, N.R. The effect of pH in modulating skin cell behaviour. Br. J.
Dermatol. 2009, 161, 671-673. [CrossRef]

Firooz, A.; Nafisi, S.; Maibach, H.I. Novel drug delivery strategies for improving econazole antifungal action. Int. J. Pharm. 2015,
495,599-607. [CrossRef]

Thatipamula, R.; Palem, C.; Gannu, R.; Mudragada, S.; Yamsani, M. Formulation and in vitro characterization of domperidone
loaded solid lipid nanoparticles and nanostructured lipid carriers. Daru 2011, 19, 23-32. [PubMed]

Choi, K.O.; Aditya, N.P; Ko, S. Effect of aqueous pH and electrolyte concentration on structure, stability and flow behavior of
non-ionic surfactant based solid lipid nanoparticles. Food Chem. 2014, 147, 239-244. [CrossRef] [PubMed]

Garcés, A.; Amaral, M.H.; Sousa Lobo, ].M.; Silva, A.C. Formulations based on solid lipid nanoparticles (SLN) and nanostructured
lipid carriers (NLC) for cutaneous use: A review. Eur. |. Pharm. Sci. 2018, 112, 159-167. [CrossRef] [PubMed]

Ghasemiyeh, P.; Mohammadi-Samani, S. Potential of Nanoparticles as Permeation Enhancers and Targeted Delivery Options for
Skin: Advantages and Disadvantages. Drug Des. Dev. Ther. 2020, 14, 3271-3289. [CrossRef] [PubMed]

Mancini, G.; Gongalves, L.M.D.; Marto, J.; Carvalho, F.A.; Simoes, S.; Ribeiro, H.M.; Almeida, A.J. Increased Therapeutic Efficacy
of SLN Containing Etofenamate and Ibuprofen in Topical Treatment of Inflammation. Pharmaceutics 2021, 13, 328. [CrossRef]
Gaspar, D.P; Faria, V.; Gongalves, L.M.D.; Taboada, P.; Remufian-Lépez, C.; Almeida, A.J. Rifabutin-loaded solid lipid nanoparti-
cles for inhaled antitubercular therapy: Physicochemical and in vitro studies. Int. J. Pharm. 2016, 497, 199-209. [CrossRef]
Praga, F.S.G.; Medina, W.S.G.; Eloy, ].O.; Petrilli, R.; Campos, PM.; Ascenso, A.; Bentley, M.V.L.B. Evaluation of critical parameters
for in vitro skin permeation and penetration studies using animal skin models. Eur. J. Pharm. Sci. 2018, 111, 121-132. [CrossRef]
Chen, L.; Mirza, R.; Kwon, Y.; DiPietro, L.A.; Koh, T.J. The murine excisional wound model: Contraction revisited. Wound Repair
Regen. 2015, 23, 874-877. [CrossRef]

Gainza, G.; Bonafonte, D.C.; Moreno, B.; Aguirre, ].].; Gutierrez, EB.; Villullas, S.; Hernandez, R. M. The topical administration of
rhEGF-loaded nanostructured lipid carriers (thEGF-NLC) improves healing in a porcine full-thickness excisional wound model.
J. Control. Release 2015, 197, 41-47. [CrossRef] [PubMed]

Kimball, A.S.; Davis, EM.; denDekker, A.; Joshi, A.D.; Schaller, M.A.; Bermick, J.; Xing, X.; Burant, C.E; Obi, A.T.; Nysz, D.; et al.
The Histone Methyltransferase Setdb2 Modulates Macrophage Phenotype and Uric Acid Production in Diabetic Wound Repair.
Immunity 2019, 51, 258-271. [CrossRef] [PubMed]


http://doi.org/10.1080/17425247.2020.1727883
http://www.ncbi.nlm.nih.gov/pubmed/32064958
http://doi.org/10.1016/j.ijpharm.2017.08.115
http://doi.org/10.2147/IJN.S35648
http://doi.org/10.1016/j.colsurfb.2018.01.053
http://www.ncbi.nlm.nih.gov/pubmed/29413607
http://doi.org/10.1016/j.ijpharm.2013.05.017
http://doi.org/10.1016/j.colsurfb.2016.07.021
http://doi.org/10.3390/antiox10071034
http://www.ncbi.nlm.nih.gov/pubmed/34206935
http://doi.org/10.1590/S1984-82502011000300009
http://doi.org/10.1016/j.ijpharm.2018.11.018
http://doi.org/10.1046/j.1365-4362.2002.01555.x
http://doi.org/10.1111/j.1365-2133.2009.09168.x
http://doi.org/10.1016/j.ijpharm.2015.09.015
http://www.ncbi.nlm.nih.gov/pubmed/22615636
http://doi.org/10.1016/j.foodchem.2013.09.095
http://www.ncbi.nlm.nih.gov/pubmed/24206712
http://doi.org/10.1016/j.ejps.2017.11.023
http://www.ncbi.nlm.nih.gov/pubmed/29183800
http://doi.org/10.2147/DDDT.S264648
http://www.ncbi.nlm.nih.gov/pubmed/32848366
http://doi.org/10.3390/pharmaceutics13030328
http://doi.org/10.1016/j.ijpharm.2015.11.050
http://doi.org/10.1016/j.ejps.2017.09.034
http://doi.org/10.1111/wrr.12338
http://doi.org/10.1016/j.jconrel.2014.10.033
http://www.ncbi.nlm.nih.gov/pubmed/25449803
http://doi.org/10.1016/j.immuni.2019.06.015
http://www.ncbi.nlm.nih.gov/pubmed/31350176

	Introduction 
	Materials and Methods 
	Materials 
	Cell Line and Culture Conditions 
	Animals 
	AP-NLC Preparation 
	Size and Zeta Potential 
	Quantification of Allopurinol 
	AP-NLC Thermal Analysis 
	Skin Delivery Studies 
	Rheology Studies 
	Cell-Based Assays 
	In Vivo Assays 

	Results and Discussion 
	Characterization of AP-NLC Formulation 
	Skin Delivery Study 
	Assessment of Cellular Cytotoxicity against HaCaT Cells 
	In Vivo Assay 

	Conclusions 
	References

