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Abstract: Origanum vulgare var. vulgare essential oil (OEO) is known as a natural product with
multiple beneficial effects with application in dermatology. Oregano essential oil represents a
potential natural therapeutic alternative for fibroepithelial polyps (FPs), commonly known as skin
tags. Innovative formulations have been developed to improve the bioavailability and stability of
essential oils. In this study, we aimed to evaluate the morphology of a polymeric-micelles-based
hydrogel (OEO-PbH), the release and permeation profile of oregano essential oil, as well as to assess
in vivo the potential effects on the degree of biocompatibility and the impact on angiogenesis in
ovo, using a chick chorioallantoic membrane (CAM). Scanning electron microscopy (SEM) analysis
indicated a regular aspect after the encapsulation process, while in vitro release studies showed a
sustained release of the essential oil. None of the tested samples induced any irritation on the CAM
and the limitation of the angiogenic process was noted. OEO-PbH, with a sustained release of OEO,
potentially enhances the anti-angiogenic effect while being well tolerated and non-irritative by the
vascularized CAM, especially on the blood vessels (BVs) in the presence of leptin treatment. This is
the first evidence of in vivo antiangiogenic effects of a polymeric-micelle-loaded oregano essential oil,
with further mechanistic insights for OEO-PbH formulation, involving leptin as a possible target. The
findings suggest that the OEO-containing polymeric micelle hydrogel represents a potential future
approach in the pathology of cutaneous FP and other angiogenesis-related conditions.

Keywords: Origanum vulgare var. vulgare essential oil; polymeric micelles; SEM; in vitro release;
angiogenesis; chorioallantoic membrane

1. Introduction

Origanum vulgare L., also known as oregano, is an aromatic, widespread plant belong-
ing to the Lamiaceae family. It is native to Mediterranean flora as well as to southwestern
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Eurasia [1]. Within the genus Origanum, this perennial species is characterized by increased
variability and morphological diversity, comprising no less than six subspecies: subsp.
vulgare L., subsp. glandulosum (Desfontaines) letswaart, subsp. hirtum (Link) letswaart,
subsp. gracile (Kock) letswaart, subsp. virens (Hoffmannsegg et Link) letswaart, and subsp.
viride (Boissier) Hayek [2]. Oregano is used in traditional medicine in order to treat di-
gestive, respiratory, and cutaneous disorders; as a valuable spice in gastronomy; as an
additional preservative in the food industry; and for agricultural and pest control pur-
poses [3,4]. In terms of chemical composition, Origanum vulgare L. is characterized by the
presence of volatile (essential oil) and non-volatile (flavonoids, phenolic acids, and tannins)
compounds [5]. It is acknowledged that the numerous biological activities of Origanum
vulgare L. are due to the volatile components of the plant represented by the essential
oil. Although the essential oil (EO) composition varies depending on external factors
such as the harvesting time, growth conditions, and geographical area, it is unanimously
accepted that the main components of OEO are the monoterpenes carvacrol and thy-
mol [6,7]. The pharmacological profile of OEO comprises a multitude of effects established
throughout many years of intensive exploration. Antibacterial, antifungal, antiparasitic,
anti-inflammatory, antioxidant, antitumoral, and antiproliferative effects characterize OEO
and maintain the focus of scientific research on this aromatic medicinal plant [8–13]. Recent
findings have highlighted the cosmeceutical potential of OEO as a natural alternative in
a series of cutaneous diseases [14]. Due to the phenolic monoterpenes—carvacrol and
thymol—OEO exhibits antioxidant activity that can play an important role in preventing
solar skin aging [15,16]. Moreover, the statistics show that 1–1.5% of the population is
confronted with wounds [17]. Thus, the anti-inflammatory and antimicrobial potential of
OEO is increasingly being studied to deliver a natural option in wound healing or for other
skin condition therapeutical approaches, such as acne [18–21].

Currently, researchers have shown a particular interest in the potential of various
OEO-based cutaneous delivery systems as a complementary therapeutic approach to many
skin disorders such as acne, skin infections, wounds, atopic dermatitis, psoriasis, and skin
aging [22]. Therefore, innovative nanocarrier systems have been increasingly developed to
enhance the skin bioavailability and therapeutic potential of OEO. We currently dispose
of a wide range of novel nanocarriers, namely, liposomes, niosomes, nanoemulsions,
nanospheres, nanocrystals, dendrimers, and even gold or silver nanoparticles [23]. The
encapsulation of EOs enhances not only skin permeability and biological performance
but also the compliance of the patient due to the more pleasant aesthetic appearance of
the dermato-cosmetic product [24]. Moreover, the encapsulation process determines the
prolonged exposure of EOs to the skin and sustained-release action, thereby providing
an enhanced and effective biological effect [25]. Consequently, we designed a modern
poloxamer-based hydrogel formulation to incorporate OEO as the active ingredient. The
amphiphilic character of poloxamers is responsible for the increased ability to form micelles
and to incorporate the hydrophobic components contained in OEO, enhancing, at the same
time, the bioavailability and the biological efficacy of the EO [26,27].

The application of EOs as ointments, creams, dressings, and lotions in various cuta-
neous diseases has been practiced for centuries. The variability of EOs (including OEO,
which is known to be the most variable species of the Origanum genus) can determine
significant changes in chemical profile and, thus, an important increase in the toxicity risk.
Therefore, it is mandatory to ensure the increased quality of raw materials and extraction
methods, in accordance with the provisions of European Pharmacopoeia, to ensure an
appropriate safety profile of the cosmetic product [28,29]. EOs of the Lamiaceae family
have the potential to sensitize and irritate the skin, causing allergic contact dermatitis and
hypersensitivity reactions [30]. However, the use of EOs in topical preparations is generally
safe, efficient, and less expensive when they are used in a decreased concentration or a
diluted form, and the quality of the formulation is assured [17]. Considering the safety
issue for topical formulations, the poloxamers selected for our formulation are frequently
used as excipients due to their biocompatible, non-toxic, and non-irritant features, which
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are recognized by FDA as GRAS (generally recognized as safe) and described by the Eu-
ropean and US Pharmacopoeia. Moreover, the use of poloxamers as excipients in topical
formulations can be an advantageous option also due to their multiple functionalities,
acting as solubilizers for lipophilic bioactive compounds, gelling agents, and permeation
enhancers [31,32].

In our previous work, we successfully showed that the polymeric hydrogel containing
OEO proved to have a significant effect on decreasing the proliferation and migration
of human keratinocytes [33]. These results were encouraging for potential beneficial
use on cutaneous impaired cell proliferation and differentiation manifested in FPs. The
pathogenic profile of the FP involves dysregulated keratinocyte and fibroblast pathways,
next to a higher vascular density and abnormalities. A few studies have evaluated the
potential effect of oregano essential oil on the process of angiogenesis. Origanum onites L.
essential oil induced an anti-angiogenic effect by inhibiting migration and tube formation,
using an endothelial cell assay [34]. Additionally, carvacrol, the main phytochemical in
OEO, tested as a nanoformulation was shown to possess anti-angiogenic activity, reducing
the expression of angiogenic factors VEGF, COX-2, and CD-31 in an animal study [35].
Considering the efforts to reduce the use of animal models, the CAM stands as an accepted
in vivo alternative to assess skin irritation, an intermediate step prior to further evaluation.
In this regard, the CAM assay was considered for the in vivo evaluation of the OEO
formulation. This is the first study involving a polymeric-based formulation containing
oregano essential oil using the CAM assay. The protocol makes use of a chorioallantoic
membrane of a chick embryo, commonly used to perform angiogenic studies, in cancer
research as an in vivo alternative to animal studies, with several advantages such as costs,
time, and ease of access [36]. The hen egg test–chorioallantoic membrane (HET-CAM) assay
has also gained attention in assessing irritability in the field of bioengineering, ophthalmic
products as well as cosmeceuticals, as an alternative to the Draize eye rabbit test, according
to the 3Rs principles: replacement, reduction, and refinement. [37–40].

Therefore, in the current study, we considered the evaluation of the same innovative
OEO-containing polymeric micelles formulation in terms of cutaneous application. One
of the aims was the assessment of the releasing pattern of the formulation. The second
purpose was to study the in vivo tolerability of the OEO-PbH formulation and the potential
effect on the angiogenic process in ovo on the CAM assay, as a step forward toward a future
clinical evaluation on FP.

2. Results
2.1. SEM Analysis

The surface morphologies of the polymeric-micelles-based hydrogel containing OEO,
next to OEO alone, and a blank hydrogel were investigated using SEM. As depicted in
Figure 1, the micron particles incorporated in the polymer matrix have a regular aspect
after the encapsulation process, as indicated by a mostly spherical smooth shape. Essential
differences between the surface morphology of OEO and OEO-PbH were observed.
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2.2. In Vitro Drug Release and Skin Permeation Studies
2.2.1. In Vitro Release of OEO

The in vitro release profile of OEO from the poloxamer-binary hydrogel through
the polysulfone membrane is shown in Figure 2a, and the values of the process-specific
parameters are listed in Table 1.
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Figure 2. The profiles of cumulative OEO release (a) and skin permeation (b) from OEO-PbH versus
time (mean ± SD of five replicates, p < 0.05).

Table 1. Specific parameters of OEO release and permeation from polymeric-micelles-based hydrogel
through synthetic membrane and pig ear skin.

Membranes Used in
In Vitro OEO

Release/Permeation Study
JSS (µg/cm2/h) KP × 10−6 (cm/h) tL (h)

Synthetic polysulfone membrane 419.99 ± 8.12 83.99 ± 1.32 0.44 ± 1.47

Pig ear skin
155.06 ± 6.57 (2–10 h) 31.01 ± 4.56 1.65 ± 2.38

49.63 ± 3.19 (10–24 h) 9.92 ± 3.05 –

It can be observed that the polymeric gel vehicle provided a sustained release of OEO
throughout the test period without reaching a steady state, with a total released amount
of 33.33 ± 4.28% OEO, corresponding to 2702.34 ± 5.12 µg/cm2 of the initial content.
Additionally, the release profile of OEO presented a lag time (the x-axis intercepts at the
linear segment of the curve for permeated cumulative OEO amount vs. time, under steady-
state conditions), with a value of less than 30 min, accepted as a common characteristic for
this profile (Figure 2a and Table 1).

The data of in vitro OEO release test fitted best with the zero-order model, for which a
higher determination coefficient value (R2 = 0.9962) was obtained (Table 2).

Table 2. Results of kinetic analysis for OEO in vitro permeability data, from the polymeric-micelles-
based hydrogel through synthetic membrane and pig ear skin.

Membranes Used in In Vitro OEO
Release/Permeation Study

Zero Order First Order Higuchi Korsmeyer–Peppas
K0 (µg/h) R2 K1 (h−1) R2 KH (h−0.5) R2 KP (h−n) n R2

Synthetic polysulfone membrane 5.0374 0.9962 0.0604 0.9932 10.1080 0.8222 0.1831 1.7605 0.9322
Pig ear skin 1.1015 0.9278 0.0126 0.9425 4.6450 0.8652 0.3346 1.4833 0.9531

2.2.2. In Vitro Pig Ear Skin Permeation of OEO

The specific permeation profile of OEO through excised pig ear skin depicted in
Figure 2b revealed a prolonged release process leading to a final percentage of OEO re-
leased of 23.58%, corresponding to 1915.442 µg/cm2 of the initial content in experimental
formulation (Figure 2b). Furthermore, over a 24 h period, this profile was biphasic, present-
ing an initial faster phase of 8 h length and a second phase, which was slower and longer



Pharmaceuticals 2023, 16, 940 5 of 18

(of 14 h length) than the first phase (Figure 2b). The steady-state flux value calculated for
the initial phase was 3.12-fold higher than that calculated for the second phase (Table 1).

In the first phase of the transcutaneous permeation of OEO, there was also revealed a
significant lag time (1.65 ± 2.38 h), but even so, in the first 8 h of testing, the polymeric-
micelles-based hydrogel produced a faster and higher transfer of OEO.

Similar to the in vitro release study, the data obtained from the in vitro OEO perme-
ation from OEO-PbH formulation through pig ear skin were fitted to the same mathe-
matical models, and the results of the kinetic analysis are listed in Table 2. Based on the
highest value of the determination coefficient (R2 = 0.9531), it can be suggested that the
Korsmeyer–Peppas model best described the in vitro skin permeation of OEO from the
tested formulation (Table 2), demonstrating the involvement of several phenomena in this
process. Further, the calculated value of the diffusion exponent, n, (indicative of the release
mechanism of the active ingredient) was higher than 0.89 (Table 2), indicating a super
case-II drug transport mechanism.

2.3. OEO-PbH Biocompatibility In Vivo on the CAM

To determine the degree of biocompatibility of OEO-PbH, we used an in ovo HET-
CAM assay. The method is intended to assess the irritative potential of the samples with
applicability for dermal and mucosal tissues.

OEO-PbH did not induce any changes in the vascularized CAM, with no signs of
hemorrhage, coagulability, or vascular lysis observed either during the 5 min of observa-
tion (Figure 3) or 24 h after the administration, compared to the effect of sodium lauryl
sulfate (SLS), used as the positive control, that induced irritation and hemorrhage on the
membranes. The occurrence of an irritative reaction was not observed either for the blank
hydrogel or for the pure oregano essential oil, as indicated by the calculated irritation scores
(Table 3). There was no sign of embryotoxicity detected throughout the experiment.
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treatment; no irritation was noted in the case of Blank-PbH and H2O distillate; the lack of irritability
by the application of the samples OEO and OEO-PbH; scales bars represent 500 µm.

Table 3. The irritation score and the type of effect induced by OEO and OEO-PbH, Blank-PbH, and
control samples in the HET-CAM assay.

Samples Irritation Score Type of Effect

SLS 1% 15.89 ± 0.42 Strong irritant

H2O distillate 0 Non-irritant

Blank-PbH 0 Non-irritant

OEO 0 Non-irritant

OEO-PbH 0 Non-irritant
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2.4. OEO-PbH Modulates Angiogenesis In Ovo

Using the CAM assay, we investigated in ovo the effect of OEO-PbH formulation on
the process of angiogenesis, as well as the impact on the involved tissues, aiming to obtain
in vivo evidence of OEO formulation on cutaneous highly vascularized tissues.

The samples used to treat the CAMs were in a concentration of 200 µg/mL, and
the effect induced was monitored using stereomicroscopic observation after 24 and 48 h,
during a period of rapid growth of the vascular network. OEO-PbH induced an effect on
the capillaries in formation, showing a thin capillary network, with a reduced degree of
interconnection in comparison with Blank-PbH, where the BVs in formation displayed a
more dilated aspect and a higher branching pattern. CAMs treated with OEO alone showed
a reduced number of capillaries, but with a relatively dilated aspect. The stereomicroscopic
images express the reduced number of newly formed capillaries in the case of OEO and
OEO-PbH, especially 48 h after treatment (Figure 4a). Samples containing OEO were devoid
of toxicity at vascular and CAM levels. Supporting the stereomicroscopic observation, the
semi-quantitative morphometric analysis showed OEO-PbH and OEO expressed similar
effects, decreasing the number of BVs around the application spot, with a calculated
angiogenic inhibition index significantly higher compared to Blank-PbH and the control
(Figure 4b).
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2.5. OEO-PbH Modulates Leptin-Induced Angiogenesis In Ovo on the CAM

We investigated the possible impact of the studied formulation on the angiogenesis
process stimulated by leptin, an overexpressed factor in pathologies such as cutaneous
FPs. Consequently, we evaluated the changes induced in the chorioallantoic membrane by
leptin in co-administration with the OEO samples.

In the case of samples containing OEO, a reduced degree of vascularization was noted
when compared with leptin alone (Figure 5a). Blank-PbH administration did not influence
the vessel density around the application spot, but an injurious phenomenon was recorded,
which could not be observed in the case of membranes treated with samples containing
OEO. OEO-PbH induced a lower number of small-caliber vessels, showing a more intense
limitative effect on the leptin angiogenic response (Figure 5b).



Pharmaceuticals 2023, 16, 940 7 of 18Pharmaceuticals 2023, 16, x FOR PEER REVIEW 8 of 19 
 

 

 
Figure 5. Effects of OEO-PbH on BVs for the CAM after application of leptin. Stereomi-
croscopic images of OEO-PbHinduced effects compared to OEO and Blank-PbH (a) and 
the angiogenic inhibition index (%) calculated in the case of leptin coadministration (b). 
Data are expressed as mean ± SD. One-way ANOVA and Dunnett’s multiple comparison post-test 
were used for comparison among groups (* p < 0.05, ** p < 0.01, *** p < 0.001 vs. Control). 

2.6. Histological Observations 
Histological analysis of the CAM provided valuable insights into the effects of OEO 

and OEO-PbH on tissue architecture and angiogenesis. 
Hematoxylin and eosin (H&E) stained sections of the CAM revealed distinct changes 

in the allantoic ectoderm (AE), BVs, and mesodermal layer (ML) following treatment with 
Blank-PbH, OEO, and OEO-PbH (Figure 6). The presence of the chorionic endoderm (CE) 
was also observed in the CAM treated with OEO and OEO-PbH, indicating a potential 
effect of these treatments on the differentiation of the CAM. 

In the control CAM, the AE, BVs, ML, and fibroblasts were clearly identifiable, 
providing a baseline for comparison. Treatment with Blank-PbH did not appear to signif-
icantly affect the BVs, while the ML exhibited signs of edema. 

Treatment with OEO resulted in a reduced ML, thinned AE, and a decrease in the 
number of BVs. While after treatment with OEO-PbH, ML underwent a complete archi-
tectural change, the AE was thinned, and the BVs were reduced in number and size. 
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2.6. Histological Observations

Histological analysis of the CAM provided valuable insights into the effects of OEO
and OEO-PbH on tissue architecture and angiogenesis.

Hematoxylin and eosin (H&E) stained sections of the CAM revealed distinct changes
in the allantoic ectoderm (AE), BVs, and mesodermal layer (ML) following treatment with
Blank-PbH, OEO, and OEO-PbH (Figure 6). The presence of the chorionic endoderm (CE)
was also observed in the CAM treated with OEO and OEO-PbH, indicating a potential
effect of these treatments on the differentiation of the CAM.
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In the control CAM, the AE, BVs, ML, and fibroblasts were clearly identifiable, provid-
ing a baseline for comparison. Treatment with Blank-PbH did not appear to significantly
affect the BVs, while the ML exhibited signs of edema.

Treatment with OEO resulted in a reduced ML, thinned AE, and a decrease in the num-
ber of BVs. While after treatment with OEO-PbH, ML underwent a complete architectural
change, the AE was thinned, and the BVs were reduced in number and size.

3. Discussion

Considering that the efficacy of a topical pharmaceutical preparation depends on the
release of the bioactive component, the in vitro release profile constitutes an important
parameter for product quality control. The in vitro release test of the active component
from the semisolid preparation assesses the product performance, namely, those attributes
that correlate with the in vivo performance of the active ingredient [41]. It is generally
accepted that the release of the active component from semisolid preparations depends
significantly on several factors, including its solubility in the vehicle, and also the type and
viscosity of the carrier [42].

In the present in vitro release study, the OEO delivery carrier was a micellar hydrogel
based on two poloxamers in order to solubilize (encapsulate) the lipophilic active compo-
nent in the hydrophobic core of the polymeric micelles dispersed in the aqueous phase.
Moreover, in this micellar gel system, the mobility and deformability of the micelles is
strongly restricted [43,44].

Therefore, the encapsulated active component was slowly released by diffusion
through the polymeric gel matrix. Sustained topical drug delivery from poloxamer-based
hydrogels was described by other previously published studies, which also suggest that
hydrogel viscosity and the partition of the active component between the micelles and
aqueous phase are the main factors affecting this type of release [45,46]. The final per-
centage (33.33 ± 4.28%) of OEO released from the tested formulation was much lower
than that recommended as “ideal” by the EMA draft guideline [47], but the other re-
quirements for the in vitro release test were accomplished. The in vitro OEO permeation
through pig ear skin was also a prolonged release process, which can be attributed to the
above-discussed mentions.

Various polymeric carriers are currently being researched for the encapsulation of
essential oils to enhance their properties and biological benefits [48]. Such innovative
formulations are intensively investigated in pathologic conditions involving a disrupted
angiogenesis process because they can improve drug–tissue diffusion, with a low risk of
systemic toxicity [49].

Oregano essential oil, as a potent bioactive source of active compounds, with multiple
pharmacological and biotechnological benefits [14], was submitted to encapsulation designs
and delivery, and multiple activities have been reported by others [50,51].

Our polymeric micelle formulation, showing a sustained, prolonged release profile,
was submitted to an in ovo investigation, and the lack of irritability and good bioavailability
was proven using the HET-CAM assay, an optimal alternative in vivo test for toxicity
studies [52].

Using the in ovo CAM assay, we also conducted an investigation on the potential
impact of the novel formulation on the angiogenic process. Studies regarding the effect
of oregano essential oil have previously been performed, but these were mainly in vitro
and employed different species, such as Origanum onites L. [34]. Others explored in vitro
and animal studies, the main active component of oregano essential oil, carvacrol, in
an encapsulated formulation, showing the potential inhibitory effect on angiogenesis by
downregulating stimulating factors such as COX-2, VEGF, and CD31 [35].

Less data are available on the impact of Origanum vulgare essential oil on dysregulated
angiogenic pathways in skin-related diseases. A study proved the anti-inflammatory and
immunomodulatory activities of the essential oil of O. vulgare in a skin model [53]. Our eval-
uation contributes by adding important data regarding the effects of O. vulgare essential oil
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encapsulated in a polymeric micelle formulation on the dysregulated process of angiogene-
sis. OEO-PbH induced a reduced number of BVs in the developing CAM while impacting
the CAM tissues. Furthermore, an important effect was obtained by OEO-PbH formulation
in reducing the number of BVs in leptin-pretreated CAMs, suggesting a possible implication
of the prolonged-release OEO in the leptin-activated angiogenic pathways.

The histological observations of the CAMs following treatment with OEO and OEO-
PbH further elucidated the effects on angiogenic CAM tissues.

Changes in the AE, BV, and ML following treatment with Blank-PbH, OEO, and OEO-
PbH were observed. As revealed by the presence of CE on the treated CAMs, OEO and
OEO-PbH display a potential effect on the differentiation of the CAM.

Without affecting the BVs architecture, treatment with Blank-PbH exhibited signs of
edema in the ML, suggesting a change in the permeability of the BVs. This could potentially
be attributed to the physical properties of the hydrogel, which may have affected the fluid
balance in the tissue.

OEO induced a lower number of BVs in the CAM, suggesting a potential anti-
angiogenic effect of OEO. The presence of CE in the OEO-treated CAM further supports
this observation, as CE is known to play a role in the regulation of angiogenesis [54].

The most significant changes were observed in the CAM treated with OEO-PbH,
conducting changes in ML and AE while leading to a reduced number of smaller BVs.
These findings suggest that the encapsulation of OEO in the polymeric-micelles-based
hydrogel enhanced its anti-angiogenic effects, potentially by improving the bioavailability
and stability of OEO.

The histological findings align with the results of the in ovo HET-CAM assay, which
showed that OEO-PbH did not induce any irritation or hemorrhage on the CAM, indicating
a high degree of biocompatibility.

Furthermore, SEM analysis revealed a regular aspect of the micron particles in the
polymer matrix after the encapsulation process, suggesting that the formulation process
did not adversely affect the physical properties of the hydrogel. A prolonged release of
OEO from the polymeric-micelles-based formulation was observed in vitro, using pig ear
skin, with a faster release for the first 8 h, followed by a slower process of release. This
pattern of the liberation of OEO from polymeric micelles suggests the potential beneficial
effect in limiting the number of BVs in the ML, next to modifications in the ML and AE of
the CAM, without causing toxic events.

Applying an in ovo protocol using the chorioallantoic membrane of the avian embryo,
we have established a lack of irritability induced by OEO-PbH, hence suggesting the
biocompatibility and safety characteristics for topical administration. Further, the CAM
assay provided insight into the effect of OEO-PbH on limiting the number of BVs in
formation. A more intense effect was induced by this formulation on the BVs in the
presence of leptin treatment, an overexpressed adipokine in the pathology of FPs, thus being
indicative of a possible mechanism of action. The histological analysis provided valuable
insights into the effects of OEO and OEO-PbH on tissue architecture and angiogenesis in
CAM. The findings suggest that OEO-PbH has potential as a non-irritating, biocompatible,
and anti-angiogenic formulation on the chorioallantoic membrane, a valuable experimental
setting as a preliminary evaluation before cutaneous application. Our results, showing the
effect of OEO-PbH on reducing the number of newly forming vessels, and the limitation of
leptin-induced angiogenesis represent relevant findings for the possible treatment of FP,
commonly known as skin tags. Further studies, including clinical evaluations, are needed,
and represent the important perspectives of the present study, to confirm these findings and
to explore the potential therapeutic applications of OEO-PbH in cutaneous applications.

Therefore, the essential oil of oregano, and especially the formulation based on the poly-
meric micelles containing OEO, can represent a safe therapeutic alternative, biocompatible
with topical administration, while exerting limiting effects on the angiogenic phenomenon
activated in the pathology of cutaneous fibroepithelial polyps.
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4. Materials and Methods
4.1. Materials
4.1.1. Plant Materials

The essential oil was obtained from aerial parts of Origanum vulgare var. vulgare,
collected from the western part of Romania and identified in the Department of Phar-
macognosy, University of Medicine and Pharmacy “Victor Babes” Timis, oara (specimen
number: OV5/2020). The extraction was carried out by hydrodistillation, as described by
Bora et al. [33].

4.1.2. Chemicals

To prepare the poloxamer binary hydrogels, we used Poloxamer 407 (Pluronic F127,
CAS no.: 9003-11-6, product number: P2443) and Pluronic L 31 (product number: 435406),
acquired from Sigma-Aldrich-Chemie (Steinheim, Germany). For the chorioallantoic mem-
brane assay, sodium dodecyl sulfate (SDS, CAS no.: 151-21-3; MW 288.38 g/mol) and leptin
from mice (L3772, CAS no.: 181030-10-4; predicted MW~16 kDa) were purchased from
Sigma-Aldrich-Chemie (Steinheim, Germany). All used reagents were analytical-grade.

4.2. Preparation of Polymeric-Micelles-Based Hydrogels

Two polymeric-micelles-based hydrogels (blank and OEO-containing formulation)
were prepared using a “cold process” [55], as detailed in our previous study [33]. Blank
poloxamers-based hydrogel was prepared by dispersing Pluronic F127 (P127) and Pluronic
L 31 (P31) in concentrations of 20% w/w and 1% w/w, respectively, in cool (4 ◦C) purified
water. The dispersion was kept for a minimum of 24 h at 4 ◦C while stirring to obtain a
transparent, homogeneous solution, indicating total dissolution of the poloxamers. OEO at
5% w/w concentration was uniformly dispersed in the cold fluid poloxamers-based vehicle,
previously prepared by the same method as the blank formulation. Stirring was continued
at room temperature until a transparent, homogeneous hydrogel was obtained.

4.3. SEM

The surface morphology of the studied samples was investigated using SEM, an ad-
vanced method widely used in order to characterize ultra-morphological and structural
particularities of modern formulations, such as size, shape, and structure, at high resolution,
thus evaluating the formation of nanoparticles, aggregates, or micelles [56,57]. Surface
morphologies of the OEO-developed hydrogels were scanned and analyzed using photomi-
crographs. In order to obtain a good resolution of the images, the samples were analyzed
using SEM (Inspect S), FEI Company Netherlands, in low-vacuum mode using an LFD
detector, spot value of 2.5, and high voltage (HV) of 25 kV.

4.4. OEO In Vitro Release and Skin Permeation Studies

For the experiments of in vitro release and skin permeation of OEO from poloxamer-
binary hydrogel, quantitative in vitro release/permeation tests were conducted in ac-
cordance with the recommendations of the regulatory authorities describing these as-
says [47,58]. In these tests, one of the most widely used systems, namely, static vertical
diffusion cell system, was used. Additionally, the experimental conditions (the choice of the
membrane and receptor medium, the sampling time, and the analytical method) were set
up in accordance with the regulatory guidance in force [47,58,59]. Therefore, a system of six
Franz diffusion cells (Microette-Hanson, model 57-6AS9, Chatsworth, CA, USA) was used.
Each vertical diffusion cell has an effective diffusional area of 1.767 cm2 and an acceptor
compartment volume of 6.5 mL. The used receptor medium was phosphate saline buffer
(pH, 7.4) with 30% (v/v) ethanol (Merck, Darmstadt, Germany; 99.8% purity; CAS no.:
64-17-5; MW 46.07 g/mol), which fulfilled the sink conditions for OEO during the in vitro
release and skin permeation tests. Each in vitro release and skin permeation experiment
were performed five times.
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4.4.1. In Vitro OEO Release Studies

The in vitro OEO release measurements were performed according to the method
described by USP/NF [58]. Practically, the acceptor compartments were filled with the
freshly prepared and deaerated receptor medium and then covered by the synthetic hy-
drophilic polysulfone membranes (0.45 µm Supor® membranes, Pall Corporation, Port
Washington, NY, USA), which were previously soaked in the receptor medium for 30 min.
The poloxamer-binary hydrogel containing OEO (approx. 0.300 g) was weighed in the
donor compartment, which was fixed on the receptor cell, facing the synthetic membrane
and avoiding air bubble incorporation.

During the experiments, the diffusion cells system was maintained at 32 ± 2 ◦C and the
receptor medium was constantly stirred at 600 rpm. Samples of 0.5 mL were automatically
withdrawn from the receptor medium at 0.5, 1, 2, 3, 4, 5, 6, and 7 h, and replaced with equal
volume of fresh receptor fluid to provide sink conditions.

The concentration of OEO in the collected samples was analyzed using UV spec-
trophotometric method (UV-VIS T70 plus spectrophotometer with UVWIN5 software, PG
Instruments, Lutterworth, UK) at a wavelength of 273 nm, at which OEO has maximum
absorption in the selected receptor medium (phosphate saline buffer solution with 30%
ethanol). The assay was linear in an OEO concentration range of 14.112–141.12 µg/mL
(y = 0.1714x + 0.061, R2 = 0.9996).

4.4.2. In Vitro OEO Skin Permeation Studies

For the in vitro OEO skin permeation study, dermatomed ear skins from young pigs
were used as model membranes. Fresh-cut pig ears from 4-month-old animals were cleaned
with tap water and shaved. From the outer part of the pig ears, skin strips with a 500 µm
thickness were removed using dermatome (Acculan 3 Ti Electrodermatome, Aesculap—a
BBraun Company, Hazelwood, MO, USA). If the dermatomed skin was not immediately
used for the in vitro permeation test, it was stored at −18 ◦C for up to 2 months and, before
use, was thawed at room temperature. Squares of 2 cm2 were cut from the excised intact
skin, without damage.

In vitro skin permeation test was performed following the method described above,
only that the sample aliquots were withdrawn at intervals of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 20, 22, and 24 h. OEO quantitative determination from the collected
samples was performed by the same UV spectrophotometric assay.

4.4.3. Data Analysis of In Vitro OEO Release and Permeation Studies

The cumulative amount of OEO permeated per membrane unit area (µg/cm2) into
the receptor medium was plotted versus time (t, h) to calculate the steady-state flux (JSS,
µg/cm2/h), the permeability coefficient (Kp, cm/h), and the lag time (tL, h).

To evaluate the in vitro OEO release and skin permeation processes, the respective
experimental data were fitted to four currently used kinetic models for semisolids [60–62]:

Zero-order model: Mt = M0 + K0t, (1)

where Mt is the amount of drug dissolved during time, t; M0 is the initial amount of drug
in solution (usually zero); and K0 is the zero-order release constant expressed in units
of concentration/time. This model indicates that the active ingredient was released at a
constant rate from the delivery system (i.e., the release rate did not depend on the amount
of activity that remained in the delivery system).

First-order model: logC = logC0 − K1t/2.303, (2)
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where C0 is the initial concentration of drug, K1 is the first-order release constant, and
t is the time. First-order model suggests that during dissolution, the active compound
molecules diffuse through the gel-like layer, which is formed around it.

Higuchi model: M = KH t1/2, (3)

where M is the amount of active substance released at time, t, and KH is the Higuchi release
constant. This model points out that the release rate is dependent on active molecule
diffusion through polymer matrix of the hydrogel; hence, the release rate depends on the
polymeric micelle size.

Korsmeyer-Peppas model: Mt/M∞ = KPtn, (4)

where Mt/M∞ is the ratio of the amount of substance released at time, t; KP is the
Korsmeyer–Peppas release rate constant; and n is the diffusion coefficient, describing
the release mechanism of the active ingredient (quasi-Fickian diffusion for n < 0.5, diffu-
sion for n = 0.5, non-Fickian diffusion for 0.5 < n < 1, case II transport and super case II
transport for n = 1 respectively n > 1). The Korsmeyer–Peppas model is a comprehensive
semi-empirical model that can generally describe diffusion in a controlled matrix system.

To assess the fit quality of each mathematical model, linear regression analysis was
used. The kinetic model leading to the highest value of the determination coefficient (R2)
was considered the most convenient to describe the release of OEO from the experimental
poloxamer-binary hydrogel.

4.5. In Ovo CAM Assay
4.5.1. CAM Assay

The CAM assay is considered an in vivo technique that allows the investigation of
effects induced by the tested samples upon the developing, intensively vascularized CAM.
Briefly, the method makes use of fertilized hen (Gallus gallus domesticus) eggs and involves
egg cleansing with 70% ethanol before incubation at controlled 37 ◦C and 50% humidity. On
the third embryonic day of development (EDD 3), 3–4 mL of albumen were removed, and
an opening was cut on the upper side of the eggs on EDD 4 [63]. Macroscopic evaluation
was performed daily in ovo by means of stereomicroscopy (ZEISS SteREO Discovery.V8,
Göttingen, Germany), and all images were registered and processed by Axiocam 105 color,
AxioVision SE64. Rel. 4.9.1 Software, (ZEISS Göttingen, Germany), ImageJ (ImageJ Version
1.50e, https://imagej.nih.gov/ij/index.html, accessed on 26 May 2023), and GIMP software
(GIMP v 2.8, https://www.gimp.org, accessed on 26 May 2023).

4.5.2. Irritability Assessment by the HET-CAM Protocol

The samples were evaluated in order to assess the potential irritability on cutaneous
tissues using a modified protocol of the HET-CAM test, which is known as an alternative
protocol for evaluating the potential irritative effect of compounds intended for ophthalmic
and dermatologic products, or as a method of assessing in vivo biocompatibility [64–66].
The protocol used here was an adapted alternative to the HET-CAM method, as recom-
mended by ICCVAM guidelines [67].

The fertilized eggs prepared as described above were incubated until the 9th day
of incubation. At this point, by stereomicroscope assistance, 0.3 mL of the samples were
applied onto the membrane. The positive control was SDS 1%, while the negative control
was represented by distillate water. The tested membranes were monitored over a period
of 300 s, by means of a stereomicroscope, while inspecting for irritative phenomena; the
time for the occurrence of the selected irritation parameters (hemorrhage, H; vascular lysis,

https://imagej.nih.gov/ij/index.html
https://www.gimp.org
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L; coagulation, C) was recorded in seconds. The irritation score (IS) was then calculated
using the following equation:

IS = 5 ×
[

301 − Sec H
300

]
+ 7 ×

[
301 − Sec L

300

]
+ 9 ×

[
301 − Sec C

300

]
where hemorrhage (Sec H) is the start of observation (in seconds) of bleeding reactions
on the membrane, lysis time (Sec L) is the start of observation (in seconds) of lysis of the
vessel on the membrane, coagulation time (Sec L) is the start of observation (in seconds) of
the formation of coagulation on the membrane. Irritation scores were then compared to a
grading system established by Luepke [68]. Experiments were carried out in triplicate.

4.5.3. Angiogenesis Effects Using the CAM Assay

In order to detect possible effects of the samples on the rapidly developing blood ves-
sels, the angiogenesis in ovo CAM assay was performed. From day 0, 0 h (EDD 7) samples
were applied daily, the specimens were visually inspected and relevant photographs were
taken by means of a digital camera attached to a stereomicroscope (ZEISS SteREO Discov-
ery.V8, Göttingen, Germany), and all images were registered by Axiocam 105 color (ZEISS
Göttingen, Germany) and processed using AxioVision SE64. Rel. 4.9.1 Software, (ZEISS
Göttingen, Germany), ImageJ (ImageJ Version 1.50e, https://imagej.nih.gov/ij/index.html,
accessed on 26 May 2023), and GIMP software (GIMP v 2.8, https://www.gimp.org, ac-
cessed on 26 May 2023). Volumes of 5 µL/egg of all samples were applied directly inside
plastic rings (3 mm in diameter) previously placed on top of the CAM. In the first experi-
mental assessment, the angiogenic response was monitored from EDD 7 for the following
group of samples: (1) Control, Blank-PbH; (2) OEO; (3) OEO-PbH.

Secondly, we intended to evaluate the effect of OEO samples in a microenvironment
characterized by higher levels of leptin, an adipokine with pleiotropic functionality, stimu-
lating keratinocyte proliferation and angiogenesis. Hence, we investigated the angiogenic
response after exposure to the same OEO samples upon leptin (100 µg/mL)-pretreated
chorioallantoic membranes, using the following experimental groups: (1) leptin control
(Lep); (2) Blank-PbH + Lep; (3) OEO + Lep; (4) OEO-PbH + Lep.

For both angiogenesis experiments, the response was daily inspected for the treated
specimens using stereomicroscopy, and relevant images were submitted to a semi-quantitative
morphometric evaluation of the impact on the angiogenic process. As proposed by oth-
ers [69–71], we employed counting the number of blood vessels (BVs) intersecting the
inoculation ring. In order to express a score representing angiogenesis inhibition (AI) in
percentages, the following equation was used:

AI (%) =

[
1 − No BVs test

No BVs blank

]
× 100

4.6. Histoprocessing and Histology Evaluation
4.6.1. Tissue Collection and Processing

On the first day of CAM incubation, the treated areas of the CAM were excised and
immediately fixed in 10% neutral buffered formalin (Epredia, Kalamazoo, MI, USA) for
24 h. The tissues were then dehydrated in a graded series of ethanol, cleared in xylene
(Epredia, Kalamazoo, MI, USA), and embedded in paraffin wax (Epredia, Kalamazoo, MI,
USA). Sections of 5 µm thickness were cut using a microtome and mounted on glass slides.

4.6.2. H&E Staining

The tissue sections were deparaffinized in xylene and rehydrated through a graded
series of ethanol to distilled water. The sections were then stained with hematoxylin
(Epredia, Kalamazoo, MI, USA), differentiated in acid alcohol (Epredia, Kalamazoo, MI,
USA), and blued in running tap water. After rinsing, the sections were counterstained with

https://imagej.nih.gov/ij/index.html
https://www.gimp.org
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eosin (Epredia, Kalamazoo, MI, USA), dehydrated, cleared, and mounted with a coverslip
using a resinous medium (Epredia, Kalamazoo, MI, USA).

4.6.3. Microscopic Analysis

The stained sections were examined under a light microscope, and photomicrographs
were taken using a Leica ICC50W camera (Leica Microsystems, Wetzlar, Germany) mounted
on a Leica DM750 microscope (Leica Microsystems, Wetzlar, Germany). The AE, BV, ML,
and fibroblasts were identified in the control CAM. Changes in the CAM architecture,
including the ML, AE, and BVs, were noted after treatment with Blank-PbH, OEO, and OEO-
PbH. The presence of CE was also observed in the CAM treated with OEO and OEO-PbH.

The degree of angiogenesis, the number and size of BVs, and the thickness of the AE
and ML were evaluated and compared between the control and treated CAM. The potential
irritation and edema in the ML were also assessed.

4.7. Statistical Analysis

Statistical analysis was performed with GraphPad Prism 8 software (San Diego, CA,
USA). For the angiogenesis results, the number of BVs intersecting the ring was counted,
calculating the Angiogenic Index in relation to control specimens. Comparison among
the treated and untreated groups was performed using the one-way ANOVA followed
by Dunnett’s multiple comparison test (* p < 0.05; ** p < 0.01; *** p < 0.001). Data were
represented as mean ± SD.

5. Conclusions

A simple and biocompatible OEO poloxamer binary hydrogel was successfully formu-
lated and prepared. The OEO-PbH formulation produced a sustained, prolonged release of
OEO through the hydrophilic membrane and pig ear skin.

Applying the in ovo method of the chorioallantoic membrane, an exceptional alterna-
tive model that complies with the 3R principle of replacement, reduction, and refinement,
we established the lack of irritability induced by OEO-PbH and identified an effect of
limiting the number of capillaries, especially on BVs, in the presence of leptin treatment,
with applicability in the pathology of cutaneous FP.

The incorporation of adipokine-like leptin in the study design also offers insights into
the formulation’s potential role in pathologies associated with abnormal angiogenesis and
offers a novel avenue for future research. Future studies could investigate the interaction
between such adipokines and this micellar hydrogel formulation in more detail, expanding
the understanding of its therapeutic potential in FP and perhaps other conditions associated
with abnormal angiogenesis.

Significantly, this research provides a potential foundation for further exploration into
the clinical utility of OEO-PbH in the management of cutaneous fibroepithelial polyps. The
demonstration of OEO-PbH’s biocompatibility, lack of irritability, and limiting effect on
angiogenesis suggests the potential for its therapeutic application, and its sustained release
could enhance patient compliance and improve therapeutic outcomes.

Moreover, the findings also shed light on the possible action mechanism of the formu-
lation, with the sustained release of OEO potentially enhancing its anti-angiogenic effects.
Finally, this is the first evidence of the in vivo antiangiogenic effects of a polymeric-micelle-
loaded oregano essential oil. Next to the lack of irritation on CAM tissues, the OEO-PbH
formulation was proven to have good bioavailability and safe use intended for cutaneous
applications. Moreover, the results point to mechanistic insights into the OEO-PbH for-
mulation, involving leptin as a possible target. However, further research is necessary to
substantiate these findings, investigate the exact mechanism of action, and optimize the
formulation for maximal therapeutic efficiency and patient comfort in clinical settings.



Pharmaceuticals 2023, 16, 940 15 of 18

Author Contributions: Conceptualization, S, .A., L.L.V., C.A.D. and C.D.; data curation, A.M.M.,
G.-E.O., I.Z.M.-P., D.M., Z.D. and P.S.; formal analysis, I.O. and Z.D.; funding acquisition, C.D.;
investigation, S, .A., L.B., L.L.V., A.M.M., I.O., G.-E.O., I.Z.M.-P., D.M., Z.D. and P.S.; methodology,
S, .A., L.B., L.L.V., A.M.M., I.O. and P.S.; project administration, C.D.; software, A.M.M.; supervision,
M.A., C.A.D. and C.D.; visualization, S, .A. and G.-E.O.; writing—original draft, S, .A., L.B., L.L.V. and
P.S.; writing—review and editing, L.B., I.O., G.-E.O., I.Z.M.-P., M.A. and C.D. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by a grant from the Romanian Ministry of Education and
Research, CNCS-UEFSCDI (project number: PN-III-P1-1.1-TE-2019-0130), within PNCDI III.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Lukas, B.; Schmiderer, C.; Novak, J. Essential Oil Diversity of European Origanum vulgare L. (Lamiaceae). Phytochemistry 2015,

119, 32–40. [CrossRef] [PubMed]
2. Azizi, A.; Wagner, C.; Honermeier, B.; Friedt, W. Intraspecific Diversity and Relationship between Subspecies of Origanum vulgare

Revealed by Comparative AFLP and SAMPL Marker Analysis. Plant Syst. Evol. 2009, 281, 151–160. [CrossRef]
3. Skoufogianni, E.; Solomou, A.D.; Danalatos, N.G. Ecology, Cultivation and Utilization of the Aromatic Greek Oregano (Origanum

vulgare L.): A Review. Not. Bot. Horti Agrobot. Cluj-Napoca 2019, 47, 545–552. [CrossRef]
4. Hossain, M.B.; Barry-Ryan, C.; Martin-Diana, A.B.; Brunton, N.P. Optimisation of Accelerated Solvent Extraction of Antioxidant

Compounds from Rosemary (Rosmarinus officinalis L.), Marjoram (Origanum majorana L.) and Oregano (Origanum vulgare L.)
Using Response Surface Methodology. Food Chem. 2011, 126, 339–346. [CrossRef]

5. Soltani, S.; Shakeri, A.; Iranshahi, M.; Boozari, M. A Review of the Phytochemistry and Antimicrobial Properties of Origanum
vulgare L. and Subspecies. Iran. J. Pharm. Res. 2021, 20, 268–285. [CrossRef]

6. Alekseeva, M.; Zagorcheva, T.; Atanassov, I.; Rusanov, K. Origanum vulgare L.—A Review on Genetic Diversity, Cultivation,
Biological Activities and Perspectives for Molecular Breeding. Bulg. J. Agric. Sci. 2020, 26, 1183–1197.

7. Morshedloo, M.R.; Salami, S.A.; Nazeri, V.; Maggi, F.; Craker, L. Essential Oil Profile of Oregano (Origanum vulgare L.) Populations
Grown under Similar Soil and Climate Conditions. Ind. Crops Prod. 2018, 119, 183–190. [CrossRef]

8. Boskovic, M.; Zdravkovic, N.; Ivanovic, J.; Janjic, J.; Djordjevic, J.; Starcevic, M.; Baltic, M.Z. Antimicrobial Activity of Thyme
(Tymus vulgaris) and Oregano (Origanum vulgare) Essential Oils against Some Food-Borne Microorganisms. Procedia Food Sci. 2015,
5, 18–21. [CrossRef]

9. Sarikurkcu, C.; Zengin, G.; Oskay, M.; Uysal, S.; Ceylan, R.; Aktumsek, A. Composition, Antioxidant, Antimicrobial and Enzyme
Inhibition Activities of Two Origanum vulgare Subspecies (Subsp. vulgare and Subsp. hirtum) Essential Oils. Ind. Crops Prod. 2015,
70, 178–184. [CrossRef]

10. Begnini, K.R.; Nedel, F.; Lund, R.G.; Carvalho, P.H.D.A.; Rodrigues, M.R.A.; Beira, F.T.A.; Del-Pino, F.A.B. Composition and
Antiproliferative Effect of Essential Oil of Origanum vulgare against Tumor Cell Lines. J. Med. Food 2014, 17, 1129–1133. [CrossRef]
[PubMed]

11. Ocaña-Fuentes, A.; Arranz-Gutiérrez, E.; Señorans, F.J.; Reglero, G. Supercritical Fluid Extraction of Oregano (Origanum vulgare)
Essentials Oils: Anti-Inflammatory Properties Based on Cytokine Response on THP-1 Macrophages. Food Chem. Toxicol. 2010,
48, 1568–1575. [CrossRef]

12. Béjaoui, A.; Chaabane, H.; Jemli, M.; Boulila, A.; Boussaid, M. Essential Oil Composition and Antibacterial Activity of Origanum
vulgare Subsp. Glandulosum Desf. at Different Phenological Stages. J. Med. Food 2013, 16, 1115–1120. [CrossRef]

13. Koldaş, S.; Demirtas, I.; Ozen, T.; Demirci, M.A.; Behçet, L. Phytochemical Screening, Anticancer and Antioxidant Activities of
Origanum vulgare L. ssp. Viride (Boiss.) Hayek, a Plant of Traditional Usage. J. Sci. Food Agric. 2015, 95, 786–798. [CrossRef]
[PubMed]

14. Lombrea, A.; Antal, D.; Ardelean, F.; Avram, S.; Pavel, I.Z.; Vlaia, L.; Mut, A.M.; Diaconeasa, Z.; Dehelean, C.A.; Soica, C.; et al. A
Recent Insight Regarding the Phytochemistry and Bioactivity of Origanum vulgare L. Essential Oil. Int. J. Mol. Sci. 2020, 21, 9653.
[CrossRef] [PubMed]

15. Dwinna, R.; Yunilawati, R.; Jati, B.N.; Setiawati, I.; Riyanto, A.; Batubara, I.; Astuti, R.I. Antiaging and Skin Irritation Potential of
Four Main Indonesian Essential Oils. Cosmetics 2021, 8, 94.

16. El Khoury, R.; Michael-Jubeli, R.; Bakar, J.; Dakroub, H.; Rizk, T.; Baillet-Guffroy, A.; Lteif, R.; Tfayli, A. Origanum Essential Oils
Reduce the Level of Melanin in B16-F1 Melanocytes. Eur. J. Dermatol. 2019, 29, 596–602. [CrossRef]

https://doi.org/10.1016/j.phytochem.2015.09.008
https://www.ncbi.nlm.nih.gov/pubmed/26454793
https://doi.org/10.1007/s00606-009-0197-1
https://doi.org/10.15835/nbha47311296
https://doi.org/10.1016/j.foodchem.2010.10.076
https://doi.org/10.22037/ijpr.2020.113874.14539
https://doi.org/10.1016/j.indcrop.2018.03.049
https://doi.org/10.1016/j.profoo.2015.09.005
https://doi.org/10.1016/j.indcrop.2015.03.030
https://doi.org/10.1089/jmf.2013.0063
https://www.ncbi.nlm.nih.gov/pubmed/25230257
https://doi.org/10.1016/j.fct.2010.03.026
https://doi.org/10.1089/jmf.2013.0079
https://doi.org/10.1002/jsfa.6903
https://www.ncbi.nlm.nih.gov/pubmed/25200133
https://doi.org/10.3390/ijms21249653
https://www.ncbi.nlm.nih.gov/pubmed/33348921
https://doi.org/10.1684/ejd.2019.3677


Pharmaceuticals 2023, 16, 940 16 of 18

17. Da Silva, S.M.M.; Costa, C.R.R.; Gelfuso, G.M.; Guerra, E.N.S.; De Medeiros Nóbrega, Y.K.; Gomes, S.M.; Pic-Taylor, A.; Fonseca-
Bazzo, Y.M.; Silveira, D.; De Oliveira Magalhães, P. Wound Healing Effect of Essential Oil Extracted from Eugenia Dysenterica
DC (Myrtaceae) Leaves. Molecules 2019, 24, 2. [CrossRef]

18. Avola, R.; Granata, G.; Geraci, C.; Napoli, E.; Graziano, A.C.E.; Cardile, V. Oregano (Origanum vulgare L.) Essential Oil Provides
Anti-Inflammatory Activity and Facilitates Wound Healing in a Human Keratinocytes Cell Model. Food Chem. Toxicol. 2020,
144, 111586. [CrossRef]

19. Khan, A.u.R.; Huang, K.; Jinzhong, Z.; Zhu, T.; Morsi, Y.; Aldalbahi, A.; El-Newehy, M.; Yan, X.; Mo, X. PLCL/Silk Fibroin
Based Antibacterial Nano Wound Dressing Encapsulating Oregano Essential Oil: Fabrication, Characterization and Biological
Evaluation. Colloids Surfaces B Biointerfaces 2020, 196, 111352. [CrossRef]

20. Taleb, M.H.; Abdeltawab, N.F.; Shamma, R.N.; Abdelgayed, S.S.; Mohamed, S.S.; Farag, M.A.; Ramadan, M.A. Origanum vulgare
L. Essential Oil as a Potential Anti-Acne Topical Nanoemulsion—In Vitro and In Vivo Study. Molecules 2018, 23, 2164. [CrossRef]

21. Mazzarello, V.; Gavini, E.; Rassu, G.; Donadu, M.G.; Usai, D.; Piu, G.; Pomponi, V.; Sucato, F.; Zanetti, S.; Montesu, M.A. Clinical
Assessment of New Topical Cream Containing Two Essential Oils Combined with Tretinoin in the Treatment of Acne. Clin.
Cosmet. Investig. Dermatol. 2020, 13, 233–239. [CrossRef] [PubMed]

22. Bora, L.; Avram, S.; Pavel, I.Z.; Muntean, D.; Liga, S.; Buda, V.; Gurgus, D.; Danciu, C. An Up-To-Date Review Regarding
Cutaneous Benefits of Origanum vulgare L. Essential Oil. Antibiotics 2022, 11, 549. [CrossRef]

23. Kashyap, N.; Kumari, A.; Raina, N.; Zakir, F.; Gupta, M. Prospects of Essential Oil Loaded Nanosystems for Skincare. Phytomed.
Plus 2022, 2, 100198. [CrossRef]

24. Chen, J.; Jiang, Q.D.; Wu, Y.M.; Liu, P.; Yao, J.H.; Lu, Q.; Zhang, H.; Duan, J.A. Potential of Essential Oils as Penetration Enhancers
for Transdermal Administration of Ibuprofen to Treat Dysmenorrhoea. Molecules 2015, 20, 18219–18236. [CrossRef]

25. Raina, N.; Rani, R.; Pahwa, R.; Gupta, M. Biopolymers and Treatment Strategies for Wound Healing: An Insight View. Int. J.
Polym. Mater. Polym. Biomater. 2022, 71, 359–375. [CrossRef]

26. Russo, J.; Fiegel, J.; Brogden, N.K. Rheological and Drug Delivery Characteristics of Poloxamer-Based Diclofenac Sodium
Formulations for Chronic Wound Site Analgesia. Pharmaceutics 2020, 12, 1214. [CrossRef]

27. Zarrintaj, P.; Ramsey, J.D.; Samadi, A.; Atoufi, Z.; Yazdi, M.K.; Ganjali, M.R.; Amirabad, L.M.; Zangene, E.; Farokhi, M.; Formela,
K.; et al. Poloxamer: A Versatile Tri-Block Copolymer for Biomedical Applications. Acta Biomater. 2020, 110, 37–67. [CrossRef]

28. European Directorate for the Quality of Medicines & HealthCare of the Council of Europe. Guidance on Essential Oils in Cosmetic
Products. Council of Europe, Consumer Health Protection Committee (CD-P-SC). 2016. Available online: https://www.edqm.eu/
en/guidance-on-essential-oils-in-cosmetic-products (accessed on 7 May 2023).

29. European Commission. European Pharmacopoeia; Maisonneuve: Sainte-Ruffine, France, 1980; Volume 2.
30. Omeragic, E.; Dedic, M.; Elezovic, A.; Becic, E.; Imamovic, B.; Kladar, N.; Niksic, H. Application of Direct Peptide Reactivity

Assay for Assessing the Skin Sensitization Potential of Essential Oils. Sci. Rep. 2022, 12, 7470. [CrossRef]
31. Fathalla, Z.M.A.; Vangala, A.; Longman, M.; Khaled, K.A.; Hussein, A.K.; El-Garhy, O.H.; Alany, R.G. Poloxamer-Based

Thermoresponsive Ketorolac Tromethamine in Situ Gel Preparations: Design, Characterisation, Toxicity and Transcorneal
Permeation Studies. Eur. J. Pharm. Biopharm. 2017, 114, 119–134. [CrossRef]

32. Russo, E.; Villa, C. Poloxamer Hydrogels for Biomedical Applications. Pharmaceutics. 2019, 11, 671. [CrossRef]
33. Bora, L.; Burkard, T.; Juan, M.H.S.; Radeke, H.H.; Mut, , A.M.; Vlaia, L.L.; Magyari-Pavel, I.Z.; Diaconeasa, Z.; Socaci, S.;

Borcan, F.; et al. Phytochemical Characterization and Biological Evaluation of Origanum vulgare L. Essential Oil Formulated as
Polymeric Micelles Drug Delivery Systems. Pharmaceutics 2022, 14, 2413. [CrossRef]
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