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Abstract: Drug delivery through the skin has immense advantages compared to other routes of ad-
ministration and offers an optimal way to treat inflammatory skin diseases, where corticosteroids
are the cornerstone of topical therapy. Still, their therapeutic efficiency is limited due to inadequate
skin permeability, potential side effects, and reduced patient compliance. To overcome these draw-
backs, we propose a drug delivery system consisting of dexamethasone (DEX)-loaded poly(lactic-
co-glycolic acid) (PLGA) nanoparticles (NPs) incorporated in sodium alginate (SA) microneedles
(MNss) as a minimally invasive dosage form for controlled drug release. Drug-loaded PLGA NPs
were prepared by a nanoprecipitation method with a high encapsulation yield. They exhibited a
controlled release pattern over 120 h. A modified vacuum-deposition micromolding method was
used to load the obtained DEX-NPs into the tips of dissolving MNs. The NP-MNs showed improved
insertion capabilities into the skin-simulant parafilm model and enhanced mechanical strength
when tested against different static forces compared to their counterparts (SA-MNs). The results of
an MN dissolution study following application to ex vivo chicken skin and agarose gel indicate that
the NP-loaded segments of MNs dissolve within 15 s, in which the NPs are released into the skin.
Taken together, the incorporation of DEX-NPs into SA-MNs could be a promising approach to by-
pass the limitations of conventional topical treatment of skin diseases, allowing for self-administra-
tion, increased patient compliance, and controlled drug release.

Keywords: steroids; inflammatory skin diseases; controlled release; dissolving microneedles;
PLGA (poly lactic-co-glycolic acid); nanoparticles

1. Introduction

The use of microneedles (MNs) is an innovative and minimally invasive approach
that has been developed in the last two decades to deliver active pharmaceutical sub-
stances through the skin by overcoming the main skin barrier, the stratum corneum (SC).
MNss are micron-sized structures in the height range of 50 to 1500 um allowing for pain-
less penetration into the skin via the SC, viable epidermis, and upper dermis without con-
tacting nerve fibers or blood vessels. Drug-loaded MNs create micron-sized pores in the
skin to enhance drug delivery to the different layers of the skin for local or systemic treat-
ment. Thus, numerous factors should be taken into account when designing MN delivery,
such as geometry, needle height, thickness and tip radius, base diameter, needle density,
and MN material. Compared to traditional transdermal delivery systems, MNs possess
several advantages, including enhanced bioavailability and drug permeation, self-admin-
istration, and improved patient compliance [1,2].

Different types of MNs were developed, such as solid, hollow, coated, dissolving,
and hydrogel-forming MNs, which differ in their delivery strategy, fabrication methods,
geometry, and the materials used in their manufacturing. Several constituent materials,
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such as metals, ceramics, sugars, silicon, and biodegradable polymers, are widely used to
fabricate MNs due to their advantages, including low cost, simple manufacturing, bio-
compatibility, stability, folding ability, and favorable drug loading capacity [3-5].

Dissolving MNs can encapsulate therapeutic agents and release their content once
inserted into the skin. Sodium alginate (SA) is widely used in the pharmaceutical and
biomedical fields for the fabrication of wound dressings, drug encapsulation, and coating
due to its unique properties, such as biocompatibility, biodegradability, and low cost [6].
The chemical structure of SA includes free hydroxyl and carboxyl groups distributed
along the chain of the polymer, making it highly soluble in water [7]. Since the mechanism
of dissolving MNs is to release the drug once the tips are dissolved due to contact with
the interstitial fluids, SA offers good applicability in dissolving MNs fabrication.

PLGA is one of the most frequently used polymers for drug delivery due to its FDA
approval, biodegradability, and biocompatibility [8,9]. Nanoparticles (NPs) are widely
used for drug delivery owing to their size, which allows an improved biodistribution of
the entrapped drug, as well as the capability to release the drug to its specific site in a
controlled manner. PLGA NPs exhibit a wide range of degradation times depending on
PLGA properties, such as molecular weight and the ratio between its constituent mono-
mers, making it one of the best candidates for controlled drug delivery systems [10,11].

Since MNs can penetrate the skin easily and provide a site-specific delivery in a min-
imally invasive manner, they can serve as a vehicle for the treatment of several skin dis-
eases, such as psoriasis, dermatitis, eczema, acne, and skin cancer [12]. Topical corticoster-
oids are one of the most widely used treatment modalities for inflammatory skin diseases.
They are considered the first-line treatment because of their therapeutic potential, being
vasoconstrictors, anti-inflammatory, immunosuppressive, and anti-proliferative drugs
[13,14]. Topical corticosteroids can be formulated in different dosage forms, such as
creams, ointment, and lotions. However, these dosage forms could lead to poor patient
compliance due to their greasy texture, odor, stickiness, dosage frequency, and potential
systemic and local side effects [15,16].

Therefore, a nano-delivery system may be advantageous by facilitating direct drug
delivery at the site of interest and the release of the drug in a sustained manner. Hence,
the purpose of this study is to achieve controlled drug release by the incorporation of a
model drug, dexamethasone, into PLGA nanoparticles and embedding it in rapidly dis-
solving microneedles made of sodium alginate (NP-MNs) for improved treatment of skin
diseases, in terms of both therapeutic effect and patient compliance. Blank sodium algi-
nate microneedles (SA-MNs) were prepared and used as controls.

2. Materials and Methods
2.1. Materials

Dexamethasone (Alfa Aesar) and sodium alginate (Fisher Chemical) were purchased
from Holland-Moran Inc. Israel. PLGA-Purasorb PDLG 5010 (50:50) was donated by Cor-
bion Purac (Gorinchem, The Netherlands). Solutol HS 15 was supplied by BASF (Lud-
wigshafen, Germany). Silicone MPatch microneedle templates were purchased from Mi-
cropoint Technologies Pte Ltd. (Pioneer Junction, Singapore) and were pyramidal in shape
with a dimension of 10 x 10 needle array, 200 pm base, 500 um height, and 500 pm pitch.
Phosphate buffer saline (PBS) was purchased from Hyclone Laboratories. Organic sol-
vents were obtained from Sigma-Aldrich (Rehovot, Israel).

2.2. Preparation of DEX-Loaded PLGA NPs

DEX-loaded NPs were prepared using the nanoprecipitation method with modifica-
tion [17,18]. Briefly, 2 mg of DEX and 6 mg of PLGA were dissolved in 1 mL acetone. The
organic phase was added rapidly into an aqueous phase (2 mL) containing 0.5% (w/v)
solutol HS 15, which was continuously stirred at room temperature (25 °C, 900 rpm) for
24 h to evaporate the organic solvent, followed by adjustment of the formulation volume
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to 2 mL by distilled water. The vials were wrapped with aluminum foil to avoid drug
degradation due to light exposure. Blank PLGA NPs were prepared using the same
method but without adding DEX at any stage of the preparation.

2.3. Physicochemical Characterization of DEX NPs

Particle size (hydrodynamic diameter), polydispersity index (PDI), and zeta potential
were determined by the dynamic light scattering (DLS) method using a Malvern ZetaSizer
nano-ZS laser particle size distribution analyzer (Zetasizer Pro, Malvern Instruments,
Malvern, UK). Samples were diluted at 1:100 (v/v) with water and added to folded capil-
lary zeta cells (DTS1070) to analyze at a 90° angle at room temperature (25 °C). For each
sample, the mean value + s.d. of three determinations was established.

2.4. Determination of Drug Encapsulation Efficiency and Loading Content

Encapsulation efficiency (EE) and drug loading content (DLC) were determined by
first separation of the unloaded drug (free DEX) by filtration/centrifugation using an
Amicon® Ultra-15 (molecular weight cut-off 100 kDa) centrifugal filter unit (Merck Milli-
pore Ltd., Burlington, MA, USA). The formulation samples were added to the upper
chamber of the Amicon® tube and then washed with an equal volume of distilled water 3
times by centrifugation at 3000 rpm for 1 min each. Finally, the amount of free DEX was
determined from the filtrate using a UV-Vis spectrophotometer (GeneQuant 1300; Bio-
chrom, Cambridge, UK) at a wavelength of 242 nm [19]. The concentrations of the calibra-
tion curve ranged from 0 to 25 ug/mL (Figure S1). The EE and DLC were calculated using
the following equations:

amount of DEX fed initially — amount of free DEX

EE (%) = x 100 1
(%) amount of DEX fed initially M)

DLC (%) = amount of DEX fed initially — amount of free DEX % 100 )
(%) = amount of formulation components (2)

Afterward, the nanoparticles from the upper chamber of the Amicon® tube were cen-
trifuged at 3000 rpm for 1 min to remove the polymeric debris, and polymeric debris was
analyzed to ensure that no drug residues were present.

2.5. Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR)
Measurements

ATR-FTIR spectra were measured by a PerkinElmer Spectrum 100S spectrometer
equipped with a universal ATR sampling accessory. For each spectrum, 4 scans were col-
lected with a resolution of 2 cm™, and the scan range was between 4000 and 650 cm™.

2.6. Differential Scanning Calorimetry (DSC) and X-ray Diffraction (XRD)

The thermal behavior of DEX-loaded nanoparticles, PLGA, dexamethasone, and the
physical mixture was analyzed by a DSC 1 Star System equipped with Star Software (Met-
tler Toledo, Greifensee, Switzerland) and a DSC131 Evo (SETARAM Instrumentation,
Caluire-etCuire, Lyon, France). Weighed samples of 6-11 mg were placed into 100 uL alu-
minum crucibles and the samples were scanned from 25 °C to 300 °C at a constant heating
rate of 20 °C/min.

X-ray powder diffraction measurements were performed on the D8 Advance diffrac-
tometer with a LYNXEYE-XE-T detector (Bruker AXS, Karlsruhe, Germany) operating in
1D mode. Low-background quartz sample holders were carefully filled with the powder
samples. XRD patterns within the range 2° to 75° 20 were recorded at room temperature
using CuKa radiation (A = 1.5418 A) with the following measurement conditions: tube
voltage of 40 kV, tube current of 40 mA, step-scan mode with a step size of 0.02° 20, and
counting time of 0.5 s/step.
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2.7. Fabrication of SA-MNs and NP-MNs

NP-MNs were prepared using a vacuum-deposition micromolding method [20] with
a modification, as shown in Figure 1. This method was chosen and adopted after applying
the optimization process that included the use of different approaches, such as centrifu-
gation. In brief, A PDMS micromold was placed into a vacuum flask, and 150 uL of DEX-
loaded NPs were injected into the micromold surface, followed by a vacuum for 10 min
and drying at 37 °C for 1 h. This process was repeated one more time, and then 150 pL of
4% w/v SA solution was injected under vacuum through the septum into the micromold
surface, held for 10 min, and allowed to dry at 37 °C for 1 h. Afterward, 100 puL of 4% w/v
SA solution was added to form the base of MNs and dried at 37 °C for 1.5 h before being
demolded. SA-MNs were fabricated by the same method as NP-MNs without adding NPs
at any stage of the preparation. The MNs were characterized as depicted in Scheme 1.

1. Casting DEX NPs 5. Casting 4% w/v SA solution 7. Casting 4% w/v
into PDMS mold under vacuum (10 min) SA solution
= 2. Vacuum (10 min) . =
£ 3. Drying at 37 °C (1 h} = H
= 4. Repetition of steps 1-3 = 6. Drying at 37 °C (1 h) =

‘ ‘ ‘ ‘ i 9. Demolding

8. Drying at 37 °C (1.5 h)
(A4 e QWVW

Figure 1. Preparation scheme of NP-loaded MNs by a vacuum-deposition micromolding method
using a polydimethylsiloxane (PDMS) microneedle mold.
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Scheme 1. Schematic representation of characterization of NP-MNs.

2.8. Morphological Characterization of MNs

Morphological evaluation of NP-MNs and SA-MNs was performed by a scanning
electron microscope (SEM, Apreo 2; Thermo Fisher Scientific, Waltham, MA, USA).

2.9. Insertion Capabilities of MN Array in Parafilm

SA-MNs and NP-MNs were manually pushed into 8 stacked parafilm layers as a skin
stimulant for 30 s and observed under a stereomicroscope (Olympus-SZ61, Tokyo, Japan)
to study the insertion efficiency and MN insertion depth [21]. The insertion was expressed
in the number of pores created in each parafilm layer, and the rate of change of the height
(nm) of 10 randomly selected MNs was calculated and plotted as the percentage of reduc-
tion in MN height [22].

2.10. Evaluation of Mechanical Properties

The mechanical strength of MN's against static forces was measured by placing dif-
ferent weights against the MNs. Briefly, SA-MNs and NP-MNs were placed upward, onto
which weights of 50 g, 500 g, and 1000 g were placed gently on the top of each patch,
respectively. After 5min, the weights were removed, and morphological changes were
evaluated by a HAYEAR 4K UHD microscope camera. The rate of change of the height
(nm) of the MNs was calculated and plotted as the percentage of reduction in MN height
[23,24].

2.11. Dissolution Test of MNs In Ex Vivo Chicken Skin and Agarose Gel

The MN arrays were applied on ex vivo chicken skin obtained from a local slaugh-
terhouse, and agarose gel 3% (w/v) served as a skin simulant. A weight of 500 g was
placed above the arrays, and MNs were removed after predetermined times of 15, 45, and
120 s. The MNs were imaged before and after dissolution using a microscope camera [25].

2.12. In-Vitro Drug Release Studies

DEX NPs samples (200 uL) were placed into dialysis bags with a molecular cut-off of
8000 Da, soaked in 10 mL of PBS pH 7.4, and maintained at 37 °C (50 rpm) in a rotary
incubator. At predetermined time intervals, 0.5 mL of the release medium was sampled
and was replenished immediately with the same volume of fresh prewarmed PBS (37 °C),
maintaining sink condition throughout the experiment. Then, DEX concentration was de-
termined using a UV-Vis spectrophotometer at a wavelength of 242 nm [26]. The
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concentrations of DEX in PBS (pH = 7.4) ranged from 0 to 20 ug/mL (Figure S2). The ex-
periment was performed in four replicates.

3. Results and Discussion
3.1. Preparation and Characterization of DEX-Loaded NPs

In this study, DEX-loaded PLGA nanoparticles were prepared by nanoprecipitation
with a mean particle size of 93.7 nm, narrow size distribution (PDI < 0.3), and negative
zeta potential values. DEX was successfully incorporated into the PLGA NPs, exhibiting
an encapsulation efficiency of 80% and adequate drug loading content of 9.1% (Table 1).
Previous studies have shown that the drug loading content of most of the existing nano-
medicines is less than 10% [27]. Taking into consideration that a limited amount of drug
can be loaded into the microneedles [2], it is crucial to obtain satisfactory drug loading
into NPs to enhance the therapeutic efficacy.

Table 1. Physicochemical properties, encapsulation efficiency, and drug loading content of blank
and DEX-loaded PLGA NPs (n =3, mean * s.d.).

Formulation Mean Diameter Polydispersity Zeta Potential Encapsulation Drug Loading
(nm) Index (PDI) (mV) Efficiency (%) Content (%)
DEX NPs 93.7 £5.10 0.27 +0.04 -27.5+3.31 80+0.6 91+0.1
Blank PLGA NPs 116 +1.92 0.13+0.03 -35.6 +1.63 - -

3.1.1. ATR-FTIR Measurements

ATR-FTIR spectra of DEX, PLGA, physical mixture, DEX-NPs, and blank-NPs were
measured (Figure 2). In the spectrum of DEX, the characteristic peaks were observed at
1704.01, 1662.17, and 1617.57 cm™, in agreement with previous reports [28,29]. These
peaks were attributed to the stretching vibrations of C=O and C=C (in a ring) double bond
framework conjugated to C=O bonds in DEX. The characteristic peak of PLGA was iden-
tified at 1747.51 cm™ due to the ester group [22]. The spectrum of the physical mixture
exhibited relatively similar peaks of DEX and PLGA, including the band at 893 cm™! that
corresponds to the axial deformation of the C-F group in DEX. The spectrum of the DEX-
NPs evidenced the contribution of the organic groups of PLGA and solutol HS 15 and did
not fully demonstrate the bands equivalent to DEX. This was attributed to the superposi-
tion of the bands from all the NP components and could be further explained by the load-
ing content of DEX as well as the relatively low peak intensity. The spectra of blank-NPs
and DEX-NPs showed a peak at 1735 cm™, which was ascribed to the used surfactant,
solutol HS 15 (Figure S3), and overlapped with the C=O ester stretching vibration of
PLGA. The peak corresponding to C=0O stretch in DEX was observed at 1662.67 cm' in the
case of drug-containing NPs, where it was absent in the spectrum of blank NPs, suggest-
ing the successful entrapment of DEX within PLGA NPs with no significant shift that
would indicate chemical interaction between the drug and the polymer.
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Figure 2. FTIR spectra of DEX, PLGA, physical mixture, DEX-NPs, and blank PLGA-NPs.

3.1.2. DSC and XRD

Thermal analysis using DSC was performed for DEX, PLGA, physical mixture, and
DEX-NPs (Figure 3). The DSC thermogram of PLGA exhibited an endothermic peak at 50
°C depicting its glass transition temperature [30]. The thermal behavior of DEX was char-
acterized by an endothermic peak at 255 °C, which is attributed to the melting point of the
crystalline drug [31,32]. As shown in Figure 3, no endothermic melting peak was deter-
mined for DEX NPs, which may be because DEX was dispersed at a molecular state within
the nanoparticles in an amorphous or disordered crystalline state [33].

Dexamethasone (DEX)

DEX-PLGA 1:3

Heat flow (mV)

DEX NPs

| I T T T
50 100 150 200 250

Temperature (°C)

Figure 3. DSC thermograms of Dexamethasone, PLGA, their physical mixture (1:3 ratio), and DEX-
NPs.
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XRD analysis was used to evaluate the physical state of DEX and the degree of its
incorporation in the polymeric NPs. Figure 4 shows XRD patterns of DEX, DEX NPs, and
blank PLGA NPs. The presence of numerous distinct peaks in the DEX diffractogram im-
plies its crystalline nature, as reported in the literature [34,35]. The diffraction pattern of
DEX NPs shows a broad hump in the region of 10-25°. This is indicative of the amorphous
polymeric matrix, and the presence of some characteristic peaks of DEX indicates the pres-
ence of it in the NPs. The intensity of these peaks was reduced, suggesting that a signifi-
cant loss of crystallinity of DEX occurred while being incorporated in the polymeric ma-
trix. It is dispersed at a molecular state within the nanoparticles [36,37]. These findings are
in agreement with the DSC thermogram of DEX NPs, in which the DEX crystalline peak
at 255 °C was not observed. This indicates a degree of amorphization of the drug within
the PLGA matrix.

- 5000+
(A) (B) — DEXNPs
- E4000- — PLGA NPs
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Figure 4. XRD patterns of DEX (A), DEX NPs, and blank PLGA NPs (B).

3.2. Fabrication of SA-MNs and NP-MNs

Sodium alginate (SA) is one of the most widely used materials in the biomedical field
[38,39]. SA at a concentration of 4% (w/v) was chosen from preliminary tests for the fabri-
cation of dissolving MNss. In the case of NP-MNs, the obtained nanoparticles were encap-
sulated into the tips of SA MNs, being concentrated at the tips rather than being dispersed
in the base layer to provide more efficient delivery by decreasing drug wastage [40,41].
The MNs were fabricated as a 10 x 10 array (Figure 5) through a vacuum-deposition mi-
cromolding method, as depicted in Figure 1.

Figure 5. Representative images of the obtained microneedles: (A) SA-MNs and (B) NP-MNss.
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When characterized by SEM, the MN formulations had a quadrangular pyramidal
shape and were uniformly distributed on the substrate (Figure 6). SA-MNs and NP-MNs
were successfully formed with dimensions of approximately 500 um height and 200 um
width of the base, as represented in Table 2. Moreover, the SEM images confirmed sharper
tips and a smoother surface of the NP-MNs compared to SA-MNs.

Table 2. Summary of microneedle dimensions (1 = 10, mean + s.d.).

Formulation Base (um) Height (um)
SA-MN 199.9+1.3 500.2+0.4
NP-MNs 200.3+1.9 500.2+0.1

Figure 6. Representative SEM images of the obtained microneedles: (A) SA-MNs, (B) Close-up view
of SA-MNs, (C) NP-MNs, and (D) Close-up view of NP-MNss.

3.3. Insertion Capabilities of MN Array in Parafilm

To evaluate the insertion properties of MNs and to analyze MN insertion depth, com-
mercial parafilm was used as a skin simulant for preliminary assessment instead of bio-
logical tissues [42]. In this test, 8 layers of parafilm (thickness of 140 + 10 um each) were
stacked together for MN insertion by manual pressure (using a thumb) to imitate the prac-
tical use in clinical settings. After the insertion of MNs on a stack of parafilm layers, the
layers were separated and visualized under an optical microscope, and the MN height
reduction was evaluated. Both SA-MNs and NP-MNs created 100 pores only in the first
parafilm layer, indicating that the MN insertion depth is approximately 140 um. This sug-
gests that MNs readily pierce the outermost layer of the skin, the stratum corneum (~50
pum thickness), and allow MN insertion into the epidermis [42]. Figure 7 shows images of
the first layer of parafilm into which SA-MNs and NP-MNs were inserted, in which NP-
MNs created square-shaped pores, while SA-MNs created pores with a less defined shape,
presumably due to the different surface roughness and the structural change that occurred
during the insertion process. Then the MNs were visualized after the insertion test,
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showing the bending of SA-MNs and an insignificant change in the morphology of NP-
MNs, in which the mean percentage reduction in the height of SA-MNs and NP-MNs was
25.5%, and 7.4%, respectively. This demonstrates that NP-MNs became slightly com-
pressed and were mechanically stronger than SA-MNs. MNs loaded with blank PLGA
NPs were used as controls and tested in the same model. Interestingly, they created 100
square-shaped holes only in the first parafilm layer (Figure S4) and exhibited a mean per-
centage of height reduction of 12.9 + 1.8%. This is in line with our hypothesis that the
incorporation of PLGA NPs into the SA-MNs improves their mechanical strength and
penetration performance. A plausible explanation for the difference in percentage of
height reduction between DEX NP-MNs and MNs loaded with blank PLGA NPs could be
the increased density of nanoparticles, due to the incorporation of DEX and the lower
diameter of DEX NPs compared to blank PLGA NPs (Table 1).

(A) 30. (©

$ .

§1°'. (D) @}%/@\) @ @@ - @

- 0! ,‘ : : o = :
o - . - Py &

Figure 7. Insertion test in the parafilm skin simulant model. MN height reduction for MNs after
insertion test using the parafilm skin simulant model (A), results expressed as means + s.d., n = 10.
SA-MNs (B) and NP-MNs (C) acquired with the optical microscope after the insertion test. Repre-
sentative microscopic images of the first layer of parafilm into which SA-MNs (D) and NP-MNs (E)
were inserted.

3.4. Mechanical Strength of MNs

To further shed light on the mechanical strength of the MNs, the morphological
changes of MN tips against static force were microscopically observed by placing different
weights on the top of the MN arrays for 5 min, and the height reduction percentages were
calculated. As shown in Figure 8, the sharp tips of MNs exhibited reduction and defor-
mation in the vertical direction as a function of the static force ranging from 50 g (~4.9
mN/needle) to 1000 g (~98 mN/needle). The MNs showed adequate mechanical strength,
and no fractures or broken MNs were noted, even though they were pressed by a 1000-g
weight [43]. Significant morphological changes and differences in the average percent
height reduction of SA-MNs and NP-MNs were observed after applying different weights
(Figure 8C), ascertaining that the incorporation of DEX NPs into the MNs improved their
mechanical strength, in agreement with the results of the parafilm insertion test.
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Figure 8. The mechanical strength of SA-MNs and NP-MNs after applying different weights: Opti-
cal images of the deformation of (A) SA-MNs and (B) NP-MNs under weights of 50, 500, and 1000
g, scale bar 200 um. (C) MN height reduction for MNs after compression: results expressed as means
+s.d., n=10.

3.5. Dissolution Test of MNs In Ex Vivo Chicken Skin and Agarose Gel

The dissolving capability of the polymeric tips affects the release rate of NPs from
MNs. Herein, ex vivo chicken skin, frequently used for the characterization of micronee-
dle arrays [22,44,45], and agarose gel, mimicking the mechanical properties of human skin
[39,42,46], were employed to determine the time for morphological changes to occur in
the structure of MNs after insertion. The NP-MNs were gradually dissolved within 2 min
after insertion into ex vivo chicken skin, with a bending already visible after 15 s. The
needle height of NP-MNs decreased to ca. 50%, 40%, and 30% in 15, 45, and 120 s, respec-
tively (Figure 9B-D). This indicates that the NP-loaded segments of MNs were dissolved
within 15 s. In contrast, after insertion into the agarose gel, the tips of NP-MNs were sig-
nificantly dissolved after 15 s, and the needle height declined to 25% (Figure 9F). These
findings confirm the fast dissolving feature of NP-MNs and indicate that the dissolution
of NP-MNss is not expected to be the rate-limiting step in the transdermal delivery of DEX-
NPs.
t=2 min

t=15s t=45s

Figure 9. Ex-vivo and in vitro dissolution studies of NP-MNs: Representative images of NP-MNs
before (A,E) and after dissolution in ex vivo chicken for 15 (B), 45 (C), and 120 s (D) and agarose gel
after 15 (F), 45 (G), and 120 s (H). Scale bar 100 pm.
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Due to the high-water solubility of SA, the MNs could dissolve very quickly and
thoroughly. The presence of a surfactant plays a vital role in formulating dissolving MNs
[47]. It is presumed that solutol HS 15 affected the wetting of the polymeric matrix, thus
increasing the water penetration through the MNs and eventually decreasing the overall
dissolution time. These results suggest that the recommended application time of the MN
patch can be set as >15 s [48]. Additionally, once the MNs dissolve in the skin and the
drug-loaded NPs are released, the base can be readily rinsed with water, promoting skin
recovery and restoring its barrier function. This is another important aspect for preventing
potential skin infections due to the presence of microchannels created by the MNs [2,4].

Despite the significant value of these skin-simulant models for the characterization
of MNss, there are some limitations to be considered, such as the lack of pharmacopeial
standards for MN-based products [49], the absence of validation of in vitro methods to
characterize the dissolution and release profiles of therapeutics from MNs containing
nanosystems [24], and the differences between the human skin and skin simulants used
in this study, like their composition and water content [42,50-52].

3.6. In Vitro Drug Release Studies

Based on the dissolution study findings, in vitro release studies of DEX from PLGA
NPs were performed using a dialysis bag in phosphate buffer saline (pH 7.4) at 37 °C for
120 h. The release data presented in Figure 10 indicate that the release of DEX was bipha-
sic, and a burst drug release was observed in the first 6 h followed by sustained release
over 120 h. The results are comparable to previous studies in which DEX was incorporated
into the PLGA matrix. The initial burst release could be a result of DEX molecules that are
weakly bound/adsorbed to the NP surface [26,53,54]. This release profile would effectively
suppress both acute and chronic inflammation [55].
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Figure 10. In vitro DEX release from PLGA NPs (pH 7.4, 37 °C). Inset shows the drug release profile
over the initial 24 h. Values are mean + s.d. of four experiments.

The main challenges of the current topical treatment modalities for inflammatory
skin diseases, such as psoriasis and atopic dermatitis, are the lack of selectivity in deliver-
ing the drug to the inflammation site, side effects associated with steroids, inadequate skin
penetration, and patient adherence [56,57]. Nanoparticle-based drug delivery systems are
beneficial in overwhelming the limitations of conventional dosage forms by enhancing
the local drug effect. Nanomedicines allow for achieving controlled drug release and skin
targeting by improving retention and drug localization in the skin layers, as well as pro-
tection of the drug against chemical or physical changes and, consequently, improve pa-
tient compliance by reducing application frequency [56,58,59].
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Recent studies have highlighted the beneficial use of polymeric nanoparticles for
anti-inflammatory topical treatment due to their ability to form a drug reservoir, retaining
the drug locally at the site of action [60,61]. It was also shown that polymeric nanocarriers
have a higher potential than lipid vehicles for local therapy of inflammatory skin diseases
with minimum systemic absorption due to their rigid and stable structure [57,62]. Try et
al. report that small PLGA NPs (below 100 nm) can accumulate selectively in the viable
epidermis and hair follicles in two atopic dermatitis animal models, while larger PLGA
NPs (about 300 nm) remain at the epidermis surface [63]. The findings are in line with
previous findings reported by Abdel-Mottaleb et al. in which polymeric NPs made of
ethyl cellulose were tested [64].

This suggests that the delivery system proposed in this study, based on the combina-
tion of minimally invasive dissolving MNs with PLGA NPs, can be foreseen as an inter-
esting strategy to treat various inflammatory skin diseases by means of increased patient
compliance, controlled drug release, improved safety, and efficacy of topical steroid ther-

apy.

4. Conclusions

The work presented demonstrates a useful step-by-step strategy, based on a modified
vacuum-deposition micromolding method to fabricate rapidly dissolving MNs loaded
with biodegradable NPs for the treatment of skin diseases. DEX-loaded PLGA NPs were
successfully prepared, with acceptable drug loading content exhibiting a controlled re-
lease profile. The incorporation of DEX-NPs into the tips of dissolving MNs, made of SA,
significantly improves their mechanical strength and insertion capabilities, as demon-
strated by the skin-simulant parafilm model and static force tests. The MN dissolution
study following application to ex vivo chicken skin and skin mimicking agarose gel re-
veals that the NP-loaded segments of MNs have been dissolved within 15 s. Taken to-
gether, the combination of dissolving MNs and biodegradable NPs offers an interesting
minimally invasive approach to bypass the limitations of conventional topical treatment
of skin diseases, allowing for self-administration, increased patient compliance, and con-
trolled drug release. Thus, the potential of this delivery system warrants further ex vivo
and in vivo investigations.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pharmaceutics15020526/s1, Figure S1: Calibration curve of
DEX in distilled water containing 5% DMSO at 242 nm. Figure S2: Calibration curve of DEX in PBS
(pH=7.4) at 242 nm. Figure S3: FTIR spectrum of Solutol HS 15. Figure S4: Images of MNss loaded
with blank PLGA NPs (A) before and (C) after the insertion test. (B) Representative microscopic
image of holes created on the first parafilm layer.

Author Contributions: H.D.: Investigation, Methodology, Visualization, Data curation, Writing—
original draft preparation. A.A.A.: Conceptualization, Supervision, Methodology, Resources, Pro-
ject administration, Visualization, Formal analysis, Resources, Funding acquisition, Writing —orig-
inal draft preparation, Writing—review & editing. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: A.A.A. would like to thank the Azrieli College of Engineering Jerusalem research fund for
its support (SM2021-2022).

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.



Pharmaceutics 2023, 15, 526 14 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Avcil, M., Celik, A. Microneedles in Drug Delivery: Progress and Challenges. Micromachines 2021, 12, 1321.
https://doi.org/10.3390/mi12111321.

Waghule, T.; Singhvi, G.; Dubey, S.K.; Pandey, M.M.; Gupta, G.; Singh, M.; Dua, K. Microneedles: A Smart Approach and
Increasing Potential for Transdermal Drug Delivery System. Biomed. Pharmacother. 2019, 109, 1249-1258.
https://doi.org/10.1016/j.biopha.2018.10.078.

Salwa; Chevala, N.T; Jitta, S.R.; Marques, S.M.; Vaz, V.M.; Kumar, L. Polymeric Microneedles for Transdermal Delivery of
Nanoparticles: Frontiers of Formulation, Sterility and Stability Aspects. . Drug Deliv. Sci. Technol. 2021, 65, 102711.
https://doi.org/10.1016/j.jddst.2021.102711.

Guillot, A.].; Cordeiro, A.S.; Donnelly, R.F.; Montesinos, M.C.; Garrigues, T.M.; Melero, A. Microneedle-Based Delivery: An
Overview of Current Applications and Trends. Pharmaceutics 2020, 12, 569. https://doi.org/10.3390/pharmaceutics12060569.
Aldawood, F.K.; Andar, A.; Desai, S. A Comprehensive Review of Microneedles: Types, Materials, Processes, Characterizations
and Applications. Polymers 2021, 13, 2815. https://doi.org/10.3390/polym13162815.

Gheorghita Puscaselu, R.; Lobiuc, A.; Dimian, M.; Covasa, M. Alginate: From Food Industry to Biomedical Applications and
Management of Metabolic Disorders. Polymers 2020, 12, 2417. https://doi.org/10.3390/polym12102417.

Wang, B.; Wan, Y.; Zheng, Y.; Lee, X,; Liu, T.; Yu, Z;; Huang, J.; Ok, Y.S.; Chen, J.; Gao, B. Alginate-Based Composites for
Environmental ~Applications: A  Critical Review. Crit. Rev. Environ. Sci. Technol. 2019, 49, 318-356.
https://doi.org/10.1080/10643389.2018.1547621.

Jahshan, F.; Abu Ammar, A.; Ertracht, O.; Eisenbach, N.; Daoud, A.; Sela, E.; Atar, S.; Zussman, E.; Fichtman, B.; Harel, A.; et al.
Local Delivery of Mometasone Furoate from an Eluting Endotracheal Tube Reduces Airway Morbidity Following Long-Term
Animal Intubation. ACS Appl. Bio Mater. 2021, 4, 4131-4139. https://doi.org/10.1021/acsabm.0c01526.

Zeb, A.; Gul, M,; Nguyen, T.-T.-L.; Maeng, H.-J. Controlled Release and Targeted Drug Delivery with Poly(Lactic-Co-Glycolic
Acid) Nanoparticles: Reviewing Two Decades of Research. J. Pharm. Investig. 2022, 52, 683-724. https://doi.org/10.1007/s40005-
022-00584-w.

Tabatabaei Mirakabad, F.S.; Nejati-Koshki, K.; Akbarzadeh, A.; Yamchi, M.R.; Milani, M.; Zarghami, N.; Zeighamian, V.; Rahim-
zadeh, A.; Alimohammadi, S.; Hanifehpour, Y.; et al. PLGA-Based Nanoparticles as Cancer Drug Delivery Systems. Asian Pac.
J. Cancer Prev. 2014, 15, 517-535. https://doi.org/10.7314/APJCP.2014.15.2.517.

Rabiei, M.; Kashanian, S.; Samavati, S.S.; Jamasb, S.; McInnes, S.J.P. Nanomaterial and Advanced Technologies in Transdermal
Drug Delivery. ]. Drug Target. 2020, 28, 356-367. https://doi.org/10.1080/1061186X.2019.1693579.

Tucak, A.; Sirbubalo, M.; Hindija, L.; Rahi¢, O.; HadZziabdi¢, J.; Muhamedagi¢, K.; Cekié, A.; Vranié, E. Microneedles: Charac-
teristics, ~Materials, Production Methods and Commercial Development. Micromachines 2020, 11, 961.
https://doi.org/10.3390/mi11110961.

Shetty, K.; Sherje, A.P. Nano Intervention in Topical Delivery of Corticosteroid for Psoriasis and Atopic Dermatitis— A System-
atic Review. J. Mater. Sci. Mater. Med. 2021, 32, 88. https://doi.org/10.1007/s10856-021-06558-y.

Castela, E.; Archier, E.; Devaux, S.; Gallini, A.; Aractingi, S.; Cribier, B.; Jullien, D.; Aubin, F.; Bachelez, H.; Joly, P.; et al. Topical
Corticosteroids in Plaque Psoriasis: A Systematic Review of Efficacy and Treatment Modalities: Topical Corticosteroids in
Plaque Psoriasis. |. Eur. Acad. Dermatol. Venereol. 2012, 26, 36—46. https://doi.org/10.1111/j.1468-3083.2012.04522.x.

Coondoo, A.; Phiske, M.; Verma, S.; Lahiri, K. Side-Effects of Topical Steroids: A Long Overdue Revisit. Indian Dermatol. Online
J. 2014, 5, 416. https://doi.org/10.4103/2229-5178.142483.

Dey, V. Misuse of Topical Corticosteroids: A Clinical Study of Adverse Effects. Indian Dermatol. Online |. 2014, 5, 436.
https://doi.org/10.4103/2229-5178.142486.

Far, J.; Abdel-Haq, M.; Gruber, M.; Abu Ammar, A. Developing Biodegradable Nanoparticles Loaded with Mometasone Fu-
roate for Potential Nasal Drug Delivery. ACS Omega 2020, 5, 7432-7439. https://doi.org/10.1021/acsomega.0c00111.

Abu Ammar, A.; Nasereddin, A.; Ereqat, S.; Dan-Goor, M.; Jaffe, C.L.; Zussman, E.; Abdeen, Z. Amphotericin B-Loaded Nano-
particles for Local Treatment of Cutaneous Leishmaniasis. Drug Deliv. Transl. Res. 2019, 9, 76-84. https://doi.org/10.1007/s13346-
018-00603-0.

Ribeiro, S.B.; de Aratjo, A.A.; Oliveira, M.M.B.; Santos Silva, A.M. dos; da Silva-Janior, A.A.; Guerra, G.C.B.; Brito, G.A. de C,;
Leitdao, R.F. de C.; Aradjo Janior, R.F. de; Garcia, V.B,; et al. Effect of Dexamethasone-Loaded PLGA Nanoparticles on Oral
Mucositis Induced by 5-Fluorouracil. Pharmaceutics 2021, 13, 53. https://doi.org/10.3390/pharmaceutics13010053.

Martin, C.J.; Allender, C.J.; Brain, K.R.; Morrissey, A.; Birchall, ].C. Low Temperature Fabrication of Biodegradable Sugar Glass
Microneedles for Transdermal Drug Delivery Applications. J. Control. Release 2012, 158, 93-101. https://doi.org/10.1016/j.jcon-
rel.2011.10.024.

Larraneta, E.; Moore, J.; Vicente-Pérez, E.M.; Gonzalez-Vazquez, P.; Lutton, R.; Woolfson, A.D.; Donnelly, R.F. A Proposed
Model Membrane and Test Method for Microneedle Insertion Studies. Int. ]. Pharm. 2014, 472, 65-73.
https://doi.org/10.1016/j.ijpharm.2014.05.042.

Abu-Much, A.; Darawshi, R.; Dawud, H.; Kasem, H.; Abu Ammar, A. Preparation and Characterization of Flexible Furosemide-
Loaded Biodegradable Microneedles for Intradermal Drug Delivery. Biomater. Sci. 2022, 10, 6486-6499.
https://doi.org/10.1039/D2BM01143C.



Pharmaceutics 2023, 15, 526 15 of 16

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Cheng, Z.; Lin, H.; Wang, Z.; Yang, X.; Zhang, M.; Liu, X;; Wang, B.; Wu, Z.; Chen, D. Preparation and Characterization of
Dissolving Hyaluronic Acid Composite Microneedles Loaded Micelles for Delivery of Curcumin. Drug Deliv. Transl. Res. 2020,
10, 1520-1530. https://doi.org/10.1007/s13346-020-00735-2.

Weimer, P.; Rossi, R.C.; Koester, L.S. Dissolving Microneedles Developed in Association with Nanosystems: A Scoping Review
on the Quality Parameters of These Emerging Systems for Drug or Protein Transdermal Delivery. Pharmaceutics 2021, 13, 1601.
https://doi.org/10.3390/pharmaceutics13101601.

Zhang, D.; Das, D.B.; Rielly, C.D. Microneedle Assisted Micro-Particle Delivery from Gene Guns: Experiments Using Skin-
Mimicking Agarose Gel. J. Pharm. Sci. 2014, 103, 613-627. https://doi.org/10.1002/jps.23835.

Kim, D.-H.; Martin, D.C. Sustained Release of Dexamethasone from Hydrophilic Matrices Using PLGA Nanoparticles for Neu-
ral Drug Delivery. Biomaterials 2006, 27, 3031-3037. https://doi.org/10.1016/j.biomaterials.2005.12.021.

Shen, S.; Wu, Y,; Liu, Y.; Wu, D. High Drug-Loading Nanomedicines: Progress, Current Status, and Prospects. Int. |. Nanomed.
2017, 12, 4085-4109. https://doi.org/10.2147/]JN.S132780.

Chiang, Z.-C.; Yu, S.-H.; Chao, A.-C.; Dong, G.-C. Preparation and Characterization of Dexamethasone-Immobilized Chitosan
Scaffold. ]. Biosci. Bioeng. 2012, 113, 654-660. https://doi.org/10.1016/j.jbiosc.2012.01.002.

Kamel, A.H.; Hassanin Sherif, E.A.; Khaled. El Zawawy, W.; El-shinawy, N.A. Therapeutic Potential of Dexamethasone Nano
Chitosan Synthesized from Chitosan as a Novel Treatment of Pulmonary Fibrosis in C57BL/6 Mice. Alex. J. Med. 2021, 57, 247-
259. https://doi.org/10.1080/20905068.2021.1987795.

Abdel-Haq, M.; Alyan, R.; Abd-Rbo, K.; Kasem, H.; Abu Ammar, A. Biomimetic Clotrimazole-Loaded PLGA Films with En-
hanced Adhesiveness for Controlled Drug Release. Int. ]. Pharm. 2021, 601, 120578. https://doi.org/10.1016/j.ijpharm.2021.120578.
Cohen, E.M. Dexamethasone. In Analytical Profiles of Drug Substances; Elsevier: Amsterdam, The Netherlands, 1973; Volume 2,
pp. 163-197, ISBN 978-0-12-260802-5.

Santos, W.M.; Nobrega, F.P.; Andrade, ].C.; Almeida, L.F.; Conceigao, M.M.; Medeiros, A.C.D.; Medeiros, F.D. Pharmaceutical
Compatibility of Dexamethasone with Excipients Commonly Used in Solid Oral Dosage Forms. J. Anal. Calorim. 2021, 145, 361—
378. https://doi.org/10.1007/s10973-020-09753-1.

Boddu, S.H.S,; Jwala, J.; Vaishya, R.; Earla, R.; Karla, P.K,; Pal, D.; Mitra, A K. Novel Nanoparticulate Gel Formulations of Ster-
oids for the Treatment of Macular Edema. J. Ocul. Pharm. 2010, 26, 37-48. https://doi.org/10.1089/jop.2009.0074.

Alami-milani, M.; Zakeri-milani, P.; Valizadeh, H.; Salehi, R.; Jelvehgari, M. Preparation and Evaluation of PCL-PEG-PCL Mi-
celles as Potential Nanocarriers for Ocular Delivery of Dexamethasone. Iran. ]. Basic Med. Sci. 2018, 21, 153.
https://doi.org/10.22038/ijbms.2017.26590.6513.

Rahvar, M.; Ahmadi Lakalayeh, G.; Nazeri, N.; Marouf, B.T.; Shirzad, M.; Najafi, T.; Shabankareh, A.; Ghanbari, H. Assessment
of Structural, Biological and Drug Release Properties of Electro-Sprayed Poly Lactic Acid-Dexamethasone Coating for Biomed-
ical Applications. Biomed. Eng. Lett. 2021, 11, 393-406. https://doi.org/10.1007/s13534-021-00205-9.

Gomezgaete, C.; Tsapis, N.; Besnard, M.; Bochot, A ; Fattal, E. Encapsulation of Dexamethasone into Biodegradable Polymeric
Nanoparticles. Int. . Pharm. 2007, 331, 153-159. https://doi.org/10.1016/j.ijjpharm.2006.11.028.

Jain, S.; Datta, M. Oral Extended Release of Dexamethasone: Montmorillonite-PLGA Nanocomposites as a Delivery Vehicle.
Appl. Clay Sci. 2015, 104, 182-188. https://doi.org/10.1016/j.clay.2014.11.028.

Soares, ].P.; Santos, J.E.; Chierice, G.O.; Cavalheiro, E.T.G. Thermal Behavior of Alginic Acid and Its Sodium Salt. Eclet. Quim.
2004, 29, 57-64. https://doi.org/10.1590/50100-46702004000200009.

Bonfante, G.; Lee, H.; Bao, L.; Park, J.; Takama, N.; Kim, B. Comparison of Polymers to Enhance Mechanical Properties of Mi-
croneedles for Bio-Medical Applications. Micro Nano Syst. Lett. 2020, 8, 13. https://doi.org/10.1186/s40486-020-00113-0.

Yadav, P.R,; Munni, M.N.; Campbell, L.; Mostofa, G.; Dobson, L.; Shittu, M.; Pattanayek, S.K.; Uddin, J.; Das, D.B. Translation
of Polymeric Microneedles for Treatment of Human Diseases: Recent Trends, Progress, and Challenges. Pharmaceutics 2021, 13,
1132. https://doi.org/10.3390/pharmaceutics13081132.

Yan, L.; Raphael, A.P.; Zhu, X.; Wang, B.; Chen, W.; Tang, T.; Deng, Y.; Sant, H.].; Zhu, G.; Choy, K.W_; et al. Nanocomposite-
Strengthened Dissolving Microneedles for Improved Transdermal Delivery to Human Skin. Adv. Healthc. Mater. 2014, 3, 555—
564. https://doi.org/10.1002/adhm.201300312.

Makvandi, P.; Kirkby, M.; Hutton, A.R.J.; Shabani, M.; Yiu, C.K.Y.; Baghbantaraghdari, Z.; Jamaledin, R.; Carlotti, M.; Mazzolai,
B.; Mattoli, V.; et al. Engineering Microneedle Patches for Improved Penetration: Analysis, Skin Models and Factors Affecting
Needle Insertion. Nano-Micro Lett. 2021, 13, 93. https://doi.org/10.1007/s40820-021-00611-9.

Yu, W,; Jiang, G.; Zhang, Y.; Liu, D.; Xu, B.; Zhou, ]. Polymer Microneedles Fabricated from Alginate and Hyaluronate for
Transdermal Delivery of Insulin. Mater. Sci. Eng. C 2017, 80, 187-196. https://doi.org/10.1016/j.msec.2017.05.143.

Justin, R.; Roman, S.; Chen, D.; Tao, K.; Geng, X.; Grant, R.T.; MacNeil, S.; Sun, K.; Chen, B. Biodegradable and Conductive
Chitosan—-Graphene Quantum Dot Nanocomposite Microneedles for Delivery of Both Small and Large Molecular Weight Ther-
apeutics. RSC Adv. 2015, 5, 51934-51946. https://doi.org/10.1039/C5RA04340A.

Zhang, P.; Dalton, C.; Jullien, G.A. Design and Fabrication of MEMS-Based Microneedle Arrays for Medical Applications. Mi-
crosyst. Technol. 2009, 15, 1073-1082. https://doi.org/10.1007/s00542-009-0883-5.

Chi, Y.; Huang, Y.; Kang, Y.; Dai, G; Liu, Z.; Xu, K.; Zhong, W. The Effects of Molecular Weight of Hyaluronic Acid on Trans-
dermal Delivery Efficiencies of Dissolving Microneedles. Eur. ]J. Pharm. Sci. 2022, 168, 106075.
https://doi.org/10.1016/j.ejps.2021.106075.



Pharmaceutics 2023, 15, 526 16 of 16

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Anjani, Q.K.; Sabri, A.-H.B.; Utomo, E.; Dominguez-Robles, J.; Donnelly, R.F. Elucidating the Impact of Surfactants on the Per-
formance of Dissolving Microneedle Array Patches. Mol. Pharm. 2022, 19, 1191-1208. https://doi.org/10.1021/acs.molpharma-
ceut.1c00988.

Li, X.-J; Li, Y.; Meng, Y.; Pu, X.-Q.; Qin, J.-W.; Xie, R.; Wang, W.; Liu, Z,; Jiang, L.; Ju, X.-].; et al. Composite Dissolvable Mi-
croneedle Patch for Therapy of Oral Mucosal Diseases. Biomater. Adv. 2022, 139, 213001. https://doi.org/10.1016/j.bio-
adv.2022.213001.

Donnelly, R.F,; Singh, T.R.R.; Alkilani, A.Z.; McCrudden, M.T.C.; O'Neill, S.; O'Mahony, C.; Armstrong, K.; McLoone, N.; Kole,
P.; Woolfson, A.D. Hydrogel-Forming Microneedle Arrays Exhibit Antimicrobial Properties: Potential for Enhanced Patient
Safety. Int. ]. Pharm. 2013, 451, 76-91. https://doi.org/10.1016/j.ijpharm.2013.04.045.

Feiner, G. Cooked Sausages. In Meat Products Handbook; Elsevier: Amsterdam, The Netherlands, 2006; pp. 239-286, ISBN 978-1-
84569-050-2.

Wang, L.; Suderman, D.R. Application of Batters and Breadings to Various Substrates. In Batters and Breadings in Food Processing;
Elsevier: Amsterdam, The Netherlands, 2011; pp. 243-261, ISBN 978-1-891127-71-7.

Anselmo, A.C.; Gokarn, Y.; Mitragotri, S. Non-Invasive Delivery Strategies for Biologics. Nat. Rev. Drug Discov. 2019, 18, 19-40.
https://doi.org/10.1038/nrd.2018.183.

Rengber, S.; Aydin Koése, F.; Karavana, S.Y. Dexamethasone Loaded PLGA Nanoparticles for Potential Local Treatment of Oral
Precancerous Lesions. Pharm. Dev. Technol. 2020, 25, 149-158. https://doi.org/10.1080/10837450.2019.1673407.

Cascone, M.G.; Pot, P.M.; Lazzeri, L.; Zhu, Z. Release of Dexamethasone from PLGA Nanoparticles Entrapped into Dex-
tran/Poly(Vinyl Alcohol) Hydrogels. ]. Mater. Sci. Mater. Med. 2002, 13, 265-269. https://doi.org/10.1023/A:1014006800514.
Bhardwaj, U.; Sura, R.; Papadimitrakopoulos, F.; Burgess, D.]. Controlling Acute Inflammation with Fast Releasing Dexame-
thasone-PLGA Microsphere/PVA Hydrogel Composites for Implantable Devices. ]. Diabetes Sci. Technol. 2007, 1, 8-17.
https://doi.org/10.1177/193229680700100103.

Almeida, C,; Filipe, P.; Rosado, C.; Pereira-Leite, C. Nanodelivery Strategies for Skin Diseases with Barrier Impairment: Focus-
ing on Ceramides and Glucocorticoids. Nanomaterials 2022, 12, 275. https://doi.org/10.3390/nan012020275.

Boisgard, A.-S.; Lamrayah, M.; Dzikowski, M.; Salmon, D.; Kirilov, P.; Primard, C.; Pirot, F.; Fromy, B.; Verrier, B. Innovative
Drug Vehicle for Local Treatment of Inflammatory Skin Diseases: Ex Vivo and in Vivo Screening of Five Topical Formulations
Containing  Poly(Lactic =~ Acid) (PLA) Nanoparticles. ~ Eur. ].  Pharm.  Biopharm. 2017, 116,  51-60.
https://doi.org/10.1016/j.ejpb.2016.09.021.

Parekh, K.; Mehta, T.A.; Dhas, N.; Kumar, P.; Popat, A. Emerging Nanomedicines for the Treatment of Atopic Dermatitis. AAPS
PharmSciTech 2021, 22, 55. https://doi.org/10.1208/s12249-021-01920-3.

Ozcan, 1; Azizoglu, E.; Senyigit, T.; Ozyazm, M.; Ozer, O. Comparison of PLGA and Lecithin/Chitosan Nanoparticles for Der-
mal Targeting of Betamethasone Valerate. |. Drug Target. 2013, 21, 542-550. https://doi.org/10.3109/1061186X.2013.769106.
Zoabi, A.; Touitou, E.; Margulis, K. Recent Advances in Nanomaterials for Dermal and Transdermal Applications. Colloids In-
terfaces 2021, 5, 18. https://doi.org/10.3390/colloids5010018.

Glingor, S.; Kahraman, E. Nanocarriers Mediated Cutaneous Drug Delivery. Eur. ]. Pharm. Sci. 2021, 158, 105638.
https://doi.org/10.1016/j.ejps.2020.105638.

Abdel-Mottaleb, M.M.; Try, C.; Pellequer, Y.; Lamprecht, A. Nanomedicine Strategies for Targeting Skin Inflammation. Nano-
medicine 2014, 9, 1727-1743. https://doi.org/10.2217/nnm.14.74.

Try, C.; Moulari, B.; Béduneau, A.; Fantini, O.; Pin, D.; Pellequer, Y.; Lamprecht, A. Size Dependent Skin Penetration of Nano-
particles in Murine and Porcine Dermatitis Models. Eur. J. Pharm. Biopharm. 2016, 100, 101-108.
https://doi.org/10.1016/j.ejpb.2016.01.002.

Abdel-Mottaleb, M.M.A; Moulari, B.; Beduneau, A.; Pellequer, Y.; Lamprecht, A. Nanoparticles Enhance Therapeutic Outcome
in Inflamed Skin Therapy. Eur. |. Pharm. Biopharm. 2012, 82, 151-157. https://doi.org/10.1016/j.ejpb.2012.06.006.

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



