& polymers

Article

Leflunomide Loaded Chitosan Nanoparticles for the
Preparation of Aliphatic Polyester Based Skin Patches

Stavroula G. Nanaki !, Sophia Andrianidou !, Panagiotis Barmpalexis 2(), Evi Christodoulou !

Dimitrios N. Bikiaris I*

check for

updates
Citation: Nanaki, S.G.; Andrianidou,
S.; Barmpalexis, P.; Christodoulou, E.;
Bikiaris, D.N. Leflunomide Loaded
Chitosan Nanoparticles for the
Preparation of Aliphatic Polyester
Based Skin Patches. Polymers 2021, 13,
1539. https://doi.org/10.3390/
polym13101539

Academic Editors: Alexey Iordanskii
and Marek M. Kowalczuk

Received: 19 March 2021
Accepted: 7 May 2021
Published: 11 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and

1 Laboratory of Polymer Chemistry and Technology, Department of Chemistry, Aristotle University of Thessaloniki,
54124 Thessaloniki, Greece; sgnanaki@chem.auth.gr (S.G.N.); sofia.andrianidou@gmail.com (S.A.);
evicius@gmail.com (E.C.)

Department of Pharmaceutical Technology, School of Pharmacy, Aristotle University of Thessaloniki,

54124 Thessaloniki, Greece; ppbarmp@pharm.auth.gr

*  Correspondence: dbic@chem.auth.gr; Tel.: +30-2310-997812

Abstract: In the present study, the preparation of controlled-released leflunomide (LFD)-loaded skin
patches was evaluated, utilizing the combination of chitosan (CS) nanoparticles (NPs) incorporated
into suitable poly(l-lactic acid) (PLLA) or poly(lactic-co-glycolic acid) (PLGA) polyester matrices.
Initially, LFD-loaded CS NPs of ~600 nm and a smooth surface were prepared, while strong inter-
molecular interactions between the drug and the CS were unraveled. In the following step, the
prepared LFD-loaded CS NPs were incorporated into PLLA or PLGA, and thin-film patches were
prepared via spin-coating. Analysis of the prepared films showed that the incorporation of the drug-
loaded CS NPs resulted in a significant increase in the drug’s release rate and extent as compared
to neat LFD-loaded polyester patches (i.e., prepared without the use of CS NPs). In-depth analysis
of the prepared formulations showed that the amorphization of the drug within the matrix and the
increased wetting properties of the prepared CS NPs were responsible for the improved thin-film
patch characteristics.

Keywords: leflunomide; chitosan; aliphatic polyesters; poly(l-lactic acid); poly(lactic co glycolic acid);
nanoparticles; skin patches; controlled release

1. Introduction

Leflunomide (LFD) is an orally administrated immunomodulator and anti-rheumatic
drug used for the treatment of rheumatoid arthritis (RA) [1,2]. LFD is a prodrug that gets
rapidly converted via an isoxazole ring cleavage into the active metabolite Teriflunomide
(TFL) [3-5]. Its main action against RA is the inhibition of the de novo pyrimidine synthe-
sis [6]. Despite LFD’s good therapeutic results, its long-term oral administration is related
to several gastrointestinal side effects, such as diarrhea, nausea, and dyspepsia, as well as
liver toxicity [7-9]. Hence, in order to reduce these adverse events, several studies assessed
the preparation of topically administrated TFL (the active metabolite) [10,11]. For example,
Xi et al. reported the development of a transdermal patch for the intra-articular delivery of
TFL through the skin [11], while Siafaka et al. prepared novel electro-spun nanofibrous
matrices for TFL's skin delivery [10]. However, despite these encouraging results, it is
important to note that, in almost all of the previous studies reported, TFL (i.e., the active
metabolite) was used instead of LFD. The main reason for this was probably the fact that
the bioconversion of LFD into TFL (the active metabolite) across the skin was unknown.
This matter, however, was recently resolved by Bae and Park, who showed that topically
applied LFD can be delivered effectively and deposited as TFL in an arthritic joint [12].
Specifically, in this recent study, the use of topical LFD showed 3.4-fold to 54.6-fold higher
concentrations of TFL in the knee joint compared to oral administration. Hence, based
on these findings, the use of LFD instead of TFL may be an attractive solution for the
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preparation of an effective topical RA treatment (leading to fewer side effects and better
patient compliance). However, and despite the above promising result, the preparation of
a skin-delivery LFD patch is not problem-free, since there are several problems associated
with LFD’s skin permeability and aqueous solubility [13]. In this vein, for the preparation
of an effective LFD topical delivery system, new and novel formulation approaches should
be adopted.

Chitosan (CS) is a hemi-synthetic cationic linear polysaccharide [14]. It is synthesized
by the deacetylation of chitin, which is a naturally occurring polysaccharide. It is an
easily accessible polymer, but most importantly it is non-toxic, highly biocompatible, and
biodegradable, with low immunogenicity, and, as such, it is an excellent candidate for
pharmaceutical and biomedical applications such as transdermal patches [14-16]. Further-
more, CS nanoparticles (NPs) can pass through tight junctions of skin and deliver drugs to
the capillary blood vessels and finally to blood circulation. Al-Kasas et al. prepared CS
NPs by ionic gelation in order to be test their skin penetration, where they found that NPs
prepared with gum arabic were able to penetrate porcine ear skin, showing their ability to
deliver the drug transdermally [17].

Additionally to CS, for the preparation of skin patches, several polymeric biodegrad-
able materials have been utilized until now (either alone or in combination with other
suitable carriers), including poly(amides), poly(amino acids), poly(alkyl-a-cyano acrylates),
poly(esters), poly(orthoesters), poly(urethanes), and poly (acrylamides) [18-20]. Amongst
them, aliphatic polyesters (prepared from either lactic or glycolic acid, or a combination
of them) are probably the most widely used polymeric materials for this reason [21-23].
Specifically, poly(l-lactic acid) (PLLA), a biodegradable thermoplastic polyester derived
from renewable plant sources, such as starch and sugar, is an extensively used in biomedical
applications and especially in the preparation of dermal or transdermal formulations due
to its unique characteristics (such as slow degradation, good adhesion, elasticity, etc.) [24].
Similarly, poly(lactic-co-glycolic acid) (PLGA) is also widely used for the preparation of skin
delivery pharmaceutical formulations, since it offers more highly tunable characteristics
(such as degradation rates) compared to PLLA [25].

In recent years, the scientific community used the combination of NPs entrapped in
hydrogel thin-films scaffolds in order to release the drug in a specific area with simulta-
neous wound healing effects. In brief, Guo et al. prepared silk fibroin hydrogel scaffolds
containing CS NPs, resulting in chondrogenesis of articular cartilage defects [26]. Similarly,
Shafique et al. prepared a hydrogel membrane using hyaluronic acid and CS NPs for the de-
livery of cefepime, a drug used as a parenteral antibiotic [27]. Wound healing in a rat model
was observed due to a hydrogel membrane group increase due to hyaluronic acid, resulting
in faster healing, while cefepime’s sustained release observed form CS NPs prevented
the wound from infection. Additionally, other recently published novel studies used CS
NPs and their incorporation in polyvinylpyrrolidone nanofibers as drug delivery system
without the need of a wound healing agents. In brief, Tugcu-Demiroz et al. encapsulated
benzydamide, used in vaginal infections, in CS NPs and further dispersed them in PVP
nanofibers by electrospinning [28]. TEM images showed that CS NPs were successfully
dispersed in the nanofibers, retaining also their size without showing any agglomeration.
Furthermore, CS Ps increased mucoadhesion properties of the patch prepared, as compared
to the nanofibers prepared with the drug alone. Finally, nanofibers with CS nanoparticles
showed an enhanced release profile while permeability of the drug was also higher.

Therefore, based on the above set framework, the present work focuses, for the first
time, on the preparation of a suitable controlled-released LFD-loaded skin patch, utilizing
the combination of CS NPs incorporated into suitable PLLA or PLGA matrices. Specifically,
after the preparation and characterization of LFD-loaded CS NPs, suitable PLLA- or PLGA-
based thin-film skin patches will be prepared via spin coating, and their physicochemical
and in-vitro drug release properties will be thoroughly evaluated.
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2. Materials and Methods
2.1. Materials

A high purity LFD drug substance was kindly donated by Pharmathen S.A. (Athens,
Greece). Low molecular CS (5-19 kDa), low-hydrolyzed (87-89%) polyvinyl alcohol (PVA),
and triphenyl phosphate (TPP) were purchased from Aldrich Chemical Co. (Stainheim,
Germany). PLLA with a molecular weight of 63,090 g/mol and PLGA (at a 75/25 and
50/50 ratio of lactic to glycolic acid) were purchased from Corbion (Gorinchem, The Nether-
lands). All other reagents were of analytical or pharmaceutical grade and used as received.

2.2. Preparation of NPs

The preparation of CS NPs in the present study was based on a modification of the
previously published ionotropic gelation method [29-31]. Briefly, blank NPs were prepared
with the addition of a TPP aqueous solution (2 mg/mL) to a CS acetic acid solution (2% v/v
of CS to acetic acid). The concentration of acetic acid was in all cases 1.75 times higher than
that of CS. The CS/TPP ratio was set at 4:1 w/w. During ionotropic gelation, the formation
of NPs is the result of the interaction between the negative groups of TPP, and the positively
charged amino groups of CS. For the preparation of drug-loaded NPs. a modified ionic
gelation method was used [32]. In brief, after dissolving the CS amount in 20 mL acetic
acid solution (2% v/v in concentration), an aqueous solution of 1.0% w/w of PVA was
inserted while, immediately after, LFD that was dissolved in dichloromethane (10 mg/mL
in concentration) was added, and probe sonication took place for 1 min. The resulting
emulsion was placed under magnetic stirring, and the TPP aqueous solution (2 mg/mL)
was added dropwise. The final suspension was left under mild magnetic stirring for 24 h.
The formed NPs were collected by centrifugation at 12,500 rpm for 20 min at an ambient
temperature. In all cases, the drug-loaded or neat NPs collected were resuspended in
pure water, frozen, and lyophilized via a Scanvac freeze drier system (Scanvac Coolsafe,
Labogen Scandinavia, Lillered, Denmark) for 12 h at —56 °C. The resulting dried NPs were
hermetically sealed and placed in a desiccator until further use. All trials were conducted
in triplicate.

2.3. Characterization of NPs
2.3.1. Fourier-Transformed Infrared Spectroscopy (FTIR)

The obtained CS NPs as well as the raw materials were evaluated by FTIR spectroscopy
(model FTIR-2000, Perkin Elmer, Waltham, MA, USA). Potassium bromide was used for
the formation of suitable disks before the analysis. All spectra were collected from 400 to
4000 cm~! with 4 cm ™! resolution (64 co-added scans), and the baseline was corrected and
converted into absorbance mode.

2.3.2. Wide-Angle X-ray Scattering (XRD)

For the powder XRD (pXRD) analysis of the obtained samples and the raw materials,
a Rigaku XRD-diffractometer was used (Miniiflex II, Chalgrove, Oxford, UK). CuKa
radiation was used for crystalline phase identification with A = 0.15405 nm. A range of 5 to
55° was selected with a speed of 1 °/min.

2.3.3. Differential Scanning Calorimetry (DSC)

A Perkin-Elmer Pyris 1 differential scanning calorimeter (Perkin-Elmer, Waltham,
MA, USA) was used for the DSC analysis of the samples and the raw materials. A small
accurately weighted quantity of each sample (~10 mg) was placed in sealed aluminum
pans and initially heated to approximately 105 °C (with 20 °C /min) held for 10 min in
order to remove the absorbed water, then quenched cooled to approximately 0 °C (with
~200 °C/min) and heated again up to 200 °C. In order to erase the thermal history, the
samples were held at 200 °C for 5 min before quenching again to 20 °C and reheating to
200 °C (with 20 °C/min). All trials were performed in an inert atmosphere (N;, flow rate
50 mL/min), while the instrument was calibrated with Indium and Zinc standards.



Polymers 2021, 13, 1539

40f24

2.3.4. Field Emission Scanning Electron Microscopy (FESEM)

FESEM images were acquired with an electron microscope JEOL JSM-7610F Plus
supported by an Oxford AZTEC ENERGY ADVANCED X-act energy dispersive X-ray
spectroscopy (EDS) system (JEOL, Tokyo, Japan). Briefly, for the preparation of the samples,
a small quantity of each of NPs’ suspension was dropped on a suitable holder and, after
evaporating, was covered with carbon. During the measurements, the accelerating voltage
was set at 20 kV, and a probe current of 45 nA was selected, while the counting time was
set at 60 s.

2.3.5. High-Pressure Liquid Chromatography (HPLC)

Quantitative analysis and drug loading were performed using a Shimadzu HPLC
(Shimadzu, Kyoto, Japan) prominence system previously described [10]. The analytical
column was a CNW Technologies Athena C18, 120 A (5 um, 250 mm X 4.6 mm), and the
analysis was performed at 25 °C. Acetonitrile/water (pH = 3.0 using phosphoric acid)
80/20 v/v was used as a mobile phase with a flow rate of 1.0 mL/min and 20 pL injection
volume. The quantification of LFD was performed using a UV detector at 295 nm. The
calibration curve was created by diluting a stock methanol solution of 500 ppm LFD to
concentrations of 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 7.5, 10.0, and 25.0 ppm.

For the determination of NP’s yield, drug loading, and encapsulation efficiency (EE),
10 mg of the prepared NPs were dissolved in 10 mL of aqueous acetic acid solution (1%
v/v)/methanol (50:50 v/v). The resulting solution was stirred for 24 h and filtered (nylon
filters, 0.45 nm pore size). NP’s yield, drug loading, and encapsulation efficiency (EE) were
evaluated by applying the following Equations:

NP’s Yield (%) = (Weight of NPs)/(Initial weight of polymer and drug) x 100 (1)

Drug Loading (%) = (Weight of drug in NPs)/(Weight of NPs) x 100 )
EE (%) = (Weight of drug in NPs)/(Initial weight of drug) x 100 3)

2.3.6. Molecular Dynamics (MD) Simulations

MD simulations were used in order to evaluate the molecular interactions occurring
between the drug (LFD) and the polymeric carrier (CS) during the NPs’ preparation in depth.

Initial structures: The initial molecular structure of CS was prepared using VEGAZZ
v.3.1.1.42 [33] based on similar, previous studies [34-36]. A high degree of deacetyla-
tion (83%) was selected during the construction of the polymer chain which included
50 monomers. LFD molecular structure was obtained from pubchem (CCDC No: 259170)
retrieved from the work of Vega et al. [37]. After setting the initial molecular struc-
tures, both compounds were treated as non-periodic structures and optimized via en-
ergy minimization using the pcff_d force field [38] with XenoView v. 3.8.1.0 molecu-
lar modeling software (http:/ /www.vemmer.org/xenoview /xenoview.html, accessed on
30 November 2020). Atomic charges were assigned by the pcff_d model. The steepest de-
scent algorithm was used during geometry optimization (tolerance limit and maximum
displacement per iteration were set at 1.00 x 10~* kcal/mol and 10 A, respectively). Ten
structures were optimized in total, and the one with the lowest energy was selected for
further processing.

Amorphous cell: The Xenoview amorphous build tool was utilized to prepared the
amorphous assemblies of CS-LFD at 298.15 K (25 °C) by varying the rotatable torsions using
the free rotation model method. The amorphous cell contained one CS polymeric chain
with 100 monomers and four LFD molecules. The cell structure was further equilibrated
following a multistep equilibration protocol proposed by Li et al. [39].

MD simulations: The optimum molecular assembly was further equilibrated with
periodic boundary conditions for approximately 1.0 ns (1 fs time step) at 608.15 K (at 1 atm).
A cut-off radius of 10 A and a spline distance of 1 A were selected. The variable volume
and shape option was used under Berendsen’s thermostat. Then, the molecular structures
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were subjected to a cooling up to 200 K (with 10 K step) under NPT conditions. The final
configuration of the molecular dynamics run was used as the starting structure for the
next stage of the subsequent run in each temperature. A final MD simulation run (1.0 ns
at 1.0 atm) was performed at 298.15 K (25 °C) using a cut-off radius of 10 A, along with
a spline distance of 1 A, a Berendsen thermostat, and a barostat, as well as a 1.0 fs time
step. The parameters proposed by van Gunsteren and Mark for model creation, force field
selection, sampling scheme setup, and software selection/use were used to ensure the
simulation’s validity [40].

The radial distribution function, g(r), was calculated in order to gain in-depth informa-
tion on the drug and polymer molecular interactions. g(r) describes the correlation between
atoms in a given system and is calculated by the following equation:

(r) = V iz 0(r = |rai — rail)
8 n (NANB — NAB)47T1’2d7’

)

where A and B are specific atoms; V is the system volume; N4 and Np are particle number
of atoms A and B, respectively; N4p are the number of particles belonging to atom A and
atom B simultaneously; and r4; and rp; represent the position of particle i of atom A particle
j of atom B, respectively.

2.4. Preparation of Thin-Film Patches via Spin-Coating

Patches in the form of PLLA and PLGA thin-films were prepared using spin-coating
(Laurell WS-650-23, Laurell Technologies Corporation, North Wales, PA, USA) according to
the following procedure. Initially, in order to identify the optimum spin-coating conditions,
PLLA or PLGA was dissolved in 20 mL of dichloromethane (using magnetic stirring for
2 h at room temperature) until a clear solution was formed. The resulting solution was
spin-coated on silicon substrates in order to produce thin-film patches. Several polymer
concentrations (5%, 10%, and 20% w/w) and angular velocities (2000, 2500, 3000, 4000,
and 6000 rpm) were tested in order to optimize the spin coating process. All trials were
conducted at a 500 rpm/s acceleration for 1 min. Then, the optimum-identified conditions
were used for the preparation of all PLLA and PLGA thin-films. In the case of LFD-loaded
films, the pure drug was weighted with the proper amount of PLA, or the PLGA, and
then dissolved in dichloromethane, and the same spin-coating procedure was followed
as described above. Table 1 summarizes the concentrations of the LFD-loaded thin-film
patches prepared in the present study.

Table 1. LDF-loaded thin-film patches prepared via spin-coating technique.

PLGA * (%wt.)

Code PLLA * (%wt.) LFD (%wt.)
75/25 50/50
S1 95.0 - - 5.0
S2 90.0 - - 10.0
S3 80.0 - - 20.0
S4 - 95.0 - 5.0
S5 - 90.0 - 10.0
S6 - 80.0 - 20.0
S7 - - 95.0 5.0
S8 - - 90.0 10.0
S9 - - 80.0 20.0

* PLLA: poly(l-lactic acid); ¥ PLGA: poly(lactic-co-glycolic acid).

The selection of PLLA and PLGA concentrations up to 80 wt.% is based according to
previous reports utilizing similar polyester for the preparation of biodegradable thin-film
patches [41-43]. The use of higher polymer concentrations leads to higher drug content,
which in turn means that the properties of the final skin patch will not be controlled by the
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polymeric matrix, leading to a significant loss in the biodegradation and sustained drug
release properties of the optimum thin-film patch.

In the case of LFD-loaded CS NPs, the thin-films were prepared by dispersing the
NPs in the PLLA or PLGA dichloromethane solutions (0.1% or 0.5% w/w of NPs to PLLA
or PLGA were used) followed by a similar spin-coating process as previously described.
In all cases, the resulting thin-films were cut into 2 cm X 2 cm square pieces and stored
in desiccants before further use. Drug loading and EE in the prepared thin-films were
calculated using the equations described previously (Section 2.3.5). It is important to note
that the weight ratio of 5, 10, and 20% w/w for LFD was selected, taking into account the
available commercial drug products” doses (i.e., 10, 20, and 100 mg for daily oral use).
The selection of these proper concentrations made it possible to simulate the drug content
depending on the area of prepared patches. Additionally, in the case of drug-loaded CS NPs,
the selection of the drug content was made based on the final morphology of the patch.

2.5. Characterization of Patches

FTIR, XRD, DSC, drug loading, and EE analyses of the prepared thin-film patches
were performed by following the same experimental procedure as described in Section 2.3.

In Vitro Dissolution Studies

For the in-vitro release studies, a DISTEK Dissolution Apparatus I (North Brunswick,
NJ, USA) equipped with an autosampler was used. The sample was held in appropriate
transdermal patch holders which were purchased from the QLA Company (Telford, Penn-
sylvania, USA). Dissolution was performed at 37 £ 1 °C, and the rotation speed was set at
50 rpm. The dissolution medium was 300 mL of simulated body fluid (SBF) at pH = 7.4
with 0.1% v/v of Tween 20. It should be noted that SBF with pH = 7.4 was selected because
the final target for the drug delivery is the body fluids. Although it is known that dermal
pH is varying from 5.2 to 5.4, without showing any difference to its value in psoriatic skin,
the formulations prepared are intended to deliver the drug through the skin to capillary
blood vessels. Two milliliters of aqueous solution were withdrawn from the release media
at predefined time intervals (5, 15, 30 min and 1, 3, 6, 12, 24, 36, 48, 60, 72, 96, and 120 h)
and quantified via the HPLC method described previously in Section 2.3.5.

2.6. Statistical Analysis

Statistical significance in the differences between the group means was evaluated by
using Student’s t-test. The SPSS statistic software (SPSS version 15.0, SPSS Inc., Chicago,
IL, USA) was used. A difference with a p-value (p *) < 0.05 was considered statistically
significant. Additionally, for the comparison of the dissolution profile, the similarity factor
(f2) was used. The f5 is a logarithmic transformation of the sum-squared error of differences
between the test and reference over all time points [44]:

—-0.5
_ Ly 2
fr= (H”t;(& Tl)> x 100 (5)

where, Ry and T; represent the cumulative percent dissolved for the two test samples at
each time point to be compared, and # is the number of dissolution time points. The f5
value can take values between 0 and 100, with zero revealing complete dissimilarity and
100 identicality. Two dissolution profiles are considered to be similar when the f, value is
larger than 50 (meaning that the mean deviation over all time points was less than 10%).

3. Results and Discussion
3.1. LFD-CS NPs

Initially, before the preparation of the thin-film patches, LFD was encapsuled in
CS-based NPs in order to overcome the several problems deriving from the unfavorable
physicochemical properties of the drug.
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NPs were prepared according to a modified ionic gelation technique in which interac-
tions are taking place between the negative groups of TPP and the positive charged tertiary
amino groups of CS while PVA is further used in order to enhance the solubility of the
hydrophobic drug. The formation of CS/TPP NPs was already studied from our group
by an incorporation of timolol for ocular delivery, along with annatto or saffron for UV
protective cosmetic emulations, as well as for the preparation of budesonide NPs [45-48].
Additionally, in a previous study of ours, the effect of the CS/TPP ratio was evaluated
thoroughly, showing that the utilization of a 4:1 w/w ratio results in the optimum (smallest)
NPs’ size [49]. Therefore, since in the scope of the present study, the preparation of LFD
skin patches and NPs with the smallest achievable particle size is most desirable (in order
to increase drug’s wetting properties), the same 4:1 w/w CS/TPP ratio was also used.
LFD-loaded CS NP prepared in this way shows adequate drug loading (18.06 & 0.92%),
good yield (23.54 + 2.85%), and EE (42.08 + 1.64%).

Figure la shows the FESEM images of the LFD-loaded NPs, as well as the images
of the neat CS NPs (i.e., without the use of LFD). As it can be seen, neat CS NPs had a
smooth surface and an almost spherical shape, while their average particle size (i.e., dsg)
was 380 nm. On the contrary, LFD-loaded CS NPs showed a less spherical shape with a
smooth surface and an average particle size of approximately 600 nm. In both cases, no
particle aggregation was observed.

(b)

Heat flow (mW/mg)

LFD-loaded CS nanoparticles Neat CS nanoparticles g LFD-loaded CS
H nanoparticles
=2

169 °C ~ ? Neat CS
2 nanoparticles
=
CS
— LFD loaded CS nanoparticles
— Neat CS nanoparticles TPP
— (5
— LFD
: LFD
T T T T T
o 10 20 30 40 50
162 °C
N —— 2 theta (deg)

T T T T T T T T T 1
0 20 40 60 B0 100 120 140 le0 180 200

Temperature ("C)

Figure 1. FESEM images (a), pXRD diffractograms (b), and DSC thermograms (c) for the neat chitosan (CS) nanoparticles
(NPs) and the leflunomide (LFD)-loaded CS NPs that will be embedded into the poly(l-lactic acid) (PLLA) and poly(lactic
co glycolic acid) (PLGA) thin-film patches.

In a further step, the changes in the physical state (i.e., crystalline or amorphous) of the
LFD during the preparation of the drug-loaded NPs were evaluated with the aid of pXRD
(Figure 1b). Pure LFD is a highly crystalline compound showing pXRD characteristic peaks
at 20 of 17.0, 19.6, 23.6, 24.2, 38.4, and 44.6 deg. Similarly, TPP is also highly crystalline with
characteristic diffraction peaks at 20 of 19.1, 19.7,25.1, 29.9, 33.6, 34.9, 36.9, and 37.5 deg.
In contrast, CS is a semi-crystalline polymeric material with two characteristic diffraction
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Absorbance

peaks at 20 of 11.0 and 21.0 deg [50]. In the case of NPs, Figure 1b shows that there is a clear
reduction in CS’s crystalline phase in both the neat and the LFD-loaded NPs. This may
be attributed to the rearrange of the intermolecular and intramolecular network of the CS
polymer, resulting from the crosslinking reaction with the TPP ions (a more comprehensive
evaluation on the formation of molecular interactions between CS and TPP will follow
during the discussion of the FTIR results). Furthermore, the intensity of the characteristic
peaks of the drug is significantly reduced, indicating that the process followed results in
the partial amorphization of LFD within the formed CS NPs. Analogous observations
were also found in our previous studies after NPs’ formation with chitosan and TPP for
nanoencapsulation of desferrioxamine mesylate [51], where the reduction in CS peaks
showed the amorphous state of the entrapped substance.

In order to verify the XRD findings regarding the physical state of the drug, as well as
to evaluate possible interactions between the drug and the polymer, DSC studies were also
conducted. Figure 1c shows thermographs of the pure drug, the pure CS, as well as the
neat and the drug-encapsulated NPs. With regard to neat CS, the obtained thermograms
showed a broad endothermic peak at around 90 °C, which is probably attributed to the
removal of water adsorbed or bound to chitosan [47], while the DCS thermogram for the
pure LFD showed a sharp endothermic peak at 169 °C, corresponding to the melting of
LFD crystals. Neat CS NPs showed a similar thermal pattern as the neat CS, while the
prepared LFD-loaded NPs showed the presence of a small endothermic peak at 162 °C,
corresponding to the melting point of the drug. Hence, based on the above results, the
obtained DSC thermograms verify that LFD dispersed within the CS NPs was, at least
partially, crystalline.

In a further step, since, during the preparation of drug-loaded CS NPs, a physico-
chemical interaction may take place among the several components, FTIR analysis was
used in order to examine the possible interactions between CS and TPP as well as CS and
LED. Figure 2 shows the FTIR spectra of the neat CS, TPP, and LFD compounds as well as
the neat CS and the LFD-loaded NPs.

—CS
lod O-H—} — nano CS 104 — nane CS
. — TPP (a) : —— LFD/nanoC$ (b)
amide T~} — LFD
0.8+
o 067
~
=
=
=
H
Z 044
-
0.2
001
T T T T T T T y T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™) Wavenumbers (cm)

Figure 2. FTIR spectra of: (a) neat CS, neat triphenyl phosphate (TPP) and neat CS NPs (nano CS), and (b) neat LFD, neat
CS and LFD-loaded CS NPs (LFD/nano CS).

With regard to CS, FTIR analysis showed a broad characteristic peak in the region
of 2500-3800 cm ! attributed to O-H and N-H stretching vibration peaks, two peaks at
1641 and 1558 cm ™! attributed to the amide I and I, respectively, a peak at 1324 cm ! cor-
responding to the axial deformation of the C-N bond, and two peaks at 1074 and 1026 cm !
attributed to the C-O bond of cyclic alcohols and to the primary hydroxyl groups of the
polysaccharide [50]. LFD characteristic FTIR peaks were observed at 3333 cm ™! attributed
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to a NH peak of amide, a sharp doublet peak appearing at 2924 cm ™! assigned to a CH
stretching vibration, a sharp peak at 1690 cm ™! due to the HC=N-O of the isoxazole ring,
a sharp peak at 1604 cm~!, a peak at 1540 cm~! assigned to C=O of the amide, and a
peak at 1504 cm ! attributed to C=C stretching vibrations. Additionally, TPP showed
characteristic FTIR peaks at 3059 cm~! corresponding to the C-H stretching vibration in
the region of 1454-1589 cm ! corresponding to the C=C stretching vibration, at 1294 cm !
corresponding to P=0 stretching in the region of 850-1010 cm~! corresponding to the
P-O stretching vibrations, and in the region of 690-786 cm ! corresponding to the C-H
deformation. Looking at the FTIR spectrum of the neat CS NPs, several shifts in the charac-
teristic absorbance peaks of the CS amides (both I and II) and the peaks corresponding to
the phosphate group of TPP (allocated at 897 cm~!) are observed, indicating the formation
of molecular interactions between the amino groups of the CS polymer with the phosphate
groups of TPP [50,52]. In the case of LFD-loaded CS NPs, results show significant shifts
in the region of 3540 to 3290 cm~! and 1660 to 1550 cm ™" indicating the formation of
molecular interactions between the amino or the hydroxyl groups of CS and LFD, probably
via hydrogen bonding (HB).

Based on the above results and the FTIR and DSC evaluation of the LFD-loaded
CS NPs, it was found that interactions are taking place between the drug and the CS
polymer. However, it was impossible to evaluate the extent and the nature of these
interactions. Therefore, in order to identify the type of these interactions more precisely
and to uncover the underlying mechanisms for their formation, MD simulations between
the two components (i.e., the drug and the polymer) were conducted as described in
Section 2.3.6.

The initial molecular structures and the conformations of the amorphous cells before
and after the multistep MD equilibration protocol of the CS-LFD assembly are shown
in Figure 3a,b, respectively. Results indicate that the implementation of the multistep
equilibration protocol results in a much more homogeneous amorphous structure compared
to the initially obtained assembly. With regard to drug-polymer interactions, looking at
the molecular structures of the CS monomer and LFD molecule given in Figure 3a, it is
obvious that both components possess several molecular groups that can act as HB donors or
acceptors (for example -NH, -C=0, -OH, -C-O-C-, etc.). Therefore, during the preparation
of drug-loaded CS NPs, HB interactions between the two components may be formed.

Figure 4a,b shows the HB patterns obtained for the amorphous CS-LFD structure after
the completion of the 1.0 ns MD simulations. The maximum hydrogen-acceptor distance
was set at 2.5, and the minimum donor-hydrogen-acceptor angle was set at 90° for the
measurement of HBs. Results presented in Figure 4a show that the majority of the HBs are
among the neat CS molecules; however, there are several HBs formed between the neat
LFD molecules as well as between the drug and polymer molecules (Figure 4b). Therefore,
based on the MD simulations, during the formation of CS-LFD NPs, both hetero- (i.e.,
CS-LFD) and homo- (i.e., CS-CS and LFD-LFD) HBs are being formed.

The type of hetero-intermolecular interactions involved during the CS-LFD NPs prepa-
ration processes were evaluated with the aid of the radial distribution (or pair correlation)
function, g(r), as shown in Figure 5.

In general, g(r) gives a measure of the probability that an atom with its center located
in a spherical shell is placed at a distance r regarding another reference atom. Peaks
with donor-acceptor distances below 2.5 A indicate strong, mostly covalent interactions;
distances between 2.5 and 3.2 A indicate moderate, mostly electrostatic, interactions, while
distances between 3.2 and 4.0 A indicate weak electrostatic interactions. Figure 5 shows the
MD estimated g(r) profiles for the CS-LFD molecular assembly. Results showed three strong
g(r) peaks corresponding to O2(LFD) ... NH2(CS), O2(LFD) ... H1(CS), and O2(LFD) ...
H3(CS) interactions at 2.19 A,2.05 A, and 2.09 A, respectively, indicating significant HB
interactions between the drug and the polymer. Specifically, based on the obtained results,
the strongest g(r) peaks were obtained for the O3 oxygen of the drug, indicating that the
most significant intermolecular interactions between LFD and the polymer are occurring



Polymers 2021, 13, 1539 10 of 24

from the formation of significant HBs between LFD’s carbonyl oxygen (O2) and CS’s HB
donors coming from polymer’s -NH2 and -OH groups.

(@)
OH

TR

Chitosan (CS)

Leflunomide (LFD)

(b)

(ii)

(i)
Figure 3. (a) Initial MD chemical structures of the CS polymer with 50 monomers and the LFD drug
molecule (carbon atoms are depicted with grey, hydrogen with white, nitrogen with blue, oxygen
with red, and fluoride with blue). (b) MD simulation boxes for LFD (blue color) and CS (orange color)
mixture, before (i) and after (ii) the adoption of the multistep equilibration protocol.
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(b)

Figure 4. (a) Amorphous CS-LFD structures showing: (a) the formation of HBs among the neat CS
molecules, and (b) the formation of HBs between the CS and LFD molecules (CS is depicted with
orange and LFD with green).
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Figure 5. Radial distribution function, g(r), between LFD’s -NH proton donor H1 with CS’s HB
acceptors O1-O4 (a) as well as LFD’s proton acceptors O1 (b) and O2 (c) with CS’s HB proton donors
from the -NH2 and the -OH (H1 & H3) groups.

In sum, based on the above analysis, LFD was successfully encapsulated within the CS
matrices, forming in this way NPs with acceptable drug loading and EE, while the obtained
nanoparticles’ size was reduced enough in order to enhance LFD’s wetting properties when
embedded into the polyester thin-film patches (this hypothesis will be tested during the
in vitro dissolution evaluation of the thin-film patches)

3.2. PLLA and PLGA Thin-Film Patches
3.2.1. Optimization of Spin-Coating Process

Initially, before proceeding with the preparation of LFD-loaded films, the spin-coating
process was optimized in terms of polymer concentration (5%, 10%, and 20% w/w) and
angular velocity (2000, 2500, 3000, 4000, and 6000 rpm). In the case of PLLA polymeric
films, results on process optimization showed that increasing polymer concentration above
10% w/w led to the formation of polymer agglomerates within the thin-film structures as
well as a small spread radius and trapped air, while the increase in angular velocity led to
the formation of fragmented polymeric thin-films. On the contrary, in the case of PLGA,
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increasing polymer concertation did not deteriorate the quality of the produced film, while
as in the case of PLLA, increasing angular velocity led to the preparation of fragmented
PLGA films. Therefore, based on the optimization results, the optimum conditions for the
preparation of PLLA and PLGA thin-films, 10% and 20% w/w of polymer concentration
were selected, respectively, while in both cases a low angular velocity (i.e., 2500 rpm) was
selected as optimum.

3.2.2. LFD-loaded Thin-Film Patches

After identifying the optimum polymer concertation and spin-coating parameters,
polymeric thin-film patches were prepared containing the neat LFD (i.e., the drug not
encapsulated in the CS-NPs).

PLLA-based thin-film patches

In case of PLLA, the proposed working conditions were adequate enough in order to
prepare LFD-loaded thin-film patches with good drug loadings and EE (Table 2).

Table 2. Drug loading and EE values of the prepared LFD-loaded polyester patches.

Sample-ID Drug Loading (%)  p-Value * EE (%) p-Value *

PLLA-LFD (95/5 w/w) 498 +£0.14 - 99.6 £0.31 -

PLLA-LFD (90/10 w/w) 9.35 £0.27 - 93.5 £ 0.82 -

PLLA-LFD (80/20 w/w) 19.20 + 0.36 - 96.0 = 1.06 -
PLGA 75/25-LFD (95/5 w/w) 454 +£0.12 >0.05 90.8 £ 0.52 <0.05
PLGA 75/25-LFD (90/10 w/w) 8.36 £0.24 <0.05 83.6 £1.12 <0.05
PLGA 75/25-LFD (80/20 w/w) 18.33 +0.38 >0.05 91.7 £1.29 <0.05
PLGA 50/50-LFD (95/5 w/w) 333+ 0.15 <0.05 66.6 = 0.94 <0.05
PLGA 50/50-LFD (90/10 w/w) 7.39 £0.26 <0.05 739 +1.23 <0.05
PLGA 50/50-LFD (80/20 w/w) 17.23 £ 0.35 <0.05 86.2 = 1.58 <0.05

* Significant values relative to the respective PLLA-LFD samples.

Changes in the physical state (i.e., crystalline or amorphous) of the drug during the
preparation of the thin-film was evaluated with the aid of pXRD (Figure 6a). Pure LFD
is a highly crystalline drug showing several characteristic pXRD diffraction peaks, as
stated previously (Section 3.1). Similarly, PLLA is a semi-crystalline polyester showing
characteristic diffraction peaks at 20 of 16.6 and 18.96 deg. Results from the obtained
diffractograms showed that, irrespectively of LFD’s content, the prepared LFD-loaded
PLLA thin-films present a characteristic amorphous halo. This indicates not only that LFD
was amorphously dispersed within the polyester film structure, but the polyester was
also amorphous after the spin-coating process. This change in the physical state of both
components indicates the possible formation of a molecular interaction between the drug
and the polyester.

In a further strep, and in order to clarify whether molecular interactions are being
formed between LFD and the polymer, the second heating DSC scans of the prepared
PLLA patches and the neat components were collected. In order to do so, there are several
theoretical and empirical equations describing the dependence of the glass transition tem-
perature (Tg) from the mass fractions and the Tgs of the initial components. Among them,
the Fox model described by the following equation is widely used in similar systems [53].

[1/Tgl=w1/Tg1 +wo/Tgp (6)

where Tg is the glass transition temperature of the drug and polymer blend; w; and w are
the mass fractions of the PLLA and LFD that constitute the blend; and Tg; & Tgy are their
respective glass transition temperatures.
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Figure 6. pXRD diffractograms of neat LDF-loaded PLLA (a) and PLGA (b) thin-film patches.

Similarly, Gordon and Taylor (GT) proposed a similar equation taking into account
the possibility of significant interactions evolving between the studied components [53]:

Tg = (w1Tgy + kwoTgo)/ (w1 + kwy) (7)

where k is a constant representing a semi-quantitative measure of the interaction strength
between the reactive groups. If k takes values close to 1 or above, then strong interactions
between the blend components are taking place [54,55].
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Results from the second heating of DSC scans showing the true Tg values of samples
are presented in Figure 7a. In the case of LFD, results showed a Tg value at 17.3 °C,
followed by an exothermic crystallization peak and two overlapping endothermic melting
peaks, respectively. Similarly, in the case of neat PLLA, a single Tg was recorded at
69.9 °C, followed by a small crystallization exotherm at 127.9 °C and a melting endotherm
at 153.2 °C. Finally, in the case of LFD-loaded PLLA films, a single Tg was recorded
irrespectively of LFD’s content in all cases, a strong indication that the two components
(i.e., LFD and PLLA) are completely miscible.

=17 ——PLLA-LFD (95/5 w/w) (a) 47 PLGA 50/50 - LFD (95/5 w/w) (b)

211 PLLA-LFD (90/10 w/w) = —— PLGA 50750 - LFD (90/10 wiw)
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Figure 7. DSC thermograms of LDF-loaded PLLA (a) and LFD PLGA (b) thin-film patches after second heating scan.

Figure 8 shows the fitting results of Tg according to Fox and GT equations. Results
showed that the theoretical predictions for Tg according to the Fox model are not in good
correspondence with the recorded experimental values. This is because the Fox equation
can be used only when no interactions are taking place. On the contrary, the theoretical
predictions for Tg according to the GT equation fit quite well to the experimental data
when the k parameter value is 2.3, indicating that significant intermolecular interactions
are taking place between the two components.

In a further step, in order to evaluate the type of these molecular interactions, the FTIR
analysis was conducted. Figure 9a shows the FTIR spectra of the neat PLLA and LFD as
well as the spectra of the LFD-loaded PLLA patches at several drug loadings.

With regard to neat PLLA, the FTIR analysis showed a characteristic double peak
at 2998 and 2946 cm~! due to ~CH stretching vibrations and a characteristic peak at
1760 cm ! due to -C=0 stretching vibrations [56]. Similarly, the neat LFD showed several
characteristic FITR peaks, all of them analyzed in Section 3.1. With regard to the LFD-
loaded PLLA patches, results showed a shift in the -NH peak of the drug from 3333 to
3390 cm~! as well as some minor shifts in LFD peaks attributed to the HC=N-O of the
isoxazole ring and the -C=0 amide stretching vibrations. These findings indicate the
formation of a strong hydrogen bond formation between the -NH groups of the drug and
the carbonyl or ether oxygens of the polymer, as well as some minor interactions between
the carbonyl oxygen and the HC=N-O oxygens of the drug with the hydrogen protons
located at the hydroxyl end groups of the PLLA polyester.
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Figure 8. Prediction of Tg-composition dependence in LFD-PLLA (a), LFD-PLGA 75/25 (b), and
LFD-PLGA 50/50 (c) thin-films by Fox and Gordon-Taylor (GT) equations.
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Figure 9. FTIR spectra of neat LDF-loaded PLLA (a) and PLGA (b) thin-film patches.

Figure 10a shows the dissolution profiles of the LFD-loaded PLLA thin-films. The
neat drug showed low drug release (not exceeding 10% even after five days of testing)
which can be attributed to the high crystalline phase and the high hydrophobic nature of
LFD. Similar behavior (i.e., low drug release) was also observed in all LFD-loaded PLLA
thin-film patches, irrespectively of the drug content. Keeping in mind that the pXRD and
DSC analysis of the samples showed that the drug was amorphously dispersed within the
PLLA thin-films, the low dissolution profiles indicate that the dissolution process in all
cases was probably controlled by the slow erosion rate (degradation process) of PLLA.
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Figure 10. Dissolution release profiles in pH 7.4 of neat LDF-loaded PLLA (a) and PLGA (b) thin-film
patches. Similarity factors (f2) results between the several dissolution profiles are also depicted.

PLGA-based thin-film patches

As in the previous case, the selected spin-coating working conditions resulted in
the production of the PLGA thin-films with good drug loading and EE values (Table 2).
Similarly, changes in the physical state of the API were evaluated with the aid of pXRD
(Figure 6b). In contrast to the neat PLLA (which is a semi-crystalline polyester), both
PLGAs evaluated in the present study (i.e., 75/25 and 50/50) were completely amorphous.
Similarly, all prepared LFD-loaded PLGA thin-films were amorphous, indicating that the
API was amorphously dispersed within the polyester film structures. Therefore, as in the
case of PLLA films, the change in the physical state of the API (i.e., from crystalline to
amorphous) during the formation of the PLGA-based thin-films indicates the presence of a
molecular interaction between the API and the polyester.

In order to verify this hypothesis (i.e., the formation of molecular interactions be-
tween the two components), the second heating DSC scans were collected and analyzed
(Figure 7b). In the case of neat polyesters, results showed a single Tg at 52.6 °C for PLGA
72/25 and 46.2 °C for PLGA 50/50, respectively, while in the case of LFD-loaded PLGA
films, a single Tg was also recorded, indicating that the two components (i.e., LFD and
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PLGA 75/25 or PLGA 50/50) were completely miscible. As in the case of PLLA, the Tg
analysis based on the Fox equation (Figure 8) were not in good agreement with the recorded
experimental values, while the GT equation fitting showed quite good results when the
k parameter value was set equal to 1.9 and 6.5 for PLGA 75/25 and 50/50, respectively.
This indicates that significant intermolecular interactions between the two components are
taking place during the preparation of the PLGA thin-films.

In order to identify the type of these DSC-suggested molecular interactions, the FTIR
analysis was conducted. As in the case of PLLA drug-loaded films, results in Figure 9b
showed similar shifts in the -NH, the HC=N-O, and the -C=0 stretching peaks of the
drug, indicating the formation of a strong hydrogen bond formation between the -NH
groups of LFD and the carbonyl or ether oxygens of the polymer, as well as the formation
of some minor interactions between the carbonyl oxygen and the HC=N-O oxygens of the
API with the hydrogen protons located at the end groups of the PLGA polyesters.

Figure 10b shows the drug dissolution profiles from the obtained LFD-loaded PLGA
thin films. Results show that in all cases, LFD’s release followed a two-step release process,
i.e., an initial burst release up to 30 min (due to the drug being present in the surface of the
films) and a controlled release up to five days. Additionally, the obtained results showed that
in all PLGA films, much higher dissolution rates were achieved compared to the respective
PLLA films. This enhancement can be attributed to the higher erosion (degradation) rate of
PLGA compared to PLLA, since the drug, in both cases, was amorphously dispersed.

However, it is important to note that although the use of PLGA instead of PLLA
resulted in a significant improvement in LFD’s dissolution rate and extent, in all studied
cases, LFD'’s release did not exceed 40%. This indicates that an improvement in the wetting
characteristics of the drug is mandatory in order to improve its dissolution characteristics.

3.2.3. LFD-Loaded CS NPs Emended on Thin-Film Patches

Based on the above results, and in order to improve LFD’s wetting characteristics,
instead of the neat LFD, LFD-loaded CS NPs prepared in Section 3.1 were incorporated
into the polyester thin-films.

Figure 11a shows the DSC thermograms (first heating scan) for the LFD-loaded CS
NPs embedded into the polyester thin-films.

Results suggest that in all cases, the drug was amorphously dispersed within the
polyester matrices since no endothermic melting peaks attributed to LFD were recorded.
The small endothermic peak observed at 153.7 °C in the case of PLLA-CS NPs can be
attributed to the small portion of crystals remaining from PLLA. However, keeping in
mind that LFD crystals present within the polyester-CS NP systems may not be detected
from the DSC thermograms due to in situ amorphization (i.e., the drug crystals may melt
within the DSC pan during the DSC heating process), the physical state of the drug within
the prepared systems was also evaluated via pXRD.

Figure 11b shows the pXRD diffractograms for the LFD-loaded CS NPs embedded
into the polyester thin-films. Results showed that in all cases, LFD was amorphously
dispersed within the prepared matrix, thus verifying the DSC findings. Additionally, some
small diffraction peaks were observed at 16.6 and 18.96 deg. In the case of the PLLA-CS
NP thin-film, the presence of a small remaining portion of PLLA crystals within the system
was revealed, a finding that is in agreement with the previously discussed DSC results. It is
important to note that, in contrast to the results obtained in Figure 1 where drug crystallinity
(a small portion) was observed in the pXRD diffractograms of the drug-loaded CS-NPs,
results in Figure 11b show the complete amorphization of LFD within the polyester-CS NP
system. This can be attributed to the small LFD content used in the later which resulted in
a significant drop in the crystalline portion of the drug remaining in the system. In any
case, this amorphization (or partial amorphization) of LFD within the prepared systems
may be attributed to the presence of molecular interactions between the drug and the CS
already discussed in detail in Section 3.1. In the case of drug-loaded polyester-CS NPs,
these interactions, as well as the characteristic peaks of LFD and CS, were not seen in the
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obtained FTIR spectra (Figure 11c) which is a strong indication that the amount of LFD
within the samples was below the detection limit of the method.

Figure 12 shows the drug dissolution release profiles from the LFD-loaded CS NPs
and the same embedded into the PLLA and the PLGA thin films (at a ratio of 99.5/0.5 w/w
polyester to LFD-CSnano).
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Figure 11. First heating DSC scan thermograms (a), pXRD diffractograms (b), and FTIR spectra (c)
analysis of LFD-loaded CS-NPs emended in the PLLA and PLGA thin-films.
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Figure 12. Drug release of LFD-loaded CS-NPs alone and emended in the PLLA and PLGA thin-films.

Results showed a significant increase in both drug release rate and drug release extent
in all cases (compared to the pure LFD) which can be partially attributed to the amorphous
phase of the drug and partially to the increased wetting properties of the CS NPs. In
all cases, a biphasic release profile was obtained. Specifically, a rather fast initial release
was observed for up to approximately one day (which is useful to produce an immediate
therapeutic effect) while a slow release was achieved for the remaining days (which is
useful for the prolonged therapeutic effect of the LFD patches).

Compared to the dissolution results obtained from the neat LDF-loaded polyester
thin-films (presented in Figure 10), the incorporation of LFD-loaded CS NPs brought about
a critical increment of the cumulative amount of LFD that was released within five days
(more than 50%), indicating that the use of CS NPs resulted in a significant increase in the
wetting properties of the drug. A comparison of the two polyesters showed that PLGA is
more suitable for the preparation of LFD patches, since the thin-films prepared showed
better in-vitro release characteristics compared to PLLA. Finally, it should be noted that
similar results were obtained for the ratio of 99.9/0.1 w/w polyester to LFD-CSnano (data
not shown).

4. Conclusions

In the present study, LFD-loaded CS NPs were successfully incorporated into PLLA
and PLGA matrices for the preparation of drug-loaded thin-film skin patches. The CS NPs,
prepared via an ionic gelation technique, were able to enhance LFD’s wetting characteristics
successfully and, hence, improve its in-vitro dissolution properties when incorporated into
the prepared polyester thin-films. Therefore, although further work is needed in order to
evaluate the skin release characteristics, the present study shows that the combination of
CS NPs with suitable polyesters is a promising solution for the preparation of drug-loaded
skin patches utilizing drugs with poor wetting characteristics and low aqueous solubility.

Author Contributions: Methodology, S.G.N., S.A., E.C,; investigation, S.G.N., S.A., E.C,, PB.; valida-
tion, data curation, S.G.N., P.B.; writing—original draft preparation, S.G.N., P.B.; writing—review and



Polymers 2021, 13, 1539 22 of 24

editing, S.G.N., P.B., D.N.B.; supervision, D.N.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research is co-financed by Greece and the European Union (European Social Fund-
ESF) through the operational program “Human Resources Development, Education and Lifelong
Learning 2014-2020" in the context of the project “Leflunomide novel nanoneedle-based transdermal
patches with antimicrobial properties” (MIS 5047916).

Data Availability Statement: Data are contained within the article.

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

References

1. Alfaro-Lara, R.; Espinosa-Ortega, H.F.; Arce-Salinas, C.A. Systematic review and meta-analysis of the efficacy and safety of
leflunomide and methotrexate in the treatment of rheumatoid arthritis. Reumatol. Clin. 2019, 15, 133-139. [CrossRef]

2. Bullock, J.; Rizvi, S.A.A.; Saleh, A.M.; Ahmed, S.S.; Do, D.P.,; Ansari, R.A.; Ahmed, ]. Rheumatoid Arthritis: A Brief Overview of
the Treatment. Med. Princ. Pract. 2018, 27, 501-507. [CrossRef] [PubMed]

3. Bar-Or, A.; Pachner, A.; Menguy-Vacheron, F.; Kaplan, J.; Wiendl, H. Teriflunomide and its mechanism of action in multiple
sclerosis. Drugs 2014, 74, 659-674. [CrossRef]

4. O’Connor, P; Wolinsky, J.S.; Confavreux, C.; Comi, G.; Kappos, L.; Olsson, T.P.; Benzerdjeb, H.; Truffinet, P; Wang, L.; Miller, A,;
et al. Randomized trial of oral teriflunomide for relapsing multiple sclerosis. N. Engl. J. Med. 2011, 365, 1293-1303. [CrossRef]
[PubMed]

5. Scott, L]. Teriflunomide: A Review in Relapsing-Remitting Multiple Sclerosis. Drugs 2019, 79, 875-886. [CrossRef]

6.  Cherwinski, HM.; Cohn, R.G.; Cheung, P.; Webster, D.].; Xu, Y.Z.; Caulfield, ].P.; Young, ] M.; Nakano, G.; Ransom, J.T. The
immunosuppressant leflunomide inhibits lymphocyte proliferation by inhibiting pyrimidine biosynthesis. J. Pharmacol. Exp. Ther.
1995, 275, 1043-1049.

7. Kremer, ] M.; Cannon, G.W. Benefit/risk of leflunomide in rheumatoid arthritis. Clin. Exp. Rheumatol. 2004, 22, S95-5100.

8. Li,EK,; Tam, L.S.; Tomlinson, B. Leflunomide in the treatment of rheumatoid arthritis. Clin. Ther. 2004, 26, 447-459. [CrossRef]

9.  Prakash, A.; Jarvis, B. Leflunomide: A review of its use in active rheumatoid arthritis. Drugs 1999, 58, 1137-1164. [CrossRef]

10. Siafaka, PI.; Barmbalexis, P.; Bikiaris, D.N. Novel electrospun nanofibrous matrices prepared from poly(lactic acid)/poly(butylene
adipate) blends for controlled release formulations of an anti-rheumatoid agent. Eur. J. Pharm. Sci. 2016, 88, 12-25. [CrossRef]

11.  Xi, H,; Cun, D; Xiang, R.; Guan, Y.; Zhang, Y; Li, Y,; Fang, L. Intra-articular drug delivery from an optimized topical patch
containing teriflunomide and lornoxicam for rheumatoid arthritis treatment: Does the topical patch really enhance a local
treatment? J. Control. Release 2013, 169, 73-81. [CrossRef]

12. Bae, ]J.; Park, ].W. Topical delivery of leflunomide for rheumatoid arthritis treatment: Evaluation of local tissue deposition of
teriflunomide and its anti-inflammatory effects in an arthritis rat model. Drug Dev. Ind. Pharm. 2016, 42, 254-262. [CrossRef]

13. Pund, S.; Pawar, S.; Gangurde, S.; Divate, D. Transcutaneous delivery of leflunomide nanoemulgel: Mechanistic investigation into
physicomechanical characteristics, in vitro anti-psoriatic and anti-melanoma activity. Int. . Pharm. 2015, 487, 148-156. [CrossRef]

14. Ahmed, T.A.; Aljaeid, B.M. Preparation, characterization, and potential application of chitosan, chitosan derivatives, and chitosan
metal nanoparticles in pharmaceutical drug delivery. Drug Des. Dev. Ther. 2016, 10, 483-507. [CrossRef] [PubMed]

15. Pestov, A.; Bratskaya, S. Chitosan and Its Derivatives as Highly Efficient Polymer Ligands. Molecules 2016, 21, 330. [CrossRef]
[PubMed]

16. Li,J;Cai, C;Li J;LiJ,; LiJ,; Sun, T., Wang, L.; Wu, H.; Yu, G. Chitosan-Based Nanomaterials for Drug Delivery. Molecules 2018,
23,2661. [CrossRef] [PubMed]

17. Ta, Q.; Ting, ].; Harwood, S.; Browning, N.; Simm, A.; Ross, K.; Olier, I.; Al-Kassas, R. Chitosan nanoparticles for enhancing drugs
and cosmetic components penetration through the skin. Eur. J. Pharm. Sci. 2021, 160, 105765. [CrossRef]

18. Kenry, L.B. Recent Advances in Biodegradable Conducting Polymers and Their Biomedical Applications. Biomacromolecules 2018,
19, 1783-1803. [CrossRef] [PubMed]

19. Khan, W,; Muthupandian, S.; Farah, S.; Kumar, N.; Domb, A.J. Biodegradable polymers derived from amino acids. Macromol.
Biosci. 2011, 11, 1625-1636. [CrossRef]

20. Pigkin, E. Biodegradable polymers as biomaterials. J. Biomater. Sci. Polym. Ed. 1995, 6, 775-795. [CrossRef] [PubMed]

21.  Washington, K.E.; Kularatne, R.N.; Karmegam, V.; Biewer, M.C.; Stefan, M.C. Recent advances in aliphatic polyesters for drug
delivery applications. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2017, 9, e1446. [CrossRef]

22. d’Arcy, R.; Burke, J.; Tirelli, N. Branched polyesters: Preparative strategies and applications. Adv. Drug Deliv. Rev. 2016, 107,
60-81. [CrossRef] [PubMed]

23. Attia, M.E; Brummel, B.R.; Lex, T.R.; Van Horn, B.A.; Whitehead, D.C.; Alexis, F. Recent Advances in Polyesters for Biomedical
Imaging. Adv. Healthc. Mater. 2018, 7, €1800798. [CrossRef]

24. Contreras-Caceres, R.; Cabeza, L.; Perazzoli, G.; Diaz, A.; Lépez-Romero, ].M.; Melguizo, C.; Prados, ]. Electrospun Nanofibers:

Recent Applications in Drug Delivery and Cancer Therapy. Nanomaterials 2019, 9, 656. [CrossRef]


http://doi.org/10.1016/j.reuma.2017.07.020
http://doi.org/10.1159/000493390
http://www.ncbi.nlm.nih.gov/pubmed/30173215
http://doi.org/10.1007/s40265-014-0212-x
http://doi.org/10.1056/NEJMoa1014656
http://www.ncbi.nlm.nih.gov/pubmed/21991951
http://doi.org/10.1007/s40265-019-01135-8
http://doi.org/10.1016/S0149-2918(04)90048-3
http://doi.org/10.2165/00003495-199958060-00010
http://doi.org/10.1016/j.ejps.2016.03.021
http://doi.org/10.1016/j.jconrel.2013.03.028
http://doi.org/10.3109/03639045.2015.1044906
http://doi.org/10.1016/j.ijpharm.2015.04.015
http://doi.org/10.2147/DDDT.S99651
http://www.ncbi.nlm.nih.gov/pubmed/26869768
http://doi.org/10.3390/molecules21030330
http://www.ncbi.nlm.nih.gov/pubmed/26978343
http://doi.org/10.3390/molecules23102661
http://www.ncbi.nlm.nih.gov/pubmed/30332830
http://doi.org/10.1016/j.ejps.2021.105765
http://doi.org/10.1021/acs.biomac.8b00275
http://www.ncbi.nlm.nih.gov/pubmed/29787260
http://doi.org/10.1002/mabi.201100324
http://doi.org/10.1163/156856295X00175
http://www.ncbi.nlm.nih.gov/pubmed/7772566
http://doi.org/10.1002/wnan.1446
http://doi.org/10.1016/j.addr.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27189232
http://doi.org/10.1002/adhm.201800798
http://doi.org/10.3390/nano9040656

Polymers 2021, 13, 1539 23 of 24

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Basavaraj, K.H.; Johnsy, G.; Navya, M.A.; Rashmi, R.; Siddaramaiah. Biopolymers as transdermal drug delivery systems in
dermatology therapy. Crit. Rev. Ther. Drug Carr. Syst. 2010, 27, 155-185. [CrossRef]

Li, Y;; Liu, Y.; Guo, Q. Silk fibroin hydrogel scaffolds incorporated with chitosan nanoparticles repair articular cartilage defects by
regulating TGF-p1 and BMP-2. Arthritis Res. Ther. 2021, 23, 50. [CrossRef]

Shafique, M.; Sohail, M.; Minhas, M.U.; Khaliq, T.; Kousar, M.; Khan, S.; Hussain, Z.; Mahmood, A.; Abbasi, M.; Aziz, H.C.; et al.
Bio-functional hydrogel membranes loaded with chitosan nanoparticles for accelerated wound healing. Int. ]. Biol. Macromol.
2021, 170, 207-221. [CrossRef] [PubMed]

Tugcu-Demirodz, F; Saar, S.; Kara, A.A,; Yildiz, A.; Tungel, E.; Acartiirk, F. Development and characterization of chitosan
nanoparticles loaded nanofiber hybrid system for vaginal controlled release of benzydamine. Eur. |. Pharm. Sci. 2021, 161, 105801.
[CrossRef] [PubMed]

Bernkop-Schniirch, A.; Guggi, D.; Pinter, Y. Thiolated chitosans: Development and in vitro evaluation of a mucoadhesive,
permeation enhancing oral drug delivery system. J. Control. Release 2004, 94, 177-186. [CrossRef]

Bernkop-Schniirch, A.; Hornof, M.; Guggi, D. Thiolated chitosans. Eur. ]. Pharm. Biopharm. 2004, 57, 9-17. [CrossRef]
Bernkop-Schntirch, A.; Scholler, S.; Biebel, R.G. Development of controlled drug release systems based on thiolated polymers. J.
Control. Release 2000, 66, 39-48. [CrossRef]

Yoksan, R.; Jirawutthiwongchai, J.; Arpo, K. Encapsulation of ascorbyl palmitate in chitosan nanoparticles by oil-in-water
emulsion and ionic gelation processes. Colloids Surf. B 2010, 76, 292-297. [CrossRef] [PubMed]

Pedretti, A.; Villa, L.; Vistoli, G. VEGA—An open platform to develop chemo-bio-informatics applications, using plug-in
architecture and script programming. J. Comput. Aided Mol. Des. 2004, 18, 167-173. [CrossRef] [PubMed]

Mousavi, S.V.; Hashemianzadeh, S.M. Molecular dynamics approach for behavior assessment of chitosan nanoparticles in
carrying of donepezil and rivastigmine drug molecules. Mater. Res. Express 2019, 6, 045069. [CrossRef]

Moradi, S.; Hosseini, E.; Abdoli, M.; Khani, S.; Shahlaei, M. Comparative molecular dynamic simulation study on the use of
chitosan for temperature stabilization of interferon oll. Carbohydr. Polym. 2019, 203, 52-59. [CrossRef] [PubMed]

Deepa, G.; Sivakumar, K.C.; Sajeevan, T.P. Molecular simulation and in vitro evaluation of chitosan nanoparticles as drug delivery
systems for the controlled release of anticancer drug cytarabine against solid tumours. 3 Biotech 2018, 8, 493. [CrossRef]

Vega, D.; Petragalli, A.; Fernandez, D.; Ellena, ]J.A. Polymorphism on leflunomide: Stability and crystal structures. J. Pharm. Sci.
2006, 95, 1075-1083. [CrossRef]

Sun, H.; Mumby, S.J.; Maple, ].R.; Hagler, A.T. An ab Initio CFF93 All-Atom Force Field for Polycarbonates. J. Am. Chem. Soc.
1994, 116, 2978-2987. [CrossRef]

Li, D.; Panchal, K.; Mafi, R.; Xi, L. An Atomistic Evaluation of the Compatibility and Plasticization Efficacy of Phthalates in
Poly(vinyl chloride). Macromolecules 2018, 51, 6997-7012. [CrossRef]

Gunsteren, WEV,; Mark, A E. Validation of molecular dynamics simulation. J. Chemn. Phys. 1998, 108, 6109-6116. [CrossRef]
Kim, Y.; Beck-Broichsitter, M.; Banga, A.K. Design and Evaluation of a Poly(Lactide-co-Glycolide)-Based In Situ Film-Forming
System for Topical Delivery of Trolamine Salicylate. Pharmaceutics 2019, 11, 409. [CrossRef] [PubMed]

Kontogiannopoulos, K.N.; Assimopoulou, A.N.; Tsivintzelis, I.; Panayiotou, C.; Papageorgiou, V.P. Electrospun fiber mats
containing shikonin and derivatives with potential biomedical applications. Int. J. Pharm. 2011, 409, 216-228. [CrossRef]
[PubMed]

Umeki, N.; Sato, T.; Harada, M.; Takeda, ].; Saito, S.; Iwao, Y.; Itai, S. Preparation and evaluation of biodegradable films containing
the potent osteogenic compound BFB0261 for localized delivery. Int. J. Pharm. 2011, 404, 10-18. [CrossRef] [PubMed]

Costa, P; Sousa Lobo, ].M. Modeling and comparison of dissolution profiles. Eur. J. Pharm. Sci. 2001, 13, 123-133. [CrossRef]
Siafaka, PI; Titopoulou, A.; Koukaras, E.N.; Kostoglou, M.; Koutris, E.; Karavas, E.; Bikiaris, D.N. Chitosan derivatives as
effective nanocarriers for ocular release of timolol drug. Int. J. Pharm. 2015, 495, 249-264. [CrossRef]

Ntohogian, S.; Gavriliadou, V.; Christodoulou, E.; Nanaki, S.; Lykidou, S.; Naidis, P.; Mischopoulou, L.; Barmpalexis, P.; Nikolaidis,
N.; Bikiaris, D.N. Chitosan Nanoparticles with Encapsulated Natural and UF-Purified Annatto and Saffron for the Preparation of
UV Protective Cosmetic Emulsions. Molecules 2018, 23, 2107. [CrossRef]

Nanaki, S.; Tseklima, M.; Christodoulou, E.; Triantafyllidis, K.; Kostoglou, M.; Bikiaris, D.N. Thiolated Chitosan Masked
Polymeric Microspheres with Incorporated Mesocellular Silica Foam (MCF) for Intranasal Delivery of Paliperidone. Polymers
2017, 9, 617. [CrossRef]

Michailidou, G.; Ainali, N.M.; Xanthopoulou, E.; Nanaki, S.; Kostoglou, M.; Koukaras, E.N.; Bikiaris, D.N. Effect of Poly(vinyl
alcohol) on Nanoencapsulation of Budesonide in Chitosan Nanoparticles via Ionic Gelation and Its Improved Bioavailability.
Polymers 2020, 12, 1101. [CrossRef]

Koukaras, E.N.; Papadimitriou, S.A.; Bikiaris, D.N.; Froudakis, G.E. Insight on the formation of chitosan nanoparticles through
ionotropic gelation with tripolyphosphate. Mol. Pharm. 2012, 9, 2856-2862. [CrossRef]

Karava, A.; Lazaridou, M.; Nanaki, S.; Michailidou, G.; Christodoulou, E.; Kostoglou, M.; Iatrou, H.; Bikiaris, D.N. Chitosan
Derivatives with Mucoadhesive and Antimicrobial Properties for Simultaneous Nanoencapsulation and Extended Ocular Release
Formulations of Dexamethasone and Chloramphenicol Drugs. Pharmaceutics 2020, 12, 594. [CrossRef]


http://doi.org/10.1615/critrevtherdrugcarriersyst.v27.i2.20
http://doi.org/10.1186/s13075-020-02382-x
http://doi.org/10.1016/j.ijbiomac.2020.12.157
http://www.ncbi.nlm.nih.gov/pubmed/33359612
http://doi.org/10.1016/j.ejps.2021.105801
http://www.ncbi.nlm.nih.gov/pubmed/33691155
http://doi.org/10.1016/j.jconrel.2003.10.005
http://doi.org/10.1016/S0939-6411(03)00147-4
http://doi.org/10.1016/S0168-3659(99)00256-4
http://doi.org/10.1016/j.colsurfb.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/20004558
http://doi.org/10.1023/B:JCAM.0000035186.90683.f2
http://www.ncbi.nlm.nih.gov/pubmed/15368917
http://doi.org/10.1088/2053-1591/aafec6
http://doi.org/10.1016/j.carbpol.2018.09.032
http://www.ncbi.nlm.nih.gov/pubmed/30318235
http://doi.org/10.1007/s13205-018-1510-x
http://doi.org/10.1002/jps.20382
http://doi.org/10.1021/ja00086a030
http://doi.org/10.1021/acs.macromol.8b00756
http://doi.org/10.1063/1.476021
http://doi.org/10.3390/pharmaceutics11080409
http://www.ncbi.nlm.nih.gov/pubmed/31408990
http://doi.org/10.1016/j.ijpharm.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21316431
http://doi.org/10.1016/j.ijpharm.2010.10.043
http://www.ncbi.nlm.nih.gov/pubmed/21047548
http://doi.org/10.1016/S0928-0987(01)00095-1
http://doi.org/10.1016/j.ijpharm.2015.08.100
http://doi.org/10.3390/molecules23092107
http://doi.org/10.3390/polym9110617
http://doi.org/10.3390/polym12051101
http://doi.org/10.1021/mp300162j
http://doi.org/10.3390/pharmaceutics12060594

Polymers 2021, 13, 1539 24 of 24

51.

52.

53.

54.

55.

56.

Bikiaris, N.D.; Michailidou, G.; Lazaridou, M.; Christodoulou, E.; Gounari, E.; Ofrydopoulou, A.; Lambropoulou, D.A.; Vergkizi-
Nikolakaki, S.; Lykidou, S.; Nikolaidis, N. Innovative Skin Product Emulsions with Enhanced Antioxidant, Antimicrobial and UV
Protection Properties Containing Nanoparticles of Pure and Modified Chitosan with Encapsulated Fresh Pomegranate Juice.
Polymers 2020, 12, 1542. [CrossRef] [PubMed]

Shafiei, M.; Jafarizadeh-Malmiri, H.; Rezaei, M. Biological activities of chitosan and prepared chitosan-tripolyphosphate nanopar-
ticles using ionic gelation method against various pathogenic bacteria and fungi strains. Biologia 2019, 74, 1561-1568. [CrossRef]
Newman, A.; Zografi, G. Commentary: Considerations in the Measurement of Glass Transition Temperatures of Pharmaceutical
Amorphous Solids. AAPS Pharmscitech 2019, 21, 26. [CrossRef] [PubMed]

Papageorgiou, G.Z.; Bikiaris, D.N. Biodegradable poly(alkylene succinate) blends: Thermal behavior and miscibility study. J.
Polym. Sci. Part B Polym. Phys. 2006, 44, 584-597. [CrossRef]

Eguiazabal, ].I; Iruin, ].J.; Cortazar, M.; Guzman, G.M. Glass transition temperatures in blends of poly(N-vinyl-2-pyrrolidone)
with a copolymer of bisphenol A and epichlorohydrin or with poly(vinyl butyral). Die Makromol. Chem. 1984, 185, 1761-1766.
[CrossRef]

Papageorgiou, G.Z.; Achilias, D.S.; Nanaki, S.; Beslikas, T.; Bikiaris, D. PLA nanocomposites: Effect of filler type on non-isothermal
crystallization. Thermochim. Acta 2010, 511, 129-139. [CrossRef]


http://doi.org/10.3390/polym12071542
http://www.ncbi.nlm.nih.gov/pubmed/32664701
http://doi.org/10.2478/s11756-019-00299-8
http://doi.org/10.1208/s12249-019-1562-1
http://www.ncbi.nlm.nih.gov/pubmed/31848763
http://doi.org/10.1002/polb.20727
http://doi.org/10.1002/macp.1984.021850822
http://doi.org/10.1016/j.tca.2010.08.004

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of NPs 
	Characterization of NPs 
	Fourier-Transformed Infrared Spectroscopy (FTIR) 
	Wide-Angle X-ray Scattering (XRD) 
	Differential Scanning Calorimetry (DSC) 
	Field Emission Scanning Electron Microscopy (FESEM) 
	High-Pressure Liquid Chromatography (HPLC) 
	Molecular Dynamics (MD) Simulations 

	Preparation of Thin-Film Patches via Spin-Coating 
	Characterization of Patches 
	Statistical Analysis 

	Results and Discussion 
	LFD-CS NPs 
	PLLA and PLGA Thin-Film Patches 
	Optimization of Spin-Coating Process 
	LFD-loaded Thin-Film Patches 
	LFD-Loaded CS NPs Emended on Thin-Film Patches 


	Conclusions 
	References

