International Journal of Pharmaceutics 643 (2023) 123214

e 4

ELSEVIER

International Journal of Pharmaceutics

journal homepage: www.elsevier.com/locate/ijpharm

Contents lists available at ScienceDirect

INTERNATIONAL JOURNAL OF

3D printed mucoadhesive orodispersible films manufactured by direct

Check for

updates

powder extrusion for personalized clobetasol propionate based

paediatric therapies

Giuseppe Francesco Racaniello, Monica Pistone ?, Chiara Meazzini b Angela Lopedota®,

Iaria Arduino?, Rosanna Rizzi ¢, Antonio Lopalco ?, Umberto M. Musazzi °, Francesco Cilurzo °,

Nunzio Denora®

b

& Department of Pharmacy — Pharmaceutical Sciences, University of Bari Aldo Moro, Orabona St. 4, Bari 70125, Italy
b Department of Pharmaceutical Science, University of Milan, Via G. Colombo, 71, Milan 20133, Italy
¢ Institute of Crystallography-CNR, Amendola St. 122/0, Bari 70126, Italy

ARTICLE INFO

Keywords:

Oral Lichen Planus
Direct powder extrusion
3D printing
Mucoadhesive films
Clobetasol propionate
Paediatric therapy

ABSTRACT

The aim of this work is the development and production by Direct Powder Extrusion (DPE) 3D printing technique
of novel oral mucoadhesive films delivering Clobetasol propionate (CBS), useful in paediatric treatment of Oral
Lichen Planus (OLP), a rare chronic disease. The DPE 3D printing of these dosage forms can allow the reduction
of frequency regimen, the therapy personalization, and reduction of oral cavity administration discomfort. To
obtain suitable mucoadhesive films, different polymeric materials, namely hydroxypropylmethylcellulose or
polyethylene oxide blended with chitosan (CS), were tested and hydroxypropyl-p-cyclodextrin was added to
increase the CBS solubility. The formulations were tested in terms of mechanical, physico-chemical, and in vitro
biopharmaceutical properties. The film showed a tenacious structure, with drug chemical-physical characteristics
enhancement due to its partial amorphization during the printing stage and owing to cyclodextrins multicom-
ponent complex formation. The presence of CS enhanced the mucoadhesive properties leading to a significant
increase of drug exposure time on the mucosa. Finally, the printed films permeation and retention studies
through porcine mucosae showed a marked retention of the drug inside the epithelium, avoiding drug systemic
absorption. Therefore, DPE-printed films could represent a suitable technique for the preparation of mucoad-
hesive film potentially usable for paediatric therapy including OLP.

1. Introduction

Oral Lichen Planus (OLP) is a chronic mucocutaneous disorder of the

reducing leukocyte exudation and the formation of inflammatory me-
diators and preserving the integrity of cell membrane (Byyny, 1976).
Clobetasol propionate (CBS) is a corticosteroid with strong anti-

stratified squamous epithelium affecting the oral mucous membranes
(Canto et al., 2010). The disease occurs as a T-cell-mediated autoim-
mune condition, in which self-cytotoxic CD8+ T cells trigger apoptosis
of basal cells of the oral epithelium (Eversole, 1997). Although its
incidence is often reported in middle-aged patients, an important
occurrence in the paediatric population is also observed (Boorghani
et al., 2010; Laeijendecker et al., 2005).

The use of corticosteroids is to date the most indicated therapy for
reducing the symptoms and local effects of autoimmune diseases of the
oral mucosae (Ferguson, 1977). Topical corticosteroids, in fact, effi-
ciently reduce inflammation-related symptoms (Plemons et al., 1990) by
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inflammatory, antipyretic, and vasoconstrictive properties (Oussedik
et al., 2017) that is commonly used for the OLP topical treatment
(Carbone et al., 2009). Topical application of CBS is promoted in clinical
practice because it provides high benefits while maintaining minimal
the possibility of side effects occurrence (Carruthers et al., 1975).
However, CBS is characterized by low aqueous solubility which signif-
icantly limits its therapeutic efficacy (Sarfaraz Alam et al., 2016).

The administration of CBS in the buccal cavity occurs by using off-
label semisolid preparations even if few works reports the possibility
to develop mucoadhesive dosage forms such as tablets (Cilurzo et al.,
2010) or oral lyophilizates containing mucoadhesive interpolymeric
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complexes (Garipova et al., 2018). However, both these approaches
cannot result suitable when this pathology affects the paediatric popu-
lation since tablets and semisolid formulations are poorly tolerated and
mucoadhesive nanoparticles can be swallowed if the patient did not
maintain the saliva in the buccal cavity for a sufficient period of time
which assures the adhesion of the formulation on the mucosa (Morath
et al., 2022). Moreover, an off-label use of semisolid preparations in
paediatric patient’s buccal cavity could adversely affect drug bioavail-
ability and therapy outcomes (Cuzzolin et al., 2003). Hence, an unmet
medical need in the paediatric population is evident, which could be
addressed with the development of personalized oral formulations
characterised by accurate and flexible dosages, sizes, and shapes suitable
for children (Lafeber et al., 2022).

The aim of this study was to provide mucoadhesive oral films con-
taining approximately 125 ug/dose of CBS, a dose deemed therapeuti-
cally appropriate and functional to ensure the OLP treatment (Cilurzo
etal., 2010), in order to enhance paediatric patients’ compliance toward
therapy (Scarpa et al., 2017). In order to produce mucoadhesive oral
films that accurately meet the personal needs of the individual paedi-
atric patient, the 3D printing technique was used (Zema et al., 2017). In
fact, among all techniques available to date for obtaining oral films, 3D
printing ensures a better uniformity of active compounds and reduced
operational units, allowing the continuous production process (Palezi
et al., 2022). Therefore, the 3D printing technique can be used to pro-
duce polymer matrices with greater precision for the incorporation of
the active compound (Preis et al., 2015). The concentration of active
ingredients can be fully customized by changing the print settings and
geometry, producing a final pharmaceutical form on demand according
to individual patient needs (Boniatti et al., 2021; Khalid et al., 2021).

To date, several natural and synthetic hydrophilic polymers, such as
hydroxypropylmethylcellulose (HPMC) (Polamaplly et al., 2019),
maltodextrin (Musazzi et al., 2018b), polyvinyl alcohol (PVA)(Wei et al.,
2020), polyethylene oxide (PEO) (Chung et al., 2022), polylactic acid
(PLA)(Liu et al., 2020), and polyvinylpyrrolidone (PVP) (Dores et al.,
2020) have been investigated for the manufacture of 3D printing-based
pharmaceutical forms for personalized therapy (Azad et al., 2020).
Among them, PEO and HPMC have been already studied for the design
of mucoadhesive oral films (d’Angelo et al., 2017; Maskova et al., 2020;
Russo et al., 2016).

Indeed, efficient oromucosal administration requires a prolonged
contact time of the drug on the epidermal or mucosal surface, preventing
saliva elution and thus allowing the continuous treatment of local con-
ditions (Jiang et al., 2017). Therefore, the dosage form must possess
mucoadhesive properties that increase the exposure time of the drug to
the mucosae, improving its therapeutic efficacy and minimizing its
toxicity (Nair et al., 2022). Even if HPMC and PEO exhibit quite good
mucoadhesive properties they are often used in combination with other
polymeric materials that can enhance their interactions with mucins
(Bernkop-Schniirch, 2005; Russo et al., 2016; Salamat-Miller et al.,
2005).

Chitosan (CS) is a linear polysaccharide copolymer with mucoad-
hesive properties provided by —-OH and -NH; groups, leading to the
formation of hydrogen and covalent bonds with the cysteine groups of
the mucosal layers (Cheung et al., 2015). This polymer is widely used in
the pharmaceutical field not only because of its strong mucoadhesive
properties, but also because its biocompatibility and toxicity charac-
teristics make it safe to use (Tejada et al., 2017).

In addition, to improve the aqueous solubility of CBS, hydrox-
ypropyl-p-cyclodextrin (HP-B-CD) was included in the obtained formu-
lation. HP-B-CD has been widely used in pharmaceutical formulations
with the purpose of increasing the aqueous solubility of poorly soluble
drugs by stabilizing them through the formation of inclusion complexes
(Racaniello et al., 2021). CDs are a class of cyclic oligosaccharides
consisting of six, seven or eight glucose units linked by a-(1,4)-glycosidic
bonds. The spatial arrangement of the molecules gives CDs a hydrophilic
shell and a hydrophobic core. It takes the shape of a truncated cone,
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which can be used as a host molecule to encapsulate insoluble com-
pounds of appropriate size (Loftsson et al., 2005). In addition, the for-
mation of cyclodextrins multicomponent complexes (drug, CD, and
polymer) in which the polymer can improve the stability of the drug-CD
complex has been demonstrated in the past by the formation of ternary
complexes that can greatly increase the aqueous solubility of the drug
(Pistone et al., 2022). In this case, HP-B-CD is also responsible for
masking the taste of the drug in the final formulation by hindering its
interaction with taste receptors (Rincon-Lopez et al., 2021).

In order to make the resulting pharmaceutical forms fully custom-
izable, the mucoadhesive films were produced through an innovative 3D
printing technique, Direct Powder Extrusion (DPE) (Fanous et al., 2020;
Ong et al., 2020). The DPE technique can obtain the final pharmaceu-
tical form starting directly from medicated powder pellets or blends,
bypassing the intermediate step of thermoplastic filament formation
provided by other printing techniques currently in use and thus pre-
serving the active from the possibility of degradation (Goyanes et al.,
2019; Pistone et al., 2022). An additional advantage of this technique is
the possibility of using different dosages of drug, even with higher
concentrations of active ingredient, allowing complete customization of
the final pharmaceutical form, making it adherent to the individual
patient’s needs (Pistone et al., 2023).

Therefore, in this work, CBS-loaded mucoadhesive films were pro-
duced by the DPE 3D printing technique starting from different powder
mixtures. Subsequently, the obtained films were fully characterised
regarding chemical and physical characteristics in order to evaluate
their differences and identify the best formulations. In addition, an
evaluation of mucoadhesive and tensile properties and in vitro perme-
ation and retention characteristics was performed in order to validate
the obtained mucoadhesive films as possible drug delivery systems in
paediatric OLP therapy.

2. Materials and methods
2.1. Materials

CBS and HP-B-CD (Cavasol W7, HP-B-CD with MW = 1540, molar
substitution degree SD = 7) were purchased from Farmalabor Srl
(Canosa di Puglia, ITALY). AFFINISOL™ HPMC HME 15 LV (hydrox-
ypropyl methylcellulose) was gifted by Pharma Solutions — Nutrition &
Biosciences Italy (Milan, ITALY). PEO (Polyox WSR N10, MW =
100.000) was purchased from DuPont, Italy (Milano, ITALY). Chitosan
(low molecular weight) and Crude (Type II) mucin from porcine stom-
ach were purchased from Sigma-Aldrich (Merck, Darmstadt, GER-
MANY). Potassium Phosphate Dibasic was purchased from Honeywell
Fluka Italia (Rodano, ITALY). For the analysis, distilled and purified
water (resistivity of 18.2 MQ.cm at 23 °C) was obtained by the purifi-
cation system Milli-Q (Purelab DI, MK2) (Elga, High Wycombe, UK).
Acetonitrile and methanol were purchased by VWR S.r.l. (Milano,
ITALY). All solvents were of analytical grade, unless specified.

2.2. Quantitative analysis of CBS by HPLC method

The concentration of CBS was determined by HPLC (HP 1100,
ChemStations, Agilent Technologies, USA), modifying the analytical
method proposed by Kamberi et al. (Kamberi et al., 2008). Compound
separation was carried out using a reverse-phase column (Inertclone 5
pm, ODS, 100 A, 150 x 4.6, Phenomenex Inc., USA) and HPLC-grade
water/acetonitrile as mobile phase. The gradient applied during the
analysis was: 0 min, B: 52%; 2.5 min, B: 65%; 2.6 min, 68%; 4.9 min, B:
68%; 10 min, B: 52%. The flow rate was 1.0 mL/min, and the injection
volume was 20 pL. The retention time of CBS was around 6.3 min. The
drug concentration was determined at 240 nm from calibration curves in
the range of 0.05-1 pg/mL (R? = 1.000).
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2.3. Phase solubility studies

The phase solubility study of CBS with HP-3-CD was performed ac-
cording to the Higuchi-Connors method (Cutrignelli et al., 2014a).
Briefly, 2 mL samples were prepared with solutions of different con-
centrations of HP-B- CD covering a concentration range from 0.0064 to
0.19 M. The concentration of the drug was determined by HPLC method.
An excess amount of the drug was added to each solution and the
resulting suspensions were sonicated at 37 °C for 2 min. They were then
allowed to settle for 48 h in a thermostatic bath at 37 °C with constant
oscillation. After reaching equilibrium, the samples were centrifuged at
10,000 rpm for 15 min, and the supernatant was filtered through 0.45-
um cellulose acetate membrane filters (CA) and analysed. The concen-
tration of CBS was determined by HPLC according to the method
described above. A solubility diagram was obtained by plotting the
molar concentration of the drug against the HP-p-CD molar concentra-
tion. The complexation constant (Kcj.;) was calculated using the
Higuchi-Connors method (Eq. (1)):

P

Keyy = S0 —P) (€9)

where:

So = Intrinsic solubility of CBS in water.
P = Slope of the phase solubility diagram.

Moreover, a solubility study was carried out in the presence of 3%
(w/w) HP-B-CD, 15% (w/w) CS, 81.45% (w/w) PEO, and 0.35 % (w/w)
HPMC to see if the formation of a multiple polymer system could further
increase the solubility of the drug. The same procedure was carried out
as previously described.

2.4. Inclusion complex stoichiometry determination (Job’s plot method)

The HP-p-CD/CBS inclusion complex in aqueous solution was
analyzed using the continuous variation method to verify stoichiometry
(Cutrignelli et al., 2014b). The difference between the absorbance in-
tensity with and without CD (AA) at 260 nm was determined using
mixtures of CBS: CD with different molar ratios (from 0 to 1) while
keeping the total molar concentration of the species constant. The
mixtures were prepared using equimolar (1.0 x 10 M) Acetonitrile/
H50 (50/50 v/v) solutions of CBS and HP-3-CD. The AA x [CBS] was
plotted against r, where r was defined by the following equation:

[CBS]

"= [cBS] 1 (D] @

2.5. Preparation of powder blends

Four samples consisting of polymer powder blends of different con-
centrations of CS and PEO with a constant drug concentration (CBS 0.20
% w/w) were prepared. In each mixture, HP-p-CD and HPMC to improve
drug solubility were employed. The final compositions of the mixtures
are reported in Table 1.

Each component was sieved three times through a 355 pm mesh sieve
to ensure better dimensional uniformity and mixing of the powder. The

Table 1

Composition of the powder mixtures.
Samples CBS PEO HPMC CS HP-p-CD

(% w/w)

Blend 1 0.20 86.45 0.35 10.00 3.00
Blend 2 0.20 81.45 0.35 15.00 3.00
Blend 3 0.20 71.45 0.35 25.00 3.00
Blend 4 0.20 66.45 0.35 30.00 3.00
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powders were then mechanically stirred at 67 rpm for approximately
one hour using a Turbula Willy A. Bachofen GmbH (Nidderau, Ger-
many). The resulting powder mixtures were dried overnight in an oven
at 40 °C.

2.6. Direct powder extrusion 3D-printing

The films were printed using a 3DForMe® 3D printer specifically
designed for pharmaceutical manufacturing. The model of the film was
created using Fusion360 software from CAD, which allowed the creation
of stereolithography (.stl) files that were then exported to the 3D printer
software (Ultimaker Cura). The stereolithography file describes the ge-
ometry of the object, while all other parameters are set directly in the
Ultimaker Cura software. A cylindrical geometry was chosen to obtain a
circular 3D printed film with dimensions of 20 mm (diameter) x 0.3 mm
(height). A parallelepiped geometry was used for characterization to
obtain rectangular 3D printed films with a dimension of 50 mm (length)
x 20 mm (width) x 0.3/0.6 mm (height). This size made it possible to
obtain film with the required weight of 62.5 mg. The parameters set in
the software for printing were: infill 40% with infill pattern Concentric,
high resolution with brim, without raft, travel speed 5 mm/s, print speed
5 mm/s, number of shells 2, layer height 0.125 mm, floor temperature
40 °C and extrusion temperature of 170 °C. The prepared powder
mixture was placed in the extruder hopper of the 3D printer, which was
specially designed with a direct single-screw powder extruder and a
nozzle diameter of 0.8 mm. The extruder design was based on a single-
screw HME, and the rotation speed was controlled by the 3D printer’s
software. In addition, the extruder nozzle moves in three dimensions to
create objects with a layered texture. During printing, all the blends met
the same extrusion temperature conditions set in the software. At the
end of each print, the extruder was disassembled, removed from the
screw, and cleaned to avoid contamination between the blends.

2.7. Extruded filaments characterization

Prior to the printing phase, preliminary studies were conducted to
evaluate the behaviour of the four blends during extrusion and the
properties of the extruded filament. In the present study, a 3DForMe®
3D printer (Farmalabor, Canosa, ITALY) was used, consisting of a feed
hopper, a single-screw extruder and temperature measurement and
control systems. 2 g of each blend were placed in the hopper, and the
filament formed by extrusion was operated at 170 °C. At the end of each
extrusion process, the filaments were weighed to calculate the yield of
the process and visually inspected to assess their suitability for use in
obtaining the final pharmaceutical form. From each blend, five pieces of
2 cm length were cut, weighed, and studied to demonstrate the homo-
geneity of the filament printed. Visual inspection and the amount of CBS
were considered. The pieces were dissolved in 4 mL of acetonitrile and
stirred overnight. After appropriate dilution, the solutions were
analyzed by HPLC to calculate the amount of CBS in each piece.

2.8. Solid state characterization of powder blends

Obtained printed films were characterized in the solid state, together
with the pure drug and the physical blend consisting only of the excip-
ients. They were analyzed by Fourier transform infrared spectroscopy
(FT-IR), differential scanning calorimetry (DSC) and powder X-ray
diffraction (PXRD). For the FT-IR analysis, KBr pellets (2% of the sam-
ple) were analyzed using a FT-IR 1600 Perkin Elmer spectrophotometer.
Data were acquired between 4000 cm™! and 400 cm™!. Differential
scanning calorimetry (DSC) of the different samples was performed
using a Mettler Toledo DSC822 instrument. About 5-10 mg of the
sample was heated in an aluminium pan at a heating rate of 5 °C/min
from 0 °C to 250 °C under Nj flow. The analysis was conducted by
presenting a first phase of heating from 0 °C to 250 °C, a second phase of
cooling from 250 °C to 0 °C, and a third phase of heating from 0 °C to
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250 °C, in order to check the possible degradation of the polymers and
the drug during the printing steps. An empty pan was used as the
reference. The X-ray powder diffraction patterns were collected using a
Rigaku Rint2500 rotating Cu anode working at 50 kV and 200 mA in
Debye-Scherrer geometry. The diffractometer was equipped with an
asymmetric Johansson Ge (11 1) crystal to select monochromatic CuKo;
radiation (A = 1.54056 ;\) and a Rigaku D/teX Ultra silicon strip de-
tector. The range from 5 to 70° (28) was collected with a 0.02° (29) step
size and counting time of 6 s/step. Each powder sample was introduced
into a glass capillary (diameter, 0.5 mm) and mounted on the axis of the
goniometer. The capillary was rotated during the measurement to
improve the randomization of the orientations of the individual crys-
tallites and reduce the effect of the preferred orientation.

2.9. Characterization of mucoadhesive films

The physical dimensions of the printed films were assessed using a
digital slide gauge (Hitech Diamond). The morphology of the film ob-
tained during the printing stage was evaluated using an electrical
scanning microscope (SEM) operating at 20 kV (Hitachi TM 3000
Tabletop SEM). Furthermore, a Chemical Microanalysis test was con-
ducted on the samples to confirm the presence of F and Cl, which are
elements present only in the CBS structure, and thus investigate the
dispersion of the drug within them. The surface of each printed film was
analyzed using a Swift ED3000 Oxford Instrument with AZtecOne soft-
ware. Finally, 10 mucoadhesive oral films were dissolved in acetonitrile
to evaluate the actual CBS loading, in order to verify the presence of a
therapeutic amount of CBS inside (125 pg). Each film was placed in 10
mL acetonitrile and stirred overnight at room temperature. Finally, after
appropriate dilution, the drug concentration was assessed using HPLC,
as previously reported.

2.10. Solid state characterization of mucoadhesive films

The printed films were characterized by FT-IR, DSC, and PXRD
following the same procedures previously described for the solid-state
characterization of the blend. Before analysis, the printed formulations
were fragmented, ground, and sieved.

2.11. Mucoadhesive properties

Characterization of film mucoadhesive properties were performed by
using an Instron 5965 texture analyzer (Instron, UK), equipped with a
50 N load cell. The samples of each (reported in Table 2) were attached
to the mobile steel punch by cyanoacrylate glue. Mucin compacts,
weighting 130 mg, were attached with cyanoacrylate glue to a steel
plate fixed at the bottom of the tensile apparatus and hydrated with 80
pL water for 5 min, in order to obtain a jelly superficial mucin stratum.
The compacts were preliminarily obtained applying a compression force
11 tons for 60 s, by using a hydraulic press (Glenrothes, UK) equipped
with flat faced punches and having a die diameter of 11.28 mm. At the
experiment start, upon making contact between the sample and the
hydrated mucin, a constant force of 1.3 N was imposed for 120 s. The
mucoadhesive performance of the tested materials was determined by
measuring the detachment force (DF) required to separate the sample
from the mucin compact (maximum detachment force; DFp,x) upon an

Table 2
Composition and dimensions of the forms used for the test.
Form. Blend Dimension
length x width x height
(mm)
1 2 50 x 20 x 0.3
2 2 50 x 20 x 0.6
3 3 50 x 20 x 0.6
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elongation of 10.0 mm at the constant rate of 0.1 mm/s. The area under
the curve (AUC) of the detachment force versus the elongation was also
determined to represent the work or energy required for the detachment
of the sample from the mucin.

2.12. Tensile properties

Tests were conducted according to ASTM International Test Method
for Thin Plastic Sheeting (D 882-02) using an Instron 5965 texture
analyzer (Instron, UK), equipped with a 50 N load cell. The samples were
50 x 20 mm strips.

Each test strip was longitudinal by placed in the tensile grips on the
texture analyzer. Initial grip separation and the crosshead speed were
20 mm and 12.5 mm/min, respectively. The test was considered
concluded at the film break. Tensile strength (TS) was calculated by
dividing the maximum load by the original cross-sectional area of the
specimen. Percent elongation at break (E%) was calculated according to
the following Eq. (3):

L—1L,

E% =="—""x100 3
I X 3

where Ly is the initial gage length of the specimen and L is the length at
the rupture.

Elastic modulus or Young’s modulus (Y) was calculated as the slope
of the linear portion of the stress-strain curve. Tensile energy to break
(TBE) was defined by the area under the stress—strain curve. The results
were expressed in MPa.

2.13. In vitro permeation study

The Franz diffusion cells are used to investigate the kinetics of drugs
release rate in vitro. This cell comprises two compartments, one con-
taining the active component (donor vehicle) and the other containing a
receptor solution, separated by a slice of porcine esophageal epidermis.
The vertical cells used in the actual set of experiments had a wider
column than the original Franz-type diffusion cell, and the bowl shape
was removed. They had a diffusion area of 0.636 cm? and a 3.0 mL
(approx.) receptor compartment. The receptor volume of each cell was
equipped with a magnetic stirrer and individually calibrated.

The permeation studies were performed using the fresh porcine
esophageal tissue obtained by a local slaughterhouse. The mucosae
epithelium was separated by mucosal specimens using a scalpel and
stored at 2-8 °C until use for not more than 24 h (Casiraghi et al., 2020).
Prior to experiments, the mucosae epithelia were thawed at room tem-
perature, and cut into squares of about 4.5 cm? The integrity of
esophageal epithelia was visually checked before the experiments.

A 2.0 cm? circular sample, obtained from film by a precision die
cutter, was gently applied to the esophageal epithelium specimen, pre-
liminary hydrated with 80 pL of HPLC-grade water to facilitate the
contact with the mucosae. Then, the assembly was mounted on the
receiver compartment of the Franz diffusion cell whose receptor
compartment was filled with sterile 0.9% sodium chloride aqueous so-
lution (Eurospital S.p.A., Italy). Special care was given to avoid air
bubbles between the solution and the epidermis in the receptor
compartment. The upper and lower parts of the Franz cell were sealed
with Parafilm® (Pechiney Plastic Packaging Company, USA) and
fastened together by means of a clamp, with the epidermis acting as a
seal between the donor and receptor compartments. The system was
kept at 37 °C with a circulating water bath throughout the experiment.
At predetermined times (1, 3, 5, 7 h), 200 pL samples were withdrawn
from the receiver compartment and replaced with fresh receiver me-
dium. Samples were analyzed by HPLC according to the above-described
method. The values were the average of parallel experiments performed
in triplicate. The cumulative amount permeated through the esophageal
mucosae per unit area (Qt, perm) was calculated from the drug
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concentration in the receiving medium and plotted as a function of time.
2.14. Invitro retention study

At the end of the permeation experiments, the concentration of
opioid retained into the epidermis (Q7h, ret) was quantified by the
following procedure. The esophageal epithelium was removed from the
Franz diffusion cell and stripped (Transpore®, 3 M, USA) to eliminate
the unabsorbed formulation. Then, each side of the membrane was
gently treated with 5 mL of MeOH to wash out the unabsorbed drug.
Subsequently, the sample was thinly sliced and placed in 5 mL of fresh
MeOH. The suspension was soaked in a probe-sonicator (UP200St,
Hielscher, Germany) for 10 min and then maintained for 24 h at 2-8 °C.
Finally, the supernatant was centrifuged at 7000 rpm, 25 °C for 5 min
(Z326K, Hermle LaborTechnik GmbH, Germany) to eliminate suspended
materials and then, analyzed by HPLC. Q7h, ret was expressed as mi-
crograms of CBS per milligrams of esophageal epithelium.

2.15. Ex-vivo mucoadhesion and dissolution test

The wash-off method was used to measure the mucoadhesive and
dissolution properties of the Form. 2 and 3. In detail, an appropriate
sample with dimensions of 2 cm (diameter) x 0,3 mm was 3D printed
starting from Blend 2 and Blend 3 to standardize the membrane surface
area of contact and validate the assay. The obtained samples were placed
ona 2 x 3 cm section of the animal mucosae and fixed on a 45° inclined
surface. Animal mucosae, derived from porcine esophagus, was freshly
obtained from a local slaughterhouse (Bari, Italy). The mucosae
epithelium was separated by mucosal specimens using a scalpel,
cleaned, and stored at 4 °C in phosphate buffer solution (pH 7.2) before
use (Casiraghi et al., 2020). Then, 60 mL of the simulated salivary fluid
solution was poured using a syringe connected to a pump onto the
sample placed on the mucosae at a constant flow rate of 1 mL/min to
simulate salivary flushing. At time intervals of 5 min for a total time of
60 min, 300 pL were withdrawn from the washing solution and replaced
with the same volume of simulated salivary fluid solution. The obtained
samples, after appropriate dilutions, were analyzed by the previously
reported HPLC method in order to assess the concentration of CBS
removed from the esophageal mucosa over time. Determination was
performed by an indirect method using the following Eq. (4):

CBS (Total Amount) — CBS (collected sample)

Mucoadhesion (%) = CBS (Total Amount)

x 100

G

2.16. Stability studies

The samples were stored in a Climacell 222 — ECO line climatic
chamber (MMM Group, Semmelweis Strasse, Miinchen, Germany) at
25 °C and 60% relative humidity (RH) for 3 months. The printed films
were packaged in amber glass bottles and closed using plastic screw
caps. They were monitored using DSC analysis and CBS content over the
storage period.

2.17. Statistical analysis

Experimental data are reported as mean =+ standard deviation (SD).
Statistical analysis was conducted using JMP® Pro 16 (Marlow, UK).
Statistically significant differences in obtained results were determined
by Tukey-Kramer post-hoc tests after One-way ANOVA analysis.

3. Results and discussions
This work employed the new 3DForMe® printer based on the DPE

printing technique to obtain mucoadhesive films capable of oral delivery
of CBS in OPL therapy. In order to achieve a rapid dissolution of the
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finished pharmaceutical form in the oral cavity different hydrophilic
polymers of certain effectiveness were used in the initial powder matrix.
Moreover, a notoriously mucoadhesive polymer such as CS was added to
the films initial powder mixture. Therefore, different powder mixtures
composed of CBS, HPMC, HP-B-CD, PEO and CS at different concentra-
tions were first characterized and then extruded through the DPE
technique. A complete solid-state characterization of the different
blends and the printed films was described, along with an evaluation of
the mucoadhesive and tensile properties of the printed films and the in
vitro permeation and retention characteristics.

3.1. CBS phase solubility studies

Phase solubility studies of the drug were performed in the presence
of HP-B-CD, which allowed evaluation of the stability constant and
prediction of the stoichiometric ratio of the CBS/HP-$-CD complex. Pure
CBS has an intrinsic solubility of 2 ug/ml in water. The phase solubility
diagram showed a significant and linear increase in CBS solubility with
increasing HP-B-CD concentration (Fig. 1). The drug showed a solubility
of 566.46 pg/mL in the presence of HP-B-CD at a concentration of 0.194
M. The regression analysis (R2 = 0.9974) describes an AL-type curve,
according to the Higuchi-Connors classification, with a slope of less than
1, which could be associated with a 1:1 M ratio between CBS and HP-
B-CD. Using the Higuchi-Connors Connor’s equation, a stability constant
of 1335.74 M~! was calculated, indicating a good interaction between
CBS and HP- p -CD. Indeed, stability constants between 50 and 2000 M
are considered advantageous. (Loftsson et al., 2005).

The addition of HPMC and PEO at HP-B-CD solution significantly
improved the aqueous solubility of CBS, confirming that the use of hy-
drophilic polymers increased the CD complexation efficiency for drugs
(Medarevic et al., 2015). In all samples containing the cyclodextrins
multicomponent complex (hydrophilic polymers/HP-3-CD/drug), a
significant increase in aqueous solubility of CBS was observed in com-
parison to solution containing the HP-B-CD. Samples in which HPMC
was also present showed higher drug solubility enhancement, which was
found a 25-fold increase compared with samples presenting the binary
inclusion complex (Fig. 2). Based on these results, it could be stated that
hydrophilic polymers and HP-p-CD showed a synergistic effect in
enhancing CBS solubility.

3.2. Job’s plot method

Job’s plot method was applied to determine the stoichiometry of the
inclusion complexes. The maximum deviation value of AA indicated the
stoichiometry of the CBS/HP-p-CD inclusion complex. The change in
absorbance (AA) x [CBS] was calculated using equimolar (1.0 x 1074
M) Acetonitrile/H50 solutions of CBS and CD solutions. As shown in
Fig. 3, the maximum value at r = 0.5, with a symmetrical shape,
demonstrated the presence of a 1:1 complex stoichiometry.

3.3. Extruded filaments characterization

A visual evaluation was carried out on the filaments obtained from
extrusion by HME of four different powder blends. The blends differed in
the percentage (w/w) of PEO and CS present in their formulation.
Analyzing the filament obtained from Blend 1, it was observed that a
high percentage of PEO in the composition resulted in a filament with a
structure that was too brittle to be used in 3D printing, which also
presented difficulties in solidification by quenching (Fig. 4A), which
leads to the formation of a film with areas of under-extrusion (Fig. 4B).
As shown in Fig. 4A, the filament obtained from the extrusion of Blend 2
and Blend 3 were defect-free, making them preferred for deployment in
the next stage of 3D printing of films (Fig. 4B), proving to be flexible but
firm in consistency. DPE requires that the powders have a certain degree
of fluidity and homogeneity to ensure that the flow through the extruder
is uniform (Spath and Seitz, 2014). The filaments obtained from Blend 4,
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Fig. 2. Aqueous solubility of CBS in the presence of binary (CD/Drug) and cyclodextrins multicomponent complexes (hydrophilic polymers/CD/drug). The analysis

was conducted in triplicates.

on the other hand, had a high percentage of CS, which proved to be
structurally too rigid and not malleable (Fig. 4A), and thus unsuitable for
the purpose of 3D printing, leading to the formation of films with
irregular surfaces and varying thicknesses owing to the difficulty of
handling the extrudate (Fig. 4B).

Thereafter, further tests to assess the weight and homogeneity of the
CBS content were carried out for all blends. For all filament fragments (2
cm), the percentage of drug was in the range of 0.182-0.195 % w/w.
However, the average of the values obtained was very close to the value
of the theoretical concentration, thus demonstrating that the adopted
process was not detrimental to the drug (Table 3) despite contact with
the high temperatures of the extruder. The weight variations that
characterize the filaments obtained from Blend 1 and Blend 4 could be
the result of under-extrusion and over-extrusion, respectively.

Evaluating the results obtained from characterization tests carried
out on the extruded filaments, Blend 2 and Blend 3 were found to be the
most suitable for printing by the DPE technique, owing to the ease of
processing the extrudate and homogeneity in weight and CBS content.

Therefore, all subsequent studies were conducted exclusively on films
obtained from Blend 2 and Blend 3.

3.4. Direct powder extrusion 3D-printing

A single-screw extruder-printer model was used for the DPE. The
mixed powder was filled into the hopper, heated to a certain tempera-
ture, and used for direct printing of tablets. This innovative printing
technique overcomes the limitations associated with conventional tablet
printing systems (Pandey et al., 2020) and with established printing
processes such as HME. By eliminating the preparatory HME step and
subsequent FDM printing, the DPE printing process becomes simpler and
faster. In fact, the overall process of printing a film takes about 3 min. In
addition, by eliminating the intermediate steps, the amount of raw
material waste has been greatly reduced. The design of the extruder,
with a vertical orientation and an appropriate distance from the hopper,
facilitates the flow of powder into the screw. A functional amount of
powder can be filled into the hopper to ensure the production of 1-15
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Fig. 3. Job’s plot diagram for stoichiometry determination of CBS/HP-B-CD
inclusion complexes.

films for single cycle keeping the set dimensional values unchanged.
This makes this 3D printing process suitable for formulating personal-
ized mucoadhesive film in OLP therapy.

Blend 2 and Blend 3 were found to be suitable for DPE 3DP. The
presence of cyclodextrin tends to moisten the powder with increasing
residence time in the printer, creating vacuum zones along the screw and
blocking the extruder. The presence of a plasticizer and glidant agent as
PEO assisted the printing process and promoted the flow of the powder
within the screw. The resulting CBS based printed films had cylindrical
or rectangular shapes and good adhesion between the printed layers
(Fig. 5). The obtained printed films showed two distinct faces, one
rougher, given by the deposition and shaping of the extrudate during the
printing stage, and one flatter, corresponding to the face lying on the
work bed.

3.5. Characterization of mucoadhesive films

The obtained mucoadhesive films exhibited good uniformity in
physical dimensions, with the diameter and height values deviating
slightly from the respective values set on the digital model (20 mm x
0.3 mm). The mean diameter ranged from 19.88 mm to 20.50 mm, and
the mean height ranged from 0.292 mm to 0.312 mm. The mean mass
was described as values ranging from 62.32 to 62.67 mg. All mucoad-
hesive films had mechanical properties that were functional for

v_

BLEND 1
ﬁ——

BLEND 2

BLEND 3

BLEND 4
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packaging and handling. From the content uniformity test, the drug
concentration present in 10 mucoadhesive films was obtained, con-
firming the closeness to the theoretical drug value (125 pg) and
demonstrating no degradation of the drug during extrusion.

The SEM images show the surface and transverse planes of the two
films (Fig. 6). In the cross-section, a three-dimensional layer-by-layer
structure, which is characteristic of mucoadhesive films obtained by 3D
printing, can be seen (Fig. 6C). Each layer has a thickness of 0.15 mm, as
determined by the printing parameters. The surface plane shows the
concentric geometry of the selected infill.

The data obtained from the chemical microanalysis show a homo-
geneous presence of the elements Cl (green in Fig. 6E) and F (red in
Fig. 6F), which, being atoms exclusively present in the structure of the
drug, indicating an equal distribution of CBS within the printed
mucoadhesive films (Fig. 6D). These results showed that CBS was ho-
mogeneously present inside the obtained preparation, thus avoiding
possible phenomena of therapeutic ineffectiveness or possible
overdosage.

3.6. Solid state characterization of printed mucoadhesive films

The possible amorphization of the drug during extrusion was verified
by solid-state characterization studies of the printed mucoadhesive
films. Using FT-IR, the characteristic peaks in the CBS spectrum were
observed at 1063 (ether), 1606 (C=0), 1662 (C=C) and 1735 (Ester
C=0) cm™! (Fig. 7). The presence of these peaks was confirmed in the
medicated blend spectra of each formulation. The peaks around 3300
em ™! are characteristic of HP-B-CD, as observed in the complex, physical
mixture, and extruded blend (Fig. 7). Analyzing the spectrum in com-
parison with the printed mucoadhesive films prepared from the above
blends, we can observe a relative broadening of the HP -p- CD peak in the
range 3350-3100 cm~!. This widening could be attributed to the
interaction of HP -B- CD with HPMC and CBS during printing (Thiry
et al., 2017). The same observation can be made for the CBS peaks

Table 3
Average CBS concentrations (%) present within different HME filaments.

Filament fragments Weight* Theoretical CBS Measured CBS*
(8 (% w/w) (% w/w)
Blend 1 0.014 £ 0.001 0.20 0.188 + 0.005
Blend 2 0.016 + 0.001 0.20 0.195 + 0.002
Blend 3 0.017 + 0.002 0.20 0.196 + 0.008
Blend 4 0.021 £ 0.002 0.20 0.182 + 0.011

*The value is the average of 5 fragments, + is the standard deviation.

BLEND 4

“BLEND 1

Fig. 4. Filaments obtained from the four different blends used (A) and respective printed films (B).
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Fig. 5. Uniformity of dimensions of mucoadhesive film derived from the extrusion of Blend 3.
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Fig. 6. SEM images of the printed film surface (A) and film cross-section (B — C). Surface chemical microanalysis of the printed mucoadhesive films (D) with images

related to the presence of the element Cl (E) and F (F).

between 1600 cm ™! and 1800 cm™! and between 1250 cm ™! and 1100
cm L. The absence of important peaks characteristic of the stretching of
the ester and carbonyl groups of the drug could indicate a possible
amorphization of the drug inside the printed film and/or an interaction
between the drug and HP -f- CD (Lodagekar et al., 2019). These results
confirm the formation of intimate complexes of HP-$-CD, CBS, and
HPMC.

A second test to verify this condition was performed using DSC. CBS
showed an endothermic peak at 220 °C, which is indicative of its crys-
talline nature (Fig. 8). In contrast, the peak at 220 °C was completely
absent in the thermogram of the film, probably because of the
amorphization of the drug during the printing phase and/or the for-
mation of an inclusion complex between CBS and HP-$-CD.

In Fig. 9, the powder diffraction patterns of CBS, medicated blend,
and corresponding printed mucoadhesive films are reported. The sharp
peaks present in the diffraction pattern of the pure CBS powder indi-
cated its crystallinity. Drug-related peaks were still observable in the
diffractogram of the printed film, indicating the incomplete amorph-
ization of the drug and the incomplete complexation with HP--CD.

3.7. Mucoadhesive properties

The test was performed to provide a complementary characterization
of the films mucoadhesive properties. Indeed, while the falling tech-
nique using the porcine mucosae provided a prevision of the in vivo
residence time, this test gave an idea of the initial bonding and provide a
quantitative measure of the interaction between the film and a
commercially available mucin. As shown in Table 4 and Fig. 10, sig-
nificant differences in films mucoadhesive properties were observable.
During the early part of the profile, the DF increased in all formulations
as a function of the elongation until a maximum value was reached. A
plateau was observable in all formulations due to the gradual detach-
ment of the film, which resulted in a slightly changing of the contact area
between the film and the mucin compact (Cilurzo et al., 2003). Finally,
the DF rapidly dropped as a consequence of the complete detachment.
As evident from Fig. 10, the intensity of plateau phase was influenced by
the film composition. In particular, the higher the CS concentration, the
longer the plateau phase. The detachment force of Form. 3, which has a
higher CS concentration, was 1.2-time higher than Form. 1 and Form. 2
(p < 0.01). This evidence agreed with previously published results
(Morales and McConville, 2011). Such a trend is also observable in terms
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Fig. 7. FT-IR spectra of the printed mucoadhesive films were compared with the spectra of the pure CBS, physical mixture, and HP-3-CD/CBS complex.
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Fig. 8. Thermograms of printed mucoadhesive films were compared with the thermograms of CBS, HP-p-CD/CBS complex, physical mixture, and printed film.

of detachment energy (i.e., AUC), although the significance of these
results was weak (p > 0.50). On the contrary, other parameters, such as
film thickness, seem not impact on the mucoadhesive properties.
Comparing the Form. 1 and Form. 2, similar DF values were obtained (p
= 0.98), suggesting that the number of deposed layers seems not to in-
fluence the mucoadhesive properties of the film (Table 4).

Finally, since the films’ surfaces showed a different morphology due
to the printing process, namely the surface in contact with the printing
support resulted in flatter than the other one. In this light, mucoadhesive
tests on Form. 3 was also performed to determine the impact of surface
morphology irregularities on the mucoadhesive properties. As reported
in Table 4, a significant drop of both detachment force (p = 0.02) was
observable due to a non-optimal contact between the mucin compact
and the film due to the rough irregularities present on film surface.

3.8. Tensile properties

Table 5 reported results of tensile test on mucoadhesive films of
Form. 1. Forms. 2 and 3 resulted too tough to be analyzed by the texture
analyzer. Indeed, for both formulations, the maximum load limit of
dynamometer transducer (>40 N) was reached after few seconds from
the experiment start. Such positive effect of film thickness on toughness
might be connected to the higher of interconnections among film layers
deposited during printing process. On the contrary, Form. 1 film showed
tensile properties measurable in instrumental range. As well, such films
resulted in a higher toughness (TS) and a lower elasticity (Y) in com-
parison to published data obtained on films prepared using different
casting and printing technologies (Khalid et al., 2021; Musazzi et al.,
2018a, 2018b).
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Fig. 9. Diffractograms of the printed mucoadhesive films, each compared with the diffractograms of CBS and the respective medicated blend.

Table 4
Results of mucoadhesive tests performed on mucoadhesive films, expressed as
mean =+ St.Dev. (n = 3).

Table 6

Penetration data (e.g., Q7h,perm> Q7n,ret) Of CBS through esophageal epithelium
(mean =+ St.Dev., n = 3).

Form. Contact surface DF oy (N/mm?) AUC (mJ) Formulation Q7h,perm (ug/cmz) Q7h,ret (1g/mME)

1 Flat 60.67 £ 1.65 0.879 + 0.231 Blend 2 n.d. 0.518 + 0.100

2 Flat 59.79 + 4.27 0.761 + 0.388 Blend 3 n.d. 0.376 + 0.091

3 Flat 74.14 + 2.92 1.027 + 0.687 ] - - -

3 Rough 63.32 + 1.69 0.520 + 0.055 n.d.: not determinable since drug concentration lower than LOD.
mucoadhesive films (Said et al., 2021). However, it’s noteworthy noting
that, based on obtained results, CS has a role in penetration of CBS into

Form. 1 Form.2 ——Form.3 the epithelium. In particular, the higher the CS concentration, the lower
115 the Q7n,ret (p-value = 0.003, Student’s T Test).
9.5
7.5 3.10. Ex vivo mucoadhesive and dissolution studies
z 55
Dissolution studies were performed on a film sample placed on the
35 . . .
animal mucosae (porcine esophagus), following the wash-off method.
15 The dissolution of the samples was followed by visual analysis at
05 \am different time intervals (1, 5, 10, 15, 20, 25 and 30 min). The analyzed
000 005 010 015 020 025 030 035 040 samples produced by Blend 2 and Blend 3 showed gradual disintegration
mm

Fig. 10. Representative detachment profiles of three batches.

Table 5
Results of tensile tests performed on mucoadhesive
films, expressed as mean + St.Dev. (n = 8).

Parameter Form. 1

TS (MPa) 3.93 +1.32
E% 4.82 +1.98

Y (MPa) 291.85 + 71.56
TBE (Mpa) 0.093 + 0.038

3.9. In vitro permeation and retention studies

As reported in Table 6, for both tested formulations the drug
permeated amounts resulted negligible at the end of the experiment. On
the contrary, about 0.5-0.6 pg/cm? of CBS (corresponding to 0.3-0.5
pg/mg of epithelium) was retained in the esophageal mucosa after 7 h.
Such finding was in line with published results by using different type of

10

until complete dissolution 20 min and 30 min after the start of the test,
respectively. At the same time, the mucoadhesion of the sample was
assessed by the amount of drug still present on the mucosae after
washing with simulated salivary fluid. From the results shown in Fig. 11,
it was noted that in both cases the medicated mucoadhesive films
showed a gradual release of the drug over time and a significant increase
in the amount of CBS present in the mucosae compared with the control

100
® FilmBlend 2

B Film Blend 3
A CBS control

Remaining CBS (%)

)
40 60

t (min)

Fig. 11. Mucoadhesion profile of CBS loaded mucoadhesive films on oesoph-
agus mucosae.
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sample consisting of the drug alone. This behavior is due to the inter-
action of CS and PEO with the mucosal surface, which increases the
drug’s resistance to scavenging, resulting in a longer residence time of
the drug at the site of action. The sample derived from Blend 3 showed
greater resistance to scavenging and thus better mucoadhesive property
resulting from the higher presence of CS, hence the higher number of
bonds with the mucosal surface.

3.11. Stability studies

The amorphous condition of the drug, initially acquired by the
printing process, was checked after 3 months under controlled storage
parameters (25 °C, 60% RH), showing no changes in the solid state of the
compounds and the drug content, thus indicating the 3-month stability
of the obtained films.

4. Conclusions

The main objective of this work was to develop a novel mucoadhe-
sive film obtained by 3D printing DPE technique capable of giving sus-
tained release of CBS within paediatric OLP therapy. In the obtained
formulations, the chemical-physical characteristics of the drug were
effectively improved due to the partial amorphization of the drug during
the printing stage and owing to the formation of a cyclodextrins multi-
component complex. From the tests performed, the obtained mucoad-
hesive films exhibited high mucoadhesive properties, improving with
increasing CS percentage inside them, an elastic and tenacious structure,
and marked retention of the drug inside the epithelium, thus avoiding
systemic absorption of the drug. Therefore, mucoadhesive films could
represent a suitable candidate in the paediatric therapy of OLP.
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