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The increasing need for personalized drug delivery requires developing systems with tailorable properties. The
copolymer poly(vinyl alcohol-co-vinyl acetate) (PVA/PVAc) allows for adjusting the monomer ratio. This study
explored the effect of vinyl alcohol (VA) and vinyl acetate (VAc) monomer ratio on the properties of hydro-
chlorothiazide (HCT) films. Five copolymers with different VA/VAc ratios were selected and characterized. Semi-
solid extrusion was employed as a method for the preparation of HCT-PVA/PVAc films to address the challenges
of HCTs low water solubility, high melting point, and low permeability. All copolymers were suitable for semi-
solid extrusion, however, the mechanical properties of films with higher VA proportions were more suitable. The
drug was found to be homogeneously distributed on a micrometer level throughout the prepared films. It was
found that using different monomer ratios in the copolymer allows for drug release tuning — higher VA pro-
portions showed an increased rate of drug release. Experiments through HT29-MTX cell monolayers revealed
differences in HCT permeability between the different formulations. In addition, no cytotoxicity was observed for
the tested formulations. The results highlight the effect of monomer ratio on film properties, providing valuable
guidance for formulators in selecting PVA/PVAc copolymers for achieving desired high-quality films. In addition,
varying the monomer ratio allows tuning of the film properties, and can be applied for personalization, with
flexible-dose adjustment and design of appealing shapes of the pharmaceutics, not least attractive for pediatric
drug delivery.

1. Introduction ingredient (API), precise control over drug release, and excellent

printability (Pitzanti et al., 2022).

The increasing need for individualized dosage forms calls for
tailoring materials and techniques to ensure adequate final properties of
drug formulations and properly controlled drug delivery systems (DDS).
Polymers are one of the most commonly used materials in the three-
dimensional printing (3DP) of solid dosage forms, e.g. films (Pitzanti
et al., 2022). The selection of polymers affects the final characteristics of
a product, for example, release pattern and mechanical properties. The
ideal polymer for 3D printing should possess essential traits such as
biocompatibility, compatibility with the active pharmaceutical
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Among the pharmaceutically interesting polymers for controlled
DDSs is poly(vinyl alcohol-co-vinyl acetate) (PVA/PVAc), a copolymer
formed of two different types of monomers, vinyl alcohol (VA) (see
Fig. 1a) and vinyl acetate (VAc) (see Fig. 1b), linked together to the same
polymer chain. PVA/PVAc is obtained by polymerization of VAc to PVAc
and subsequent partial hydrolysis of VAc to VA (Mansur et al., 2008).
PVA is an attractive, highly polar polymer in pharmaceutical applica-
tions with good chemical resistance, excellent film-forming properties,
water-solubility, biocompatibility, and biodegradability (Cano et al.,
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Fig. 1. Structures of (a) poly(vinyl alcohol, (b) poly(vinyl acetate), and (c)
hydrochlorothiazide.

2015; Fernandes et al., 2022). Due to its suitable melting point, it has a
wide interest in 3DP, especially in fused-deposition modeling (Pitzanti
et al., 2022). PVAc has similarly good film-making properties and
biodegradability to a certain extent, but is a non-polar polymer (Squil-
lace et al., 2020).

The hydrolysis degree, i.e. the fraction of VA repeating units, allows
for modification of chemical properties and water solubility, depending
on the proportion of each monomer (Mansur et al., 2008). Generally, the
aqueous solubility of the polymer increases as the proportion of VA in-
creases. However, with high VA proportions (e.g. 98 % VA), the crys-
talline proportion in the polymer increases, increasing inter- and
intra-molecular hydrogen bonding and decreasing polymer solubility.
To dissolve copolymers with approximately 98 % VA in water, higher
temperatures (e.g. 80 °C) are required (Briscoe et al., 2000). It is
described that the intermolecular interactions are re-formed with sub-
sequent cooling and time, which is recognized as an increase in the
apparent viscosity over time. The behavior of the copolymers varies
additionally on their average molecular weight (Mw), polydispersity
index, average VAc and VA sequence lengths (i.e. directly related to the
distribution of the monomer units in the copolymer chains), polymeri-
zation degree, and other characteristics (Atanase et al., 2015).

Semi-solid extrusion (SSE) is a 3DP technique allowing for the small-
scale production of dosage forms to meet individual patients’ needs
(Sjoholm et al., 2022). In SSE, a gel or paste with suitable rheological
properties is extruded through the die (usually at room temperature)
and shaped into a desired form, typically designed with computer-aided
design (CAD) software (Gkaragkounis and Fatouros, 2023). The printed
paste is left to solidify, gaining physical strength and final form as liquid
components evaporate. An additional step is required in SSE compared
to other types of 3DP (such as fused-deposition modeling), i.e.,
dispersing or dissolving all the components, before feeding the paste into
the drop generator. The key considerations to optimize the printing
process are travel speed, nozzle diameter, and extrusion rate. SSE offers
a large variety of 3D structures like tablets, chewable formulations,
orodispersible films, suppositories etc. (Gkaragkounis and Fatouros,
2023; Govender et al., 2021). Compared to the commonly used
melt-based extrusion 3D printing, this technique offers a distinct
advantage: it operates at a lower processing temperature, making it
suitable for thermolabile compounds. SSE enables personalization of
pharmaceutics for specific patients or patient groups, as the SSE allows
adopting the size, shape, and formulation properties such as drug release
rate, texture, and drug loading to a larger extent compared to many
other printing technologies (El Aita et al., 2020; Gkaragkounis and
Fatouros, 2023; Johannesson et al., 2021). Moreover, compared to
well-established solvent-casting methods for film preparation, SSE
demonstrates superior mass uniformity and enhanced flexibility,

Table 1
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particularly concerning patient-centricity. SSE has recently gained sig-
nificant attention in pediatric drug delivery due to its versatile appli-
cations, such as its unique possibility to prepare chewables, which
pediatric patients have shown to prefer (Rahman and Quodbach, 2021).

Hydrochlorothiazide (HCT; Fig. 1c) is a diuretic drug used to treat
hypertension and heart failure, kidney, and liver diseases. HCT is
featured on the “WHO Model List of Essential Medicines for Children
(“WHO Model List of Essential Medicines for Children,” 2021), making it
a valuable target for the development of new drug delivery systems that
would be relevant for personalization and improvement of the current
therapy with HCT. It belongs to the class IV of the Biopharmaceutical
Classification System (BCS) (Teixeira et al., 2020), posing both solubility
and permeability issues when developing formulations. Additionally, it
is light-sensitive and is subjected to degradation in the aqueous media
within the pH range of 4-10 (Gumieniczek et al., 2018). HCT is also
unsuitable for pharmaceutical techniques requiring elevated tempera-
ture, such as hot-melt extrusion, as it decomposes at higher tempera-
tures, i.e. 314 °C (Macedo et al., 2001).

It is well-known that the ratio of vinyl alcohol to vinyl acetate
repeating units in PVA/PVAc and its monomer distribution significantly
impact the physiochemical properties of the copolymer. However, the
influence of the degree of hydrolysis (DH) on drug formulations, spe-
cifically SSE printed films, remains unexplored. This study aimed to
investigate the properties of SSE printed films, containing HCT as a
model drug and utilizing five different PVA/PVAc copolymers with
PVA/PVAc ratios ranging from 35/65 to 98/2. By employing SSE, the
films were prepared without subjecting HCT to excessive heating,
enabling the exploration of personalized drug delivery possibilities. The
copolymers were characterized to allow linking the physicochemical
and biopharmaceutical characteristics of the film formulations to the
polymer characteristics. Biocompatibility and permeability were eval-
uated using the HT29-MTX cell line.

2. Materials and methods
2.1. Materials

PVA/PVAc copolymers with five different monomer ratios (Table 1)
were obtained from Kuraray Poval™ (Frankfurt, DE). HCT and
phosphate-buffered saline (PBS) tablets were obtained from Sigma
Aldrich (St. Louis, MO, USA). Sodium chloride and acetonitrile were
obtained from VWR International (Darmstadt, Germany). DMSO-d6
(99.9 % D atoms) and green food color were purchased from Merck
(Darmstadt, Germany) and Dr. Oetker (Bielefeld, DE), respectively.

For the cell experiments, Hanks’ balanced salt solution (HBSS),
Trypsin-EDTA salt solution, inactivated fetal bovine serum (FBS),
penicillin-streptomycin (10,000 U/mL), non-essential amino acid
(100x) (NEAA) and DMSO were obtained from Merck (Darmstadt, DE).
Thiazolyl Blue Tetrazolium Bromide (MTT reagent) and 5-(6)-carboxy-
fluorescein (CF) were obtained from Sigma Aldrich (St. Louis, MO, USA).
Dulbecco’s Modified Eagle Media (DMEM) with GlutaMAX™ supple-
ment and trypan blue were obtained from Thermo Fisher Scientific.
HT29-MTX cell line was kindly provided by Dr. Thécla Lesuffleur
(INSERM UMR S 938, FR).

Overview of the poly(vinyl alcohol-co-vinyl acetate) samples received from the supplier.

Product name Declared DH (%)

Abbreviation used Viscosity (mPa x s)*

Kuraray Poval™ LM-25 35
Kuraray Poval™ LM-22 50
Kuraray Poval™ 5-74 74
Kuraray Poval™ 4-88 88
Kuraray Poval™ 4-98 98

PVA35 3.0-4.0
PVAS0 3.0-4.0
PVA74 4.2-5.0
PVASS 3.54.5
PVA98 4.0-5.0

* viscosity of the 4 % solution at 20 °C, provided by the supplier (Kuraray Poval, 202.3).
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2.2. Methods
2.2.1. Polymer characterization

2.2.1.1. Attenuated total reflectance-Fourier Transform Infrared Spectros-
copy (ATR-FTIR). The copolymers (powder) were analysed using ATR-
FTIR (Nicolet iS5, ThermoFisher Scientific, MA, USA). The spectra
were recorded in the transmittance mode with a resolution of 4 cm™?

and 16 scans in the wavenumber interval between 500 and 4000 cm .

2.2.1.2. 'H NMR. 10 mg of polymer was dissolved in 0.5 ml of
DMSO-d6. The solutions were transferred to 5 mm tubes and the NMR
spectra were recorded on a Bruker Avance NEO spectrometer 600 MHz
at 25 °C. A pulse width of 30 ° was used, and acquisition and relaxation
times were 3 s and 3 s, respectively. Baseline correction was done with a
linear function, and the central solvent peak of DMSO at 2.5 ppm was
used for chemical shift calibration. The degree of hydrolysis was
calculated according to the literature (van der Velden and Beulen, 1982)
(see Eq. (1)), where acetate and methylene protons were integrated
according to Fig. S1 (Supplementary material).

acetate protons _ methylene protons

Degree of hydrolysis (%) = 100% — 3 : 3

@

The sequence distribution of (OH) and (OAc) was quantified by
integrating the methylene peaks corresponding to three different dyads
and their mole fractions ((OH,0OH), (OH,0Ac) and (OAc,0OAc), see
Supplementary material, Fig. S1) Moritani and Fujiwara, 1977; van der
Velden and Beulen, 1982). The number average sequence lengths for the
alcohols and acetates were calculated according to Eqs. (2)-((4), where
(OH) and (OAc) represent the mole fractions of vinyl alcohol and vinyl
acetate, respectively. noy and np. are the number-average alcohol and
acetate sequence lengths, respectively. As the methylene dyad of (OH,
OAc) is less separated in the 'H compared to '>C NMR (Van der Velden

and Beulen, 1982), their quantification should be seen as
semi-quantitative in this study.
OH, OA
(OH) = (OH, OH) + % )
2(0H)
- _ 3
"ot = (0H, OAc) 3)
2(0Ac)
L= A 4
"o = (0H, 0Ac) Q)

2.2.1.3. Size exclusion chromatography (SEC). The SEC was employed to
determine the molecular mass (Mw) of copolymers. An aqueous solvent
with 10 mM NaCl and 0.002 % NaNj3; was used as a mobile phase.
Samples were prepared in the respective mobile phase and left to stir
overnight to solubilize the polymer. The mobile phase was filtered and
degassed before the analysis. Two inline filters were used, one Millipore
VM 0.05 um filter and one Sartorius CA 0.45 um before the column. The
samples were filtered through a syringe filter (Acrodisc 13 mm minis-
pike with 0.45 um wwPTFE) before being injected in a TSKgel
GMPPWXL 7.8 x 300 mm column with a particle size of 13 um. The flow
rate used was 0.5 ml/min and the total injection volume was 100 pl.
Three detectors were used for the analysis: a DAWN HELEOS-II multi-
angle laser light scattering detector, a Viscostar 3 viscometer and an
Optilab T-rEX refractive index detector. The data was analysed using the
software ASTRA (version 5.3.4.).

2.2.1.4. Dynamic light scattering. Dynamic light scattering was per-
formed with ZetaSizer Nano Series (Malvern Instruments Ltd., Malvern,
UK) to determine the potential formation of nanostructures of co-
polymers in water and the hydrodynamic diameter of such structures. 1
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% w/V polymer dispersions were prepared in milliQ water. The mea-
surements were performed at a 173 ° backscatter angle at 25 °C with
three subsequent runs for each sample, and an average of three values
were noted for each sample. The experiments were run in triplicates. The
mean and standard deviation (SD) were calculated for each sample.

2.2.2. Selection of a solvent to simultaneously dissolve HCT and PVA/
PVAc

Preliminary studies were performed to find a common solvent for
HCT and the five copolymers. Water was used as the initial solvent,
however, due to the poor water solubility of HCT, other solvents like
ethanol, 50 % ethanol/water, methanol, acetone, tert-butanol/ethanol
10:1 and 5:1 were also investigated. The best choice of these solvents
was determined empirically by evaluating the appearance of the solu-
tions and was later used to prepare the film formulations.

2.2.3. Preparation of films

The wet film formulations were prepared by using 40 % m/V
copolymer PVA/PVAc, 5 mg/mL HCT in 50 % v/v ethanol/water, with
one droplet of the green food color per 10 mL solution. The five film
formulations are referred to as PVA35, PVA50, PVA74, PVA88 and
PVA98, where the number corresponds to the DH, i.e., the hydrolysed
mol % of PVAc, which is equal to the mol % ratio of PVA in the copol-
ymer (see Table 1). Due to difficulties dissolving an adequate amount of
PVA98 in this solvent, the polymer and drug concentrations in this
formulation were reduced by half (20 % w/v and 2.5 mg/mL, respec-
tively). However, the polymer-to-drug ratio was maintained consistent
with the other formulations.

The film formulations were prepared in the following way: 8 g of the
polymer was weighed and added to 10 mL of water under magnetic
stirring (4 g in the case of PVA98). The PVA88 and PVA98 samples
needed to be heated to achieve solubilization for 2 h at 80 °C and 120 °C,
respectively, and evaporated water was replaced. A solution of HCT (10
mg/mL - 5 mg/mL for PVA98 formulation) in ethanol (10 mL) was
added to the PVA/PVAc samples, and the resulting drug-polymer
mixture was left overnight under magnetic stirring. The PVA88 and
PVA98 samples were re-heated for 1 h at the same conditions as before
to achieve complete dispersion of both components in the solvent.
Finally, two drops of green color were added to enhance the visual
properties of the semi-solid extruded films in the shamrock shape, and
the solution was stirred until having reached a homogeneous and clear
appearance.

2.2.4. Viscosity of polymeric dispersions and wet film formulations

The dynamic viscosity of the aqueous polymer dispersions (10 % w/
V) in water and the wet film formulations (40 % w/V polymer with 5
mg/mL HCT in 1:1 water:ethanol) was measured using a Brookfield
viscometer DV2T (Middleboro, MA, USA) with the spindle CPA-52Z at
25 °C. 2 min single-point measurements were performed by using 500 pL
of the wet film formulations and polymer dispersions in water at
applying 2 rpm and 100 rpm, respectively, to achieve a suitable torque
in respect to the concentrations used. The polymer dispersions obtained
from PVA35 and PVA50 were measured at 200 rpm due to too low
viscosity for measurement at the speed of 100 rpm.

2.2.5. 3D printing of films and storage

The films were SSE 3D printed using SSE ZMorph 2 (ZMorph, Wro-
claw, PL) in the shape of a shamrock with four clovers, designed using
Autodesk Fusion 360 (Autodesk, San Rafael, California, USA) (see
Fig. 2), and transferred to Voxelizer 2 (ZMorph, Wroclaw, PL) to finalize
the printing parameters. The gel consistency was set to 100 % with one
layer count, a layer height of 1 mm, and a path width of 0.8 mm. The
travel and print speeds were set to 50 mm/s and 1.0 mm/s, respectively.
The films were printed onto the printing surface (smooth side of Bench
Surface Protector, VWR International, FR), and were allowed to dry at
ambient conditions for 24 h. One clover of a shamrock was considered a
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Fig. 2. The sketch of the shamrock in the Fusion 360 and an example of a semi-
solid extruded dried film on a printing surface. A scale bar is added to
the figure.

single dose, with the theoretical content of HCT of 1.2 mg (0.6 mg for
PVA98).

The printed and dried films were stored in a plastic box protected
from light at the room temperature (RT) and approx. 33 % relative
humidity (overly saturated MgCl, * 6 H0 solution).

2.2.6. Characterization of the films

2.2.6.5. Mass and thickness. Films (n > 8) were weighed separately
using the semi-micro balance Precisa EP 225SM-DR (Scales and
Measuring Instruments, Tuttlingen, DE), and the averages and vari-
abilities of their masses were recorded. The thickness was measured
using a micrometer screw Cocraft (Clas Ohlson, Insjon, Sweden) at 5
points of each shamrock — each of the hearts and the center of the
shamrock. The mean and SD of the five measurements were recorded for
each sample.

2.2.6.6. Mechanical properties. Mechanical properties of the films were
evaluated using a Texture Analyzer Ta-XT2i (Stable Micro Systems,
Godalming, UK) using a flat-faced cylindrical probe with a diameter of
2.0 mm. One shamrock clover film piece was secured between two plates
using four wing screws with a cylindrical hole in the lower plate (A =
38.82 cm?). The probe was pushed towards the film until touching
(trigger force set equal to 0.05 N), and the following test speed was set to
0.1 mm/s until the breaking point (or up to the maximal displacement of
7 mm). The maximal force and the displacement of the probe at the
breaking point were recorded. Puncture strength and elasticity were
calculated according to the Egs. (5) and (6).

force to break

Punct trength = —————— 5
uncture streng area of the probe )
2 42
Elongation to break = (rpmhe tva sy 1) * 100% (6)
r:ample

where rggnpie represents the radius of the hole in the sample holder
(6.985 mm), rprope is the radius of the probe (1.0 mm), a’ = rsample — T'probes
and b is the vertical displacement of the probe at the breaking point. The
measurement was performed for five to ten replicates for each of the film
formulations, at day one and twenty-one after the film preparation (e.g.,
one day being 24 h after drying) to capture the change of texture.

2.2.6.7. DSC. HCT, copolymers, and films were analyzed by differential
scanning calorimetry (DSC) using the Differential Scanning Calorimeter
DSC822e (Mettler-Toledo, Columbus, Ohio, USA) and 40 pL aluminum
crucibles with punctured lids containing 4-6 mg sample. Samples were
measured under a dry nitrogen gas flow of 80 mL/min. To reveal the
thermal behavior of the pure drug, HCT as received was heated from 140
to 300 °C (10 K/min) after an initial equilibration at 140 °C for 2 min.

For the polymers and film formulations, the DSC method started with
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heating the sample from 25 °C to 180 °C, followed by equilibration for 2
min at 180 °C and cooling down to 60 °C. Thereafter, the samples were
kept at 60 °C for 2 min and re-heated to 180 °C. All heating/cooling steps
were performed at a rate of 20 K/min.

2.2.6.8. Raman spectroscopy. Raman spectroscopy was used to evaluate
the drug distribution in the films. Films with identical composition, but
without the addition of color to reduce problematic fluorescent signals,
were prepared following the procedure outlined in Section 2.2.3. The
spectra were acquired with the Raman spectrometer LabRAM HR Evo-
lution (HORIBA France SAS) equipped with a 488 nm laser (50 mW), a
50 um pin hole, a 100X objective (NA 0.9), and a theoretical spatial
resolution of 330 nm. The spectra were acquired with a spatial interval
of 1 um and 3 x 5 s integration time. The focal plane was placed ca
20-30 pm into the film. The mapping sizes were 20 x 20 um, meaning
that each data set consisted of 400 spectra. The distribution of the HCT
content was mapped based on the band at 1574-1617 cm ™2, corre-
sponding to the aromatic ring stretching (Yadav et al., 2023). After
baseline corrections of the HCT band and a band of the polymer matrix,
the ratio of the integrals was calculated to avoid variation due to fluc-
tuating laser intensity and material density. The mean and SD of the
ratio of the integrals were calculated. The relative SD was used as a
measure of variation in drug distribution.

2.2.6.9. Moisture content. The residual moisture in the films (12 days
after preparation) was investigated by measuring the loss on drying.
Films were stored at an elevated temperature (105 °C) in the oven until
constant mass was achieved. The samples were weighed before (m;) and
after drying (mg) and the mass loss (%) was calculated by Eq. (7).

Moisture content = T m * 100% @)
my

2.2.6.10. Swelling. The swelling of the films was tested using a Petri-
dish method. A piece of film was pre-weighed (m;) (ca. 100-200 mg)
and placed in a Petri dish. 5 mL of 0.01 M PBS (pH = 7.40) was prepared
and added to the Petri dish. The films were allowed to swell for 5 min.
Afterward, the excess liquid was gently wiped off, and the films were re-
weighed (my). The degree of swelling was determined by Eq. (8).

2

Swelling = ’"m;l’"‘ * 100% 8)

2.2.6.11. The pH at the surface of hydrated films. To estimate the pH of
the films after hydrating in water (e.g., exerting on the mucosa), the film
piece was immersed in 5 mL of water for 5 min at RT. Afterward, the pH
of the aqueous media was recorded using the pH meter (Five easy F20,
Mettler Toledo Inc., Columbus, OH, USA).

2.2.6.12. Disintegration. The disintegration tests were performed in 50
mL of PBS at 37 °C using the Environmental Shaker-Incubator at 60 rpm
(Biosan, Riga, Latvia). A single-dose unit was placed in a beaker, and the
film was visually examined. The film matrix was visually checked for
potential disintegration after 15, 30, and 90 min, and the appearance
was noted.

2.2.6.13. Drug release and HCT quantification. The drug release from
the film was performed in small (ca. 20 mL) plastic beakers with a lid.
10 mL of 0.01 M PBS (pH 7.4) was used as the dissolution medium. A
temperature-controlled shaker-incubator was set to 30 °C and 100 rpm.
Film samples (approx. 100 mg film pieces) were tested under sink con-
ditions. Samples (150 pL) were withdrawn at 2, 5, 10, 15, 20, 25, 30, 45,
60, 90, 120, 180 and 240 min, and fresh PBS was added after each
withdrawal. The samples were filtered using a 0.2 ym filter, diluted with
PBS if necessary, and quantified using HPLC-UV, as described below.
The results were normalized to a 100 mg film piece (i.e., 1.2 mg of HCT)
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to directly compare the formulations. The experiment was performed in
triplicates.

The reversed-phase HPLC-UV was employed to quantify the released
amount of HCT using the Novapak® C18 (4 um; 3.9 x 150 mm) column.
The mobile phase was water:acetonitrile (80:20) with a flow rate of 1.0
mL/min (isocratic elution), the oven temperature was 30 °C and the
injection volume was 10 uL. The run time was 7 min and the retention
time of HCT was approx. 1.9 min. The HCT was detected at the wave-
length of A = 273 nm. The HPLC-UV quantification method was checked
for linearity, limit of detection, and limit of quantification in PBS.
Linearity was confirmed for concentrations ranging from 0.1 to 100 nug/
mL. The limit of detection was 0.16 pg/mL, and the limit of quantifi-
cation was 0.48 pg/mL.

2.2.7. Cell studies

The biocompatibility and drug permeability were studied using
HT29-MTX cell monolayers due to their ability to produce mucus. The
cells (passage Pys) were cultivated at 37 °C under the 5 % CO5 atmo-
sphere and were passaged with the trypsin-EDTA solution when reach-
ing 60-80 % confluence. The cell culturing medium was prepared by
aseptically mixing 450 mL DMEM with 50 mL FBS, 10 mL penicillin-
streptomycin, and 5 mL of NEAA, and changed three times per week.

2.2.7.14. Toxicity/biocompatibility. The toxicity of the formulations was
evaluated with an MTT assay. To prepare formulations, approx. % of the
single-dose films (about 40 % of the shamrock clover, corresponding to
ca. 0.5 mg HCT) and the HCT were exposed to ultraviolet light for 30
min to inactivate potential microorganisms. These samples were soaked
in 5 mL DMEM overnight at 4 °C. As a reference solution, 0.5 mg HCT in
5 mL DMEM was used. 12 parallels were tested for film formulation and
reference, and 8 parallels for positive control (DMEM), negative control
(1 % Triton X in DMEM) and empty wells (reference).

The cells were seeded with the initial seeding density of 2 x 10*
cells/well into each well of a 96-well plate and were incubated for 24 h
to attach to the surface of the well along with wells that were only filled
with the DMEM to capture the background. DMEM was removed and the
wells were washed twice with 200 pL of HBSS. 200 uL of the sample in
the culture medium was pipetted onto each of the wells, and the plate
was incubated for 2 h. Positive and negative control (DMEM and Triton
X 1 %, respectively) were included. The tested samples were removed,
and the wells were washed twice with HBSS before adding the MTT
reagent (0.5 mg/mL in the culture medium). The well was incubated for
an additional 4 h. Afterward, the wells were washed once with HBSS,
and 200 pL of DMSO was added to each well. The plate was shaken at
100 rpm at RT for 15 min, protected from light, and the absorbance was
evaluated on a Spectramax 190 microplate reader (Molecular Devices
LLC, Sunnyvale, California, USA) using the difference between the
absorbance values at 570 nm and 630 nm. The cell viability was
calculated according to Eq. (9):

experimental value — negative control

Cell viability = * 100% 9

positive control — negative control

2.2.7.15. Permeability. The permeability experiment was carried out
using 6-well plates with the Transwell® inserts (Costar, Corning, New
York, USA) with a 0.4 um pore size and a growing area of 4.2 cm? with
an initial seeding density of 2.4 x 10* cells/cm?. The cells were cultured
on the membrane surface for 22 days before conducting the
experiments.

For the permeability experiment, the film pieces and the reference
(HCT dissolved in HBSS) with a target content of HCT of approx. 225 ug
per well (1.5 mL) to ensure sink conditions were used. The DMEM media
was removed from the donor and acceptor compartment, and the
monolayers of cells and wells were washed twice with HBSS, before 2.5
mL and 1.5 mL of fresh HBSS were added to the donor and acceptor
compartment, respectively. Samples of 200 uL. were taken from the
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acceptor cell after 30, 60, 120, 180 and 240 min and replaced with warm
HBSS. The drug in the acceptor chamber at each time point was quan-
tified by UV-VIS spectrometry at the wavelength A = 273 nm.

The flux (J) was calculated as in Eq. (10), where dQ represents the
amount of drug permeated through the membrane, A is the Transwell
surface area, and dt is the time.

_ 40
T Axdt

(10

To check the integrity of the mucus-covered cell monolayer after the
incubation with the formulations, a CF solution (20 pM) was added to
the donor compartment after removing film residues and washing with
HBSS. After 1 h of incubation, the amount of CF that had permeated into
the acceptor cell was evaluated using the fluorometer Fluoroskan
(Thermo Fischer Scientific Instruments Co., Ltd., Shanghai, China).

The integrity of the cell monolayer was additionally monitored by
measuring the transepithelial electrical resistance (TEER) using a Mil-
icell® ERS-2 Voltohm meter (Millipore Co, Bedford, MA, USA) before,
during, and after the permeability experiment to detect potential
disruption of the monolayer and was normalized by the Transwell insert
surface area.

2.2.8. Statistical analysis
The statistical differences (post-hoc ANOVA, t-test) were performed
when applicable.

3. Results and discussion
3.1. Characterization of the copolymers

Understanding the compositions, structures, and properties of the
PVA/PVAc copolymers is crucial for developing new SSE formulations
and thus achieving the desired final product properties. This was com-
bined with determining relevant polymer concentrations and printing
settings for SSE to achieve films with suitable mechanical properties and
evaluating the effect of polymers on the film formulations.

The copolymers were characterized to determine their chain size and
composition of the polymer chains. Table 2 shows that the PVA88 and
PVA98 had similar molecular weights and hydrodynamic radii. The
intrinsic viscosity and hydrodynamic radius were somewhat higher for
PVA98 than PVAS8S, indicating that PVA98 chains expand to a higher
degree in contact with water. It should be noted that the SEC method
was not suitable for the determination of the properties of PVA35,
PVA50 and PVA74 due to incomplete solubilization of the polymer in
the mobile phase, therefore the data for these copolymers could not be
obtained.

The viscosity of the 10 % w/V polymer dispersion in water varied
from 2.5 to 27.0 mPa x s as shown in Table 2, following the same order
of averages of the stated manufacturer’s viscosities for a 4 % solution in
water at 20 °C (see Table 1). Lower viscosity values for PVA35 and

Table 2

Determined properties of the PVA/PVAc copolymers: molecular weight (Mw),
hydrodynamic radius (Ry,), intrinsic viscosity, viscosity of 10 % w/V polymer in
water, and degree of hydrolysis.

Mw Ry Intrinsic Viscosity Degree of
(kDa) (nm) viscosity (mL/ (mPa x s) hydrolysis (%)
g) (mean =+ SD)

PVA35 n/a' n/a n/a 2.5 £0.0' 33 %

PVAS0 n/a n/a n/a 5.6 + 0.0’ 48 %

PVA74 n/a n/a n/a 24.2 +2.8° 74 %

PVAS8 24 5.5 39 14.0 + 0.1% 87 %

PVA98 23 5.7 41 16.1 + 0.2° 98 %

n/a: the results could not be obtained by the used method.
! Determined at the speed of 200 rpm.
2 Determined at the speed of 100 rpm.
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Table 3
Detailed information about copolymers, obtained by '"H NMR.
Acetate protons Methylene protons (OH, OH) (OH, OAc) (OAc, OAc) noy’ Noac”

PVA35 0.50 0.50 0.30 0.16 0.54 4.2 (1.5) 8.3 (2.6)
PVA50 0.44 0.56 0.39 0.16 0.44 6.0 (2.0) 6.5 (2.0)
PVA74 0.28 0.72 0.72 0.1 0.18 14.8 (3.5) 5.2(1.4)
PVAS88 0.16 0.84 0.81 0.1 0.08 17.5 (6.0) 2.5(@1.1)
PVA98 0.03 0.97 n/a n/a n/a n/a n/a

N
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Fig. 3. ATR-FTIR spectra of the copolymers.

PVAS0 were expected, as these copolymers did not dissolve fully in
water at this concentration; rather, they formed an opaque, colloidal
dispersion. These results can be related to their difference in hydro-
philicity, with PVAc and PVA being non-polar and polar polymers,
respectively (Squillace et al., 2020). The more polar copolymers with a
higher VA proportion in water may be able to expand more in contact
with water by forming inter- and intra-molecular hydrogen bonds
(Briscoe et al., 2000). Despite the fact that Mw could not be obtained for
PVA35, PVA50 and PVA74, it may be assumed that PVA74 has a higher
Mw than other copolymers. The viscosity is a vital parameter for a
successful SSE, where polymers are often used as thickening agents to
achieve suitable solid content or to optimize product properties and
performance accordingly (Govender et al., 2021).

The composition of polymers was studied by 'H NMR, and the results

7 (——PVA35
=——PVA50
——PVA74
——PVA88
I——PVAQ8

Heatflow
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Fig. 4. DSC curves of the pure copolymers.

The average lengths of VA blocks were determined experimentally, with the average length for the random copolymer provided in parentheses.
The average lengths of VAc blocks were determined experimentally, with the average length for the random copolymer provided in parentheses.

are shown in Table 3. NMR spectra are available in Supplementary
material, Fig. S1. The obtained results showed that the degree of hy-
drolysis was in good agreement with the supplier (within two percent of
the values provided). The average length of blocks with repeating
monomers of VA or VAc for PVA50 was around 6 units, compared to 2
units for random copolymer (Table 3). This shows that these copolymers
had repeating monomers distributed in blocks to some degree, rather
than monomers randomly distributed along the polymeric chain. This
can have an influence on both the solubility of the polymer itself, how it
associates, as well as how it interacts with co-solubilized drugs in the
wet film formulation and final film.

ATR-FTIR was also used to characterize the copolymers. The acetyl
group had a clear peak at around 1731 em ! due to the stretching of
C=0 and C—O from acetate (Mansur et al., 2008), as can be seen in
Fig. 3. This IR peak increases with increased VAc proportion. The IR
peaks corresponding to the vibration of the hydroxyl groups had a broad
stretching band around 3389 cm™! to 3281 cm™! for PVA98 to PVA35,
suggesting intra- and intermolecular hydrogen bonds among the hy-
droxyl groups (Mansur et al., 2008; Qureshi et al., 2021). The results are
in agreement with a shift of the minima towards higher wavenumbers
with the increasing proportion of alcohol groups for PVA/PVAc (Isasi
etal., 1994). In addition, a careful inspection of PVA50 shows an IR peak
at the wavelength 3361 cm™!. In the literature, it has been shown that
multiblock PVA/PVAc chains with DH equal to 52 % have a similar shift
(3375 cm™!), whereas more random chains had their peak at 3433 cm ™}
(Merekalova et al., 2017). This observation aligns with the NMR find-
ings, indicating that the polymer exhibits a block distribution of
monomers rather than a random distribution.

The DSC curves of the copolymers are shown in Fig. 4. The glass
transition temperatures (Tgs) were found to be between 50 and 54 °C for
the five copolymers, and the size of this peak generally increased with
higher proportions of VAc in the polymer. Large enthalpy recoveries
were seen for the measured Tgs for PVA35, PVA50 and PVA74. The
measured Tgs for these three copolymers were in line with reported
values for multiblock PVA/PVAc polymers, while comparable co-
polymers with the same monomer ratios, although distributed
randomly, have been reported to have Tgs in the range of 63 to 70 °C
(Ilyin et al., 2014). This is another indication that these copolymers do
indeed have their monomers distributed in blocks.

PVA/PVAc copolymers have been described to self-assemble, giving
colloidal aggregates in the nanometer range in aqueous solution as a
result of intermolecular paracrystalline domains, hydrogen bonds, and/
or by hydrophobic interactions between vinyl acetate sequences of the

Table 4

Average particle size (Dy) and volume contribution (V) of 1 % w/V polymers in
mQ water (mean + SD) for the main peak (A) and the second largest contrib-
uting peak (B).

Dya(nm) Va (%) Dyg (nm) Vg (%)
PVA35 43.0 £ 0.2 99.4 £ 0.2 / /
PVAS50 27.7 £ 0.3 99.0 £ 0.2 / /
PVA74 36.2 + 0.5 80.9 +£ 5.3 630 + 137 13.8 £ 4.7
PVAS88 13.4+0.3 87.8+1.3 390 + 23 84+1.4
PVA98 13.7 £ 0.2 86.7 £ 3.1 420 £ 79 10.4 £ 2.8
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copolymer (Atanase and Riess, 2010). It is reasonable to expect stronger
intermolecular hydrophobic interactions in water for the copolymers
with higher VAc proportion. The particle size and volume fractions of
the aggregates are shown in Table 4. The sizes of the clusters are
important and can contribute to understanding the solvation mechanism
of the polymer chains in the aqueous media. Copolymers with the
highest fraction of VAc units have been suggested to form
pseudo-micelles. Several solvated hydrophilic alcohol chains are orga-
nized into a loop, forming an outer shell with the hydrophobic acetate
parts of the chain located in a core, thereby reducing their contact with
the polar solvent. This increases the hydrodynamic radius (Budhlall
et al., 2003). Our observations are in line with this, as the copolymers
with the highest proportion of VAc chains have the highest average
diameter (Dy;) in water. If a hydrophobic drug is distributed to the
hydrophobic core, it could be expected to slow down the drug release
process. PVA88 and PVA98 had the lowest Dy;; with the lowest pro-
portion of acetate groups (Budhlall et al., 2003). The diameter values
obtained by DLS are comparable with radius values obtained by SEC (see
Table 2), indicating that the DLS maps single chains. PVA74, PVA88 and
PVA98 have an additional larger peak, which could be attributed to
scattering of impurities in the sample.

3.2. Formulation composition and semi-solid extrusion

The formulations’ composition was based on the solubility of poly-
mers and HCT in the chosen solvent. The solubility of HCT in water at RT
was 0.7 mg/mL and increased with increasing proportion of ethanol. At
the same time, water was a suitable solvent for the polymers with a
higher VA proportion but formed an opaque solution for the copolymers
with a higher proportion of VAc. Ethanol and methanol were suitable
solvents for the copolymers with a higher VAc proportion but resulted in
precipitation of PVA88 and PVA98. As a compromise, a water/ethanol
1:1 (v/v) mixture was used where HCT dissolved easily (7 mg/mL) and
up to 40 % (w/V) of the copolymers could be dissolved, except for
PVA98, which precipitated in this solvent mixture. Therefore, half the
concentration of both PVA98 and the drug was used in this formulation
to obtain the same drug/polymer ratio in the resultant dry films.

To obtain visually acceptable films with high reproducibility using
semi-solid extrusion (SSE), the formulations should possess a suitable
viscosity (Govender et al., 2021). The wet film formulations had a wide
range of dynamic viscosity values (see Supplementary material,
Table S1), where the higher VA proportion resulted in a larger expansion
of the polymer chains in a 1:1 water/ethanol (v/v) mixture. A direct
comparison of the viscosities for PVA98 and the other copolymers
cannot be made due to the different polymer concentrations. In general,
SSE resulted in films with the desired designed shamrock shape with
clearly defined clovers (see Fig. 2). However, printed films with PVA35
and PVA50 showed small zones of less extruded material, resulting in
gaps in the films and less sharp edges compared to the other printed
films. This was likely due to the lower viscosities of the PVA35 and
PVAS5O0 solutions, causing the material to unintentionally drip from the
nozzle before and during printing, resulting in less material being
deposited in some places. In addition, the lower viscosity of the solutions
allowed them to flow slightly on the printing surface after deposition,
leading to less sharp edges. Although these effects were only observed

Table 5
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upon thorough inspection and comparison with other printed films, the
results indicate that these viscosities, i.e., 154 and 178 mPa x s, were
likely slightly below what should be recommended to use in this SSE
set-up, while viscosities from 516 to 2991 mPa x s were deemed
suitable.

3.3. Physical and mechanical characteristics of the printed films

After leaving the films to dry overnight, the PVA74, PVA88, and
PVA98 films were easily peeled off the printing surface — the latter two
started to detach from the printing surface already during the drying
process. PVA35 and PVA5O0 films were more challenging to remove, as
they were sticking to the surface and were prone to break during the
removal. The hydrophobic nature of the printing surface (Bench surface
protector) may have provided a more favorable contact angle for the
more hydrophobic copolymers, whereas the printing surface repelled
the more hydrophilic ones.

SSE resulted in a relatively good mass uniformity of the shamrocks
(< 5 % relative SD), due to the precise application of the formulation
onto the printing surface (see Table 5). Printing with formulations with
lower viscosities (the PVA35 and 50) did not appear to affect the average
mass variation of the resulting films (396 to 441 mg), except for the
PVA98 films, which had a lower mass likely due to the lower polymer
concentration in the wet film formulation. The thickness of the films
varied at different points of the same film piece. This can be attributed to
the extrusion process, where certain areas of the film experienced
multiple material depositions due to the designed shape, leading to
discrepancies compared to other areas.

The films’ residual moisture content after equilibration in the
moisture chamber (day 12, approx. 33 % RH) varied from 3.2 to 6.7 %
(see Table 5), where the films with a higher proportion of VA contained
more moisture. Statistically, it could be shown that PVA35 and PVA50
contained less moisture than other films, and PVA74 contained less
moisture than PVA98 (p < 0.05). The results suggest that a higher
proportion of hydrophilic VA groups facilitated the capture of water,
which could affect the films’ mechanical properties, as well as the
physical and chemical stability of some APIs.

From a pharmaceutics perspective, to be relevant, the films require
adequate robustness, which is often evaluated with mechanical tests
(Preis et al., 2013). The mechanical properties of the films are presented
in Table 5. None of the films were punctured using our standard probe (r
= 3.52 mm), therefore a narrower probe (r = 1 mm) was used. Freshly
prepared films based on PVA35 and PVA50 were not punctured under
the performed conditions immediately after drying at ambient condi-
tions (day 1), and thus the elongation to break could not be calculated
for these copolymers. The puncture strength of the films increased with
increasing VA proportion from PVA74 to PVA98. It should be noted that
PVAO9S8 films had the lowest thickness, but the largest puncture strength.
Despite the fact that PVA35 and PVA50 were not punctured, they
appeared brittle and were easier to break by folding. The elongation to
break reached the highest values for PVA74 and PVA88, which were also
the most robust polymers and appeared easiest to handle. The effect of
residual moisture on mechanical properties was evaluated after equili-
bration of the films in a moisture chamber (approx. 33 % RH). After 21
days of storage, all the films were punctured under the performed

Properties of the films printed from the copolymers (mean + SD), where n is the number of replicates.

Film mass (mg),n >8  Film thickness (mm), n > 8

Moisture content (day 12)

Puncture strength (day 1) (N/mm?),n>5 Elongation to break (day 1) (%), n >5

(%),n=3
PVA35 404+ 4 0.24 + 0.07 3.2+0.2 n/a' n/a
PVA50 396 + 20 0.24 + 0.08 3.2+02 n/a n/a
PVA74 441 +8 0.30 + 0.09 5.8 +0.2 4.6 £ 0.1 42.0 £ 2.2
PVA88 438 +9 0.32 + 0.12 6.1 +£0.2 7.0 £ 0.6 34.8 £ 8.0
PVA98 252 +10 0.18 + 0.07 6.7 £ 0.4 9.4+0.9 143+ 2.8

1

n/a., stand for not applicable, and in this study, it was due to that the films did not break under the tested conditions (1 mm probe with maximal force of 5 kg).
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conditions (see Supplementary material, Table S2). PVA35 and PVA50
became more brittle during the storage process. PVA74 and PVA88 had
increased puncture strength and only smaller changes in elasticity.
PVA98 became more brittle than other formulations and lost some
elasticity. Chen et al. have shown that differences in mechanical prop-
erties might be attributed to the monomer ratio and residual water
(Chen et al., 2008), which was in accordance with our results, as films
with a higher proportion of PVOH also showed higher residual water
and were more elastic. The findings after storage (21 days at 33 % RH)
suggest that the rest moisture content in the films was reduced as
compared to the freshly prepared films (day 1). The product perfor-
mance could be adjusted accordingly by optimizing the printing pa-
rameters where an increased layer height would increase the thickness
and puncture strength of the films. This could be relevant for PVA35 and
PVAS0, compensating to some degree for their brittleness, whereas the
stronger and more elastic PVA74, PVA88 and PVA98 could be processed
into thinner films and still be easy to handle.

3.4. Solid state properties of the films

3.4.1. DSC

DSC was employed to identify the solid state of HCT in the films and
to check for potential crystalline areas of the polymer after film prepa-
ration. As the polymers started to degrade at the onset of melting of HCT
at 269 °C (see Supplementary material, Fig. S2 and S3), it was not
possible to identify the melting of HCT in the films (data not shown). The
DSC curves of the freshly prepared films are shown in the Supplementary
material, Fig. S4. An endothermic peak of 100-110 °C was visible for
freshly prepared PVA35 and PVAS5O0 films. In the literature, HCT has
been found to have a glass transition temperature at 110 °C (Alzghoul
et al., 2014). This endothermic peak was attributed to the polymer, as it
also appeared in control films without HCT and could be the result
formation of small crystals of polymer during drying. No such sharp
peaks were detected for films based on PVA74, PVA88 and PVA9S,
indicating that the core-shell nanostructure observed with DLS for
PVA35 and PVA50 might be preserved and form phase-separated
structures that could crystallize.

3.4.2. Raman spectroscopy

Raman spectroscopy was used to evaluate the drug distribution
within the film on a micrometer level. The spectra acquired with a 488
nm laser gave clear bands with little fluorescence for the non-colored
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Fig. 5. Example of a normalized Raman spectra of HCT, PVA50 with HCT
(film) and PVA50. The aromatic stretch of HCT at 1574-1617 cm™! and
carbonyl stretching of VAc at 1688-1754 cm™! are marked with a box.
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films. The HCT band at 1574-1617 cm™* corresponding to the aro-
matic ring stretching (Yadav et al., 2023) was clearly differentiated and
was not overlapping with VAc or VA, while the band at 1688-1754 cm ™!
corresponding to the carbonyl stretching (Taylor et al., 2001) belongs to
VAc (see Fig. 5). Therefore, the ratio of the two bands was used to
determine the relative concentration of HCT. Additional indications of
HCT in the film were the bands at 1166-1173 cm ' and 1285-1303
cm ™. For films based on PVA98, the carbonyl stretching was too weak,
and the band at 1397-1463 cm ™! (CH; bending of PVA) (Badr et al.,
2004) was used for the calculations.

The relative SD of the integrals of the HCT and VAc at different lo-
cations ranged between 3.7 and 7.9 % for all samples (see Supplemen-
tary material, Table S3), which indicates that the drug was evenly
distributed within the polymeric matrix at a micrometer level film for all
copolymers. There was no indication on this length scale of potential
phase separation for copolymers or crystal formations that would lead to
uneven drug distribution within the films. Raman heat map for PVA50 is
shown in Fig. 6 and for all the copolymers in the Supplementary material
(Fig. S5).

3.5. Swelling, disintegration and drug release

The following chapter focuses on the behavior of the films when
exposed to the aqueous media, where drug release takes place. The
swelling of the films is presented in Table 6. All films, except for PVA9S,
demonstrated a comparable range of swelling ratios (averaging from 86
% to 136 %), with no statistically significant differences observed be-
tween them (p > 0.05). PVA98 swelled significantly more than other
formulations, which could result from the lower thickness and mass of
PVA98 films (lower polymer concentration) leading to an increased
relative surface area to volume ratio and/or higher hydrophilicity.

The average surface pH of the swollen films ranged between 5.81 and
6.46 (see Table 6), while the pH of a 5 mg/mL HCT solution in 50 %
ethanol/water was 5.25. Relatively neutral pHs of these formulations
are expected with respect to the components present in the films, and to
reported values, as PVA should have a pH of 4.5-6.5 (pH. Eur. 11.2,
2023)

The disintegration of the films in PBS was evaluated visually under
agitation in a beaker on a shaker-incubator (37 °C) to explore the films’
suitability for different drug delivery applications. The films based on
PVA35 and PVASO started to disintegrate after 15 min, and the matrix
tended to form a gel in a form of “polymer clumps” that stuck to the
bottom of the beaker. The films based on PVA74 and PVA88 also started
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Fig. 6. Example of a 20 x 20 um? Raman heat maps for PVA50. The figure
represents the ratio of HCT Raman bands (1688-1754 cm™Y) and PVAc
(1397-1463 cm ™ !). The small variation in HCT/PVA ratio (relative SD of 7.1 %)
indicates that no phase separation has occurred.
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Table 6
Swelling and surface pH of the films (mean + SD). The number of replicates is
equal to 3.

Swelling (%) pH

PVA35 86 + 17 6.46 + 0.06

PVAS50 118 £ 70 6.05 + 0.06

PVA74 136 + 19 5.81 £ 0.03

PVAS88 94+8 5.88 £ 0.02

PVA98 365 + 127 5.89 + 0.03
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Fig. 7. HCT total release (sink conditions), normalized per a 100 mg film piece
(n = 3). The values are presented as average + standard deviation.

to disintegrate after 15 min and were completely disintegrated after 30
min, with only smaller fragments floating around in the media. The films
based on PVA98 remained relatively intact during the first 15 min, but
started to disintegrate after 30 min, with no coherent matrix seen at the
end of the experiment (90 min).

The drug release is presented in Fig. 7. The polymer composition
strongly influenced the HCT release from the films, where the drug
release rate increased with increasing VA proportion. The tsg, the time
when 50 % of the drug was released, appeared after approx. 12 min, 45
min, and 180 min for the PVA98, PVA88 and PVA74, respectively, and
was not achieved for the PVA35 and PVASO after 4 h of the drug release
study. The slower drug release for these copolymers might be attributed
to the more hydrophobic nature of these copolymers, which could form
micelle-like structures (see Section 3.1). The larger block areas of PVAc
could enable the formation of hydrophobic interactions between acetate
groups and hinder access to the dissolution media. The hydrophobic VAc
groups might also interact with HCT, especially for the copolymers that
have a more block-wise distribution of the monomer units (see Table 3).
The higher PVA proportion in PVA98 provided an almost complete
release of the drug within 60 min. The high degree of swelling for PVA98
may have contributed to an increased drug release rate at the beginning,
allowing the dissolution media to penetrate the film, hydrate the poly-
mer, and dissolve the HCT, resulting in a faster drug release. The other
formulations were hydrated and released the drug more slowly,
providing a sustained drug release over several hours, or as indicated,
days.

It is of note that the drug release rate of the drug was not in accor-
dance with the disintegration tests done on the same films. PVA35,
PVA50 and PVA74 showed drug release over multiple hours after full
disintegration of the films. This suggests that these films retain the drug
within their undissolved matrix while exhibiting slow disruption of the
film structure with time. If used for oral drug delivery, this could prove
advantageous, as it would be possible to adjust the release rate by using
copolymers with different monomer ratios. However, the relatively
rapid disintegration coupled with slow release could be undesirable for
buccal delivery, as the films would disintegrate in the buccal cavity.
Films intended for buccal absorption might need an additional layer to
conserve the film structure after swelling in water or copolymers with
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larger molecular weight to slow down the disintegration.

3.6. Cell studies

As the copolymers used were not of a pharmaceutical grade and are
approved by the US Food and Drug Administration (FDA), for example
in foods as outlined in the Federal Register (21 CFR) (Food and Drug
Administration, 2022), cell studies on a mucus-producing HT29-MTX
cell line were included to evaluate the films’ biocompatibility. In addi-
tion, HCT permeability through cell monolayers was investigated. In the
literature, it has been shown that higher polymer concentration leads to
increased toxicity (Prasad et al., 2014).

Permeability studies of HCT from the films through a cell monolayer
were employed to understand the effect of the formulation on the
permeation through the membrane. Since some of the polymers seemed
to retain the drug in the film preventing the drug release, it was relevant
to investigate whether this effect would also directly influence
permeability.

Fig. 8 shows the flux of HCT through the monolayer, where the HCT
flux from the PVA35 and PVAS5O0 films was significantly lower than for
the formulations with a highest proportion of VA (p < 0.05). These re-
sults suggest that the monomer ratio and/or the blocky distribution of
VA and VAc units in the polymer chains had an impact on the perme-
ability. The differences in flux can be related to the drug release results
observed in Section 3.5, where the higher proportion of VAc retained the
HCT, and slowed the release of the drug by the formation of a me-
chanically stronger gel (Boateng et al., 2012). The flux of HCT dissolved
in HBSS was higher than the HCT incorporated in films, since the drug
was already dissolved and available for permeation, and no prior release
was needed from the matrix.

The amount of formazan formed from the dye MTT is an indicator of
the metabolic activity of the cells and is often used to assess the potential
toxicity of the formulations. Films based on PVA35 and PVA88 showed
cell viability values were close to 100 % (see Supplementary material,
Fig. S6). The calculated cell viability for PVA50 and PVA74 was higher
(140 + 19 % and 124 + 18 %, respectively) and lower for PVA98 (76 +
15 %). The cell viability above the referential values of 100 % could be a
result of cell irritation, as MTT is prone to compounds that interfere with
cell metabolic activity. However, the regulatory requirements set 30 %
of cell metabolic activity reduction as a sign of potential toxic effects on
the cells (Kozlovskaya et al., 2015), and none of the formulations
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Fig. 8. Flux (J) of HCT in the formulations and the reference (n = 4). Values are
presented as average + standard deviation. Formulations encompassed by a
common bracket with asterisk are significantly different from each other (p
< 0.05).
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exceeded this limit.

Biocompatibility was additionally estimated with the measurement
of TEER and CF permeation. TEER values were generally stable
throughout the experiment indicating an intact barrier (Supplementary
material, Fig. S7). The amount of CF permeated through the monolayer
after incubation with the formulations ranged from 1.6 to 1.9 % (Sup-
plementary material, Fig. S8), was in the same range as the reference
(1.7 %), and was considered low compared to previous studies with the
same method (Korelc et al., 2023). Stable TEER values and low CF
permeability in combination with the cell viability tests indicate good
biocompatibility of the formulations.

3.7. Selecting the optimal monomer ratio for SSE

The main factors influencing the formulation preparation and pro-
cessing were the solubility of the copolymers, their hydrophobicity, and
the viscosity of the film formulations, and will be further summarized
below.

e The solubility of the polymers: polymers with a higher VA proportion
were more likely to dissolve in water, while polymers with a higher
proportion of VAc were more likely to dissolve in ethanol. The
suitable solvent should be chosen based on the monomer ratio as well
as the drug solubility properties for the co-dissolution of polymer and
drug.

Hydrophobicity of the polymers: the more hydrophobic polymers were
likely to stick to the printing surface with similar properties, and the
resulting films were brittle and difficult to remove. If choosing spe-
cific copolymers to work with, the printing surface could be changed
so that the resulting films would be easier to remove.

Suitable viscosity range: too low viscosity can result in a non-
uniformly extruded gel and unintentional dripping from the nozzle,
leading to discrepancies in thickness throughout the film piece. Too
high viscosity, on the other hand, can clog the nozzle, and prevent
extrusion of material. The viscosities in ethanol/water were strongly
dependent on the monomer ratio, increasing with the increased VA
proportion. In the tested set-up, the most suitable viscosity values
were deemed in the range 516 — 2991 mPa x s.

The main effects of the monomer ratio on the properties of the
formulation were differences in easiness to handle, mechanical proper-
ties, drug release and permeability, and are summarized below.

e Handling: films made with copolymers with a higher VA proportion
were easier to peel off the printing surface, and appeared stronger
and more elastic. The biggest differences were observed between 35
and 50 % VA and 74-98 % VA proportion.

Mechanical properties: films with 35 and 50 % VA did not break under
the performed setup and were relatively strong and rigid. Films with
74-98 % VA broke under the performed conditions.

Drug release and permeability: the HCT release rate from the films was
faster from the more hydrophilic copolymers, and decreased with the
increasing VAc proportion. The drug release affected the flux of the
drug through the cell monolayer. Copolymers with a higher acetate
proportion could be used for sustained drug delivery systems.

SSE settings can be used to tune the printed shape, layer height,
width, and gel consistency/extrusion percentage. By increasing the layer
height, a larger amount of material is deposited onto the printing sur-
face, leading to a thicker film and higher drug load per surface area. This
would increase the dose, however, it would also impact the rate of
release and mechanical properties. By utilizing different monomer ra-
tios, tuning of release rate and mechanical properties can be achieved
without impacting the total dose. By incorporating PVA/VAc in the film
formulations, more flexibility and potential parameters for personali-
zation are possible for drug delivery systems using SSE.
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4. Conclusion

Drug delivery properties can be tailored by using the copolymer
PVA/PVAc with different monomer ratios. The monomer ratio affects
the formulation process, including wet film formulation preparation,
semi-solid extrusion process and properties of prepared films. SSE with
more viscous wet film formulations with higher VA proportions was
easier, and films were elastic and easy to handle. On the other hand,
films with higher VAc proportion were more brittle and less elastic after
drying. The hydrophobicity of copolymers with a higher VAc proportion
played a role in a slower release rate of HCT and lower flux rate over cell
monolayer compared to copolymers with a higher proportion of VA.
This study highlights the importance of choosing the correct monomer
ratio of PVA/PVAc copolymers for the desired application. The possi-
bility of using all these copolymers in SSE provides a promising potential
in the development of personalized drug delivery systems.
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