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Drug-polymer interactions and their respective affinities provide vital information for developing any polymer-
containing drug delivery system, such as oral films. This paper offers a simplified method to estimate the effects
of interactions between the drug and polymers in corresponding film formulations using a recently developed
Fickian diffusion-based methodology. Poly(vinyl alcohol-co-vinyl acetate) (PVA/PVAc) copolymers were used as
film matrix formers. To systematically vary the hydrophilicity of the polymer and drug, PVA/PVAc copolymers
(monomer ratios 35:65, 50:50, 74:26, 88:12, 98:2) and model drugs, hydrochlorothiazide and caffeine (with a
factor 1:30 in solubility) were used. Drug diffusivities determined in a polymer solution (5 % w/v) were
compared to classical in vitro drug release from the films. The drug release rate from films containing copolymers
with a lower VA/VAc ratio (35:65, 50:50, and 74:26) was significantly different for the two drugs in the first 30
min. It was found that this diffusivity method provided valuable guidance in assessing drug-polymer affinity,
described as the average theoretical partition constant Ky, between the polymer solution and pure aqueous
media. This partition constant could be correlated to the drug release rate and serve as a simple, easy, and
inexpensive screening method to provide deeper mechanistic insight into drug release mechanisms. This would
allow enhanced sustainability and accelerate the formulation development process by reducing resources needed
for the development of film formulations.

1. Introduction preparation steps, such as Fourier-transform infrared spectroscopy (FT-

IR), Raman spectroscopy, differential scanning calorimetry (DSC), and

Polymers are among the most frequently used excipients in drug
delivery systems (DDS). In thin film formulations, the matrix is
composed of a polymer with or without plasticizers. A wide range of
film-manufacturing technologies and a variety of polymers to choose
from have enabled the development and increased popularity of films as
solid dosage forms. Polymer choice is crucial as it will govern the
product characteristics, e.g. drug release rate, mucoadhesion, and me-
chanical properties (Karki et al., 2016). The drug-polymer interaction
will play an important role in drug delivery, as it may affect drug
dissolution and drug release (Puttipipatkhachorn et al., 2001). Studies of
drug-polymer interactions often require methods with several
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X-ray powder diffraction (XRPD) (Medarevic et al., 2019).

The hydration and drug release processes from thin hydrophilic film
formulations can be suggested to resemble, to some extent, the processes
involved in drug release from hydrophilic matrix tablets. The first step
for these systems is hydration, where water penetrates into the formu-
lation. This results in a decrease in the glass transition temperature (Ty),
a transition of the polymers from a glassy to a rubbery state, and the
creation of a locally increased osmotic pressure that facilitates even
more water transport into the formulation, leading to the dissolution of
the polymer and formation of an entangled polymer solution. At the
same time, the solid drug particles start to dissolve in the hydrated
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entangled polymer solution and diffuse out from the solution (Colombo,
1993). During this diffusion process, the presence of polymer chains may
physically hinder the drug molecules, and drug-polymer interactions
may occur. The net transport time for the drug depends on all these
processes simultaneously. Classically, the drug release rate from the
hydrated entangled polymer layer is modeled using Fick’s second law of
diffusion (explained in section 2.3.).

In vitro drug release studies from films often use diffusion cells (e.g.,
Franz diffusion cells) or more specialized devices such as the micro-
fluidic flow-through cell (Adrover et al., 2018; Adrover & Nobili, 2015).
These methods can be time-consuming, require large volumes of liquids,
and suffer from high variability, making them unsuitable for early-stage
drug development and formulation screening purposes (Desmedt et al.,
2015; Pulsoni et al., 2022).

Recently, various poly(vinyl alcohol-co-vinyl acetate) (PVA/PVAc)
copolymers were explored as film formers in oral films (Korelc et al.,
2024). These are commercially available synthetic copolymers
composed of hydrophilic vinyl alcohol (VA) and hydrophobic vinyl ac-
etate (VAc) monomers (Fig. 1a and b) with varying ratios between the
monomer units. The copolymer structure (dictated by their composi-
tion) affects their physicochemical properties, e.g. hydrophilicity, water
solubility, crystallinity, and disintegration (Atanase & Riess, 2010). The
copolymers used in this work have partial block-wise distributions
(Korele et al., 2024), which can result in the formation of highly hy-
drophobic regions in the presence of a higher proportion of VAc chains.
This allows polymer chains to form different types of inter- and intra-
molecular interactions, such as hydrophobic interactions, hydrogen
bonds, and/or van der Waals interactions. PVA/PVAc copolymers with a
higher proportion of hydrophobic VAc chains are expected to form hy-
drophobic interactions with drug molecules of a more hydrophobic
character, such as hydrochlorothiazide, potentially resulting in a slower
and uncomplete drug release from the system. Smaller and hydrophilic
drug molecules, such as caffeine, are surrounded by water molecules
with which they can form hydrogen bonds, and the likelihood of inter-
acting with the polymer is therefore smaller.

This work explores the possibility of predicting drug release from
hydrated films by microscopic diffusivity investigations. In 2018, Di
Cagno et al. introduced the UV-Vis localized spectroscopy approach (Di
Cagno et al., 2018). This spectroscopic method was initially developed
to estimate drug diffusivity in solutions and from nanocarrier-based
formulations (Di Cagno et al., 2018; Di Cagno & Stein, 2019; Tzanova
et al., 2022). It is based on the collection of time-resolved concentrations
of released drug in an unstirred environment, which is fitted by math-
ematical models derived from Fick’s second law of diffusion to extract
the parameters of interest such as diffusivities and partitions co-
efficients. Fig. 2 qualitatively illustrates the drug concentration profile
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Fig. 1. The structure of a) poly(vinyl acetate), b) poly(vinyl alcohol), c)
caffeine and d) hydrochlorothiazide.
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Fig. 2. A schematic illustration of a momentary snapshot of the physical model
applied in this work describes the drug release from a polymer solution into a
cuvette filled with water, which should resemble the release from a hydrated
film. Drug molecules diffuse through the hydrated film following a concentra-
tion (c) gradient of free drug (black line) and according to the diffusivity of the
drug in the polymer solution (D¢, here marked as Dp,). Drug molecules are
moving from one phase (polymer solution) into the other phase (water). This
process is controlled by the partition coefficient between the two phases, i.e.,
the polymer solution and water (Ky,). Lastly, drug molecules will diffuse
through the water according to the diffusivity of the drug in water (Dy). X
represents the distance from the bottom of the cuvette. The detection point is
marked with a red line.

at a momentary snapshot, occurring in our experimental set-up. In
permeation studies, Falavigna et al. utilized the same empirical
approach to give a magnitude to the mucus layer as an additional
permeation barrier (Falavigna et al., 2020). Mucin, being a glycoprotein,
swells in an aqueous environment and creates a viscous barrier, which in
vivo lubricates and protects mucosal surfaces and works as a barrier for
drug permeation. They studied mucus layers consisting of 0.1-0.6 % (w/
v) porcine stomach mucin (type III) in PBS (pH 7.4). The effective
diffusivity (relative diffusivity) was estimated for four chemically
diverse compounds, and a negative effect of mucus on drug diffusivity
was demonstrated for all compounds (to a varying degree) (Falavigna
et al., 2020).

The aim of this work was to verify if the localized UV-Vis spectros-
copy method developed by Di Cagno et al. was suited to screen drug-
polymer affinity and predict release behavior in thin films composed
of PVA/PVAc copolymers with different monomer ratios and drugs with
different solubility properties in a simple and fast manner. The drug
diffusivity parameters were determined for a water-soluble drug,
caffeine (CAF), and a poorly water-soluble drug, hydrochlorothiazide
(HCT) (Fig. 1c and d), dissolved in film-forming PVA/PVAc copolymers
with different monomer ratios (35:65, 50:50, 74:26, 88:12, 98:2). We
hypothesized that this method could be used to predict drug-polymer
interactions and release from films and that the drug with lower water
solubility will have a higher affinity for the copolymers with a higher
acetate proportion, contributing to slower drug release from films. A
mathematical model was used to interpret the experimental data, and
release studies were performed on corresponding thin films to evaluate
the method’s suitability for film formulation development.

2. Materials and methods
2.1. Materials

HCT and CAF were provided by Sigma Aldrich (St. Louis, MO, USA).



K. Korelc et al.

PVA/PVAc copolymers were obtained from Kuraray Poval™ (Frankfurt,
DE). All solutions were prepared with Milli-Q (mQ) water purified using
a purification system for ultrapure water (Merck, Darmstadt, DE).
NaH,PO4 x 2 HoO was obtained from VWR Chemicals (Radnor, PA,
USA). NagHPO4 x 2 Hy0O was purchased from Merck (Darmstadt, DE).
NaOH pellets were purchased from Sigma-Aldrich (Steinheim, DE).

2.2. Methods

2.2.1. Solubility study

Solubility studies were performed for HCT and CAF by adding an
excess amount of drug to mQ water and stirring the suspensions at 300
rpm for 72 h at room temperature (RT) (approx. 23 °C) in triplicates.
Afterward, the suspension was filtered (0.2 um), diluted as necessary,
and the amount of dissolved drug was quantified using a Spectramax
190 microplate reader (Molecular Devices LLC, Sunnyvale, CA, USA) at
the wavelength A = 273 nm for HCT and CAF.

2.2.2. Intrinsic viscosity and critical overlap concentration

Intrinsic viscosity () and critical overlap concentration (c*) for the
copolymers were determined using Micro-Ostwald Viscometer (type 516
10: Capillary No. I, Constant K = 0.01, SI Analytics, DE). The polymers
were dispersed in mQ water at 4-5 concentrations per copolymer. 2 mL
of the dispersion was added to the Ostwald Viscometer, which was
placed into the thermostatic water at the temperature of 25.1 + 0.1 °C,
and the sample was equilibrated for 5 min. The flow time (t) between
two marked points was automatically recorded. Triplicates were per-
formed for each polymer concentration, and each measurement was
performed 3 times per sample. The flow time for the background (mQ
water) (to) was recorded. Relative viscosity (n,), specific viscosity (nsp),
and reduced viscosity (n;eq) were calculated as shown in Eq. (1), Eq. (2),
and Eq. (3), respectively.

t

nsp =n— 1 (2)
Ny

Nred = Tp 3

The intrinsic viscosity (1) was obtained by plotting the reduced viscosity
against concentration and extrapolating n, to co = 0. The critical overlap
concentration was estimated as ¢* =1.22/n by combining information
from Amsden (Amsden, 2022) with the gyration radius (Rg) from Flory
(Flory, 1953).

The polymers were characterized with respect to molecular weight
by size exclusion chromatography and degree of hydrolysis as well as
block-distribution by ' NMR in an earlier study (Korelc et al., 2024).

2.2.3. Preparation of solutions for diffusion studies

Phosphate-buffered saline (PBS) 73 mM (pH 7.4) was prepared from
NaH3PO4 x 2 H20 and NapgHPO4 x 2 HO salts. The pH was adjusted to
7.4 using NaOH pellets, and osmolality was adjusted to 280-300 mOsm/
kg by NaCl addition. The PBS was subsequently filtered through a 0.2 um
filter (Whatman® Nuclepore Track-Etch membrane filter; GE Healthcare
Life Sciences, Maidstone, UK).

The polymer solutions were prepared by dispersing the polymer in
mQ water (0.5 g/8 mL) and preparing a 250 ug/mL HCT/CAF solution in
mQ water. 2 mL of the drug solution was added to the hydrated polymer
to achieve a final concentration of 50 pg/mL drug and 50 mg/mL
polymer (i.e., 5 % w/v polymer). The blank polymer samples were
prepared by dispersing the appropriate amount of polymer (0.5 g) in 10
mL mQ water. The references used were HCT and CAF (50 pg/mL)
dissolved in PBS to ensure a density difference between the drug solution
and the water media. PBS was used as a solvent media for HCT and CAF
to increase the density of the sample so that the injected sample could
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remain on the bottom of the cuvette after injection.

2.2.4. Viscosity

The viscosity of the polymer solutions was measured using the
Brookfield viscometer DV2T (Middleboro, MA, USA) with the spindle
CPA-40Z. The sample (500 pL) was measured at a temperature of 25 °C
and a speed of 25 RPM using a 2-minute time point. The measurements
were performed in triplicates.

2.2.5. Diffusion studies

The effects of PVA/PVAc copolymers on the diffusivity of two drugs
with different physicochemical characteristics (Table 1) were studied
using the method by Di Cagno et al (Di Cagno et al., 2018). The
experimental setup used semi-micro cuvettes with PTFE stopper
(Vchamber = 700 pL, path length = 10 mm, Starna Scientific, Essex, UK),
and the absorbance was determined using a double-array UV-Vis spec-
trophotometer UV-6300 PC (VWR International, PA, USA). Both the
sample and reference cuvettes were filled with 675 pL. mQ water. At time
zero (to), 25 pL of the sample was injected into the bottom of the cuvette
using a microneedle syringe (Hamilton Company, NV, USA) (Fig. 3). The
measurements were performed at ambient conditions and at the wave-
length A = 273 nm (corresponding to their absorption maxima) for both
HCT and CAF (Supplementary material, Fig. S1). The absorbance was
recorded every 120 s for 20 h at 1.1 cm from the bottom of the cuvette (i.
e., the origin of diffusion, Xy, see Fig. 3). This height has already been
previously validated to be reliable for detecting small changes in diffu-
sivity (Di Cagno et al., 2018). As a reference, absorbance for the polymer
solution without the drug was measured at the same wavelength. The
normalized drug absorbance was calculated by subtracting the absor-
bance value for the reference (polymer solution) from the absorbance for
the drug-polymer formulations at each time point. Two replicates were
used to determine the reproducibility, and the percentage of variation in
concentration was calculated at each time point. The diffusion coeffi-
cient was obtained by mathematical model fitting to experimental data
as detailed in Section 2.3. Furthermore, to evaluate the effect of polymer
scattering and its impact on the UV-Vis curves, wavelength scans were
conducted at various time points (from the start to 240 min) with and
without HCT for the polymer with the highest scattering (PVA35).

2.2.6. Preparation of films

Films with CAF were prepared following the same methodology used
for the HCT films previously described by us (Korelc et al., 2024).
Briefly, 5 mg/mL CAF solution was prepared in ethanol:water (1:1)
mixture. 8 g of polymer was dispersed in 20 mL of the solution to obtain
a final polymer concentration of 40 % w/v and 5 mg/mL drug. Due to
the poorer solubility of PVA98 in the solvent, half of the concentration of
drug and polymer were used (20 % w/v and 2.5 mg/mL, respectively),
keeping the same polymer-to-drug ratio in the films.

The films were printed using semi-solid extrusion (SSE) with Z-
morph2 (Zmorph, Wroclaw, PL) using Autodesk Fusion 360 (Autodesk,
San Rafael, CA, USA) to design a four-leaf clover shamrock and Voxel-
izer 2 (Zmorph, Wroclaw, PL) to control the printing parameters. The
printing settings were as follows: layer height was set to 1 mm, and path
width was 0.8 mm. Travel and printing speeds were 50 mm/s and 1.0
mm/s, respectively. The films were allowed to dry on the printing sur-
face (Bench Surface protector, VWR International, FR) for 24 h before
being stored in a desiccator box (room temperature, approx. 33 %
relative humidity). The semi-solid extruded shamrock-shaped film
pieces were about 3.9 cm x 3.9 cm in outer size, with each clover being
consequently cut (approx. 2 cm?) and considered a single dose. Each
single-dose film piece contained 1.2 mg drug.

2.2.7. Drug release and film disintegration studies

The drug release studies were performed in the same way as for HCT
films described in our previous work (Korelc et al., 2024). Briefly,
approx. 100 mg film pieces (corresponding to single-dose, e.g. one
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Table 1
Physicochemical properties of caffeine (CAF) and hydrochlorothiazide (HCT).
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Drug Mw (g/mol) pKa Charge (pH 7.4) Log P Log D Water solubility (pH 7.0) (mg/mL) Amax (nm) € ((:m’1 M’l)
CAF 194 14% 0 —-0.07% —0.07" 21.7° 273¢ 9123
HCT 298 7.9, 9.2° 0 —-0.07% n.a. 0.72" 273 18033

a
b

: obtained from www.pubchem.ncbi.nlm.nih.gov (PubChem, n.d.).
: obtained from (Benet et al., 2011).

c

Diffusion

Fig. 3. Schematic illustration of the diffusional model and height points. X, is
the bottom point (the sample injection point), and X; is the measurement point
(1.1 cm). The dots represent the diffusion of drug molecules, and the red coils
represent the polymer chains.

clover of a shamrock with a drug loading of 1.2 mg) were added to the
dissolution media (10 mL of 0.01 M PBS with pH 7.4) to ensure sink
conditions. The samples were put into Environmental Shaker-Incubator
(Biosan, Riga, LV) and shaken at 100 rpm at the temperature of 30 °C.
150 pL samples were withdrawn at the following time points: 2, 5, 10,
15, 20, 25, 30, 45, 60, 90, 120, 180 and 240 min, and the withdrawn
volume was replaced with fresh pre-heated PBS. The films were visually
inspected throughout the drug release study for disintegration and
behavior in the release media. The samples were diluted with PBS as
necessary and filtered using a 0.2 pm filter before quantification. The
data for HCT films were obtained from our recent paper (Korelc et al.,
2023).

CAF was quantified using reversed-phase HPLC-UV using the Nova-
pak® C18 (4 pm; 3.9 x 150 mm) column. The mobile phase consisted of
water:methanol in a 70:30 ratio, using isocratic elution with a flow rate
of 1.0 mL/min. The column oven temperature was set to 25 °C and the
injection volume of the sample was 10 pL. The total run time was 5 min,
with the caffeine retention time at 2.55 min. Detection was performed at
the wavelength A = 273 nm. The HPLC-UV method was checked for
linearity, limit of detection (LOD), and limit of quantification (LOQ).
The results were normalized to 100 mg film pieces to directly compare
the samples.

: obtained from Bhawani et al. (Ahmad Bhawani et al., 2015). n.a. = not applicable.

2.3. Mathematical model

The description of drug transport in our diffusional apparatus can be
challenging because of the concurrence of different phenomena. Due to
the existence of concentration gradients, the polymeric chains of the
polymer solution could diffuse in the upper mQ water phase, and,
symmetrically, water molecules of the mQ water phase could diffuse in
the lower polymer solution (see Fig. 3). Thus, polymer concentration in
the two phases would be time-dependent, and the interface position
between the two phases would be not well defined. Additionally, drug
diffusion in the polymer solution could be affected by drug-polymer
interactions as only drug molecules that are not bound to the poly-
meric chains can freely diffuse (free drug), while bound drug molecules
cannot diffuse. Relying on our experimental data, we can affirm that the
diffusion of the polymeric chains into the mQ water phase is limited
within our experimental time (see section 2.2.5). Assuming that possible
drug interaction phenomena with polymeric chains (absorption and
desorption) are very fast in comparison to drug diffusion, we can assume
that the free and bound drug fractions are in thermodynamic equilib-
rium. Consequently, the drug diffusion process in the polymer solution
can be described by Fick’s law with a concentration-dependent diffusion
coefficient (effective diffusion coefficient, Degr) (Grassi et al., 2006).

0Cps 0 0Cps
=(— (D,
ot <6x( 7 ox )) “)
where t is time, x is the axial coordinate and Cy; is the drug concentration
in the polymer solution. Supposing that the drug concentration in the
polymer solution is much smaller than drug solubility, D¢t becomes
constant and is related to the free drug diffusion coefficient (Dy,) inside

the polymer solution through the polymer solution/mQ water partition
coefficient (K w) (Amsden, 2022):

— Dm
A Km/w

D 5)

It is important to remember that, in our simplifying hypotheses, Ky,  is
equal to (1 + ka/kq) where k, and kq are, respectively, the drug
adsorption and desorption constants of polymeric chains (Amsden,
2022). The drug diffusion inside the upper aqueous environment (upper
cuvette part, see Fig. 2) can be accounted for by the classical Fick’s
second law:

oCy 0 aC,,
e (& (D W) ) ©)
where C,, and D are, respectively, drug concentration and diffusion co-
efficient within the mQ water phase.

Solutions to Eq. (4) and Eq. (6) were found considering the following

initial and boundary conditions:
Initial conditions:

Cps:CO OSXSXl (7)

C,=0 x; <x<L ®

Boundary conditions:
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where L is the cuvette thickness. Initial conditions (Eq. (7) and Eq. (8)
state that, at the beginning (t(), the drug is uniformly distributed in the
polymer solution at concentration Cy while the upper aqueous phase
does not contain the drug. Boundary conditions ensure that the drug
cannot cross either the cuvette bottom (impermeable wall in x = 0; Eq
0.9) nor the cuvette top (impermeable wall in x = L; Eq. (10). In
addition, Eq. (11) ensures that there is no drug accumulation at the
polymer solution/mQ water interface, i.e. the drug flux leaving the
polymer solution is equal to the drug flux entering the mQ water phase.
Finally, thermodynamic equilibrium conditions were supposed to be
obtained at the polymer solution/aqueous interface (Eq. (12), implying
that the drug concentration on the two interface sides can be different
(see Fig. 2).

Unfortunately, as D differs from Degy, it is not possible to get a model
analytical solution. Accordingly, Eq. (4) and Eq. (6) have been numer-
ically solved according to the control volume method (Patankar, 1980)
by building a proper Microsoft Excel user-defined function. In order to
ensure the numerical solution reliability, the polymer solution and the
water phases were subdivided into 10 and 100 parts, respectively. Model
fitting parameters were Degr and Ky . D was evaluated according to the
Stokes-Einstein (the estimated molecular radius, rs, for CAF is 2.82 Aand
for HCT is 2.80 A).

Both the y? test as well as the F-test were performed as statistical
analyses to evaluate both the variance between experimental and
mathematical data (X2 test) and the significance of the variances of the
experimental data and fitting data sets (F-test).

3. Results and discussion

HCT and CAF were used as model drugs to explore the affinity of
drugs to polymers with different physicochemical properties and release
from films made from five PVA/PVAc copolymers with varying mono-
mer ratios. The polymers have previously been shown to have a mo-
lecular weight of approximately 23-24 kDa (the most hydrophobic types
could not be analyzed) and display block-wise distribution of the PVA
and PVAc segments (Korelc et al., 2024). The degree of hydrolysis was
confirmed to be in line with values provided by the manufacturer
(within 2 % of the declared value); therefore, this study refers to the
manufacturers’ values. As the copolymers have varying hydrophilicity
and different physicochemical properties, the experiments were
designed to highlight differences in polymer affinity for the drugs. A
diffusion model for thin films was developed using time-resolved UV-Vis
data, and the predicted diffusivity and partition coefficient were
compared with drug release data.

3.1. Solubility study

HCT and CAF are stated by Ph. Eur. (EDQM, 2023) to be very slightly
soluble and sparingly soluble in water, respectively. In this study, the
solubility of HCT and CAF was determined to be 0.69 + 0.03 mg/mL and
21.7 + 0.3 mg/mL at pH 7.0, respectively, which are in good agreement
with the literature (PubChem) (Table 1). According to the literature,
CAF is classified as a Biopharmaceutics Classification System (BCS) class
I drug, and HCT is a BCS class IV drug (Jain et al., 2022; Ruponen et al.,

International Journal of Pharmaceutics 675 (2025) 125491

2020). The solubility values were used further to support the observa-
tions in the diffusivity and release studies.

3.2. Intrinsic viscosity, viscosity of the formulations, and critical overlap
concentration

Intrinsic viscosity and c* for polymer solutions were obtained to gain
information about the polymers, facilitating the understanding of the
experimental system. The results in Table 2 show that the intrinsic vis-
cosity of polymers increased with increasing VA proportion. Copolymers
with more hydrophilic VA groups are more likely to form hydrogen
bonds with water, which theoretically should expand their polymer coil
size, leading to higher intrinsic viscosity (Kulicke & Clasen, 2004).

The theoretical transition from a dilute to a semi-dilute regime in a
polymer solution is assumed to occur at c*. For polymer concentrations
below c*, in the dilute regime, the polymer chains behave indepen-
dently, while at c* the polymer coils start to interpenetrate, and inter-
molecular interactions begin to develop (Venkatesh et al., 2023). As c* is
inversely related to the intrinsic viscosity, the c* values showed an
opposite trend, i.e., decreasing with increased VA proportion. It should
be noted that the most hydrophobic solutions, PVA35 and PVA50, were
slightly turbid, suggesting that the polymer was not fully dissolved in
mQ water, which might have affected the results.

In the diffusivity setup, a 5 % w/v polymer solution in water was
injected. As seen in Table 2, the c* values range from 3.7 % to 25.3 %.
For the polymer solutions to be in the semi-dilute regime, the polymer
concentration should be larger than c*, meaning that in our systems, the
two with the highest VA content are in the semi-dilute regime, whereas
the others are not. The term *polymer solution’ in this paper will refer to
a colloidal solution formed by dispersing the polymer in aqueous media.

The viscosity of the polymer solutions with the drugs (50 ug/mL drug
and 50 mg/mL polymer in mQ water) varied depending on the type of
copolymer, and they were shown to increase in this order: PVA35 <
PVAS0 < PVA88 < PVA74 < PVA98 (Table 2). The results align with
previously determined viscosities of these polymers in higher concen-
trations, except PVA74, which was more viscous than PVA98 in our
previous work (Korelc et al., 2024). This order was expected since more
hydrophilic polymers (e.g., PVA98) were expected to dissolve and
expand more in water, resulting in higher viscosity compared to hy-
drophobic copolymers (e.g., PVA35) with a higher acetate proportion
that expands less. PVA88 did not fully follow the trend, suggesting that
additional mechanisms may have been involved. These aqueous samples
of PVA35 and PVA50 were also turbid as they did not fully dissolve in
water, and potential phase separation might have resulted in a lower
viscosity. The formulations with HCT and CAF had comparable viscos-
ities for a given type of copolymer but displayed higher viscosities of
PVA74 and PVA98 copolymer with HCT compared to CAF. This may
imply different drug-polymer interactions for the two drugs. The vis-
cosity of the polymer solution is an important factor in diffusivity

Table 2

Intrinsic viscosity (1), critical overlap concentration (c*) for copolymers, and
viscosity of polymers (50 mg/mL) with HCT and CAF (50 pg/mL), respectively,
presented as average + standard deviation (n = 3).

Copolymer 1 (mL/ ¢ (%) Viscosity with HCT Viscosity with CAF
g) (mPa x s) (mPa x s)

PVA35 5.1+ 241 + 1.36 + 0.04* 1.32 £ 0.04*
0.3* 1.2%

PVA50 6.8 + 18.1 + 1.75 + 0.03* 1.81 + 0.07*
0.5% 1.3

PVA74 234 + 52+ 4.67 + 0.07 4.53 £ 0.03
1.3 0.3

PVAS88 30.3 + 4.0 £+ 4.03 + 0.03 3.95 £ 0.04
1.0 0.1

PVA98 32.6 + 3.7+ 5.03 + 0.26 4.65 £+ 0.14
0.3 0.0

* The solutions were slightly turbid.
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studies, as by the Stokes-Einstein equation, the drug is expected to
diffuse slower from a more viscous solution than from a less viscous one
(Falavigna et al., 2020; Hedaya, 2007).

3.3. Diffusion and partition investigation

Diffusion of small molecules in polymers and gels has been previ-
ously studied for decades by gravimetry, membrane permeation, fluo-
rescence, and dynamic light scattering, resulting in a better
understanding of the controlled release of drugs from polymeric carrier
systems (Masaro & Zhu, 1999). In this paper, we propose to use localized
UV-Vis spectroscopy to determine the drug absorbance as a function of
time and, from that, estimate the diffusion coefficient for the drug and
the interactions between the drug and polymer molecules, described by
the partition constant. Pure polymer solutions were injected into the
bottom of the cuvette, and UV-Vis spectra were recorded at 1.1 cm from
the bottom to minimize the potential influence of polymer diffusion. The
polymer solutions caused scattering, visible in the spectra as an increase
in absorbance values of up to 0.02 after 20 h, while the absorbance
values for diffusivity experiments with the drug in the polymer solution
were approx. 10-fold (or more) higher (Supplementary material,
Fig. S2). This indicates that the UV-Vis data were recorded at a sufficient
distance from the bottom of the cuvette to avoid interference with the
absorbance of the drug molecules. Notably, the scattering contributions
to the UV-Vis spectra were highest for PVA35 and PVA88, lowest for
PVA74, and showed no consistent trend among the copolymers with
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2.5
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2.5
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0.0 T T T T T T T T
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varying monomer ratios. In addition, the error between the two repli-
cates tested was lower than 5 % (4.8 %) (Supplementary material,
Fig. S3), indicating that the method can be considered reliable.

It should be noted that the absorbance of PVA35 during the diffu-
sivity experiment began to increase after 13.3 h (Supplementary mate-
rial, Fig. S2). Consequently, wavelength scans at different time points
were conducted on pure PVA35 and HCT-PVA35 samples during the
diffusivity experiments. Initially, the absorbance at 273 nm increased
slowly with time for both samples (Supplementary material, Fig. S4). In
the sample containing HCT, the peak at 273 nm was visible and could be
clearly differentiated from the baseline, which made it possible to
perform the subtractions.

HCT is UV-sensitive and prone to degradation when exposed to UV
light for extended periods (Gumieniczek et al., 2018). Therefore, its
stability under UV light was studied under the same conditions as the
diffusivity experiments, and no HCT degradation was observed
throughout the entire experiment (See Supplementary material, Fig. S5).
Additionally, all formulations were exposed to the same environment,
allowing for a relative comparison between samples containing HCT.

Fig. 4a and b show the concentration of HCT and CAF, respectively,
at position X; as a function of time (black) and model prediction (red). A
good agreement can be seen between the experimental data and model
prediction. Through this fitting, it was possible to calculate the empirical
reference diffusivities of PBS for both HCT (7.8%107° cm?/s; rs 2.82 [D\)
and CAF (7.710°° cmz/s; 15 2.80 A). Taking as reference the diffusivity
of calcium ions in the water (13.1*10~° cmz/s; rs 1.5 A) (Ribeiro et al.,

b) CAF
2.5
2.0
P
£
o
g 1.5
[
<
© 104
(8]
0.5 5 Experimental
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0.0 : T T —— T T T
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d) CAF-PVA50
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Fig. 4. Concentration profiles obtained from diffusivity measurements of a) HCT in PBS, b) CAF in PBS, ¢) HCT in PVA50 polymer solution in water, and d) CAF in
PVAS50 polymer solution in water. The experimental values are plotted against the fitted curve (model).
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2008), the measured diffusivity values for CAF and HCT in water can be
considered realistic.

In comparison, Fig. 4c and d show the experimental data where the
absorbance from the polymer is subtracted, and the fittings for the
diffusion of HCT and CAF from the polymer solution (PVA50). The
statistical reliability of the model best fitting was proved by the F-test (P
> 0.4 with a threshold set at 0.05). The presence of the polymer is ex-
pected to decrease the diffusion coefficient (Garcia-Aparicio et al.,
2012). Thus, for preliminary analysis of the effect of the polymer on drug
transport, the experimental curves in Fig. 4 were compared. This is
meaningful since the initial concentrations of the drugs and the drug-
polymer mixtures were equal. Consequently, it is possible to directly
compare the experimentally determined concentrations of the drugs at
1.1 cm from the bottom of the cuvette at a selected time to get an
indication of the net transport of the drugs (see dashed lines in Fig. 4).
When comparing the diffusion profiles of the pure drug and drug-
PVASO, the reduction in drug concentration after 8.5 h was more pro-
nounced for HCT than for CAF, suggesting HCT interacts with the
polymer to a greater extent than CAF. To further investigate this, the
mathematical model was fitted to experimental data for both drugs and
for the different solutions considered (Fig. 5), always getting a positive
F-test (P > 0.4). Model fitting parameters (Defr and Kpw) have been
reported in Table 3.

Fig. 5 displays the diffusion curves of CAF and HCT from all the
polymer solutions. The concentration of CAF increased over time and
remained similar across all copolymers, indicating minimal dependence
on the specific PVA/PVAc composition. Additionally, the CAF diffusion
curves were comparable to the reference (50 ug/mL CAF in PBS), sug-
gesting that the presence of the polymer does not significantly affect the
diffusive transport of CAF. Similarly, the HCT-PVA98 concentration
increase followed a similar time dependence as the reference (50 pg/mL
HCT in PBS), suggesting that the most hydrophilic copolymer, PVA98,
does not retain HCT or delay its diffusion. It can also be observed that the
concentration of HCT increased more slowly in copolymers with the
highest proportion of acetate groups (PVA35 and PVAS50). It is well-
known from the literature that increased viscosity decreases the diffu-
sion coefficient (Tyrell, 1981). In this study, we observed that despite
PVA35 and PVAS0 being less viscous than the more hydrophilic co-
polymers, the diffusive transport of HCT was slower from these polymer
solutions than those with higher viscosity. Thus, this shows that the
experimental data needs another explanation. Here, we suggest that
drug-polymer interactions can slow down the diffusive transport of HCT.
The literature indicates that such hydrophobic interactions can influ-
ence drug transport (Varshosaz & Falamarzian, 2001).

Table 3 shows the estimated partitioning coefficients (Kp, ) for HCT

3.0 -
25 ——
-5 2.0 -
£
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i 154
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?
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Table 3

Partitioning coefficient (K, /) and effective diffusion coefficient (Deg) for HCT
and CAF with respect to the copolymers, determined by model (Eq. (4) and Eq.
(6) fitting to experimental data (see Fig. 4 and Fig. 5). Model fitting was per-
formed by fixing the nominal (injected) concentration (50 pg/mL) and setting
the HCT and CAF diffusion coefficient in PBS (Dy,) (Dycr = 7.8*107° em?/s; Dear
= 7.7*107% ecm?/s). Model fitting statistical reliability was proved by the F-test
(P > 0.4 with a threshold set at 0.05).

Km/w Dest (HCT) Def (CAF) Km/w

(HCT) (cm?/s) (cm?/s) (CAF)
PVA35 6.61 1.2¥107° 5.0107° 1.29
PVA50 6.13 0.8*107° 4.1%10°° 1.38
PVA74 2.47 4.0%10°° 5.7¥107° 1.36
PVASS 1.64 4.5%107° 1.7107° 1.04
PVA98 1.54 4.2¥107° 1.5%107° 0.58

and CAF. This value represents the distribution of each drug between the
polymer solution and the acceptor media (i.e., the water phase) at
thermodynamic equilibrium, reflecting the interactions between the
drugs and the polymers. Estimations for HCT provided the highest Ky,
value for the copolymer with the most hydrophobic character, PVA35,
aligning with the observations in Fig. 5. Furthermore, K,y values for
HCT decreased with an increasing proportion of the hydrophilic VA
group. This results in the lowest calculated Ky, 4y value for the copolymer
PVA98, approaching a Ky, value closer to 1, suggesting that the drug is
likely to distribute more evenly between the polymer solution and the
aqueous media, indicating a much smaller affinity towards the polymer.
Based on these results, it can be speculated that the partition mechanism
in the studied copolymer systems effectively explains the net diffusive
transport of a BCS class IV drug.

Fig. 5 indicates that CAF exhibited low affinity towards the PVA/
PVAc copolymers, leading to the expectation that the fitted Ky, 4y values
for CAF would be similar across the different copolymers. However, as
seen in Table 3, the more hydrophobic copolymers tended to retain CAF
to some extent, as their Ky, was lower than for the more hydrophilic
polymers. Thus, CAF may form hydrophobic interactions with VAc
chains, but to a smaller extent than HCT. CAF appears to interact
minimally with the more hydrophilic polymers, indicating a low po-
tential affinity between the drug and the polymer. Consequently, the net
diffusive transport of CAF is nearly as fast as it would be without any
polymer present. This can only be the case when the polymer concen-
tration is in the dilute regime, preventing the polymer chains from
significantly hindering CAF diffusion.

Table 3 also shows the fitted diffusion coefficient (De¢f) for HCT and
CAF for various copolymers. This parameter explains how the drug

3.0+
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=154
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054 — PVAS88
—— PVA98
— CAFin PBS
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0 2 4 & 8 10 12 14 16 18 20
time (h)

Fig. 5. HCT (left) and CAF (right) concentration profile over time obtained from the diffusivity measurements. The polymer background is subtracted.
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molecules move within the polymer solution. The D¢ for HCT is higher
for more hydrophilic copolymers, i.e. PVA74, PVA88, and PVA98. These
results align with observations from Fig. 5 and indicate that when the
drug molecules are surrounded by the presence of polymers with a larger
proportion of VAc groups, they diffuse through the polymer media
slower, likely due to hydrophobic drug-polymer interactions. On the
other hand, CAF shows the opposite trend. Dess is lower for CAF in the
case of the more hydrophilic polymers, i.e. PVA88 and PVA98. This
effect may be observed due to the formation of hydrogen bonds between
CAF and hydroxyl groups of the VA chains of the polymer. Even though
CAF is surrounded by the aqueous environment and is likely to form
hydrogen bonds with water molecules, it is likely that it is more ther-
modynamically favorable to interact with the polymer. D¢ for CAF-
PVA74 would be expected to be lower than CAF-PVA50, suggesting
that the model provides approximate values, and should therefore not be
seen as an absolute value.

The drug-polymer interactions discussed would ideally have been
confirmed by other relevant and well-established methods. The authors
have used several methods for this purpose, and some of them are pre-
sented in the previous paper (Korelc et al., 2024). However, due to poor
aqueous solubility of HCT, the high melting point of HCT leading to
degradation of the polymer, and the low ratio of drug to polymer (5/
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spectroscopy (FTIR), differential scanning calorimetry (DSC) or X-ray
powder diffraction (XRPD) turned out to be not suitable for these
systems.

3.4. Correlation between diffusivity data and drug release

The release experiment revealed differences between copolymers
and between the two chemically different drugs. The drug release from
HCT-containing films was determined in a previous study (Korelc et al.,
2024) and is shown in Fig. 6a. Fig. 6b shows the CAF release profile from
the films. The release curves for PVA88 and PVA98 were similar for both
CAF and HCT, exemplified by the drug release rates during the first 30
min for these two copolymers not being significantly different. It would
be expected that large differences in solubility between these drugs
should be the controlling parameter for drug release, even for film for-
mulations with the most hydrophilic copolymers. However, the results
clearly show that this is not the case. This might be explained by both
drugs having time to dissolve in the hydrated film, (i.e., with the poly-
mers in the semi-dilute regime), possibly due to the film preparation
process inducing solid-state morphologies, like solid solutions/disper-
sions, that dissolve quickly. Once dissolved, the drug is transported
through the entangled polymer solution via diffusion, and during this
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Fig. 6. Cumulative amount of a) HCT (reproduced from Korelc et al., 2024) and b) CAF release from the films, normalized per a 100 mg film piece. The values are
presented as average + standard deviation (n = 3).
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However, in this case, the system does not gain free energy from such
interactions between hydrophilic polymers and hydrophilic drugs. In
contrast, for the same drugs with more hydrophobic polymers (PVA35
and PVAS50), it was observed that at the end of the experiment (4 h),
12-27 % of HCT was released, while this value for CAF was 78-91 %.
The slower release of the more hydrophobic HCT could be attributed to
the system gaining free energy from interactions between hydrophobic
regions within the polymer and the HCT molecules. Another factor
influencing the drug release rate can be the behavior of films in the
release media. It was observed that the films exhibited different disin-
tegration and erosion behavior depending on the hydrophilicity of the
copolymer. The films made of more hydrophobic polymers, PVA35 and
PVASO, curled up into small polymer lumps after approximately 10-15
min and tended to stick to the bottom surface as small polymer lumps.
This can be attributed to their poor solubility in PBS, and consequently a
slower drug release rate was detected compared to the copolymers that
were better soluble in the dissolution media. On the other hand, the
films made of more hydrophilic copolymers started to disintegrate after
approximately 20 min, and after 30 min only smaller fragments could be
observed. A higher contact area with the release media might have
contributed to the faster drug release.

The diffusivity and drug release rate were combined to understand if
the diffusivity method can be applied to predict the drug release from
the thin films. As the films were relatively thin, with a thickness of up to
450 um (Korelc et al., 2024), the hydration of such thin systems would
be relatively fast, leading to a fast formation of the swollen structure
with no solid core - this allows for correlation of release from a solid
form with the polymer solution. Fig. 7 shows the correlation between the
calculated efficient diffusion coefficient 1/Ky, v and the drug released
after 20 min of the study. This time point was chosen as the amount of
drug released clearly differed between formulations. Fig. 7 indicates that
the amount of drug released can be correlated to the calculated efficient
diffusion constant, and the fitting had a relatively good correlation co-
efficient (r = 0.930), showing that the diffusion parameters estimate
differences seen in the release studies. The estimated Ky, (Table 3)
were rather similar and close to 1 for CAF, which explains why the CAF
formulations are located close to each other in the correlation plot
(Fig. 7). As discussed above, the more water-soluble drug CAF is well
dissolved in the PBS and show lower affinity towards the polymer. Both
drugs were included in the fitting as they have a similar radius and
similar diffusion coefficient, therefore their effective diffusion coeffi-
cient is expected to be similar. Despite the fact that the figure shows 1/
Km/w> Deff/Dm can be considered equivalent (see Eq. (5). Even though
the correlation was observed, the differences in the release profile were
pronounced for CAF, which the diffusion method did not account for.
Therefore, this can be seen as a screening method that can facilitate the
choice of drug-polymer combinations and the formulation process, but it
cannot fully replace necessary release experiments that provide more
realistic/accurate data, as the model does not account for hydration and
swelling of the film, that occur when a solid film gets into contact with
aqueous media. These factors should be considered and determined, as
they can critically influence the properties and behavior of the drug in
the formulation. However, the focus of this work was to present a quick,
easy, and inexpensive method that could aid with screening different
drug-polymer combinations and observing for potential differences
among them, and this method appeared suitable for this purpose.

4. Conclusion

In this work, we hypothesized that drug release from polymeric thin
films could be estimated by looking at drug diffusivity in diluted drug-
polymer solutions. To test this hypothesis, we applied the UV-Vis
localized spectroscopic method introduced by di Cagno et al. (2018) and
further optimized by Falavigna et al. (2019). We varied the polymers’
hydrophilicity by using PVA/PVAc copolymers with vinyl alcohol ratios
ranging from 35 % to 98 %, and we examined the hydrophilicity
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Fig. 7. Correlation between the cumulative amount of drug released from films
after 20 min of the experiment (HCT and CAF) and calculated efficient diffusion
coefficient, here shown as 1/Kp w.

dimensions of the drugs by using HCT and CAF with a solubility ratio of
1:30. The UV-Vis localized spectroscopic method resulted to be suitable
for the purpose, showing a positive correlation between diffusional data
and classical film release rates. Moreover, it was found that the in-
teractions were strongest for the most hydrophobic drug/polymer for-
mulations and weakest for the most hydrophilic formulations. Our
findings demonstrate that combining diffusion and release experiments
provides a deeper understanding of the drug release mechanism.
Therefore, this method can be seen as a promising, quick, and inex-
pensive tool for developing polymer-based thin films.
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