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ARTICLE INFO ABSTRACT

Keywords: The study aims to develop new prolonged delivery systems of pilocarpine hydrochloride (pilocarpine-HCl) for the
Films therapy of glaucoma. Polymer films based on gellan gum (GG) and its mixtures with poly(2-ethyl-2-oxazoline)
Gellan gum (POZ) at different ratios were prepared by casting. The films were found to be homogeneous, transparent, and
s[l;lclicgirl?; sufficiently flexible. The GG:POZ mixtures were examined using spectroscopic, thermal and microscopic
Mucoadhesion methods. Additionally, the mechanical and mucoadhesive properties of GG and GG:POZ films were studied. It

Ocular drug delivery
Pilocarpine hydrochloride
poly(2-oxazoline)

was found that the greater content of gellan gum in the mixture enhances the mechanical strength and
mucoadhesive properties of GG:POZ films. In vivo experiments in rabbits were conducted to evaluate the prac-
tical application of these films loaded with pilocarpine hydrochloride. The results demonstrate the effectiveness

of the polymeric films compared to traditional eye drops in terms of prolonged release of the miotic drug and
extended therapeutic effect duration.

1. Introduction

The term "glaucoma" describes a group of ocular conditions with
several characteristic features: firstly, it is a constant or periodic increase
in intraocular pressure (IOP) above the individually tolerated levels;
secondly, it is the development of specific visual field lesions and optic
nerve atrophy, which can ultimately lead to blindness [1]. This disease
has a profound negative effect on the psychological, social, and
emotional well-being of the patients. There are two most common forms
of glaucoma: open-angle glaucoma (leads to excessive fluid production)
and closed-angle glaucoma (leads to rapid, painful, and irreversible loss
of vision up to blindness). Unfortunately, modern ophthalmology is not
yet able to completely cure a person from glaucoma, but with regular
medication, intraocular pressure can be controlled and the damage to
the optic nerve can be prevented. Ophthalmologists use various thera-
peutic agents to treat glaucoma, such as p-blockers, prostaglandin

analogues, carbonic anhydrase inhibitors, sympathomimetics and mi-
otics [2]. Drug therapy is usually prescribed in the form of antiglaucoma
eye drops, which require strict adherence to the administration
schedule. Patients diagnosed with glaucoma are typically required to
administer eye drops throughout their life.

Pilocarpine is one of the drugs used to treat angle-closure glaucoma.
It is available as eye drops of 1-2% pilocarpine hydrochloride or pilo-
carpine nitrate. However, due to the physiological barriers, topically
administered pilocarpine drops result in a low drug bioavailability of
1-3% in the eye [3]. In this regard, there is a strong interest in devel-
oping effective drug delivery systems for glaucoma therapy [4].

Various mucoadhesive delivery systems for pilocarpine targeting eye
tissues have been developed for the therapy of glaucoma. Durrani et al.
[5] explored the use of Carbopol 1342 as a mucoadhesive polymer to
improve the intensity and duration of the miotic response of pilocarpine
nitrate incapsulated in liposomes using albino rabbits. Saettone with

* Corresponding author. Reading School of Pharmacy, University of Reading, Whiteknights, PO Box 224, RG6 6AD, Reading, United Kingdom.

** Corresponding author. Regional State University, Aktobe, 030000, Kazakhstan.

E-mail addresses: guzelab82@mail.ru (G.K. Abilova), v.khutoryanskiy@reading.ac.uk (V.V. Khutoryanskiy).

https://doi.org/10.1016/j.jddst.2024.106492

Received 28 October 2024; Received in revised form 29 November 2024; Accepted 4 December 2024

Available online 4 December 2024

1773-2247/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:guzelab82@mail.ru
mailto:v.khutoryanskiy@reading.ac.uk
www.sciencedirect.com/science/journal/17732247
https://www.elsevier.com/locate/jddst
https://doi.org/10.1016/j.jddst.2024.106492
https://doi.org/10.1016/j.jddst.2024.106492
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jddst.2024.106492&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G.K. Abilova et al.

co-workers [6] reported the design of cylindrical ocular inserts based on
blends of poly(vinyl alcohol), glyceryl behenate and different polymers
(xanthan gum, jota-carrageenan, hydroxypropyl methylcellulose, and
hyaluronic acid) for formulating pilocarpine nitrate using an extrusion
technique. These inserts were then coated with a mixture of Eudragit RL
and RS. The miotic activity tests conducted using these inserts estab-
lished prolonged drug release and improved performance in the case of
the coated formulations compared to uncoated ones. Choy et al. [7]
demonstrated the sustained release of pilocarpine using mucoadhesive
microparticles in a rapidly dissolving tablet, while ince et al. [8]
developed a pilocarpine microemulsion with good physicochemical
properties and stability. The potential of mucoadhesive poly
((2-dimethylamino)ethyl methacrylate) nanogels for sustained release
of pilocarpine was also reported by Brannigan et al. [9].

Ocular films have gained significant attention as emerging drug de-
livery platforms, offering sustained drug release, improved bioavail-
ability, and enhanced patient comfort [10,11]. These thin, transparent
polymeric matrices, when applied directly onto the ocular surface,
provide prolonged contact time, reduced systemic absorption, and
minimized side effects compared to traditional eye drops. Incorporating
pilocarpine, a well-established miotic agent, into ocular films presents a
promising approach for optimizing glaucoma therapy. Hsiue et al. [12]
has reported that polymers such as poly(2-hydroxyethylmethacrylate)
can significantly improve the bioavailability and retention of pilocar-
pine in the ocular tissues. Wafa et al. [13] studied ocular inserts and in
situ film-forming liquids, finding comparable efficacy for delivering
pilocarpine. Alotaibi et al. [14] reported the development of ocular in-
serts (films) based on blends of hydroxypropylmethylcellulose with poly
(vinyl alcohol) and loaded these with pilocarpine hydrochloride
encapsulated in niosomes. They demonstrated that these inserts could
ensure a sustained release of the drug over 24 h in in vitro experiments.
These studies collectively highlight the potential of mucoadhesive films
for ocular pilocarpine delivery, with the need for further research to
optimize their performance.

The development of drug delivery vehicles relies on different natural
and synthetic polymers, each with their own advantages and challenges
[15-18]. Natural polysaccharides exhibit remarkable properties, mak-
ing them widely favored and valuable for a range of biomedical appli-
cations [19]. Among them, gellan gum, a polysaccharide derived from
aerobic fermentation, stands out as a promising material with excellent
film-forming properties due to its malleability and high efficiency. The
films based on gellan gum have found applications in formulations for
wound healing, bone regeneration, and drug delivery systems. Gellan
gum is already used as a component of ocular formulations for the
therapy of glaucoma, for example, eye drops called Timoptol TM with
timolol maleate are available commercially [20]. Previously, Agibayeva
et al. [21] reported chemically modified gellan gum with enhanced
mucoadhesive properties for delivery of pilocarpine hydrochloride to
the eye.

Formulation of ocular films using water-soluble polymers often re-
quires optimization of their properties to meet several requirements
such as mechanical properties and integrity, swellability, and tailored
mucoadhesive properties. One of the strategies to achieve these optimal
film formulations is blending of different water-soluble polymers. Pre-
viously, we reported optimization of polymeric films by blending chi-
tosan with poly(2-ethyl-2-oxazoline) as a non-ionic water-soluble
polymer [22]. Although we did achieve some optimal film characteris-
tics, this study did not involve any model drug formulation and its ef-
ficiency evaluation.

In this study we explored the preparation of ophthalmic films with
pilocarpine hydrochloride by blending gellan gum with poly(2-ethyl-2-
oxazoline). The physicochemical properties of these films were evalu-
ated at different polymer ratios using thermal methods, Fourier-
transform infrared spectroscopy and scanning electron microscopy.
Mucoadhesive properties of these films were studied with ex vivo ocular
tissues using a tensile test. Non-invasive in vivo experiments performed
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on rabbits provided valuable information about the efficiency of these
formulations. As far as we are aware, this is the first investigation into
the miscibility of these polymers and application of their blends in
ocular drug delivery.

2. Experimental section
2.1. Materials

Gellan gum (Gelzan™ CM - Gelrite®, MW ~ 1000-2000 kDa, GG),
poly(2-ethyl-2-oxazoline) (POZ, MW ~ 50 kDa, PDI 3-4) were pur-
chased from Sigma-Aldrich (Gillingham, UK). Pilocarpine hydrochloride
was purchased from Merck (Brazil).

2.2. Preparation of drug-free films

All films were prepared using the solution casting and solvent
evaporation method. To prepare a 0.75 % w/v gellan gum solution, 3.75
g of pure polymer powder was dissolved in 500 mL of deionized water
with continuous stirring at 60 °C for 3-4 h. Poly(2-ethyl-2-oxazoline)
solutions (1.0 % w/v) were prepared by dissolving 5.0 g of polymer in
500 mL of deionized water with a pH of 6.8 and continuous stirring for 1
h. The film-forming mixtures were prepared by blending aqueous solu-
tions of gellan gum and poly(2-ethyl-2-oxazoline) at different volume
ratios. The blend films were designated as follows: the uppercase letters
GG represented the gellan gum component, and the uppercase letters
POZ represented the poly(2-ethyl-2-oxazoline) component in the blend.
The blends were denoted by GG:POZ followed by volume ratios enclosed
in parentheses, such as (100), (90:10), (80:20), (70:30), (60:40),
(50:50), (40:60) and (30:70). All film-forming solutions were thor-
oughly mixed using magnetic stirring for 30 min at 1500 rpm. Once a
homogeneous solution was achieved, it was poured into a Petri dish and
left at room temperature for several days until the solvent had fully
evaporated. To study the mechanical and mucoadhesive properties,
films were prepared by adding 0.5 % w/v glycerol to increase their
flexibility.

2.3. Preparation of pilocarpine hydrochloride — loaded films

Films loaded with two different concentrations of pilocarpine hy-
drochloride were prepared. For this purpose, precise amounts of pilo-
carpine hydrochloride, 0.084 g and 0.042 g, were dissolved in 30 mL of a
prepared GG:POZ (60:40) solutions over 60 min until complete ho-
mogenization. The prepared solutions were then poured into 9 cm
diameter Petri dishes and dried as previously described. The content of
pilocarpine hydrochloride in each rectangular drug film with an area of
0.5 cm? was either 3.8 mg or 7.5 mg.

2.4. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded using a Cary 660 Agilent FTIR spec-
trometer (Agilent Technologies, USA) with an attenuated total reflec-
tance accessory featuring a diamond crystal.

2.5. Modulated differential scanning calorimetry (mDSC)

Modulated differential scanning calorimetry (mDSC) measurements
were conducted using a Discovery DSC™ (TA Instruments, New Castle,
DE, USA) with a refrigerated cooling system (RCS90). Data analysis was
performed with TRIOS™ software (version 5.1.1.46572, TA In-
struments, New Castle, DE, USA). All calorimetric experiments utilized
Tzero aluminum pans (TA Instruments, New Castle, DE, USA), with an
empty pan as the reference. Dry nitrogen was used as purge gas at a flow
rate of 50 mL/min. Samples (3-5 mg) were initially cooled from room
temperature to 10 °C, held at 10 °C for 5 min, then heated to 150 °C. The
modulation settings included a heating rate of 2 °C/min, a modulation
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period of 60 s, and an amplitude of 0.636 °C. Afterward, the samples
were rapidly cooled back to 10 °C, held for 5 min, and reheated to 150 °C
under identical conditions. Glass transition temperatures were deter-
mined during the second heating cycle using the reversing heat-flow
signals. All measurements were conducted in triplicates.

2.6. Thermogravimetric analysis (TGA)

TGA of pure GG, pure POZ, and the GG/POZ blend samples was
carried out using a Discovery TGA instrument (TA Instruments, New
Castle, DE, USA). The analysis was conducted from 30 to 500 °C at
10 °C/min heating rate in a nitrogen atmosphere. The moisture content
in the films was evaluated using the weight loss observed in the initial
step of their TGA thermograms (up to approximately 150 °C).

2.7. Scanning electron microscopy (SEM)

SEM experiments used a FEI Quanta 3D 200i Scanning Electron
Microscope instrument (FEI UK Ltd., UK). To achieve high-resolution
imaging, the measurements were conducted in high-vacuum mode
employing a secondary electron detector, with an applied accelerating
voltage of 20 kV. Prior to imaging, the surfaces of the GG and GG:POZ
films were sputter-coated with a thin layer of gold to enhance image
clarity. The specimens were securely mounted on aluminum stubs using
carbon adhesive tape to ensure stability during the examination process.

2.8. Mechanical analysis

The puncture strength (PS) and elongation at break (EB) values of the
samples were determined using a TA.XT Plus Texture Analyser (Stable
Micro Systems Ltd., UK) in a compression mode, and the tests were
conducted at room temperature. Film thickness values were measured
using a handheld micrometer, with 6 measurements taken at different
positions for each sample, and the mean values were subsequently
calculated. The average film thickness was 0.065 + 0.002 mm.

For the testing procedure, square-shaped film samples measuring 30
x 30 mm were secured between two plates with a cylindrical hole of 10
mm diameter, resulting in a sample holder hole area of 78.54 mm?2.
These samples were compressed using an upper load of a 5 mm stainless
steel spherical ball probe (P/5S) at a test speed of 1.0 mm/s. The plate
was stabilized using two pins to prevent any movements.

The following testing parameters were used: a pre-test speed of 2.0
mm/s, a test speed of 1.0 mm/s, a post-test speed of 10.0 mm/s, target
mode set to distance with a target distance of 5 mm, an auto-trigger type,
and a trigger force of 0.049 N. The film samples were punctured, and the
puncture strength was then calculated using the following equation [23,
247:

_ Force
Ary

PS (€Y

where Force is the maximal force recorded during the strain.
Elongation at break (EB) is defined as the ratio of the film’s extension
at the rupture point to its initial length, expressed as a percentage:

2 2
EB— (%b”— 1) % 100% @

where a’ is the initial length of the sample that is not punctured by the
probe; b is the penetration depth/vertical displacement by the probe; r is
the radius of the probe; and a is the radius of the film in the sample
holder opening. All experiments were performed 3 times, and the
average values along with standard deviations were computed and
statistically analyzed.
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2.9. Ex vivo mucoadhesion studies

The investigation into the mucoadhesive characteristics of the films
on the mucosal surface of sheep’s eyes utilized a tensile method,
employing a Texture Analyser XT Plus (Stable Micro Systems Ltd., UK)
with a cylindrical aluminum probe P/10, measuring 10 mm in diameter.
To conduct the experiments, each film was cut into 10 mm discs and
subsequently affixed to the probe using a double-sided adhesive tape.

Sheep eyes were procured from Altyn-Orda Abattoirs (Almaty,
Kazakhstan) following animal slaughter. Each ocular mucosal tissue
specimen was firmly attached to the mucoadhesion rig and moistened
with artificial tear fluid (ATF) prior to each test. ATF was prepared in
accordance with our previous report [22] and comprised the following
components: 3.35 g NaCl, 1 g NaHCOs, and 0.0305 g CaCly, dissolved in
500 mL of deionized water.

During the adhesion experiments, each film sample, secured to the
cylindrical probe, was gently pressed onto the moist conjunctiva of a
sheep’s eye, maintaining contact for 30 s to ensure full attachment.
Subsequently the probe was retracted until full detachment from the
biological substrate was achieved. All adhesion experiments were per-
formed using the following settings: pre-speed test 0.5 mm/sec; test-
speed 0.5 mm/sec; post-test speed 10.0 mm/sec; applied force 100 g;
return distance 10 mm; contact time 30 s; trigger type auto; trigger force
0.049 N. Each experiment was repeated five times using different sheep
eyes.

Data derived from these experiments were employed to evaluate the
film’s mucoadhesive strength. This assessment encompassed deter-
mining the maximum force required for detachment (F,qn) and
computing the total work of adhesion, represented as the area under the
force/distance curve (Wyqn). Each film sample underwent these mea-
surements five times, ensuring a thorough and dependable analysis of
their adhesive properties when in contact with the sheep’s eye
conjunctiva.

2.10. In vivo experiments

In vivo experiments with drug-loaded films were performed using
chinchilla rabbits (2350-2920 g, both males and females) according to a
previously described protocol [21]. These experiments were approved
by Marat Ospanov West Kazakhstan Medical University (Kazakhstan,
Aktobe) ethics committee (approval No. 3 from March 28, 2023) and
were performed in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Visual Research. All rabbits were kept in
standard cages and had unrestricted access to food and water. Before the
start of experiments, chinchilla rabbits were randomly assigned into 4
groups (n = 3). All rabbits were acclimatized to laboratory testing
conditions for 30 min before the study. Each rabbit was carefully
swaddled in cotton cloth during the experiment to prevent them from
touching their eyes and displacing the polymer film. However, their eye
and eyelid movements were not restricted. The pupil diameters were
evaluated using a wooden ruler at a fixed distance from the rabbit’s eye.
The dosage form—either eye drops containing 1 % pilocarpine hydro-
chloride or polymer films with varying concentrations of pilocarpine
hydrochloride, - was applied to the lower conjunctiva of the rabbit’s left
eye. A 0.9 % NaCl solution was instilled into the right eye as a control,
and the pupil diameter of both eyes was measured. The diameters of the
left and right pupils were measured alternately three times, and the
average value was calculated. The above procedure was repeated using
films measuring 3 x 5 mm containing 3.8 and 7.5 mg of pilocarpine
hydrochloride and drug-free films. The pupil diameters of the right and
left eyes were measured at the following time intervals: 0, 10, 20, 30, 60,
90, 120, 150, 180, 210, and 240 min. At these time intervals, digital
images were acquired using a web-camera and then processed using
ImageJ software to calculate the difference in pupil diameter between
the right (Dyight, mm) and left (Djer, mm) eyes:



G.K. Abilova et al.

A =Dyighe — Dieg 3

To evaluate the pharmacological response of the different formula-
tions, the areas under the curve for the decrease in pupil diameter
(Apupil diameter, after baseline correction) over a 240-min period
(AUCo-240) were determined using the trapezoidal rule.

2.11. Statistical analysis

The results of all experiments are presented as mean + standard
deviation from at least 3 independent experiments. For mechanical
studies at least three and for mucoadhesion studies at least five different
specimens were used for each measurement. The data, represented as
mean values + standard deviations, were evaluated for significance with
a two-tailed Student’s t-test and a one-way ANOVA followed by a Bon-
ferroni post hoc test, conducted with GraphPad Prism software (version
7.0). A p-value <0.05 was considered statistically significant.

3. Results and discussion
3.1. Preparation and characterisation of films

The film casting method was chosen for this study because of its cost-
effectiveness and ease of preparation at the laboratory scale. All the
films prepared with the GG:POZ combination displayed homogeneity,
though with slight brittleness. They appeared transparent, devoid of
insoluble particles, and could be easily removed from Petri dishes. The
addition of glycerol as a plasticizer resulted in softer and more flexible
films compared to those without this compound.

During preliminary trial by varying the amount of glycerol (between
0.25 and 1.25 % w/v) different formulations were prepared. The
composition GG:POZ (60:40), which exhibited the desired characteris-
tics of texture and uniform thickness, was chosen for the preparation of
ocular films containing pilocarpine hydrochloride.

3.2. Fourier transform infrared spectroscopy (FTIR)

FTIR spectral analysis of pure gellan gum, pure poly(2-ethyl-2-
oxazoline) (POZ), and their drug-free blends offers valuable insights
into the molecular interactions between the polymers (Fig. 1). The FTIR
spectrum of gellan gum contains several characteristic absorption bands
associated with carboxyl and hydroxyl groups. The absorption band
centered at 3300 cm ! shows the presence of free or associated hydroxyl
groups (O-H). The absorption band in the 3000-2800 cm ™! range is
associated with stretching vibrations of the valence bonds of C-H in alkyl
groups [25]. Carbonyl groups (C=0) within the gellan gum are present
in relatively low quantities, resulting in a low absorption intensity at the
vibrational frequency of 1609 cm ™! in the spectrum of pure gellan gum.
The absorption bands at 1452 and 1407 cm™! are indicative of defor-
mative vibrations of CHs and CHj groups present in the side chains of
gellan gum [25].

The absorption bands at 1230 and 1034 cm ™! characterize valence
vibrations of C-O and C-C bonds in the glycosidic linkages of the gellan
gum, respectively [26].

The spectrum of the POZ film reveals the broad absorption band at
3372 cm™}, indicating the presence of bound water that has not been
completely removed from the sample. The absorption bands at 2975
em !, 2940 cm™!, and 2884 cm™! correspond to the valence vibrations of
the -CHjs, -CHp, and -CH groups, respectively. The absorption bands at
1626 cm™', 1424 cm™), and 1374 cm™! are associated with the valence
vibrations of -C=0 (amide I) and the deformative vibrations of -CH3 and
-CH groups [27]. The interactions between gellan gum and poly
(2-ethyl-2-oxazoline) can be inferred from the shift in the positions of
the peaks of their respective functional groups in the FTIR spectra. The
absorption band centered at 3600-3000 cm-, attributed to the
stretching of OH exhibited significant changes likely due to
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Fig. 1. FTIR spectra of pure gellan gum (1), pure POZ (9) and its blends.
Content of POZ in the blends: 10 (2), 20 (3), 30 (4), 40 (5), 50 (6), 60 (7) and 70
% (8).

intermolecular hydrogen bonds. In comparison to the pure POZ film, the
absorption band at 3372 cm! shifted to lower wavenumbers in GG/POZ
films. This shift was likely caused by hydrogen bonding due to the
additional OH groups present in GG. The band observed at 3355 cm™! in
the GG:POZ (30:70) film shifted to 3340 cm™! in the GG:POZ (90:10)
films, suggesting an increase in intermolecular hydrogen bonding be-
tween GG and POZ.

The band at 1623 cm-! was attributed to carbonyl stretching vibra-
tions and the shift in the carbonyl band implied the presence of
hydrogen bonding between GG and POZ within the films. This band,
initially observed at 1623 cm! in the GG:POZ (30:70) film shifted to
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1618 cm! in the GG:POZ (90:10) sample, indicating a possible increase
in the contribution of intermolecular hydrogen bonding between the
polymers forming the blend.

3.3. Differential scanning calorimetry

It is widely recognized that the compatibility of polymers necessi-
tates blending at a molecular level, thereby averting phase separation
within the composite. Miscible polymer blends should display a single
glass transition temperature (Tg), observed between the Tg values
characteristic of the individual components. Conversely, in instances of
incompatible components, both Tg values will be present and will
remain relatively unchanged.

The miscibility analysis of GG:POZ polymer blends was conducted
employing differential scanning calorimetry (DSC), a technique widely
recognized for its precision in characterizing thermal transitions within
materials. DSC thermograms of pure gellan gum, pure POZ, and their
blends are shown in Fig. 2. The glass transition temperature (Tg) of pure
POZ is observed at 56 °C, which is in agreement with the literature data
[28]. Notably, in the case of pure gellan gum, a discernible Tg peak was
not observed in the thermogram.

This can be explained by a semicrystalline nature of this polymer
[29]. The crystalline regions present in the polymer may limit the
mobility of the amorphous chains, making the Tg difficult to detect
against other processes. Additionally, in polymers with high crystal-
linity, the Tg can be masked by broader thermal transitions like melting
or degradation. According to the literature, the Tg of gellan is 40-60 °C
[30,31]. The difficulties of detecting the glass transition temperature
using DSC were also observed by us previously for other polysaccharides
such as chitosan [22].

In GG:POZ blends, a single glass transition temperature (Tg) was
observed at approximately 60 °C, slightly higher than the value for pure
POZ, though the difference was minimal.

The detection of a single Tg on the thermograms of these blends
suggests the presence of intermolecular interactions between the poly-
mers, resulting in a fully miscible blend structure where macromolecules
of both polymers are mixed at the molecular level. Furthermore, the

—‘Nmm
I
w:m)
wﬁm

GG:POZ(60:40)

GG:POZ (50:50)

Heat Flow

GG:POZ (40:60)

GG:POZ (30:70)

POZ (100)

0 20 40 60 80 100
Temperature

120 140

Fig. 2. DSC thermograms of pure GG, pure POZ and GG/POZ blends prepared
at various polymer ratios.
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crystalline regions of gellan gum may contribute to stabilization of the
blend, preventing significant shifts in the Tg when POZ is added.

Notably, in the blends with lower POZ content, specifically at (90:10)
and (80:20) ratios, a distinct glass transition temperature was not clearly
identified on the thermograms. This could be attributed to the domi-
nance of the gellan gum in these blends, which restricts the mobility of
the amorphous regions, thereby hindering the detection of the glass
transition.

3.4. Thermogravimetric analysis

A thermogravimetric analysis was conducted for GG:POZ films with
various compositions to assess their thermal stability and mass loss
behavior. This analysis aimed to further understand their compatibility,
as deviations in degradation temperatures provide additional insights
into the miscibility of polymers in the blends. The TGA curves for the
films are shown in Fig. 3. Pure GG films exhibited two degradation
stages in the thermogram. Initially, a minor weight loss occurred be-
tween 60 °C and 150 °C, attributed to the evaporation of water, whose
molecules are physically associated with the polymer matrix, consti-
tuting approximately 11 % of the sample. The second stage, observed
between 230 °C and 250 °C, is likely due to the degradation of GG,
leading to chain destruction via dehydration, deamination, and ring-
opening reactions [32].

In contrast, pure POZ films demonstrated greater thermal stability
compared to 100 % GG. The initial weight loss, starting above 50 °C,
involved the removal of physically-bound water, accounting for
approximately 3.2 % of the total weight. The second stage of decom-
position commenced above 383 °C [28], with the maximum degradation
rate observed at 410 °C, resulting in 96 % weight loss at 420 °C. These
findings are consistent with our previous studies, which reported also a
single decomposition stage of POZ at approximately 400 °C [22,33]. The
thermal behavior of GG:POZ blends showed a three-step decomposition
profiles: in the first stage, spanning from 50 °C to 150 °C, there is a loss
of physically bound water; in the second stage, occurring between
225 °C and 262 °C, the degradation of gellan gum takes place; the third
stage, spanning from 345 °C to 395 °C, showing the degradation of poly
(2-ethyl-2-oxazoline). During the second degradation stage, the GG/POZ
films with ratios of (90:10), (80:20), and (70:30) demonstrated signifi-
cant weight loss of approximately 43 %, 37 %, and 33 %, respectively. In
contrast, as the POZ content in the mixture increases, the formulations
such as GG:POZ (60:40), GG:POZ (50:50), GG:POZ (40:60), and GG:POZ
(30:70) exhibited comparatively lower weight loss rates of about 28 %,
25 %, 17 %, and 15 %, respectively. However, in the third stage, an
inverse relationship was observed. Formulations of the films with the
ratios of (90:10), (80:20), and (70:30) displayed weight losses of 16 %,
24 %, and 35 %, respectively. Meanwhile, GG:POZ (60:40), GG:POZ

—GG (100)
100 —GG:POZ (90:10)
= —GG:POZ (80:20)
—GG:POZ (70:30)
—GG:POZ (60:40)
80 —GG:POZ (50:50)
= GG:POZ (40:60)
s —GG:POZ (30:70)
= 60 1 —POZ (100)
w»n
=
=
B
=
20 4
0 ’ ’ . ’ .
0 100 200 300 400 500

Temperature (°C)

Fig. 3. TGA curves of pure GG, pure POZ and GG/POZ blends at various
polymer ratios.
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(50:50), GG:POZ (40:60), and GG:POZ (30:70) samples lost about 46 %,
49 %, 65 %, and 68 % of their weight, respectively. It is important to
note that the temperatures at which the degradation rates for stages 2
and 3 peaked exhibited a strong correlation with the blend composition.
The results indicated that a higher POZ content in the blend corre-
sponded to a lower rate of weight loss. Thus, the presence of POZ in the
blend enhances the thermal stability of GG; as the content of POZ in-
creases, the thermal stability of the GG:POZ polymer blend also im-
proves, which is likely related to the formation of weak hydrogen bonds
between the polymers.

3.5. Scanning electron microscopy (SEM)

SEM is a very common technique to probe the compatibility between
the polymers in the blends. If two polymers are miscible, they typically
form uniform blends, which is often observed in SEM images [34-36].
On the contrary, if two polymers are fully immiscible (incompatible),
the blend morphology typically exhibits phase separation.

The cross-sectional morphology and surface microstructure of the
polymer films were examined using scanning electron microscopy
(Fig. 4).

The SEM analysis revealed that the GG:POZ films, particularly at low
POZ concentrations, have a smooth and homogeneous surface. This
homogeneity is likely due to the interactions and excellent compatibility
between GG and POZ at these lower ratios. However, with increasing
POZ content, slight changes in the surface morphology were observed.
Specifically, the surfaces of the GG:POZ (70:30), GG:POZ (50:50), and
GG:POZ (30:70) films demonstrated a relatively smooth texture with
minimal surface irregularities, suggesting some heterogeneity in the
POZ distribution within the GG matrix. Further analysis of the cross
sections provided additional insight into the internal structure of the
films. The pure GG sample exhibited a dense and layered structure,
consistent with the surface morphology observed. In contrast, the GG:
POZ (30:70) composition film displayed significant changes in the in-
ternal morphology, showing a more homogeneous and less layered in-
ternal structure. Moreover, the absence of visible defects such as pores,
cracks, or bubbles indicates that the films maintained a certain degree of
structural integrity, despite an increase in surface heterogeneity.
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3.6. Mechanical analysis

To study the mechanical characteristics of the films, a tensile test was
conducted. This is a standard method for assessing the mechanical
characteristics of pharmaceutical film formulations, including ocular
films. Fig. 5 presents the data on puncture strength and elongation at
break for the films, with the values expressed as the mean of three in-
dependent measurements. For the film composed of pure gellan gum,
the puncture strength was 1.17 + 0.18 N/mm?, while the elongation at
the break point was 30.29 + 6.57 %, indicating good elastic properties
of this material. As the proportion of POZ in the blend increased, a
consistent decline in puncture strength was observed, with the GG:POZ
(30:70) film exhibiting a minimum value of 0.37 + 0.01 N/mm? and an
elongation at break of 21.69 + 0.19 %.

These findings suggest that higher POZ content diminishes the
resistance of the films to mechanical damage, such as punctures, and
also reduces their elasticity, rendering them more brittle. Both graphs
depict a nearly linear decrease in mechanical properties as the POZ
content increases. This trend is likely attributed to the role of gellan gum
in formation of a rigid matrix that imparts better mechanical strength. A
reduction in gellan gum content in the films weakens their overall
structure, as the matrix becomes less dense and less capable of with-
standing mechanical stresses. This is likely due to a reduction in
hydrogen bonding between gellan gum macromolecules (GG-GG) and
the formation of hydrogen bonds between gellan gum and POZ (GG-
POZ). The analysis confirmed that the observed decrease in the puncture
strength with increasing POZ content is statistically significant, with
specific differences highlighted between GG(100) and GG:POZ (50:50),
GG:POZ (40:60), and GG:POZ (30:70) films (p < 0.05). However, the
elongation at break values did not show statistically significant differ-
ences between the groups, indicating that while puncture strength is
greatly affected by POZ content, the elasticity of the films remains
relatively consistent across different formulations.

3.7. Mucoadhesive properties

The mucoadhesive properties of the films facilitate their better
retention on mucosal surfaces. The films with strong mucoadhesive
characteristics are usually capable of adhering to the mucosal surface for
extended periods, thereby facilitating higher localized concentrations of
the drug at the site of application. In this work, the mucoadhesive

Fig. 4. SEM images of (A) pure GG and its blends with POZ (B, C, D, E) surface and cross-sections (F) pure GG and (G) GG:POZ blends. Content of POZ in the blends:

10 (B), 30 (C), 50 (D) and 70 % (E,G). Scale bars are 20 pm.
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properties of the films were evaluated using a tensile test, employing a
TA.XTPlus Texture Analyzer. This test is widely used for assessing the
mucoadhesive properties of different pharmaceutical formulations,
including films. Sheep conjunctiva was used as a model mucosal mem-
brane for evaluating mucoadhesive properties. The maximum detach-
ment force (Faqn) and the total adhesion work (W,qn) were determined
for the detachment of drug-free GG and GG:POZ films from the con-
junctiva of freshly excised sheep eyes (Fig. 6).

The results revealed that pure GG films (GG (100)) exhibited the
highest mucoadhesive force (~0.59 + 0.12 N) and the total work of
adhesion (~0.22 + 0.03 N-sec), confirming the strong mucoadhesive
capacity of this material on the ocular mucosa. This is likely attributed to
ionic nature of GG. Ionic polymers are known for their superior
mucoadhesive properties compared to the non-ionic ones [37]. A sig-
nificant decrease in both F,qy, and W,qi, was observed as the POZ content
in the films increased. This reduction was particularly prominent in the
GG:POZ (60:40), GG:POZ (50:50), and GG:POZ (40:60) formulations, as
confirmed by statistical analysis (p < 0.01). These results are consistent
with our previous research [22], where a similar reduction in mucoad-
hesive properties was observed with increasing POZ content in the
blends with chitosan. Notably, POZ exhibits weak mucoadhesive prop-
erties due to its non-ionic nature, which significantly diminishes the
films’ ability to adhere to mucosal membranes. The formulations with

lower POZ content GG:POZ (90:10) and GG:POZ (80:20) did not show
significant differences compared to pure GG.

3.8. In vivo experiments

To evaluate the ability of GG:POZ films to deliver drugs to the eye in
vivo, a formulation composed of GG:POZ (60:40) blend was prepared
with inclusion of two different concentrations of pilocarpine hydro-
chloride. This in vivo study was conducted using rabbits to assess the
efficacy of pilocarpine hydrochloride — loaded mucoadhesive films and
traditional eye drops. The use of pilocarpine hydrochloride in these
formulations allows non-invasive evaluation of their efficiency in vivo
due to the ability of this drug to induce pupil constriction (miosis).

Previous in vivo studies have demonstrated that pilocarpine formu-
lations incorporating gellan and its methacrylate derivatives enhance
the drug’s pharmacological efficacy, particularly in formulations with
low-degree (~6 %) of GG methacrylation [21]. In the present study,
either mucoadhesive films or eye drops were carefully administered
onto rabbits lower eyelid conjunctiva of their left eye and right eye
served as a control. Changes in pupil diameter were monitored by
periodically capturing images with a ruler as a size reference. Fig. 7 il-
lustrates the pupillary response in rabbits before and after administra-
tion of pilocarpine in both forms. Visual analysis revealed that both
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delivery methods — eye drops and pilocarpine-loaded films — elicited a
marked pupil constriction.

The results of these observations were analyzed using image analysis
and are presented in Fig. 8.

It is seen that in both types of pilocarpine-HCI dosage forms (drops
and films) the maximal reduction in pupil diameter is achieved in
approximately 25-30 min post administration. The comparison between
the curves recorded for the left eye with administered formulation and
the right eye used as a control provides an opportunity to evaluate the
extent of the pharmacological effect. A control experiment, where drug-
free film was administered, showed no difference with the data recorded
for the right eye.

Fig. 9 presents the values of Apupil between the left and the right
eyes as a function of time post administration. The polymer films
induced a more prolonged and intense miosis than the eye drops. After
achieving the maximal pupil constriction within the first 25-30 min
post-administration, the pupil diameter values gradually returned to the
baseline within 3.5 h. Notably, the difference in the duration of the ef-
fect between the formulations became apparent during this recovery
phase. The constriction effect of eye drops was more short-lived,
beginning to diminish within 60-90 min. In contrast, pilocarpine films
produced a more sustained and consistent effect, lasting up to 240 min.

These findings are further corroborated using additional analysis by
calculating the area under the curve (AUCy.240) values (Fig. 10), which
revealed statistically significant greater values for films containing 7.5
mg pilocarpine-HCl (AUCj¢.240 = 494.54 + 60.17 a.u.) compared to eye
drops (AUCjg.240 = 163.64 £+ 59.33 a.u.) and films containing 3.8 mg
pilocarpine-HCl (AUCj¢.249 = 377.81 + 207.60 a.u.). The control group,
which received polymer films without pilocarpine-HCI, exhibited min-
imal changes in pupil diameter (AUCjg.240 = 18.85 + 10.98 a.u.), con-
firming that the observed miosis was attributable to the active
pharmaceutical ingredient rather than the polymer matrix itself.

Importantly, pilocarpine-HCI films did not cause any adverse effects
such as excessive tear production, tissue redness, or inflammation,
suggesting good safety and tolerability for ocular application. Despite
the straightforward nature of the measurements, external factors such as
lighting conditions may have impacted the results. Rabbit pupils are
highly sensitive to environmental light changes, which could explain
some of the observed fluctuations and error margins in the graphs.
Nonetheless, these variations did not alter the overall conclusion, which
clearly demonstrated the superiority of polymer film formulations over
eye drops. In summary, polymer films offer a more effective and sus-
tained method of pilocarpine-HCl delivery, ensuring prolonged action
and excellent safety in ocular applications.
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4. Conclusions

This study successfully developed and thoroughly characterized
polymer films composed of gellan gum and poly(2-ethyl-2-oxazoline) for
the ocular delivery of pilocarpine hydrochloride. The films demon-
strated excellent miscibility, mechanical, thermal and textural proper-
ties, as confirmed by FTIR, DSC, and TGA analyses. These studies
confirmed the compatibility of the polymer components and revealed
the presence of intermolecular interactions that contributed to the
structural stability of the films. The films exhibited sufficient mechanical
strength and elasticity, making them suitable for ocular applications,

while good mucoadhesive properties of gellan gum facilitated their
prolonged retention on the ocular surface, ensuring sustained drug
release.

In vivo experiments using rabbits further confirmed the efficacy of
these polymer films as a pilocarpine hydrochloride delivery system. The
films provided a more prolonged and intense miotic effect compared to
conventional eye drops. The pharmacological effect was sustained for up
to 240 min, as evidenced by the area under the curve (AUCjg.240)
analysis. Additionally, the polymer films demonstrated excellent safety
and tolerability, with no observed side effects such as excessive tear
production, tissue redness, or inflammation of the eyes.
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In conclusion, polymer films based on gellan gum and poly(2-ethyl-
2-oxazoline) blends represent a promising platform for the sustained
ocular delivery of pilocarpine hydrochloride in glaucoma treatment.
They offer enhanced bioavailability, improved retention on the ocular
surface, and a high degree of safety, making them a viable and effective
alternative to traditional eye drop formulations.
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