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A B S T R A C T

Mucoadhesive vaginal films are increasingly regarded as a versatile platform for local drug delivery, offering 
prolonged mucosal retention, ease of administration, and enhanced bioavailability. In this study, vaginal films 
based on blends of poly(2-ethyl-2-oxazoline) (POZ) and polycarbophil (PC) were developed and characterized, 
incorporating metronidazole as a poorly soluble antimicrobial drug. The films were prepared using hot-melt 
extrusion. Their physicochemical and mechanical properties, mucoadhesive performance, and ex vivo reten
tion on the mucosal surface were studied. Particular attention was given to the effects of polymer ratio and 
plasticizer content on these characteristics. Key findings revealed that incorporating polycarbophil into POZ- 
based films significantly enhanced mucoadhesive strength, particularly in formulations containing glycerol as 
a plasticizer, which provided improved flexibility and adhesion. In ex vivo studies using sheep vaginal mucosa, 
POZ/PC films exhibited strong retention, with the POZ/PC (80:20) formulation showing significantly longer 
adhesion under simulated physiological fluid flow. Differential scanning calorimetry analysis confirmed partial 
amorphization of metronidazole in the films, reducing its crystallinity from 100 % to ~ 65–70 %. Additionally, 
the films provided sustained drug release and demonstrated notable antimicrobial activity against S. aureus and 
E. coli.

1. Introduction

Vaginal drug delivery represents an effective route of medication 
administration, providing both local and systemic therapeutic effects 
[1,2]. This method offers unique advantages: firstly, it allows drugs to 
bypass the first-pass hepatic metabolism; secondly, the relatively large 
surface area of the vaginal mucosa ensures rich blood flow [3]. How
ever, the effectiveness of vaginal drug delivery may depend on factors 
such as the volume of vaginal secretions, pH levels, and the condition of 
the microbiota, which necessitates careful selection of the dosage form 
and formulation composition [4].

Mucoadhesive drug delivery systems have attracted significant 
attention due to their ability to enhance bioavailability and provide 
controlled drug release [5,6]. These systems use polymers that adhere to 

mucosal surfaces, extending the residence time and improving drug 
delivery [7]. They have been applied to various mucosal sites, including 
the oral cavity, gastrointestinal tract, eyes, nose, vagina, and rectum 
[8,9]. Mucoadhesion involves polymer wetting, chain interpenetration, 
and, in some cases, the formation of covalent bonds [10]. Various fac
tors, including the properties of polymers, environmental conditions, 
volume of vaginal discharge, pH level and the status of the vaginal 
microbiota, affect the strength of mucoadhesion [11].

There are several types of dosage forms available for vaginal drug 
delivery, including creams, gels, suppositories, tablets, gelatin capsules 
and films [12–14]. Each form has its own advantages and limitations 
regarding ease of use, drug release rate, and dosing accuracy [15,16]. 
For example, creams and gels may be less convenient to use due to the 
risk of staining clothes and hands, as well as challenges with accurate 
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dosing, which can reduce the effectiveness of the therapy [17].
Vaginal films are a promising drug delivery system for contraceptive, 

antifungal, antimicrobial, or microbicide applications. They provide 
accurate dosing, rapid dissolution upon contact with vaginal fluids, and 
even distribution of the active ingredient [18,19]. Due to their flexibility 
and thin profile, these films are easy to insert and cause minimal 
discomfort for patients. Additionally, they ensure prolonged drug con
tact with the mucosal surface, which helps enhancing therapeutic 
effectiveness [20]. Recent developments in vaginal polymer films have 
shown promising advancements for drug delivery. Biopolymer films 
containing fluconazole and thymol have demonstrated improved anti- 
candida activity, particularly against resistant C. glabrata, reducing the 
required fluconazole dose by 50 % [21]. Vaginal films containing tio
conazole as an antifungal agent were developed to improve the treat
ment of vaginal candidiasis compared to the traditional egg-shaped 
formulation of this drug. Chitosan-hydroxypropyl methylcellulose films 
containing tioconazole demonstrated faster and more sustained anti
fungal activity against Candida albicans compared to the conventional 
tioconazole ovule formulation [22].

Vaginal films have proven effective for the local delivery of poorly 
water-soluble antimicrobial agents, such as metronidazole, and have 
been actively explored for the treatment of bacterial infections like 
bacterial vaginosis. For instance, hyaluronic acid-based films loaded 
with metronidazole were developed to improve bioadhesion and pro
vide prolonged local drug release, showing enhanced therapeutic po
tential for vaginal delivery [23]. Another study focused on xanthan gum- 
based vaginal films, which also contained metronidazole and showed a 
promise for treating vaginal infections due to their mucoadhesive 
properties and sustained drug release [24]. These developments un
derscore the versatility of vaginal film platforms for effective localized 
drug delivery, including for poorly soluble antimicrobial agents. These 
systems combine the flexibility and mucoadhesion of gels with the sta
bility and precision of solid forms, offering a versatile platform adapt
able through various polymers and fabrication techniques.

Vaginal films are primarily produced using two methods: casting 
from solutions method and hot melt extrusion [25]. The casting method 
involves dissolving polymers and the active pharmaceutical ingredient 
in an appropriate solvent, followed by spreading the solution on a solid 
substrate and evaporating the solvent to form the film [26]. In contrast, 
hot melt extrusion involves mixing polymers and the active substance at 
an elevated temperature, followed by forming the film through an 
extruder [27,28]. Each of these methods has its own advantages and 
limitations, related to the physicochemical properties of the materials 
used and the characteristics of the final product.

To achieve the high quality and specific characteristics required in 
pharmaceutical polymer films, hot-melt extrusion (HME) has become an 
important method due to its efficiency, versatility, and control over film 
properties [29]. HME’s appeal lies in its adaptability; it can produce 
films that meet diverse and demanding requirements, from drug stability 
to specific release profiles. The method is ideal for pharmaceutical ap
plications, as it enables the development of films with defined physi
cochemical properties, which are essential for producing reliable and 
effective drug delivery systems [30]. By fine-tuning process parameters, 
HME supports the production of advanced polymer films that can be 
customized to achieve targeted release rates, enhanced bioadhesion, and 
optimized drug compatibility, making it an invaluable tool in pharma
ceutical film manufacturing [31].

Poly(2-ethyl-2-oxazoline) has previously been demonstrated to be a 
suitable polymer for pharmaceutical formulations prepared via hot-melt 
extrusion, owing to its thermoplasticity [32–34], water solubility, 
biocompatibility, and ability to form films with good mechanical 
properties [35,36]. Some of the aforementioned studies also demon
strated the use of hot-melt extrusion to prepare poly(2-ethyl-2- 
oxazoline) blends with other polymers. However, due to its non-ionic 
nature, poly(2-ethyl-2-oxazoline) is generally expected to exhibit poor 
mucoadhesive properties. Therefore, blending it with a strongly 

mucoadhesive ionic polymer may be particularly advantageous for ap
plications such as vaginal drug delivery.

In this study, hydrophilic polymer films were developed based on 
blends of poly(2-ethyl-2-oxazoline) (POZ) and polycarbophil (PC) using 
hot melt extrusion method. Polycarbophil, due to the presence of 
carboxyl groups, has excellent mucoadhesive properties, ensuring 
strong adhesion to mucosal surfaces [37–39]. The study examined films 
with different POZ to PC ratios (100:0, 90:10, and 80:20), as well as the 
inclusion of plasticizers – glycerol (GL) and polyethylene glycol (PEG) – 
to improve flexibility. The combination of these polymers allows to 
produce films with optimal properties for vaginal drug delivery. Eval
uation of the physicochemical and mechanical properties, mucosal 
adhesion, and retention on ex vivo sheep mucosa showed that formula
tions with a POZ/PC ratio of 80:20 and the addition of glycerol exhibited 
the best flexibility and adhesion properties. To the best of our knowl
edge, the development of mucoadhesive vaginal films based on poly(2- 
ethyl-2-oxazoline) and polycarbophil blends via hot-melt extrusion 
represents a novel and promising strategy for creating effective vaginal 
drug delivery systems.

2. Experimental section

2.1. Materials

Poly(2-ethyl-2-oxazoline) (POZ, MW ~ 50 kDa, Sigma-Aldrich, Gil
lingham, UK) was used as the primary film-forming polymer due to its 
thermoplastic and hydrophilic nature. Polycarbophil (PC, Lubrizol 
Advanced Materials Europe, Belgium) served as a mucoadhesive agent. 
Glycerol (GL, ≥99.5 %, Sigma-Aldrich, UK) and polyethylene glycol 
1500 (PEG 1500, Merck, Germany) were used as plasticizers. Sodium 
fluorescein (NaFl), metronidazole (MTZ, as a model poorly soluble 
antimicrobial drug), bovine serum albumin (BSA), glucose, urea, lactic 
acid, and acetic acid; all these chemicals were of analytical grade and 
obtained from Sigma-Aldrich (UK). A cellulose dialysis membrane tube 
(molecular weight cut-off 14 kDa) was obtained from Sigma-Aldrich 
(Gillingham, UK) was used for drug release experiments.

2.2. Preparation of the polymer films by HME technique

2.2.1. Preparation of polymer blend powders
Polymer solutions (4 % w/v) were prepared by dispersing blends of 

POZ and PC at weight ratios of 100:0, 90:10 and 80:20 in 500 mL of a 
water – ethanol mixture (60:40 v/v). The total polymer mass in each 
solution was 20 g. To enhance the elasticity and flexibility of the 
resulting films, two plasticizers – glycerol (GL) and polyethylene glycol 
1500 (PEG 1500) – were added into the formulations. Optimal con
centrations – 20 % (v/v) for glycerol and 30 % (v/v) for PEG 1500 – were 
selected based on preliminary experiments. Lower concentrations 
resulted in brittle or insufficiently elastic films, whereas higher con
centrations led to excessive stickiness and impaired handling. Thus, the 
selected concentrations provided an optimal balance between flexibility, 
structural integrity, and ease of handling. The blends were stirred for up 
to 3 h to achieve complete homogenization, then poured into silicone 
moulds and dried in an oven at 50 ◦C for 24 h. The dried films were 
ground into a fine powder using a blender for 30 min to obtain blends 
suitable for extrusion. The aim of this step was to convert the dried 
polymer films into a particulate form suitable for feeding into the hot- 
melt extruder. The powders were visually assessed and found to be 
homogeneous, free from visible agglomerates, and adequately flowable. 
The resulting powder exhibited consistent behavior during extrusion, 
indicating sufficient uniformity for processing. The compositions of the 
polymer blends, including variations with and without plasticizers, are 
summarized in Table 1.

2.2.2. Hot-Melt extrusion of powdered blends
The prepared powdered blends were extruded using a hot-melt 
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extrusion method. Each powdered blend (5 g) was loaded into the 
hopper of a twin-screw extruder equipped with co-rotating screws 
(Micro Compounder, DSM Xplore, Netherlands). The extruder was fitted 
with die 6 cm-wide and 0.2 mm-thick slit die to produce polymeric films. 
During the extrusion process, the polymer blends softened under the 
combined effects of heat (110–140 ◦C) and shear forces generated by the 
screw rotation, which was set to a speed of 75 rpm. The extrusion lasted 
for 5 min, during which the polymer samples became flexible and moved 
forward under pressure. The extruded films (size of approximately 5 cm 
in width and 10–12 cm in length) were cooled along a custom conveyor 
belt to a room temperature. The films were stored between silicone 
sheets to prevent sticking. In total, nine film samples were produced, 
including variations with and without plasticizers. These samples were 
then characterized and analyzed for their mechanical and mucoadhesive 
properties.

2.2.3. Preparation of sodium fluorescein (NaFl)-Loaded films
To prepare fluorescent films for ex vivo retention studies, sodium 

fluorescein (NaFl) was used as a model hydrophilic marker. A weighed 
amount of sodium fluorescein (1 % w/w relative to the total polymer 
mass) was dissolved in the polymer solution prior to the drying stage. 
The procedure followed was similar to that used for drug-free films: 
blends of POZ and POZ/PC (at 90:10 and 80:20 ratios) were plasticized 
with glycerol (20 % v/v), mixed thoroughly with NaFl, and poured into 
silicone molds. The samples were dried at 50 ◦C for 24 h. After drying, 
the films were milled into a fine powder and subjected to hot-melt 
extrusion, as described in Section 2.2.2. The resulting films were 
stored protected from light and moisture prior to analysis.

2.2.4. Preparation of Metronidazole-Loaded films
Drug-loaded polymer films based on POZ and POZ/PC, plasticized 

with glycerol, were prepared following the same general method as 
described for the drug-free formulations. The intended drug loading was 
approximately 36.7 % w/w. Metronidazole powder was added to the 
pre-optimized polymer solution and thoroughly mixed until fully ho
mogenized. The resulting blends were cast into silicone molds.

While the film preparation process—such as polymer composition, 
casting technique, and extrusion—was initially optimized using drug- 
free formulations, additional adjustments were necessary upon incor
poration of metronidazole to address drug-specific challenges. In 
particular, during the drying process, we observed that drying the drug- 
loaded films at the temperature optimized for blank formulations 
(50 ◦C) led to significant surface crystallization of metronidazole, with 
the formation of large visible crystals. To address this issue and enhance 
drug dispersion and content uniformity, the drying temperature was 
increased to 90 ◦C and maintained for 15 h. This adjustment resulted in 
smaller, more uniformly distributed drug crystals throughout the poly
mer matrix, as confirmed by visual inspection and microscopy analysis. 
It is important to emphasize that this change in drying temperature was 
required due to the specific crystallization behavior of metronidazole 
and did not affect the polymer composition or casting method.

After drying, the films were ground for 30 min using a blender to 

produce fine powder, followed by hot-melt extrusion as described pre
viously. To minimize the risk of thermal degradation of metronidazole, 
slight reductions in extrusion temperature were applied compared to the 
drug-free blends. The optimized extrusion temperatures were as follows: 
110 ◦C for POZ/PC (80:20), 100 ◦C for POZ/PC (90:10), and 90 ◦C for 
POZ (100). These adjustments were necessary to balance drug stability 
with the processability of the blends.

Thus, while the overall process was based on the optimized param
eters from the blank formulations, further refinement was essential to 
accommodate the specific physicochemical properties of metronidazole. 
These modifications were validated through visual and microscopic 
analysis to ensure consistent film quality and drug distribution.

2.3. Characterization of the films

The studies presented in Section 2.3 were conducted on POZ- and 
POZ/PC-based films. Both plasticised and non-plasticized films were 
used in the analyses. Depending on the test method, circular samples of 
the required size were cut from the original rectangular films (5 × 5 
cm2). Drug-loaded films were additionally used for the DSC study in 
order to assess the crystallinity of the drug substance.

2.3.1. Thickness and weight uniformity
Film thickness and weight uniformity were evaluated using a digital 

micrometer and an analytical balance. Film thickness was measured at 
five different places on each sample, and the average thickness was then 
calculated. To evaluate the weight uniformity, five individual film 
samples (each with a diameter of 4.0 cm) were weighed separately, and 
the average weight was determined.

2.3.2. Folding endurance
Folding endurance was tested by selecting three random film sam

ples. Each film was folded repeatedly at the same point until breakage 
occurred. The number of folds a film could withstand before breaking 
was recorded as its folding endurance.

2.3.3. Surface pH
Surface pH was determined by immersing a 10 mm diameter film 

sample in 5 mL of deionized water in a narrow, elongated beaker and 
allowing it to swell at room temperature for 30 min. The pH of the 
swollen film was then measured by gently inserting the pH meter elec
trode into the resulting solution using a FiveEasy Plus FP20 pH meter 
(Mettler-Toledo, Switzerland). The final pH value for each film was 
calculated as the mean ± standard deviation (n = 3).

2.3.4. Fourier transform infrared (FTIR) spectroscopy
The FTIR spectra of the dry films were recorded using a Cary 660 

FTIR spectrometer (Agilent Technologies, USA) equipped with an 
attenuated total reflectance (ATR) accessory featuring a diamond crys
tal. The absorbance mode was employed, and the resolution was set at 1 
cm–1.

2.3.5. Thermogravimetric analysis (TGA)
The thermal stability of POZ, PC and POZ/PC films and dry powders 

was analyzed using TGA (NETZSCH TG 209F1 Libra, Germany). All 
samples (8–10 mg) were heated at 10 ◦C/min from 30 ◦C to 650 ◦C under 
a nitrogen atmosphere with a flow rate of 250 mL/min.

2.3.6. Differential scanning calorimetry (DSC)
Differential scanning calorimetry was used for both pure POZ and its 

blends POZ/PC to determine their glass transition temperature (Tg) and 
for metronidazole – loaded samples to assess the degree of crystallinity 
of the drug in the films. The measurements were carried out using a 
NETZSCH DSC 300 Caliris Select instrument (NETZSCH-Gerätebau 
GmbH, Selb, Germany) equipped with a cooling unit. Dry nitrogen at a 
flow rate of 60 mL/min was used as purge gas to ensure a controlled 

Table 1 
Composition of polymer blends for extrusion.

Sample POZ 
(% w/w)

PC 
(% w/w)

PEG 
(% w/w)

GL 
(% w/w)

POZ (100) 100 − − −

POZ/PC (90:10) 90 10 − −

POZ/PC (80:20) 80 20 − −

POZ (100)/PEG 100 − 30 −

POZ/PC (90:10)/PEG 90 10 30 −

POZ/PC (80:20)/PEG 80 20 30 −

POZ (100)/GL 100 − − 20
POZ/PC (90:10)/GL 90 10 − 20
POZ/PC (80:20)/GL 80 20 − 20
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atmosphere in the DSC cell.
The samples were analyzed in Tzero aluminum crucibles (NETZSCH- 

Gerätebau GmbH), with an empty crucible used as a reference. For Tg 
determination, samples of POZ and POZ/PC blends weighing up to 10 
mg were initially cooled from room temperature to 0 ◦C, held at this 
temperature for 30 min, and then heated up to 180 ◦C at 10 ◦C/min. 
Subsequently, the samples were rapidly cooled back to 0 ◦C, held for 
another 30 min, and reheated to 180 ◦C. Tg was determined from the 
second heating curve using the reversing heat flow signals.

To assess the degree of crystallinity, polymer metronidazole – loaded 
film samples (9–10 mg) were placed in perforated Tzero aluminum pans 
and heated from 0 ◦C to 200 ◦C in a nitrogen atmosphere at a heating/ 
cooling rate of 10 ◦C/min. The degree of crystallinity of metronidazole 
in each sample was determined from the specific enthalpy (ΔH) of the 
melting peak of the drug using Proteus® software (version 9.1.1, 
NETZSCH-Gerätebau GmbH) and calculated using the following equa
tion [40,41]: 

Degree of crystallinity (%) =

(

ΔHf •
wf

wm

)/

ΔHm • 100 (1) 

where ΔНf is the ΔН of the drug in the film, melting around 160 ◦C 
(melting point of the drug), ΔНm is the ΔН of the pure crystalline drug, 
Wf is the film sample weight, and Wm is the weight of the drug in each 
sample.

2.3.7. Scanning electron microscopy (SEM)
SEM images of the film samples were acquired using a JSM-IT 200 

instrument (JEOL Ltd., Japan). High-resolution imaging was achieved in 
a high-vacuum mode, using a secondary electron detector with an 
accelerating voltage of 20 kV. Prior to imaging, the sample surfaces were 
coated with a 20 nm thin layer of gold.

2.4. Mechanical analysis

The mechanical properties of the films, including puncture strength 
(PS), elongation at break (EB), and Young’s modulus (E), were evaluated 
using a TA.XT Plus Texture Analyzer (Stable Micro Systems Ltd., UK) in 
a compression mode at room temperature. The testing methodology 
followed the procedure described in our previous study [42]. A sche
matic illustration of these measurements is presented in Fig. S1 (Sup
porting information). Briefly, film samples were secured in a specialized 
holder, and a spherical probe (P/5S) applied force until the material 
ruptured.

Equations (2)–(4) below were used to calculate the puncture strength 
(PS), percentage elongation at beak (EB) and Young’s modulus (E) of 
each film, respectively [43,44]: 

PS =
Force
Ars

(2) 

where Force is the maximum applied force recorded during strain. 

EB =

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a,2 + b2 + r

√

a
− 1

)

× 100% (3) 

where a ′ is the initial length of the film sample; 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. 

E =
Δσ
Δε (4) 

where Δσ is change in the stress; Δε is the change in strain.
All tests were performed in triplicates, and the results were reported 

as mean values ± standard deviations, followed by statistical 
evaluation.

2.5. Evaluation of mucoadhesive properties

2.5.1. Preparation of simulated vaginal fluid
Simulated Vaginal Fluid (SVF) was prepared to replicate physiolog

ical conditions for experiments on the mucoadhesive properties of the 
films, following the formulation described in our previous study [45]. 
Briefly, the solution was prepared by dissolving the necessary compo
nents in distilled water, ensuring complete dissolution, and adjusting the 
pH to 4.2 to closely mimic the natural vaginal environment. The SVF was 
stored at 4 ◦C and used within 24 h. Throughout the mucoadhesion 
experiments, the SVF solution was kept at 37 ◦C using a water bath to 
ensure consistent physiological conditions.

2.5.2. Ex vivo mucoadhesion studies on sheep vaginal mucosa
The mucoadhesive properties of the films were assessed using a 

tensile method on sheep vaginal mucosa, following the approach 
described in our previous studies [42,45]. The experiments were con
ducted with a Texture Analyzer XT Plus (Stable Micro Systems Ltd., UK) 
equipped with a 10 mm cylindrical aluminum probe (P/10). Circular 
film discs (10 mm in diameter) were attached to the probe using a 
double-sided adhesive tape, which was securely fixed to the movable 
arm of the instrument.

Fresh sheep vaginal tissues were obtained from a local slaughter
house (Altyn-Orda, Almaty, Kazakhstan) shortly after animal slaughter 
and transported to the laboratory in cold containers. The tissues were 
carefully dissected into 5 × 5 cm sections using sterile blades, ensuring 
that the inner mucosal surface remained uncontaminated. To preserve 
their structural integrity, the tissues were stored at 4 ◦C and used within 
24 h.

The experimental setup included a platform with a central hole (15 
mm in diameter) and clamps to secure the mucosal tissue in place. 
Before testing, the mucosal surface was moistened with SVF to simulate 
physiological conditions and prevent dehydration. The film samples 
were then brought in contact with the tissue for 30 s, after which the 
probe was retracted until complete detachment occurred. A schematic 
illustration of these measurements is presented in Fig. S2 (Supporting 
information).

The test parameters were as follows: pre-test speed of 0.5 mm/s, test 
speed of 0.5 mm/s, post-test speed of 10.0 mm/s, applied force of 100 g, 
return distance of 10 mm, contact time of 30 s, automatic trigger mode, 
and a trigger force of 0.049 N. Each experiment was repeated five times 
using different tissue samples to ensure reproducibility.

Key parameters, including the maximum detachment force (Fadh) 
and the total work of adhesion (Wadh), calculated as the area under the 
force/distance curve, were analyzed to assess the films’ mucoadhesive 
behavior.

2.5.3. Ex vivo retention studies on sheep vaginal mucosa
The retention of mucoadhesive films on vaginal surface was evalu

ated using a fluorescence microscopy flow through method as described 
in [46]. For retention assessment, fluorescent POZ and POZ/PC films 
plasticized with glycerol were used, based on previous studies investi
gating their mechanical and mucoadhesive properties using a texture 
analyzer. These studies demonstrated that glycerol incorporation en
hances the films’ mechanical strength and adhesion to the mucosal 
surface.

A digital USB microscope with up to 1000 × magnification 
(StreamCam Full HD, Logitech, China) was used for image acquisition 
and a UV LED flashlight (395 nm wavelength) was used as an external 
UV light source. The UV flashlight was only activated during image 
capture to prevent continuous sample and tissue exposure to UV light.

Fresh sheep vaginal tissues were obtained from a local slaughter
house (Aktobe, Kazakhstan) immediately after animal slaughter, trans
ported to the laboratory in chilled containers, and used within 24 h. The 
tissues were carefully prepared with sterile disposable blades, ensuring 
no contact with the inner mucosal layer, and cut into rectangular 
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sections (~2 × 7 cm). Until use, the vaginal tissue samples were stored 
at 4 ◦C in Petri dishes wrapped in a cling-film to prevent dehydration.

Each experiment was conducted at 37 ◦C and under high humidity to 
simulate physiological conditions. Before the experiment, tissue samples 
were fixed onto microscopy glass slides at a 45◦ angle and moistened 
with SVF. Spherical polymer discs (4 mm in diameter) loaded with so
dium fluorescein (NaFl) were then placed on the moistened tissue and 
irrigated with SVF (pH 4.2) at a flow rate of 100 µL/min for 100 min, 
controlled by a syringe pump. At the beginning of a retention experi
ment, baseline images of clean vaginal tissue were captured to deter
mine the initial fluorescence intensity for each sample. Fluorescent 
images were then taken at specific time intervals and analyzed using 
ImageJ software.

The fluorescence intensity was calculated using the following equa
tion [47]: 

Fluorescence intensity =
I − Ib

I0 − Ib
(5) 

where Ib is the background fluorescence intensity of the blank tissue; I0 is 
the initial fluorescence intensity (at the zero time point, before the first 
washing, considered as 100 % fluorescence); and I is the fluorescence 
intensity after each wash. These fluorescence values were then con
verted into percentage mucosal retention values, allowing the evalua
tion of the film’s ability to retain on the mucosal surface over time.

2.6. Characterization of the drug-containing films

2.6.1. Determination of metronidazole content in polymer films
To determine the amount of metronidazole in POZ and POZ/PC 

films, 4 mm diameter samples with an average weight of 3.6 mg were 
placed in 100 mL of distilled water and allowed to fully dissolve. Once 
the films had completely dissolved, the solution was filtered, and 1 mL 
aliquot was collected for analysis. The absorbance was measured using 
UV–Vis spectroscopy (UV-1900, Shimadzu, Japan) at 320 nm. A stan
dard calibration curve was used to determine the metronidazole con
centration (Fig. S3, Supporting information). Each measurement was 
performed three times, and the percentage of the drug content in the 
films was calculated accordingly.

2.6.2. Polarized light microscopy
The structure of drug-loaded polymer films was analyzed using a 

polarized light microscope CX40P-RT (Ningbo Sunny Instruments Co., 
Ltd., China) in a reflection mode to detect and characterize crystalline 
metronidazole. Images were captured using a digital camera with 50 ×
magnification.

2.6.3. In vitro metronidazole release
The drug release from the films was evaluated using a Franz diffusion 

cell under sink conditions, following our previously described protocol 
[45]. A cellulose membrane served as a barrier between the donor and 
acceptor compartments, with SVF used as the release medium. The re
ceptor chamber contained 34 mL of SVF, stirred at 80 rpm and main
tained at 37 ◦C throughout the experiment.

The films were placed directly on the dialysis membrane in the donor 
compartment without prior wetting. At predetermined time intervals, 1 
mL aliquots were withdrawn from the receptor chamber and replaced 
with a fresh SVF to maintain a constant volume. The experiment lasted 5 
h, with each film type tested 5 times.

The amount of the drug released at each time interval was quantified 
using a UV–Vis spectrophotometer UV-1900 (Shimadzu, Japan) at 320 
nm. Data analysis was performed using LabSolutions UV–Vis software 
based on a pre-established calibration curve (R2 = 0.99953). A standard 
calibration curve generated in SVF was used to determine the metroni
dazole concentration (Fig. S4, Supporting information). Each experi
ment was performed in triplicate, and the mean ± standard deviation 

values were calculated.

2.6.4. Antimicrobial studies
The antibacterial activity of POZ/GL (100), POZ/PC/GL (90:10), and 

POZ/PC/GL (80:20) films, with and without metronidazole, was eval
uated in the Microbiology Laboratory of JSC “Scientific Center for Anti- 
Infective Drugs” (Almaty, Kazakhstan). The tests were performed 
against Escherichia coli ATCC 8739 (Gram-negative) and Staphylococcus 
aureus ATCC 6538-p (Gram-positive) bacteria using the standard agar 
disc-diffusion method [45,48].

Briefly, bacterial cultures were first seeded on nutrient agar, and the 
inhibition zones around the film samples were measured to assess their 
antimicrobial effect. Active bacterial colonies were suspended in 5 mL of 
saline solution (0.9 % NaCl) and adjusted to a turbidity of 0.5 McFarland 
standard (1.5 × 108 CFU/mL). The bacterial suspension (1.5–2.0 mL) 
was then evenly spread across nutrient agar plates using a sterile cotton 
swab.

For the disc-diffusion assay, circular film samples (6 mm in diameter, 
drug content ~ 22.0 ± 0.3 mg for metronidazole-loaded films) were 
placed onto the agar surface using sterile forceps. A sterile paper disc 
(HiMedia Laboratories, India) loaded with pure metronidazole (22 mg) 
served as a positive control.

For the well-diffusion assay, wells of 6 mm diameter were punched 
into the agar and each filled with 50 µL of metronidazole solution (22 mg 
per well). Plates were incubated at 37 ◦C for 24 h. After incubation, the 
diameter of the inhibition zones (including disc/well diameter) was 
measured to evaluate bacterial susceptibility.

2.7. Statistical analysis

The results are presented as mean values ± standard deviation. Data 
were analyzed for statistical significance using a two-tailed Student’s t- 
test, with a p-value of less than 0.05 considered statistically significant. 
All statistical analyses were performed using Microsoft Excel with the 
Analysis ToolPak add-in. One-way analysis of variance (ANOVA) was 
used to assess differences between groups in the drug release experi
ments, followed by post-hoc analysis using Welch’s t-test.

3. Result and discussion

3.1. Preparation and Characterisation of POZ and POZ/PC blend films

The films based on POZ and its blends with PC were successfully 
prepared using hot-melt extrusion technique. The physical appearance 
of the films varied slightly depending on the presence of plasticisers. 
Films without plasticisers were noticeably more rigid and brittle, 
whereas the incorporation of PEG or GL markedly improved the flexi
bility and elasticity of the samples, resulting in greater pliability and 
durability. The physicochemical parameters, including film thickness, 
weight, surface pH, and folding endurance, are summarised in Table 2.

The film thicknesses varied depending on the composition and the 
presence of plasticisers, with the values in the range of 0.183 ± 0.012 to 
0.278 ± 0.010 mm. The addition of PEG did not affect the thickness of 
the films significantly (p < 0.05); however, an inclusion of GL increased 
the sample thickness by approximately 22–31 %, which may be due to 
some swelling induced by this plasticiser.

Flexibility is a crucial factor for films intended for vaginal adminis
tration, as the material must be able to conform to the application site 
without a risk of breaking and harming a sensitive tissue. One way to 
assess this flexibility is through folding endurance testing, which mea
sures the number of folds a film can withstand without tearing. Ac
cording to the existing literature [49,50], films with a folding endurance 
value greater than 300 folds are considered to have excellent flexibility. 
In our study, the POZ and POZ/PC films with plasticisers showed great 
flexibility, withstanding more than 300 folds without breakage. The 
films without plasticisers, however, demonstrated a lower folding 
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endurance, suggesting reduced flexibility compared to their plasticised 
counterparts.

The pH values of the film surfaces ranged from 4.98 ± 0.05 to 6.75 
± 0.60, with a slightly acidic to neutral profile consistent with the pol
ycarbophil content in the blends. This mild acidity aligns well with the 
vaginal pH environment, which is also weakly acidic, suggesting that 
these films are suitable for intravaginal application and are unlikely to 
disrupt the natural vaginal pH.

The films displayed a smooth and uniform appearance, with plasti
cized variants demonstrating slightly enhanced flexibility. These ob
servations support the conclusion that POZ and POZ/PC films, 
particularly those containing plasticizers, possess both the desired me
chanical flexibility and surface pH compatibility for potential vaginal 
applications.

3.2. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is powerful tech
nique for studying intermolecular interactions and structural changes in 
polymer blends. Previous studies on the interaction of poly(2-ethyl-2- 
oxazoline) with chitosan in their blends have shown that the carbonyl 
groups (C=O) of POZ act as proton acceptors in relation to the hydroxyl 
groups of chitosan and form hydrogen bonds [51].

Polycarbophil, a lightly crosslinked polyacrylic acid, contains 
carboxyl groups that can act as proton donors to the carbonyl groups of 
POZ, facilitating intermolecular hydrogen bonding. To investigate the 
nature of interactions between these two polymers, FTIR spectra of poly 
(2-ethyl-2-oxazoline) and its blends with polycarbophil were recorded 
(Fig. 1). Due to technical difficulties associated with the extrusion pro
cess, it was not possible to prepare a film from pure polycarbophil, 
necessitating the analysis of this polymer in a powder form. The FTIR 
spectra of pure POZ were recorded both in powder and film forms.

The FTIR spectra of pure POZ revealed characteristic peaks corre
sponding to its functional groups. The main band of the carbonyl group 
(C=O) of the amide bond was observed at 1635 cm–1 in the spectra of 
dry POZ, which is consistent with literature data [52]. In the POZ film, 
this peak shifted to 1631 cm–1, likely due to the different residual 
moisture content in these samples. Indeed, a broad absorption peak at 
3392 cm–1 appeared in the spectrum, indicating the presence of bound 
water that was not fully removed during the film preparation.

The FTIR spectrum of polycarbophil exhibits a characteristic peak of 
the carbonyl group (C=O) at 1702 cm–1, corresponding to the stretching 
of carbonyl bonds in the carboxyl groups of polyacrylic acid. A broad 

band in the range of 2800–3600 cm–1, centered around 2925 cm–1, 
suggests strong hydrogen bonding and O–H stretching in the carboxyl 
groups, which is typical for this polymer.

The FTIR spectra of POZ/PC blends show the characteristic bands of 
both components, but the intensity and shape of the peaks depend on the 
polymer ratio in the blend. In the blends, the absorption band of the 
carbonyl group of POZ shifts to lower wavenumbers: 1627 cm–1 for the 
POZ/PC (90:10) blend and 1629 cm–1 for the POZ/PC (80:20) blend. 
These shifts suggest the likely formation of intermacromolecular 
hydrogen bonds between the amide carbonyl groups of POZ and the 
carboxyl groups of polycarbophil (− C=O⋅⋅⋅HOOC–). Moreover, the 
spectra of the blends show notable changes in the O–H stretching region 
and the carbonyl (C=O) band of the carboxyl group in polycarbophil, 
indicating a redistribution of hydrogen bonds upon polymer blending.

In conclusion, the results of FTIR spectroscopy indicate that inter
molecular interactions occur between poly(2-ethyl-2-oxazoline) and 
polycarbophil, primarily through hydrogen bonds between the carbonyl 
and carboxyl groups.

3.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was used to evaluate the thermal sta
bility and degradation behavior of the polymer blends in response to 
increasing temperature. The results of TGA analysis of the samples 
prepared in this study are shown in Fig. 2. The TGA curve of the POZ film 
shows an initial weight loss in the 80–135 ◦C range, which corresponds 
to the evaporation of residual moisture. This is followed by a major 
degradation step at approximately 404 ◦C. The presence of the initial 
weight loss suggests incomplete drying during film preparation, which is 
common for hydrophilic polymers. Unlike the dry POZ powder, which 
shows a single-step degradation at 425 ◦C, the film exhibits a two-phase 
profile due to this initial water loss. However, POZ, as in the previous 
reports [42,53], also demonstrates high thermal stability. It is 

Table 2 
Physicochemical parameters of POZ and POZ/PC blend films.

Sample Thickness 
(mm)

Weight 
(mg)*

pH Folding 
Endurance

POZ (100) 0.190 ±
0.010

0.006 ±
0.002

6.47 ±
0.02

<300

POZ/PC (90:10) 0.213 ±
0.015

0.007 ±
0.001

5.28 ±
0.06

<300

POZ/PC (80:20) 0.183 ±
0.012

0.007 ±
0.002

5.04 ±
0.13

<300

POZ (100)/PEG 0.203 ±
0.021

0.008 ±
0.001

6.75 ±
0.60

>300

POZ/PC 
(90:10)/PEG

0.193 ±
0.015

0.008 ±
0.002

5.02 ±
0.12

>300

POZ/PC 
(80:20)/PEG

0.190 ±
0.010

0.008 ±
0.001

4.98 ±
0.05

>300

POZ (100)/GL 0.232 ±
0.009

0.008 ±
0.001

6.62 ±
0.03

>300

POZ/PC 
(90:10)/GL

0.278 ±
0.010

0.009 ±
0.002

6.34 ±
0.13

>300

POZ/PC 
(80:20)/GL

0.233 ±
0.003

0.008 ±
0.002

6.03 ±
0.02

>300

Note: All values are presented as mean ± SD (n = 3).
* Circular samples of 10 mm were weighed.

Fig. 1. FTIR spectra of pure POZ, PC and their blends. Spectra were vertically 
offset for visual clarity. Original absorbance values are presented without 
normalization.
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interesting to note that POZ prepared in the form of a film exhibits a 
higher level of undegradable residue compared to the original POZ 
powder. The exact reasons for this difference are not fully clear, but it 
may be associated with the formation of denser macromolecular packing 
or thermally stable structures during the film extrusion process, possibly 
promoted by the presence of moisture in the initial sample.

For PC in dry powder form, degradation occurs in two distinct steps, 
with the highest degradation rates observed at 230 ◦C and 385 ◦C. This 
two-step degradation is related to initial decarboxylation and subse
quent breakage of C–C bonds, as previously reported [54,55]. The re
sidual mass of approximately 36 % observed at 600 ◦C likely represents 
carbonaceous char residue, commonly formed during thermal decom
position of polyacrylic acid-based materials [56].

In the case of POZ/PC blends, a moisture loss is observed in the 
temperature range of 80 – 150 ◦C similarly to the pure POZ films. 
Furthermore, a downward shift in temperature in the second degrada
tion stage is observed, with the highest degradation rate observed at 
402 ◦C for the 90:10 blend and 389 ◦C for the 80:20 blend. These results 
indicate that the incorporation of PC into POZ films reduces their heat 
resistance, consistent with lower temperature stability of pure PC. A 
three-stage weight-loss profile is observed in the 80:20 blend, which 
shows the features typical for both polymers. The levels of undegradable 
residue in the blends are consistent with their PC content; the sample 
containing 20 % PC shows a higher residue compared to the sample with 
10 % PC.

3.4. Differential scanning calorimetry (DSC)

DSC analysis was performed to evaluate the compatibility of POZ and 
PC in their blends. The appearance of a single glass transition temper
ature (Tg), situated between the Tg values of the individual components, 
generally suggests complete miscibility between the polymers in a 
blend. The DSC thermograms in Fig. 3a show the presence of single Tg, 
which vary depending on the polymer blend composition.

The Tg of PC (in a powder form) was recorded at 136 ◦C, typical for 
crosslinked polyacrylic acids [54]. The Tg values for POZ in powder and 
film form were determined at 56 ◦C and 55 ◦C, respectively, which aligns 
well with previously published data [51]. Incorporating PC into the 
blend and increasing its proportion led to marked Tg changes, with Tg 
values rising alongside the PC content. Specifically, POZ/PC (90:10) and 
POZ/PC (80:20) exhibited Tg of 61 ◦C and 87 ◦C, respectively.

Fig. 3b shows the dependence of the glass transition temperature (Tg) 
on the mass fraction of POZ, obtained experimentally and calculated 
theoretically using the following equations [57]: 

Fox Equation :
1
Tg

=
WPOZ

TgPOZ
+

WPC

TgPC
(6) 

Gordon − Taylor Equation : Tg =
WPOZTgPOZ + kWPCTgPC

WPOZ + kWPC
(7) 

where WPOZ and WPC are the weight fractions of POZ and PC, respec
tively; and TgPOZ and TgPC are the glass transition temperatures of POZ 
and PC, respectively; k is the ratio of heat capacity change of PC over 
POZ [k = Δ(

Cp2
Cp1

)].
As can be seen, increasing the POZ content leads to a decrease in the 

glass transition temperature, consistent with the typical behavior for 
polymer blends with differing Tg values.

The theoretical values calculated using the Fox and Gordon-Taylor 
equations closely follow the general trend; however, the experimental 
data show partial upward deviation from the predicted curves. This 
deviation may suggest the presence of specific interactions between the 
blend components – such as hydrogen bonds – which enhance compat
ibility beyond what would be expected from a simple physical blend.

These results are consistent with previous studies on similar polymer 
systems, such as POZ and Carbopol® 971 interpolymer complexes re
ported by Moustafine et al [52]. This study found that Carbopol® 971, 
similarly to PC, forms strong hydrogen bonds with POZ in interpolymer 
complexes, resulting in a single, composition-dependent Tg. However, in 
physical blends (without complexation), two distinct Tg values were 
observed, indicating phase separation and reduced miscibility [52].

In the present study, the DSC analysis demonstrates that the detec
tion of a single Tg in extruded POZ/PC films indicates significant 

Fig. 2. TGA thermograms of pure POZ, pure PC and POZ/PC blend films.

Fig. 3. DSC thermograms of pure POZ, pure PC and POZ/PC blend films in various ratios (a) and Tg of experimental results compared with theoretical data (b).
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molecular-level interactions and miscibility between the polymers, 
likely due to hydrogen bonding between the carboxyl groups of PC and 
the carbonyl and amide groups of POZ. These interactions restrict 
polymer chain mobility to some extent and enhance the stability of the 
resulting films.

3.5. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to examine the sur
face and cross-sectional morphology of POZ and POZ/PC films. Fig. 4
presents SEM images of the film surfaces (A) and cross-sections (B and C) 
at different magnifications. The SEM images of POZ (100), POZ/PC 
(90:10), and POZ/PC (80:20) films reveal relatively smooth and ho
mogeneous surface morphology, with no visible signs of phase separa
tion. The cross-sectional images display a well-integrated structure with 
minimal textural variations, indicating a good degree of phase 
compatibility between POZ and PC. As the PC content in the blend in
creases, the surface appears even smoother, which aligns with the DSC 
data showing an increased Tg, suggesting stronger interactions between 
POZ and PC components.

The surface morphology of POZ/PC (80:20) films plasticized with GL 
and PEG appears smooth and homogeneous, with no signs of phase 
separation in the glycerol-plasticized films. Cross-sectional analysis of 
the POZ/PC (80:20)/GL films reveals a cohesive and flexible structure, 
consistent with the role of glycerol in enhancing chain mobility and 
flexibility within the polymer matrix. By contrast, although PEG- 
plasticised POZ/PC (80:20) films retain an overall smooth surface, 
they display distinct cracks that are absent from the other formulations. 
The cross-section of the PEG-plasticized film displays a layered structure 
with minor indications of phase separation, likely due to uneven dis
tribution of PEG within the polymer matrix, resulting in a slightly less 
cohesive blend compared to glycerol. This partial phase separation may 
influence the mechanical properties of the film, potentially making it 
less flexible than the glycerol-plasticized films. The presence of surface 
cracks suggests that PEG might lead to localized stress points within the 
matrix, which could affect the durability and flexibility of the films 
under mechanical stress. These variations in structural integrity might 
impact the suitability of these films for applications requiring prolonged 
stability and flexibility in a moist environment.

3.6. Mechanical analysis

The mechanical properties of POZ/PC films were analyzed to 
determine their suitability for biomedical applications, where both 
strength and flexibility are key factors. Results for puncture strength, 
elongation at break, and Young’s modulus are displayed in Fig. 5.

For puncture strength (Fig. 5a), pure POZ films performed the best, 
while adding PC gradually reduced this strength, particularly in the 
POZ/PC (90:10) and POZ/PC (80:20) blends. This decline is likely due to 
PC’s rigid and brittle nature, which can lead to structural inhomogeneity 
and make the films more prone to microcracks under pressure. Glycerol- 
plasticized films showed a marked increase in puncture strength, likely 
due to improved chain mobility and an overall more flexible structure. 
On the other hand, films with PEG displayed a slight drop in the punc
ture strength, potentially due to phase separation and uneven PEG dis
tribution, as observed in SEM images [58,59].

The trend in the elongation at break (Fig. 5b), which reflects the 
films’ flexibility, followed a similar pattern. Pure POZ had moderate 
elongation, which decreased as more PC was added, suggesting a drop in 
elasticity. Glycerol-plasticized films, particularly POZ/PC (80:20)/GL, 
showed the highest elongation, underscoring glycerol’s strong role in 
boosting macromolecules flexibility. PEG also improved elongation but 
to a lesser extent than glycerol, likely due to structural imperfections 
seen in SEM and PEG’s uneven distribution within the polymer blend 
[59].

The Young’s modulus measurements (Fig. 5c) showed that pure POZ 
films had a low modulus, highlighting their inherent flexibility. An in
crease in PC content corresponded with a rise in modulus, consistent 
with the higher glass transition temperatures (Tg) observed in the DSC 
thermograms. This suggests that stronger intermolecular interactions 
and restricted chain movement occur with higher PC content [39,60]. 
Glycerol significantly lowered the modulus, making the films softer and 
more pliable, an advantage for materials used in deformative environ
ments. PEG-plasticized films, however, exhibited only a slight reduction 
in the modulus values, likely because of partial phase separation and 
decreased cohesion within the matrix [58].

Overall, these findings show that both the composition and choice of 
plasticizer significantly influence the mechanical properties of POZ/PC 
films. Glycerol stands out for its effectiveness in enhancing both flexi
bility and puncture strength, making it an ideal plasticizer for applica
tions requiring durability and elasticity. PEG also contributes to 
elasticity but may compromise uniformity in mechanical properties, an 

Fig. 4. SEM images of pure POZ film and POZ/PC blend films (A) surface and (B,C) cross- sections at different magnifications: (A,B) magnification × 300; (C) 
magnification × 500. Scale bars are 50 µm.
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important consideration when selecting plasticizers.

3.7. Ex vivo mucoadhesion studies on sheep vaginal mucosa

Mucoadhesive properties of POZ and POZ/PC films play a key role in 
ensuring effective retention on mucosal surfaces, which is critical for 
vaginal drug delivery. Examination of detachment force and work of 
adhesion provides better understanding of the strength of interactions 
between the films and mucosal surface. Fig. 6 shows these values, 
illustrating how both polymer composition and plasticizer type shape 
the mucoadhesive characteristics of the films.

Pure POZ films initially showed modest mucoadhesion, with a 
detachment force of 0.88 ± 0.20 N. However, addition of glycerol 
significantly boosted mucoadhesive strength across all film composi
tions. For instance, POZ (100)/GL displayed nearly a four-fold increase 
in mucoadhesive strength (4.57 ± 0.38 N) compared to non-plasticized 

POZ (100). This increase is likely attributed to glycerol’s ability to 
enhance polymer chain flexibility, allowing closer contact with the 
mucosal surface, more efficient diffusion of macromolecules of the 
polymer into the mucus, formation of an interpenetration layer and 
stronger interactions between the carbonyl groups in the POZ and the 
vaginal mucosal surface. In contrast, using polyethylene glycol (PEG) as 
a plasticizer produced a moderate effect, as shown by POZ (100)/PEG 
(1.31 ± 0.32 N), and even seemed to reduce mucoadhesive properties in 
POZ/PC blends. This reduction may be due to PEG’s larger molecular 
size, which could limit its ability to form strong hydrogen bonds with the 
mucosal surface.

Although polycarbophil generally provides stronger mucoadhesion 
due to its anionic nature [39], adding PC to POZ films did not sub
stantially enhance the mucoadhesive properties as expected. For non- 
plasticized POZ/PC films, detachment force measurements showed 
that increasing the PC content did not improve mucoadhesion, and for 

Fig. 5. Mechanical analysis of pure POZ film and POZ/PC blend films with and without plasticizer: Force (a), elongation at break (b) and Young’s modulus (c). Data 
are expressed as mean ± standard deviation (n = 5). Statistically significant differences are given as: * – p < 0.05; ** – p < 0.01; ***—p < 0.001; ****—p < 0.0001; 
ns—no significance.
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plasticized films, it even slightly reduced these properties. This outcome 
may be related to the relatively low amount of polycarbophil used in 
these blends, which might not be enough to form a firm adhesive 
interface with the mucosal tissue.

The work of adhesion results mirror the trends with the values of the 
force of detachment, with POZ (100)/GL reaching the highest value 
(0.47 ± 0.09 N⋅sec), indicating strong and lasting interactions with the 
mucosal surface. PEG-plasticized films, on the other hand, showed lower 
work of adhesion in all formulations, highlighting glycerol’s effective
ness in enhancing mucoadhesive properties.

3.8. Ex vivo retention studies on sheep vaginal mucosae

The ability of polymer films to adhere to and retain on mucosal 
surfaces over an extended period is crucial for effective vaginal drug 
delivery, particularly for applications that require localized treatment. 
Retention studies allow us to gauge how well these films stick to mucosal 
surfaces under conditions that mimic the human body. In this study, we 
looked at how well glycerol-plasticised films of POZ and POZ/PC, loaded 
with sodium fluorescein (NaFl) as a fluorescent marker, adhered to ex 
vivo sheep vaginal tissue. This method, adapted from previously vali
dated ex vivo retention tests [44], uses fluorescent imaging to track how 
the films hold up under continuous fluid flow.

The fluorescent images in Fig. 7a give a clear picture of how reten
tion of the films on vaginal mucosa changes over time. These images 

highlight that POZ/PC blends hold up better than pure POZ films. Over 
time, the POZ/PC (80:20) films retain more of their fluorescent signal, 
even at the 60 and 100-minute intervals, while the pure POZ (100) films 
quickly lose their retention. This difference might be due to the hydro
philic nature of POZ, which can cause the film to swell and loosen in the 
presence of water, leading to a quicker dissolution and wash-off. Addi
tionally, while glycerol initially improves mucoadhesion by increasing 
polymer chain mobility, it also allows water to penetrate into a film 
more rapidly, which might explain why it does not hold up as well 
during the longer exposure to simulated vaginal fluid.

Fig. 7b shows the retention patterns of POZ (100)/GL, POZ/PC 
(90:10)/GL, and POZ/PC (80:20)/GL on sheep vaginal mucosa, under a 
steady flow of simulated vaginal fluid. Right at the start (0 min), all films 
were set to 100 % retention, corresponding to their initial fluorescence 
on the mucosal surface. In the first few minutes, a slight increase in 
fluorescence above 100 % can be noticed, likely due to the films’ hy
dration, which boosts the dye fluorescence. This observation matches 
with the previous reports [51], which also recorded increased fluores
cence upon initial hydration. By 10 min, the films begin showing 
noticeable differences in fluoresceine retention. For example, the POZ 
(100)/GL film retention dropped to 47 ± 12 %, whereas POZ/PC 
(80:20)/GL remained longer, with around 125 ± 11 % (p < 0.001). At 
the 60-minute mark, POZ (100)/GL retention was down to 10 ± 5 %, 
while POZ/PC (80:20)/GL held at 44 ± 8 % (p < 0.05). At the end of 
100 min, the POZ (100)/GL film had almost completely washed away, 

Fig. 6. Force of detachment Fadh (a) and total work of adhesion Wadh (b) values for the detachment of plasticized and non-plasticized POZ and POZ/PC blend films 
from the sheep vaginal mucosa. Data are expressed as mean ± standard deviation (n = 5). Statistically significant differences are shown as: * – p < 0.05; ** – p <
0.01; ***—p < 0.001; ****—p < 0.0001; ns—no significance.
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Fig. 7. Mucosal retention of plasticized POZ/GL and POZ/PC/GL films on freshly excised sheep vaginal mucosae after irrigation with different volumes of SVF (100 
µL/min) over 100 min: (a) exemplar fluorescent microphotographs. Scale bars are 1 mm; (b) quantitative analysis. All values are the means ± standard deviations of 
triplicate experiments. Statistically significant differences are given as: * – p < 0.05; ** – p < 0.01; ***—p < 0.001; ns—no significance.

Table 3 
Visual and microscopic analysis of polymer films.
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but POZ/PC (80:20)/GL retained around 20 ± 6 % (p < 0.05), showing 
its better resistance to wash-off.

In summary, these retention results suggest that adding PC to POZ 
improves the films’ ability to retain on mucosal surfaces under simulated 
physiological fluid conditions. This quality is important for vaginal drug 
delivery systems that need to stay in place for an extended time, 
allowing for prolonged contact with the tissue and potentially boosting 
the effectiveness of local treatments. Another important finding is that 
the retention of the films on mucosal surfaces is not solely determined by 
their adhesion to the tissue but also depends on their integrity and 
resistance to dissolution.

3.9. Characterization of Metronidazole-Loaded drug films

The films plasticized with glycerol showed optimal mechanical and 
mucoadhesive properties and therefore were selected for loading the 
drug. All three film compositions with and without the drug were 
visually assessed and their images are presented in Table 3. The drug- 
free films are transparent, slightly yellowish in color, uniform in 
weight and thickness, sufficiently elastic, slightly sticky, and without 
cracks or creases. Metronidazole-loaded films were completely opaque 
and white, however, not sticky, but also sufficiently elastic, without 
cracks and creases. The loss of transparency is due to the presence of 
metronidazole crystals in the polymer film. It is likely that during the 
extrusion process, drug crystals were uniformly dispersed throughout 
the polymer matrix. The recrystallization of metronidazole may be 
partly attributed with its supersaturation within the blend and the 
presence of glycerol. Junmahasathien et al. [61] similarly reported drug 
crystallisation specifically in the glycerol-plasticised films.

The images of metronidazole-loaded films were also generated using 
a polarizing light microscope in reflected light. These images clearly 
show the presence of the drug crystals uniformly distributed in the 
polymer matrix. It should be noted that in the POZ/GL (100) film, the 
crystals appear as a finely dispersed phase, uniformly distributed 
throughout the matrix. The incorporation of polycarbophil results in the 
formation of plate-shaped and elongated crystals, and the POZ/PC/GL 
(80:20) film also exhibiting noticeable crystal accumulation and ag
gregation. The metronidazole content in these films, as determined by 
dissolution followed by UV–Vis spectrophotometric analysis, was 38.9 
± 1.4 % w/w. This value is very close to the theoretical loading of 36.7 
% w/w. The slight discrepancy between the theoretical and measured 
drug content may be attributed to residual moisture present in the 
glycerine and starting polymers.

3.10. Evaluation of crystallinity using DSC

The crystallinity of metronidazole in the drug-loaded films was 
evaluated by DSC, as described in Section 2.3.6. As shown in Fig. 8, the 
presence of the endothermic melting peaks of metronidazole was 
observed in all thermograms. Pure MTZ exhibited a distinct sharp 
melting peak at 165 ◦C, corresponding to its fully crystalline nature and 
in good agreement with previously published data [62]. MTZ-loaded 
films showed a shifted and broadened melting peak with significantly 
reduced intensity. These thermal changes suggest a partial transition of 
the drug from a crystalline to an amorphous state within the polymer 
matrix. Similar behavior was observed by Perioli et al. [63], who re
ported a decrease in MTZ crystallinity when it was formulated in chi
tosan/polycarbophil vaginal tablets. In their study, DSC thermograms 
showed either a reduction or complete disappearance of the drug’s 
melting peak, particularly in the formulations containing greater 
amounts of polycarbophil, indicating drug–polymer interactions and 
amorphization. The reduction in the drug crystallinity is supposed to 
enhance its dissolution, as the amorphous phase generally exhibits 
increased molecular mobility and higher thermodynamic activity 
compared to its crystalline counterpart [64].

The degree of MTZ crystallinity in the polymer films was calculated 
according to Equation (1), based on the specific enthalpy of the melting 
peak. It was approximately 65 % in the POZ (100) based film, and about 
69 % and 70 % in the POZ/PC (90:10) and POZ/PC (80:20) based films, 
respectively. This observation is consistent with the literature data, 
which demonstrate partial amorphization of drugs incorporated into 
hydrophilic polymer carriers [40,41].

Taken together, these results indicate that incorporation of MTZ into 
POZ/PC films via hot-melt extrusion leads to a partial drug amorph
ization, which may contribute to its improved dissolution and 
bioavailability.

3.11. In vitro metronidazole release

Fig. 9 presents data on the in vitro release of metronidazole through a 
cellulose membrane from polymer films based on POZ/GL and POZ/PC/ 
GL into artificial vaginal fluid. During the first 30–45 min, all tested 
films released no more than 5 % of metronidazole. This is likely attrib
uted to their dense structure, formed during hot extrusion, which 
initially limits the diffusion of the drug. However, once the films achieve 

Fig. 8. DSC thermograms of MTZ powder, POZ/MTZ and POZ/PC/MTZ films. 
Dashed curve shows the trend in endothermic events.

Fig. 9. In vitro cumulative release of metronidazole from POZ/GL and POZ:PC/ 
GL films. Data are presented as mean ± standard deviation (n = 3). Statistical 
analysis showed no significant difference between POZ(100)/GL/MTZ and 
POZ/PC(90:10)/GL/MTZ (p > 0.05), while a significant difference was 
observed between POZ(100)/GL/MTZ and POZ/PC(80:20)/GL/MTZ (p 
< 0.005).
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better hydration, the release rate of metronidazole increases signifi
cantly. By the 6th hour, the cumulative drug release from the POZ/GL 
film reaches 65.9 ± 2.9 %, while the POZ/PC(90:10)/GL and POZ/PC 
(80:20)/GL films release 60.6 ± 5.7 % and 54.5 ± 3.5 %, respectively. 
These results indicate that incorporating PC into the formulation pro
longs drug release, with higher PC content producing a more pro
nounced retardation effect.

The delayed release can be attributed to the weakly cross-linked 
structure of PC, which may hinder water diffusion into the matrix and 
restrict the outward diffusion of MTZ. Thus, the incorporation of PC in 
the film facilitates sustained drug release, which may be advantageous 
for the development of controlled-release pharmaceutical formulations.

The kinetics of metronidazole release from the films was analyzed 
using the zero-order, the first-order, the Higuchi, and the Korsmeyer- 
Peppas models. The results are presented in Table 4 and in Figs. S5-S8 
(Supporting information). According to the calculations, the Higuchi 
model (R2 = 0.890 − 0.903) provides the best fit for the drug release 
kinetics, indicating a diffusion-controlled mechanism. The addition of 
polycarbophil (PC) to the formulation leads to a slower release, as evi
denced by an increase in the exponent n in the Korsmeyer-Peppas model 
(from 1.221 to 1.426). This suggests that PC forms a denser network, 
slowing down MTZ diffusion. Thus, the release of metronidazole from 
the films is diffusion-controlled and depends on the matrix composition, 
with a higher PC content contributing to a prolonged drug release.

3.12. Antimicrobial studies

The antimicrobial activity of the films containing metronidazole 
against Staphylococcus aureus and Escherichia coli was evaluated using 
the agar disk diffusion method, with the results presented in Fig. 10 and 
Table 5. Films without active pharmaceutical ingredient showed no in
hibition zones against either the Gram-positive or Gram-negative bac
terial strains. However, all film samples containing metronidazole 
exhibited pronounced antimicrobial activity against both Staphylococcus 
aureus and Escherichia coli, with inhibition zone diameters being nearly 
identical for both strains.

Pure metronidazole was used as a control to benchmark the anti
microbial activity of the drug in its free form. To provide a compre
hensive assessment, two standard agar diffusion methods were 
employed: the well diffusion method and the disk diffusion method. 
These methods were selected to account for possible differences in drug 
diffusion behaviour between liquid samples and solid films.

In the well diffusion method, circular wells (6 mm in diameter) were 
created in the agar using a specialised tool, and a defined volume of 
metronidazole solution was pipetted into each well. This technique en
ables direct assessment of antimicrobial activity from a liquid 
formulation.

In contrast, the disk diffusion method was used to more closely 
mimic the testing conditions applied to the metronidazole-loaded films. 
In this method, sterile paper disks (6 mm in diameter) were soaked with 
the drug solution and placed onto the inoculated agar surface, simu
lating the localized release from a solid matrix.

Interestingly, the inhibition zones observed for pure metronidazole 
in both methods were smaller than those produced by the 
metronidazole-loaded films. This difference may be attributed to the 

presence of glycerol in the film formulations, which could have 
enhanced the diffusivity of metronidazole within the agar medium. 
Furthermore, glycerol itself has mild antimicrobial properties, poten
tially acting synergistically with metronidazole [65].

However, it is important to emphasize that films containing glycerol 
but no drug did not exhibit any bactericidal effects. Although glycerol 
may demonstrate weak antimicrobial activity in aqueous solutions [66], 
its free concentration within the solid polymer matrix is very low and 
insufficient to inhibit microbial growth. Therefore, the absence of 
antimicrobial activity in drug-free films confirms the key role of 
metronidazole in the observed antimicrobial effects.

4. Conclusions

In this study, POZ/PC blend films were developed and comprehen
sively evaluated for vaginal drug delivery, focusing on achieving an 
optimal balance of mucoadhesive strength, flexibility, and retention 
under vaginal fluid flow conditions. The incorporation of PC signifi
cantly enhanced the mucoadhesive properties of POZ films, as 
confirmed through both detachment force measurements and extended 
retention on mucosal surfaces. The addition of glycerol as a plasticizer 
further improved films’ flexibility and adhesion, with the POZ/PC 
(80:20)/GL formulation demonstrating the most promising performance 
in both mucoadhesion and retention tests. Ex vivo retention studies 
revealed that POZ/PC films, particularly those with higher PC content, 
maintained substantial adhesion even after 100 min of simulated fluid 
flow, highlighting their potential for applications requiring extended 
residence on mucosal tissues. These findings indicate that the optimized 
POZ/PC films prepared via hot-melt extrusion hold strong potential for 
enhancing vaginal drug delivery systems by promoting prolonged con
tact with the mucosal surface and facilitating sustained therapeutic ef
fects. However, one important consideration for this approach is the 
limitation on the proportion of PC that can be incorporated into the 
blend. While PC imparts desirable mucoadhesive properties, its high 
viscosity and poor thermoplasticity significantly reduce the extrud
ability of the formulation during hot-melt processing. In this study, we 
found that incorporating PC at levels above 20 % leads to processing 
challenges, such as poor flowability and difficulties in forming uniform 
films. Therefore, although the POZ/PC blends offer a promising platform 
for vaginal drug delivery, the proportion of PC in the formulation must 
be carefully optimized to balance mucoadhesion, processability, and 
mechanical integrity of the final dosage form.

DSC analysis confirmed partial amorphization of metronidazole 
within the POZ/PC matrix, reducing its crystallinity from 100 % in the 
pure drug to approximately 65–70 % in the films. This change in solid- 
state characteristics likely contributes to the improved dissolution 
behavior of metronidazole. Furthermore, the drug-loaded films exhibi
ted significant antimicrobial activity against both Staphylococcus aureus 
and Escherichia coli in standard agar diffusion assays. These results un
derscore the dual benefits of structural modification and polymer-based 
formulation in enhancing the local therapeutic efficacy of poorly soluble 
antimicrobial agents.

Table 4 
Kinetic data from in vitro release studies for metronidazole topical formulations.

Film formulation

Zero order First order Higuchi’ s model Korsmeyer-Peppas’ s model

Release rate constant 
(K0) R2

Release rate constant 
(K1) R2

Release rate constant 
(KH) R2

Release rate constant (n)
R2

POZ(100)/GL/MTZ 0.259 0.848 2⋅10− 85 0.895 4.988 0.903 1.221 0.894
POZ/PC(90:10)/GL/MTZ 0.246 0.840 2⋅10− 5 0.841 4.746 0.897 1.426 0.901
POZ/PC(80:20)/GL/MTZ 0.230 0.873 2⋅10− 5 0.874 4.351 0.890 1.398 0.946

Note: R2 = coefficient of linear regression.
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Bartuli, S. Cesa, M.A. Casadei, A. Adrover, Effect of glycerol on the physical and 
mechanical properties of thin gellan gum films for oral drug delivery, 2018. Doi: 
10.1016/j.ijpharm.2018.05.046.

[60] R.P. Kambour, J.M. Kelly, B.J. McKinley, Modulus and yield resistance of glassy 
blends containing diluents manifesting varying degrees of mobility: polyphenylene 
ether/polystyrene/diluent mixtures, J. Polym. Sci., Part B: Polym. Phys. 27 (1989) 
1979–1992, https://doi.org/10.1002/polb.1989.090271003.

[61] T. Junmahasathien, P. Panraksa, P. Protiarn, D. Hormdee, Preparation and 
evaluation of metronidazole-loaded pectin films for potentially targeting a 
microbial infection associated with periodontal disease, Polymers (basel). 10 
(2018) 1021, https://doi.org/10.3390/polym10091021.

[62] M. Ghavami-lahiji, F. Sha, F. Naja, M. Erfan, Drug-loaded polymeric fi lms as a 
promising tool for the treatment of periodontitis, J. Drug Deliv. Sci. Technol. 52 
(2019) 122–129, https://doi.org/10.1016/j.jddst.2019.04.034.

[63] L. Perioli, V. Ambrogi, C. Pagano, S. Scuota, C. Rossi, FG90 chitosan as a new 
polymer for metronidazole mucoadhesive tablets for vaginal administration, Int. J. 
Pharm. 377 (2009) 120–127, https://doi.org/10.1016/j.ijpharm.2009.05.016.

[64] D.U. Kapoor, S. Singh, P. Sharma, B.G. Prajapati, Amorphization of low soluble 
drug with amino acids to improve its therapeutic efficacy: a state ‑ of ‑ art ‑ review, 
AAPS PharmSciTech 24 (2023) 1–30, https://doi.org/10.1208/s12249-023- 
02709-2, 253.

[65] T.M. Nalawade, K. Bhat, S.H.P. Sogi, Bactericidal activity of propylene glycol, 
glycerine, polyethylene glycol 400, and polyethylene glycol 1000 against selected 
microorganisms, J. Int. Soc. Prev. Community Dent. 5 (2015) 114–119, https://doi. 
org/10.4103/2231-0762.155736.

[66] A.S. Sleem, S.S. Salman, W.A. Shehata, A.M. Dawoud, Evaluation of glycerol 
antiseptic effect on gram positive and gram negative bacteria, Menoufia Med. J. 36 
(2023) 9.

M.K. Akhmetova et al.                                                                                                                                                                                                                         European Polymer Journal 237 (2025) 114175 

16 

https://doi.org/10.3390/ma13071709
https://doi.org/10.1016/j.ijpharm.2021.120342
https://doi.org/10.1016/j.ijpharm.2021.120342
https://doi.org/10.1021/acs.biomac.3c01183
https://doi.org/10.1021/acs.biomac.3c01183
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.1016/j.ijpharm.2014.10.069
https://doi.org/10.1016/j.ijpharm.2019.05.059
https://doi.org/10.1016/j.eurpolymj.2019.04.016
https://doi.org/10.1016/j.eurpolymj.2019.04.016
https://doi.org/10.1016/j.ijpharm.2019.01.002
https://doi.org/10.1002/pat.5298
https://doi.org/10.1002/pat.5298
https://doi.org/10.1016/j.ijpx.2021.100098
https://doi.org/10.1016/j.ijpx.2021.100098
https://doi.org/10.1016/j.ijpharm.2013.10.014
https://doi.org/10.5004/dwt.2023.30208
https://doi.org/10.5004/dwt.2023.30208
https://doi.org/10.3390/pharmaceutics14122671
https://doi.org/10.1002/polb.23394
https://doi.org/10.1002/polb.1989.090271003
https://doi.org/10.3390/polym10091021
https://doi.org/10.1016/j.jddst.2019.04.034
https://doi.org/10.1016/j.ijpharm.2009.05.016
https://doi.org/10.1208/s12249-023-02709-2
https://doi.org/10.1208/s12249-023-02709-2
https://doi.org/10.4103/2231-0762.155736
https://doi.org/10.4103/2231-0762.155736
http://refhub.elsevier.com/S0014-3057(25)00463-X/h0330
http://refhub.elsevier.com/S0014-3057(25)00463-X/h0330
http://refhub.elsevier.com/S0014-3057(25)00463-X/h0330

	Development of mucoadhesive vaginal films with metronidazole using Poly(2-ethyl-2-oxazoline) – Polycarbophil blends via hot ...
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Preparation of the polymer films by HME technique
	2.2.1 Preparation of polymer blend powders
	2.2.2 Hot-Melt extrusion of powdered blends
	2.2.3 Preparation of sodium fluorescein (NaFl)-Loaded films
	2.2.4 Preparation of Metronidazole-Loaded films

	2.3 Characterization of the films
	2.3.1 Thickness and weight uniformity
	2.3.2 Folding endurance
	2.3.3 Surface pH
	2.3.4 Fourier transform infrared (FTIR) spectroscopy
	2.3.5 Thermogravimetric analysis (TGA)
	2.3.6 Differential scanning calorimetry (DSC)
	2.3.7 Scanning electron microscopy (SEM)

	2.4 Mechanical analysis
	2.5 Evaluation of mucoadhesive properties
	2.5.1 Preparation of simulated vaginal fluid
	2.5.2 Ex vivo mucoadhesion studies on sheep vaginal mucosa
	2.5.3 Ex vivo retention studies on sheep vaginal mucosa

	2.6 Characterization of the drug-containing films
	2.6.1 Determination of metronidazole content in polymer films
	2.6.2 Polarized light microscopy
	2.6.3 In vitro metronidazole release
	2.6.4 Antimicrobial studies

	2.7 Statistical analysis

	3 Result and discussion
	3.1 Preparation and Characterisation of POZ and POZ/PC blend films
	3.2 Fourier transform infrared spectroscopy
	3.3 Thermogravimetric analysis (TGA)
	3.4 Differential scanning calorimetry (DSC)
	3.5 Scanning electron microscopy
	3.6 Mechanical analysis
	3.7 Ex vivo mucoadhesion studies on sheep vaginal mucosa
	3.8 Ex vivo retention studies on sheep vaginal mucosae
	3.9 Characterization of Metronidazole-Loaded drug films
	3.10 Evaluation of crystallinity using DSC
	3.11 In vitro metronidazole release
	3.12 Antimicrobial studies

	4 Conclusions
	5 Author statement
	Declaration of generative AI and AI-assisted technologies in the writing process
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary material
	Data availability
	References


