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A B S T R A C T

Azithromycin (AZT) is one of the most prescribed antibiotics in children, generally administered through the oral 
route. However, its low aqueous solubility, poor oral bioavailability and bitter taste can affect the therapy ef
ficacy and the children’s compliance. In this study, different mucoadhesive polymers and solubilizers were 
explored to develop a primary layer capable of establishing a prolonged contact with the mucosa. An ethyl
cellulose layer was further applied to assure the drug unidirectional absorption through the buccal mucosa and 
limit its bitter taste in the mouth. Films were characterized for their thickness, drug content and solid state, 
morphology, hydration mucoadhesion and mechanical properties. In vitro drug release and permeation through 
the buccal mucosa as well as antimicrobial activity were also investigated. The selected compositions, based on 
chitosan (CS), alginate (ALG) or sodium hyaluronate (HYA) in association with Soluplus® or poly
vinylpyrrolidones allowed to obtain uniform, thin and mucoadhesive films. CS films determined a quick AZT 
release, due to the presence of a new, more soluble form of the drug (confirmed by PXRD and FT-IR analysis) 
with unaltered antimicrobial properties. Conversely, HYA and ALG films showed a more sustained release. 
Interestingly, the presence of the backing layer, confirmed by morphological studies, hindered the drug release, 
thus demonstrating that films could limit AZT taste inside the mouth. Among all the formulations, HYA film was 
characterized by the best profile of drug permeation, allowing the retention of drug antimicrobial ability and can 
be proposed as a buccal delivery system for the systemic absorption of AZT.

1. Introduction

Antibiotics represent the most commonly used drugs in the paedi
atric population. Among all of them, azithromycin (AZT), a broad- 
spectrum macrolide, is generally indicated for the treatment of 
different infectious diseases, such as the upper and lower respiratory 
infections and the otitis media (Dung et al., 2023). Currently, AZT 
administration in children consists of the employment of oral formula
tions, like granules for suspension and extended-release microspheres 
(Swainston Harrison and Keam, 2007). Nevertheless, after oral 

administration AZT shows a low bioavailability (around 37 %), as 
consequence of its poor aqueous solubility (≈ 0.1 mg/mL), high 
degradation in the acidic pH of the stomach and incomplete absorption 
(Aucamp et al., 2015; Fiese and Steffen, 1990; Luke and Foulds, 1997; 
Tung et al., 2018). Moreover, it has been reported that AZT oral 
administration is responsible for side effects, such as nausea, vomiting 
and diarrhoea due to the local concentration of the drug in the gastro
intestinal tract (Lo et al., 2009). Another important obstacle concerning 
AZT oral administration in children regards its extremely bitter taste 
(Mashaqbeh et al., 2024), highlighting the urgent need for the 
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development of new taste-masked dosage forms for paediatric 
population.

Buccal route represents an interesting site for drug administration in 
children in virtue of several advantages like the direct absorption of the 
drug into the systemic circulation, thus bypassing the stomach, and the 
simple access for self-medication, improving both patient acceptance 
and compliance (Lam et al., 2014). In the field of buccal administration, 
mucoadhesive drug delivery systems represent a promising platform for 
drug delivery. As a matter of fact, the intimate contact between the 
mucoadhesive formulation and the buccal mucosa can determine a 
longer retention time of the drug at the application/absorption site, 
reducing at the same time the saliva wash-out effect which can deter
mine the involuntary swallowing of formulation (Bagan et al., 2012). 
Among all the child-appropriate buccal dosage forms, films have been 
considered the most interesting formulations as they are thin, easily 
applicable and able to ensure accurate and flexible dosing (Lam et al., 
2014). Furthermore, the application of a non-dissolvable backing layer 
on the mucoadhesive film allows to achieve the unidirectional drug 
release towards the buccal mucosa, avoiding it in the oral cavity and at 
the same time limiting the bitter taste perception in the mouth. There
fore, the aim of this study was to develop and characterize bilayered 
films for AZT buccal administration in children. The first goal was to 
select suitable mucoadhesive excipients useful to obtain a primary layer 
containing the drug. Specifically, different mucoadhesive polymers, 
such as hydroxypropylmethylcellulose, sodium hyaluronate, sodium 
alginate, xanthan gum, carrageenan and chitosan, were screened to 
obtain the primary layer through the solvent casting method. Moreover, 
particular attention was given to the identification of adequate strate
gies to include such a lipophilic drug, like AZT (log P = 4; Guimarães 
et al., 2021), in the mucoadhesive hydrophilic layer. In this context, 
several solubilizers, such as lecithin, casein, polyvinylpyrrolidone K25, 
polyvinylpyrrolidone K25 and Soluplus®, were selected. All these ex
cipients are classified by the FDA as GRAS substances and applied in 
developing several paediatric formulations (Boza et al., 2025; Cornilă 
et al., 2022; Corzo-Martínez et al., 2015; Domingues et al., 2023). To the 
best of our knowledge, this is the first study investigating the association 
of so many different polymers and solubilizers to achieve the delivery of 
a lipophilic drug. Moreover, to date, no works have been published 
concerning the development of buccal films intended for systemic AZT 
administration. A single study reported the use of a buccal patch con
taining AZT (Latif et al., 2016) for the local release of the drug. The 
patch was composed solely of HPMC, and no information was provided 
regarding drug content, mucoadhesive properties, in vitro drug release or 
permeation. The authors proposed the patch for the treatment of chronic 
periodontitis in adults and evaluated different parameters linked to this 
disease condition. In another study, ocular films of AZT were prepared 
using alginate, carbopol, and hydroxypropyl methylcellulose by the film 
casting method and subsequently subjected to characterization 
(Gilhotra et al., 2011).

The second goal of the present study regards the achievement of the 
unidirectional drug absorption and of AZT bitter taste masking. For this 
purpose, a backing layer based on ethylcellulose was applied to the 
primary mucoadhesive layer to limit the drug release in the buccal 
cavity. In our previous work, we had developed bilayered films for 
systemic delivery of propranolol hydrochloride, an active hydrophilic 
molecule with a well-known bitter taste (Abruzzo et al., 2017). Ethyl
cellulose had been solubilized in acetone and sprayed on the primary 
polymeric layer. The challenge of the present study was to avoid the 
repartition of AZT from the primary mucoadhesive layer to the backing 
layer, through drug solubilization in acetone during the spraying and 
drying, Films were deeply characterised in terms of thickness, drug 
content, drug solid state, morphology, water uptake ability, mucoad
hesion, mechanical properties, in vitro drug release and permeation, and 
antimicrobial activity. Another innovative aspect of our study regarded 
the discovery of a new form of the drug, which presents interesting 
properties in terms of improved solubility, opening new perspectives 

able to overcome the most important drawbacks of AZT.

2. Materials and methods

2.1. Materials

Hydroxypropylmethylcellulose (HPMC; Benecel™ K100M PHARM, 
MW 1000 kDa) was sourced from Ashland (Ashland, Switzerland). So
dium alginate (ALG; MW140 kDa) and sodium hyaluronate (HYA; MW 
1800–2300 kDa) were purchased from Farmalabor (Canosa di Puglia, 
Italy). Xanthan gum (XG; MW 10,000 kDa) was supplied from ACEF 
(Piacenza, Italy). Polyvinylpyrrolidone K25 (PVP K25; MW 24 kDa) and 
polyvinylpyrrolidone K90 (PVP K90; MW 70–90 kDa) were obtained 
from Fluka (Milan, Italy). Ethylcellulose (ETHOCEL1 Standard E10 FP 
Premium, viscosity range 9–11 mPa x s) and Soluplus® (SOL, 90–140 
kDa) were a kind gift from Colorcon Ltd (Dartford, England) and BASF 
SE (Ludwigshafen, Germany), respectively. Carragenaan (CAR; MW 
193–324 kDa), low-viscosity chitosan (CS; MW 150 kDa, deacetylation 
degree 97 %; pKa = 6.3), lecithin (LEC), casein (CAS), azithromycin 
dihydrate (AZT) and all the other chemicals were purchased from Merck 
(Milan, Italy).

Water-uptake, residence time, and release studies were carried out in 
aqueous buffer having the following composition (g/L): 4.61 KH2PO4 
and 16.75 Na2HPO4 x12H2O adjusted to pH 6.8 with H3PO4 1 % v/v 
(healthy saliva pH = 6.7–7.4)(Gittings et al., 2015; Marques et al., 
2011). Permeation studies were performed in buffer solution at pH 7.4 
(g/L): 2.38 Na2HPO4 x12 H2O, 0.19 KH2PO4 and 8.0 NaCl.

2.2. Preparation of bilayer films

Different mucoadhesive polymers were screened for the preparation 
of the primary layer. Specifically, HPMC, ALG, HYA, XG or CAR were 
solubilized in water (2 % w/v), while CS was dissolved (2 % w/v) in 
lactic acid (1.6 % v/v). All solutions were left under stirring at 300 rpm 
for 24 h. Furthermore, different solubilizers were employed in order to 
facilitate AZT incorporation inside the primary layer. Particularly, LEC 
(2 % w/v), CAS (2 % w/v) and SOL (2.5 % w/v) were dissolved in water 
under stirring at 300 rpm for 72 h, instead PVP K25 and PVP K90 (2 % 
w/v) for 24 h. Polymeric- and solubiliser-based solutions were then 
mixed (1:1, w/w) and stirred for 45 min before adding glycerol (1 % w/ 
w for HPMC, ALG, HYA, XG, CAR and 0.5 % w/w for CS), employed as 
plasticizer. Loaded films were prepared by dispersing AZT (30 mg/mL) 
in the solubilizer solution, before the mixing. The mixtures were sub
sequently placed in a silicon mould (13 g in a diameter of 5 cm) and 
oven-dried (heating oven FD series, Binder, Tuttlingen, Germany) at 
70 ◦C for 7 h. For bilayered film preparation, a previously published 
method was followed, with slight modifications (Abruzzo et al., 2017). 
Briefly, an ethylcellulose solution (5 mL, 1 % w/w in acetone) was 
sprayed on the primary polymeric layer (1 cm2) in small portions (0.3 
mL), with each application immediately followed by oven-drying at 
70 ◦C for 5 min (this process was repeated until the entire 5 mL were 
applied). After preparation, films were stored in a well-closed container 
at room temperature. Films were evaluated for their physical charac
teristics i.e., colour (visual inspection), transparency (against white 
light), peelability (removal of film after drying) and homogeneity 
(visually against white light).

2.3. Solution viscosity

The viscosity of the solutions employed for the preparation of the 
primary polymeric layer was measured using a falling ball viscometer at 
room temperature (24 – 26 ◦C) (HAAKETM Falling Ball Viscometer Type 
C. Thermo electron corporation, Karlsruhe, Germany).
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2.4. Film weight, thickness and pH

Films having a surface area of 1 cm2 from different batches as well as 
different portions of the same film (obtained from one mould) were cut 
and the mean weight of five randomly selected samples from each 
formulation was measured using an electronic balance (Sartorius, Milan, 
Italy). Film thickness was measured using an electronic digital caliber 
(art. 1367 E 2900, Shanghai ShangErBo Import & Export Co., Shanghai, 
China). For the pH measurement, films with a surface area of 1 cm2 were 
kept in contact with 5 mL of phosphate buffer solution at pH 6.8; then 
the solutions were filtered, and the pH was determined with a digital pH 
meter (pH meter, MicroPH CRISON 2000, Modena, Italy). To exclude 
the influence of the buffer, films (1 cm2) were placed in 5 ml of distilled 
water for 30 min. After this time, the swollen films were taken out, 
drained, and the pH value of the film surface was measured with an 
indicator strip pH 6 – 7.7 (Macherey-Nagel, Düren, Germany)(Al-Dhu
biab et al., 2016; Muzib and Kumari, 2011).

2.5. Drug content

To determine the drug content, three film units with a surface area of 
1 cm2 taken from different batches as well as different portions of the 
same film were placed in 5 mL methanol for 24 h under magnetic stirring 
(300 rpm). Then 100 µL of the solution were withdrawn, diluted in 
methanol and analysed using a HPLC method (section 2.6) in order to 
determine the amount of AZT in each film.

2.6. HPLC conditions

AZT quantification through HPLC was performed following the 
method previously reported (Abruzzo et al., 2022). The chromato
graphic system was composed of a Shimadzu (Milan, Italy) LC-40D 
chromatographic pump and a Shimadzu SPD-10AVP UV–vis detector 
set at 215 nm. Separation was obtained on a Phenomenex (Torrance, CA, 
USA) Kinetex (150 mm × 4.6 mm I.D., 5 mm) coupled to a Phenomenex 
(Torrance, CA, USA) Security Guard C18 guard cartridge (4 mm × 3.0 
mm I.D., 5 mm). The mobile phase was prepared by mixing a buffer 
(KH2PO4 0.01 M adjusted at pH 7.5 with KOH 0.1 M) with methanol and 
acetonitrile (10/50/40, v/v/v). The flow rate was 0.8 mL/min and 
manual injections were made using a Rheodyne 7125 injector with a 20 
µL sample loop. Data processing was handled by means of a CromatoPlus 
computerized integration system (Shimadzu Italia, Milan, Italy). Cali
bration curve of concentration versus peak area ratio was plotted at 
concentration range of 10 – 500 µg/mL and a good linearity was found 
(R2 = 0.9996). The method was further validated with respect to char
acteristics like specificity in the presence of excipients, precision, Limit 
of detection (LOD), Limit of quantification (LOQ) and stability 
(“Guideline on Validation of Analytical Procedures,” 2022). Specificity 
was demonstrated, showing that neither formulation excipient inter
fered with the quantification of AZT. The method’s precision (deter
mined by injecting the working standard six times in succession) yielded 
a relative standard deviation (RSD) below 2.5 %. LOD and LOQ were 
found to be 2.5 µg/mL and 7.5 µg/mL, respectively. As regards the 
stability (determined by using the same working standard for 0, 1, 2, 4, 6 
and 8 h), RSD values were below 2 %.

2.7. Differential scanning Calorimetry (DSC)

DSC analysis was performed in order to evaluate the drug solid state 
in films. A Perkin Elmer DSC 6 (Perkin Elmer, Beaconsfield, UK) with 
nitrogen as a purge gas (20 mL/min) was employed. Films, weighing 
about 2–3 mg, were placed in an aluminum pan and heated from 30 to 
200 ◦C at a scanning rate of 10 ◦C/min.

2.8. Powder X-ray diffraction (PXRD) analysis

PXRD analyses were carried out using a Bruker D2 Phaser benchtop 
diffractometer (Bruker, Manheim, Germany), using Cu-Ka radiation (λ 
= 1.5418 Å) with a 300 W low-power X-ray generator (30 kV at 10 mA). 
All the measurements were conducted in a 2q range of 5-35◦ with a step 
size of 0.02◦ and a scan speed of 0.6◦/s. Every sample was placed on a 
“zero background” sample holder coated with silicone resin.

Both drug-free and drug-loaded buccal films were characterised 
through PXRD to confirm the presence of the drug and assess its physical 
form (e.g., crystalline AZT as the starting material, amorphous state, 
polymorphic form, etc.).

2.9. Scanning electron microscopy (SEM)

Images of AZT-loaded buccal films were collected through SEM. The 
samples were placed on aluminum stubs covered with a carbon double- 
sided before being analysed by a scanning electron microscope (Quanta 
250 SEM, FEI, Oregon, USA) with the secondary electron detector. The 
working distance was set at 10 mm to obtain the appropriate magnifi
cations, and the acceleration voltage was set at 30 kV. Cross-sectional 
images were acquired for the bilayer films to clearly identify and 
distinguish the coating layer from the underlying film matrix.

2.10. Fourier-transform Infrared spectroscopy attenuated total 
Reflectance (FT-IR ATR)

To investigate the potential interaction between AZT and lactic acid, 
AZT (15  mg/mL) was first dissolved in a 0.8 % v/v aqueous solution of 
lactic acid under continuous magnetic stirring (300 rpm) for 24  h. The 
resulting solution was oven-dried at 70 ◦C for 7  h, yielding a pasty-like 
solid residue (referred to as AZT-lac). This product was then analysed 
using FT-IR ATR spectroscopy to assess possible molecular interactions. 
Spectra were acquired for AZT-lac, pure AZT, and pure lactic acid using 
a Shimadzu IRAffinity-1S spectrometer (Kyoto, Japan) equipped with an 
ATR accessory, within the 400–4000  cm− 1 range, at a resolution of 4 
cm− 1 and with 20 accumulated scans.

2.11. Water uptake ability

Water uptake studies were carried out to measure the hydration 
ability of primary polymeric layers and bilayered films by following a 
previous method (Abruzzo et al., 2017). An accurately weighted square 
of film with a surface area of 0.49 cm2 (0.7 cm x 0.7 cm) was placed on 
filter paper (4 cm x 4 cm) soaked in phosphate buffer at pH 6.8 and 
positioned on the top of a sponge (11 cm x 6.5 cm x 2 cm), previously 
soaked in the hydration medium. The sponge was placed in a Petri dish 
(diameter 22 cm) filled with the same solution to a height of 0.5 cm. At 
specified time intervals the film and the wet paper filter were weighted 
and subsequently repositioned on the sponge.

Water uptake (WU) was determined as weight increase of the film for 
360 min, according to the following equation: 

WU(%) =

(
WH fp − WH p − WD f

)
*100

WD f 

where WHfp is the weight of hydrated film and wet paper filter, WHp is 
the weight of wet paper filter and WDf is the weight of the dry film.

2.12. In vitro mucoadhesion ability and residence time

Mucoadhesion ability was determined by measuring the force 
necessary to pull out a freshly oesophageal mucosa from primary poly
meric layers. In previous studies, it was demonstrated that porcine 
esophageal mucosa is comparable to the buccal one and it has been 
selected as the preferred model (Diaz del Consuelo et al., 2005). Pig 
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esophageal tissue was obtained from a local abattoir (CLAI, Faenza, 
Italy). Mucosa was separated from the muscular layer by cutting the 
connective fibers with a scalpel. For this measurement an adapted 
tensiometer (Krüss 132869; Hamburg, Germany) was used (Abruzzo 
et al., 2017). The esophageal mucosa was attached with cyanoacrylate 
adhesive to a support (surface area 1 mm2) and hydrated with 50 µL of 
mucin solution (0.05 % w/v in phosphate buffer at pH 6.8) for 2 min. 
Then the mucosa was lowered on a piece of film (1 cm2) fixed to a mi
croscope glass with cyanoacrylate adhesive and a force of 20 dyne was 
applied for 1 min. Subsequently, the mucosa was raised up until it fully 
separated from the film.

Residence time measurements were performed to evaluate the time 
needed for the complete detachment of films from the mucosa in 
phosphate buffer at pH 6.8 (Abruzzo et al., 2017). For this study the 
mucosa (surface area 4 cm2) was attached to a glass slide using cyano
acrylate adhesive and then hydrated with 20 µL of mucin 0.05 % (w/v) 
in phosphate buffer at pH 6.8. After 2 min a piece of film (1 cm2) was 
attached to the mucosa with a slight pressure and allowed to adhere for 
15 min. Subsequently, the glass slide was immersed in a beaker con
taining 20 mL of the buffer. The time required for the film detachment 
from the mucosa was recorded using a digital chronometer. This test was 
carried out on both bilayer film and primary layer.

2.13. In vitro release studies

In vitro release studies were performed to determine the amount of 
drug released over time from primary layers and bilayered films. To 
execute this test, a piece of primary layer (1 cm2) was fixed to a glass 
slide with cyanoacrylate adhesive and left to adhere for 30 min. For the 
evaluation of drug release from bilayered films, the films were attached 
on the glass side with the ethylcellulose layer facing towards the me
dium. They were then immersed in a beaker with 20 mL of phosphate 
buffer at pH 6.8. After 30, 60, 120, 180, 240, 300, and 360 min, 500 µL 
aliquots were withdrawn and replaced with fresh medium. A control 
composed of AZT (Ctrl), as well as the AZT-lac prepared as described in 
section 2.9 (same amount as in the films) was tested. The samples were 
diluted and analysed using the HPLC method previously described. 
Results are shown as a percentage of Mt/M0, where Mt represents the 
amount of AZT released at each time and M0 the total AZT mass con
tained in the film, plotted as a function of time.

2.14. Mechanical properties

The burst strength (N) of the AZT-loaded films was explored using a 
texture analyzer (TA.XT plus Texture Analyzer, Stable Micro Systems, 
UK). A customized 3D printed apparatus presenting a 1 cm gap was 
realized via 3D printing as support for attaching the samples and was 
mounted on the working stage of the texture analyzer. For all mea
surements, the system was set in compression mode and equipped with a 
50 Kg loading cell and P/2 mm cylinder probe. A 100 % strain was 
selected to record the force needed to completely break the film. Trigger 
force and test speed were set at 0.05 N and 1 mm/s, respectively. 
Considering the maximum peak of the force-distance plot, the burst 
strength needed to break the films was recorded. Also, the maximum 
applied pressure was calculated and expressed in MPa. For each 
formulation, at least a triplicate measurement was carried out and re
sults were expressed as mean ± standard deviation.

2.15. In vitro permeation studies

In vitro permeation studies were conducted to quantitatively assess 
the ability of the drug to diffuse from primary monolayer or bilayered 
films across the buccal mucosa or to be retained inside it.

Franz-type static glass diffusion cells (15 mm jacketed cell with a flat 
ground joint and clear glass with a 12 mL receptor volume; diffusion 
surface area = 1.77 cm2), equipped with a V6A Stirrer (PermeGearInc., 

Hellertown, PA, USA) were employed. Porcine oesophageal epithelium 
was used to separate the donor and receptor compartments. To isolate 
the epithelium, the excised oesophageal mucosa was immersed in saline 
solution (NaCl 0.9 % w/v) at 60/65 ◦C for 1 min. After the epithelium 
was peeled from the connective tissue and placed over a 0.45 μm cel
lulose acetate filter with the connective side in contact with the filter. 
The epithelium was placed between the donor and the receiving 
chamber of the Franz cells and hydrated with 200 μL of phosphate buffer 
at pH 6.8. Films (1 cm2) or the drug powder in the same amount con
tained in the films (Ctrl) were located in the donor chamber. The re
ceptor compartment was composed of 12 mL of a mixture of phosphate 
buffer solution at pH 7.4 and ethanol in a proportion 80:20 v/v, main
tained at 37 ◦C by means of a surrounding jacket and constantly stirred 
to assure a uniform drug concentration. At predetermined time intervals 
(30, 60, 120, 180, 240, 300 and 360 min), 200 μL samples were collected 
from the receptor compartment, replaced with the same amount of fresh 
medium and analysed using HPLC. The results of permeation studies are 
shown as a percentage of the cumulative permeated drug plotted as a 
function of time. Cumulative amounts of drug permeated per unit area of 
the epithelium (µg/cm2) was also plotted against time (min). Flux (J) 
was generated from the slope of the linear portion of the curve.

After 360 min, the residual formulations contained in the donor 
compartment were removed and the epithelium was carefully washed 
with methanol (0.5 mL). Then, the epithelium was dismounted from the 
apparatus and placed in methanol (5 mL) for 5 h under magnetic stirrer 
(300 rpm) to extract the drug. The epithelium was subsequently with
drawn and the solution was centrifuged at 14,500 rpm for 20 min (GS- 
15R Centrifuge, Beckman Coulter, Milan, Italy) and analysed through 
HPLC to determine AZT amount retained within the tissue.

2.16. Antimicrobial properties

Antimicrobial properties of films were evaluated against Staphylo
coccus aureus ATCC 29213 and Escherichia coli ATCC 11105, chosen as 
representative Gram-positive and Gram-negative bacteria, respectively. 
Bacterial strains were routinely grown in Brain Heart Infusion medium 
(BHI, Difco, Detroit, MI), at 37 ◦C. Bacterial suspensions were prepared 
at a concentration of 2x106 CFU (colony forming units)/mL in 2x BHI 
broth. Minimal Inhibitory Concentrations (MIC) of AZT were deter
mined by a microdilution assay carried out on a 96-well plate, following 
NCCLS standard guidelines (Cockerill, 2012; Lugli et al., 2025). Loaded 
films (1 cm2) were placed in a beaker with 20 mL of phosphate buffer at 
pH 6.8. After 360 min solutions containing the released drug were 
withdrawn and diluted with the same buffer to obtain a final drug 
concentration of 60 μg/mL. A control was prepared by dissolving the 
drug in the buffer at the same concentration. Subsequently, the samples 
were 2-fold serially diluted in the buffer and added to the bacterial 
suspensions in equal amounts, in order to reach AZT concentrations in 
the range 0.05–30 μg/mL. Unloaded films were also tested following the 
same procedure and applying the same dilutions. MIC values were 
determined after 24 h of incubation at 37 ◦C.

2.17. Statistical analysis

All results are shown as mean ± standard deviation (SD). SD was 
calculated from the values of three independent experiments, except for 
the permeation results, which were calculated from the values of at least 
five independent experiments. Data from all experiments were analysed 
using a t-test, and differences were deemed significant for p < 0.05.

3. Results and discussion

3.1. Preparation of bilayer films

The preparation process of the final formulations was based on 
different steps. First, a screening was conducted to select the polymers 
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able to provide films. In this context, various mucoadhesive polymers, 
hydroxypropylmethylcellulose (HPMC), chitosan (CS), sodium alginate 
(ALG), sodium hyaluronate (HYA), xanthan gum (XG) and carrageenan 
(CAR), were tested with the aim of developing a final formulation 
capable of prolonged retention within the buccal cavity. In a preliminary 
evaluation, solutions without drug and solubilizers were prepared by 
dissolving the investigated polymers in water, except for CS whose 
solubilization required an acidic environment. In this latter case, lactic 
acid was preferred over the most employed acetic acid. In fact, it has 
been reported that films containing acetic acid were characterised by a 
strong, potent odour of vinegar, which can be difficult to accept, espe
cially by children (Korelc et al., 2023). The solvent casting method was 
selected for film preparation due to its simplicity and cost-effectiveness. 
Indeed, all the prepared polymeric solutions, with the exception of the 
not uniform CAR-based one, were cast. The obtained films were ho
mogeneous and easy to handle and to remove from the mould without 
damage, excluding XG film which presented cracks. For this reason, the 
latter was excluded from the further steps.

Secondly, to favour AZT ((lipophilic molecule, logP = 4; (Guimarães 
et al., 2021)) inclusion within the polymeric solutions, different sol
ubilizers, such as casein (CAS), lecithin (LEC), Soluplus ® (SOL), and 
polyvinylpyrrolidones (PVPs) were tested. Preliminarily, unloaded films 
were prepared to explore if the different compositions were able to 
provide films. All the selected polymers (HPMC, CS, ALG and HYA) were 
combined with CAS, LEC, SOL, PVPs. All the combinations provided 
uniform and easily handled films. CAS and LEC produced films with an 
unpleasant odour, which could negatively impact patient acceptability 
− particularly in the paediatric population − and were therefore 
excluded from further development. Moreover, the association of the 
polymers with PVPs allowed to obtain transparent films, while in the 
presence of SOL opalescent films were produced. This result was due to 
the presence of SOL micelles in the polymeric solutions which were 
characterised by a slight opalescence. In order to verify the presence of 
micelles in our preparations, a solution of SOL (12.5 mg/mL) was 
adequately diluted in water (18.2 MW cm, MilliQ apparatus by Milli
pore, Milford, MA, USA) and analysed through a Brookhaven 90-PLUS 
instrument (PCS, Brookhaven Instruments Corp., Holtsville, NY, USA) 
with an He-Ne laser beam at a wavelength of 532 nm (scattering angle of 
90◦). The analysis confirmed the presence of micelles whose sizes were 
equal to 57 ± 4 nm. From these findings, it was possible to conclude that 
HPMC, CS, ALG and HYA can be associated with the solubilizers SOL and 
PVPs. Overall, this preliminary screening offers valuable insights for the 
development of buccal films able to deliver hydrophilic and lipophilic 
drugs and could be exploited in the future to deliver other active 
compounds.

Subsequently, the impact of AZT inclusion on physical characteris
tics of the primary layer was evaluated and reported in Table 1.

As can be seen from Table 1, loaded films based on HPMC/SOL, 
HPMC/PVPs, ALG/PVPs and HYA/PVPs, were characterised by a non- 
uniform aspect and for this reason were discharged from the study. 

Instead, films composed of CS/SOL, CS/PVPs, ALG/SOL and HYA/SOL 
were uniform, easily handled and peelable from the mould, even if 
different characteristics were observed. In fact, CS/PVPs films were 
transparent, CS/SOL was slightly opalescent, while ALG/SOL and HYA/ 
SOL films were opalescent. This behaviour was attributed to the solu
bility of the drug in the starting polymeric solutions. Specifically, the CS- 
based solutions containing lactic acid exhibited an acidic pH (~4.5), 
which enabled the solubilization of AZT (pKa ~ 8.5) by promoting the 
protonation of its amino groups, resulting in clear, transparent solutions. 
To evaluate drug solubility in lactic acid solution (1.6 % w/v adjusted at 
pH 4.5 with NaOH 5 % w/v), an excess of AZT was placed in 2 mL of the 
medium under magnetic stirring (300 rpm) for 72 h at room tempera
ture. After this period, the samples were centrifuged at 8770 g for 30 
min, filtered using a 0.22 µm acetate cellulose syringe filter and diluted 
before HPLC analysis. The obtained results confirmed our hypothesis 
and showed that the acidic pH particularly increased drug solubility 
(5.27 ± 0.27 mg/mL) with respect to the solubility in water previously 
determined (0.14 ± 0.02 mg/mL) (Abruzzo et al., 2022). However, the 
acidic environment alone was not sufficient to produce homogeneous 
films. In fact, when a drug-loaded solution based solely on CS was pre
pared and cast, the resulting film appeared non-homogeneous, con
firming the necessity of incorporating an additional solubilizing agent. 
Indeed, SOL or PVPs were employed to improve the final properties of 
CS films. Drug solubility was also calculated in the presence of SOL or 
PVP at the same concentration as those used in the final film forming 
solutions (10 mg/mL for PVPs and 12.5 mg/mL for SOL), by following 
the procedure mentioned above. Drug solubility in the presence of SOL 
and PVP was equal to 0.43 ± 0.06 mg/mL and 0.28 ± 0.03 mg/mL, 
respectively (no significant difference was observed between PVP K25 
and PVP K90; p > 0.05). The latter results were related to the ability of 
PVP and SOL to increase the solubility of lipophilic drugs. Particularly, it 
is well known that hydrophobic segments of PVP can form complexes 
with hydrophobic drugs, influencing their solubility, dissolution, and 
stability (Kurakula and Rao, 2020; Teodorescu and Bercea, 2015). SOL 
promotes drug solubilization thanks to its ability to spontaneously form 
micelles at concentrations higher than its critical micellar concentration 
(CMC = 7.6 mg/L; (Jiang et al., 2019)). To investigate the presence of 
loaded micelles, solutions of SOL (12.5 mg/mL) and AZT (15 mg/mL) 
were prepared and left under stirring for 72 h at 300 rpm. After that, the 
suspension was centrifuged at 8770 g for 30 min to remove the excess of 
drug in suspension, and the supernatant was dispersed in ultrapure 
water with a dilution of 1:1000 (v/v). Micelle formation was verified 
through PCS. The isolated supernatant contained micelles of 73 ± 10 
nm, which were greater (p > 0.05) than the unloaded ones, probably due 
to the incorporation of AZT within the micelles. The presence of loaded 
micelles determined the slight opalescence in CS/SOL film. Finally, the 
selection of the drying temperature (70 ◦C) was done with the final aim 
of avoiding the thermal degradation of the drug. In this regard, a pre
vious study reported (Timoumi et al., 2014) that in the solid state, AZT 
dihydrate undergoes only dehydration up to ~ 80 ◦C, without evidence 
of chemical degradation or lattice disruption.

To sum up, the presence of PVPs or SOL, in association with the 
acidic pH of the CS-based solution, allowed us to obtain transparent or 
slightly opalescent, easily handled and peelable films with a final ho
mogenous aspect. Therefore, it can be assumed that in CS/PVP and CS/ 
SOL, AZT was predominantly dissolved (in virtue of the presence of lactic 
acid and PVPs) and/or dispersed in micelles (only in the case of CS/SOL 
based film). Conversely, ALG and HYA with PVPs or SOL led to the 
formation of white solutions containing a high amount of drug in sus
pension in addition to the dissolved drug amount (as free molecules or in 
micelles in the presence of SOL). Anyway, for both ALG and HYA the 
addition of PVPs was not sufficient to assure the formation of homoge
neous films, while in the presence of SOL (for both ALG and HYA) ho
mogenous, milky-coloured and peelable final films were obtained.

Films having the selected compositions were coated with the ethyl
cellulose backing layer and named as follows: CS/PVP K25, CS/PVP 

Table 1 
Loaded film characteristics.

Polymer Solubilizer

SOL PVP K25 PVP K90

HPMC Not homogenous film Not homogenous 
film

Not homogenous 
film

CS Peelable, slightly 
opalescent and 

homogenous film

Peelable, 
transparent and 

homogenous film

Peelable, 
transparent and 

homogenous film
ALG Peelable, slightly 

white and 
homogenous film

Not homogenous 
film

Not homogenous 
film

HYA Peelable, slightly 
white and 

homogenous film

Not homogenous 
film

Not homogenous 
film

G. Bondi et al.                                                                                                                                                                                                                                   International Journal of Pharmaceutics 684 (2025) 126164 

5 



K90, CS/SOL, ALG/SOL and HYA/SOL.

3.2. Solution viscosity

The viscosity of the starting polymeric solutions can significantly 
affect the ability of the resulting films to promote drug release. In gen
eral, high-viscosity polymeric solutions tend to form viscous gels upon 
hydration, which may hinder drug diffusion (Abruzzo et al., 2017).

Based on this consideration, the viscosity of the initial solutions was 
measured. As shown in Table 2, ALG and HYA solutions exhibited 
significantly higher viscosity values compared to CS (p < 0.05), likely 
due to differences in molecular weight. Higher molecular weight poly
mers typically produce more viscous solutions. Additionally, the pres
ence of PVPs led to an increase in viscosity compared to SOL (p < 0.05).

3.3. Film weight, thickness and pH

Film weight, thickness and pH were evaluated by using different 
batches as well as different portions of the same film (obtained from one 
mould). As can be observed in Table 2, film weight ranges between 28.8 
to 33.6 mg/cm2 and 39.7 to 46.1 mg/cm2 for the primary layers and 
bilayer films, respectively and no significant differences were observed 
between all the formulations (p > 0.05). In all cases, an increase in film 
weight was observed for the bilayered films with respect to the primary 
layer (p < 0.05), thus demonstrating the successful backing procedure. 
Furthermore, the low standard deviation suggested that the method 
employed for film formation allowed to obtain uniform samples. The 
weight uniformity is a crucial issue considering that it directly influences 
the distribution of the drug inside the formulation and consequently the 
accuracy of the dosage.

Another important consideration for film designed for buccal 
administration is the thickness. As a matter of fact, it has been reported 
that the ideal thickness for a buccal film intended for the paediatric 
population is between 0.050 mm and 1 mm (Nair et al., 2013). Films 
with thickness value inside this range can maintain a strong and pro
longed contact with the buccal mucosa, avoiding at the same time any 
discomfort upon application and consequently increasing patient 
acceptance and compliance. Moreover, the homogeneity in thickness 
value is strictly linked to the drug content uniformity. As can be seen 
from Table 2, the film thickness was within the range previously re
ported and varied from 0.18 to 0.24 mm and from 0.33 to 0.39 mm for 
the primary layers and bilayer films, respectively. Also, in this case a low 
standard deviation was registered, demonstrating the uniformity of the 
samples. Furthermore, the increase in thickness for bilayered films with 
respect to the primary layer (p < 0.05) represented a further proof of the 
success of the backing process.

Finally, the film pH was measured to evaluate the safety of the 
formulation and exclude a potential irritation of the buccal mucosa. The 
pH of the prepared films, both measured in phosphate buffer and in 
water, ranged between 6.5 and 7.0, aligning well with the physiological 
pH of the buccal cavity (typically 5.5–7.0) (Abdella et al., 2022). These 
values suggest that the films are suitable for buccal administration, 
minimising the risk of mucosal irritation.

3.4. Drug content

The determination of AZT content is crucial to verify its uniformity. 
Films (1 cm2) from different batches and portions were used for AZT 
content determination (Table 2). The drug content/g of film was found 
to be 0.22 ± 0.01 g/g and no significant difference was observed be
tween all the samples (p > 0.05). Moreover, the experimental drug 
content/cm2 was very close to the theoretical one (9.94 mg/cm2) for 
each formulation. The low standard deviations confirmed that the drug 
was uniformly distributed.

3.5. DSC

DSC analyses were carried out to investigate the physical state of the 
drug within the film. Generally, a shift in the drug’s endothermic peak 
may suggest the occurrence of molecular interactions, whereas the 
complete disappearance of the peak typically indicates a transformation 
of the solid state. (Giordani et al., 2020; Timur et al., 2019). As can be 
seen from Fig. 1, the DSC profile of AZT showed a single endothermic 
peak at 120 ◦C, due to its melting, in agreement with previous findings 
(Kauss et al., 2013). The film profiles did not present remarkable 
endothermic events related to the drug, except for CS-based films, which 
showed an endothermic peak close to the melting point of the drug. 
These data indicated that in ALG- and HYA-based films the drug pre
sented a low degree of crystallinity or an amorphous state. On the other 
hand, in the case of CS-based films, the slight shift of the drug endo
thermic peak could be related to a possible interaction of AZT with ex
cipients used for film preparation. In order to better investigate the 
drug’s solid state and any interaction between the drug and the other 
components of the films, powder X-ray diffraction analyses were 
performed.

3.6. Powder X-ray diffraction (PXRD) analyses

PXRD analyses were conducted on both unloaded and loaded buccal 
films and compared with the diffractogram of pure AZT. As expected, 
unloaded films exhibited amorphous profiles. Among the drug-loaded 
films, only those formulated with ALG/SOL and HYA/SOL (reported in 
Fig. 2) showed diffraction peaks attributable to crystalline AZT (see light 
orange lines in Fig. 2), although slight shifts of the characteristic peaks 
of AZT were observed in both cases, possibly due to interactions between 
the drug and the polymer matrix during film formation.

The remaining three films include CS as part of the polymeric matrix, 
in combination with a second polymer. Unlike the HYA/SOL and ALG/ 
SOL films, where the presence of crystalline drug was confirmed by 
PXRD, the presence of AZT was no longer detectable in its original 
crystalline form in these CS-based systems. Instead, all three CS- 
containing films exhibited distinct diffraction patterns that did not 
match those of pure AZT or any of the individual formulation compo
nents. Interestingly, this new PXRD pattern was identical across all three 
formulations, regardless of the second polymer used (red patterns in 
Fig. 3), possibly suggesting the formation of a new solid phase.

Table 2 
Viscosity of the starting polymeric solutions and film properties (weight, thickness and drug content expressed as AZT amount/g of film and AZT amount/cm2).

Film Viscosity of solutions 
(mPa x s)

Weight (mg/cm2) Thickness (mm) Drug content (g/g) Drug amount (mg)/cm2

Primary layer Bilayered films Primary layer Bilayered films

CS/PVP K25 69.78 ± 0.76 32.6 ± 1.3 45.1 ± 1.9 0.18 ± 0.02 0.38 ± 0.06 0.22 ± 0.02 9.81 ± 0.83
CS/PVP K90 80.42 ± 0.57 32.0 ± 3.1 46.4 ± 4.5 0.24 ± 0.05 0.33 ± 0.08 0.21 ± 0.02 9.83 ± 0.86

CS/SOL 57.33 ± 0.76 33.6 ± 3.3 46.1 ± 4.5 0.19 ± 0.06 0.36 ± 0.13 0.23 ± 0.01 9.90 ± 0.15
ALG/SOL 101.27 ± 0.45 29.5 ± 1.3 39.7 ± 1.8 0.22 ± 0.05 0.39 ± 0.05 0.24 ± 0.02 9.75 ± 0.32
HYA/SOL 151.03 ± 0.45 28.8 ± 1.9 42.1 ± 2.7 0.23 ± 0.06 0.36 ± 0.04 0.23 ± 0.03 9.70 ± 0.11
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3.7. Scanning electron microscopy (SEM)

The AZT-loaded buccal films were also analysed by SEM, and the 
observations were consistent with the PXRD results. Specifically, HYA/ 
SOL and ALG/SOL films showed the clear presence of flat (Fig. 4 B-C), 
rectangular crystals on the surface like those observed in the SEM image 
of pure crystalline AZT (Fig. 4 A).

In contrast, the CS-containing films displayed markedly different 

surface morphology (Fig. 4 D-F). No visible crystalline structures 
attributable to original AZT were observed, in line with the PXRD 
findings. These results further support the hypothesis of a solid-state 
interaction between AZT and the components of CS-based films, 
potentially leading to the formation of a new phase in which the drug is 
no longer detectable as free crystals.

Cross-sectional SEM imaging was performed to visualize the internal 
structure of the bilayer films and to distinguish the ethylcellulose 

Fig. 1. DSC thermograms (30–160 ◦C) of AZT and loaded primary polymeric layers.

Fig. 2. PXRD of raw materials, unloaded ALG/SOL and loaded ALG/SOL (left) and unloaded HYA/SOL and loaded HYA/SOL (right). Light orange lines stand for AZT 
peaks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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coating layer from the underlying drug-loaded matrix. Fig. 4G presents 
the HYA/SOL film as a representative example. The upper portion of the 
image clearly reveals a compact, continuous layer corresponding to the 
ethylcellulose coating, distinguishable by its uniform and dense 
appearance compared to the more porous and heterogeneous structure 
of the underlying film matrix. This morphological contrast confirms the 
deposition of the coating layer and highlights the bilayer architecture of 
the system.

3.8. FT-IR ATR

Fig. 5 shows FT-IR spectra acquired using the ATR technique. The red 
trace corresponds to the sample obtained from the interaction between 
AZT and lactic acid, prepared via dissolution followed by drying (see 
Section 2.10 for details). This spectrum is compared with those of pure 
AZT (black, top) and pure lactic acid (black, bottom).

In the red spectrum, a marked alteration of the spectral profile is 
observed compared to pure AZT: 

• the characteristic bands of AZT (such as those between 1700–1600 
cm− 1, corresponding to C=O and N–H groups (Islam et al., 2017) 
appear attenuated, shifted, or modified, suggesting loss of the orig
inal crystalline structure and formation of new molecular 
interactions.

• the most evident changes occur in the 1700 to 1500 cm− 1 region 
(Islam et al., 2017) where the signals are broadened and less defined, 
indicating hydrogen bonding between functional groups of AZT and 
lactic acid.

• the absence of sharp bands typical of crystalline AZT supports the 
transition to an amorphous state or the formation of a new amor
phous solid.

• when compared to lactic acid (black trace at the bottom), the red 
spectrum shares some common bands, but with clear shifts and 
modifications, which confirm the occurrence of interactions between 
the two components rather than a simple physical mixture.

These spectroscopic findings support the hypothesis of a strong 
interaction between AZT and lactic acid, likely involving the amino 
groups of the drug, which may have led to the formation of a new 
multicomponent solid.

3.9. Water uptake ability

Film hydration was investigated to predict their behaviour upon 
contact with biological fluids in the buccal cavity. Particularly, after film 
application on the buccal mucosa, the fluids wetting the mucosa can 
hydrate the formulations, providing the formation of systems with 
different viscosities. As a consequence, the water uptake behaviour in
fluences the capacity of the films to adhere to the mucosa and the drug 
release and permeation (Timur et al., 2019).

Fig. 6 reports the water uptake profiles of the loaded films (primary 
layers). As can be seen, WU ability mainly depended on the polymeric 
composition of the film. Specifically, films composed of CS were char
acterised by a lower hydration ability with respect to ALG/SOL and 
HYA/SOL films (p < 0.05). This behaviour can be related to the ioni
zation of the polymers. As a matter of fact, at pH 6.8, CS (pKa = 6.3) was 
slightly positively charged, thus determining the entry of a low amount 
of water. On the other hand, the carboxylic groups of ALG (pKa = 3.5) 
and HYA (pKa = 2.9) were completely negatively charged, thus 
providing an increased water uptake ability.

Moreover, a different trend was observed between all the samples. 
Particularly, water uptake profiles of CS-based films were biphasic with 
a fast initial phase (within 60–120 min) followed by a plateau phase. On 
the other hand, in the case of ALG/SOL and HYA/SOL a gradual hy
dration was observed. These findings can be ascribed to the formation of 
gels with different viscosity. In fact, in the case of ALG/SOL and HYA/ 

Fig. 3. PXRD of raw materials, unloaded CS/PVP K25 and loaded CS/PVP K25 
(top), unloaded CS/PVP K90 and loaded CS/PVP K90 (center) and unloaded 
CS/SOL and loaded CS/SOL (bottom).
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SOL, the hydration of films led to the formation of a highly viscous layer 
that represented a diffusion barrier for the water influx, while for CS- 
based films the lower viscosity determined the reaching of the 
maximum in a short time. However, despite the different viscosity of the 

starting CS solutions, no significant difference was observed between 
water uptake profiles of CS/PVP K25, CS/PVP K90 and CS/SOL (p >
0.05).

The presence of ethylcellulose backing layer did not impact on 

Fig. 4. SEM images of AZT at 400x (A), HYA/SOL at 700x (B), ALG/SOL at 800x (C), CS/PVP K25 at 200x (D), CS/PVP K90 at 400x (E), CS/SOL at 200x (F) and 
cross-sectional SEM image of the HYA/SOL bilayer buccal film.

Fig. 5. FT-IR spectra of pure AZT (black, top), pure lactic acid (black, bottom), and the AZT-lac sample prepared by dissolution and drying (red, centre). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydration properties (no difference was measured with respect to the 
primary layer, p > 0.05; data not shown).

3.10. In vitro mucoadhesion ability and residence time

Film ability to adhere to a mucosal surface is a crucial point for the 
buccal drug administration. As a matter of fact, a good mucoadhesion 
ability implies a long residence time in the buccal cavity, which in turn 
can result in high drug absorption. Mucoadhesion ability generally de
pends on different factors, such as polymer ionization and interaction 
with the mucus as well as hydration and interdiffusion of polymeric 
chains into the mucin (Boddupalli et al., 2010). To investigate the film 
ability to adhere to the mucosal surface, in this study two tests were 
carried out.

The first one allowed to determine the mucoadhesion ability by 
measuring the force needed to pull out the mucosa from primary poly
meric layers. The greater the measured force, the stronger the contact 
between the mucosa and the formulation. The selected formulations 
presented similar values of detachment force. Specifically, for CS/PVP 
K25, CS/PVP K90 and CS/SOL the detachment forces were equal to 31 
± 2 dyne, 31 ± 4 dyne and 32 ± 3 dyne, respectively; while for ALG/ 
SOL and HYA/SOL values of 30 ± 2 dyne and 27 ± 4 dyne, respectively, 
were registered. This result can be related to the presence of different 
hydrophilic groups of the primary polymeric films that can establish 
hydrogen bonds with the mucin chains (Giordani et al., 2020). More
over, in the case of CS-based films, the polymer can also ionically 
interact with the negative charges of sialic and sulphonic acids of mucin 
(Russo et al., 2016). Additionally, the hydration and the consequent 
viscosity of the gelled film can have an impact on mucoadhesion ability.

In the second test, named in vitro residence time, the time needed to 
completely remove the film from the mucosal surface was measured. 
This test was conducted by using primary layers and bilayered films to 
evaluate the effect of the backing on the residence time. Primary layers 
composed of CS showed a short residence time and a complete detach
ment was observed within 10 min (no significant difference was 
observed between CS/PVP K25, CS/PVP K90 and CS/SOL, p > 0.05). 
This result was related to their rapid hydration, which determined an 
increase in weight leading to quick film detachment from the tissue. On 

the other hand, ALG/SOL and HYA/SOL, characterised by a slow hy
dration rate, were retained for a longer period of time (around 120 min; 
no significant difference was observed between ALG and HYA based 
films, p > 0.05); after this time the gelled films started to be removed 
from the tissue.

Moreover, the presence of the backing layer retarded the film 
detachment from the mucosa. Particularly, bilayered films based on CS 
remained attached to the mucosa until 60 min, while in the case of HYA 
and ALG the residence time was around 180 min. The latter results 
demonstrated that the ethylcellulose layer can protect the primary 
loaded layer films from the washing effect exerted from saliva and 
contribute enhancing the contact with the mucosa, determining an 
improvement in residence time.

3.11. In vitro release studies

The evaluation of drug release is extremely important considering 
that the release behaviour impacts on drug permeation and conse
quently on its bioavailability (Kumria et al., 2018). Drug release from 
buccal film depends on several factors, such as film hydration, drug 
solubility, and viscosity of the gelled system. Fig. 7 reports the drug 
release profiles obtained from the different primary polymeric layers 
and the Ctrl. As can be seen, Ctrl determined the immediate availability 
of the drug in the medium. On the contrary, a slower drug release was 
observed from the primary layers (p < 0.05). In fact, in this latter case, 
AZT must diffuse throughout the polymeric film before being released. 
Moreover, a different trend was observed for the developed formula
tions. Particularly, ALG/SOL and HYA/SOL determined the release of a 
lower amount of drug over the time with respect to CS-based films (p <
0.05). This behaviour was connected to the viscosity of the gelled films, 
which was strictly linked to that of the starting polymeric solutions (see 
section 3.2). Specifically, after hydration ALG and HYA based films 
provided the formation of gels with a greater viscosity with respect to 
the CS films. Consequently, the diffusion of the drug from a more viscous 
gel was slowed down. However, despite the different viscosity, no dif
ference was observed between ALG and HYA based films, as well as 
between CS/PVP K25 and CS/PVP K90 (p > 0.05). Conversely, CS/SOL 
provided the release of a lower amount of AZT with respect to CS/PVP 

Fig. 6. Water uptake profiles obtained from primary polymeric layers containing AZT.
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films (p < 0.05). The lower release of AZT from CS/SOL films compared 
to CS/PVPs films may be attributed to the presence of SOL micelles, 
which can retain the drug and thereby reduce its diffusion rate (Fang 
et al., 2013; Shin et al., 2024).

Besides the viscosity, another factor influencing the drug release is 
connected to its solubility. In case of CS-based films an interaction be
tween the drug and the lactic acid (previously highlighted via PXRD and 
finally explained through FT-IR characterization) occurred. This inter
action could promote drug dissolution and consequently its release from 
CS based films. To confirm this result, another test was conducted by 
placing the powder obtained as described in section 2.10 (AZT-lact in 
the Fig. 7) in the release medium. Results obtained from this experiment 
confirmed the faster dissolution of AZT-lac with respect to the Ctrl (AZT 
powder).

In addition, the influence of the backing layer on drug release 
behaviour was investigated. Interestingly, bilayered films allowed the 
release of a lower amount of drug with respect to the primary polymeric 
layer. Particularly, no significant difference was observed between all 
the bilayered films (p > 0.05) and the mean percentage of drug, which 
was released from these samples was 11 ± 2 %, thus demonstrating that 
the method used for the application of the ethylcellulose layer can 
effectively decrease the drug release inside the buccal cavity. This latter 
finding is extremely important considering the need for limiting the 
bitter taste of AZT and minimizing the extent to which the drug is 
swallowed. As the release characteristics of CS/PVP were comparable, 
CS/PVP K90 was selected for further permeation studies.

3.12. Mechanical properties

The mechanical attributes of the films significantly impact their us
ability, patient compliance, and therapeutic effectiveness, while also 
ensuring reliable adhesion to the mucosa (Kis et al., 2019). Mechanical 
profiles of the different AZT-loaded films were evaluated with a texture 
analyzer. Burst strength (N), referring to the capacity of the film to resist 
rupture when subjected to pressure, was studied from the force-distance 
plot while the maximum applied pressure was calculated according to 
the area on which the compression force was applied. Results are re
ported in Table 3 for each formulation. CS/SOL based films presented 
the highest film burst strength (13.71 ± 3.78 N) which means they are 
the most stiff and hard to break, while HYA/SOL based films the lowest 
one (4.15 ± 0.29 N). Considering the maximum applied pressure, which 

can be related to the stress loaded onto the films, all of them presented a 
recorded value that is near to the one reported in literature for the oral 
mucosa (~ 1.54 MPa) (Choi et al., 2020). However, being less rigid and 
stiff, HYA/SOL (1.32 ± 0.09 MPa) and ALG/SOL (2.45 ± 0.32 MPa) 
were considered the most suitable ones for buccal application.

3.13. In vitro permeation

Drug diffusion through the biological tissue and its accumulation can 
be considered predictive of the drug amount that can be absorbed and 
consequently reach the systemic circulation (Nair et al., 2009). How
ever, drug diffusion and retention depend on several factors, like the 
physico- chemical properties of the drug, especially its solubility and 
repartition coefficient, its release from the formulation and the charac
teristics of the tissue. As mentioned above, in this study we selected the 
oesophageal mucosa as a model of human buccal tissue, since it has been 
reported that these membranes were comparable in terms of composi
tion, structure and permeability ability (Diaz del Consuelo et al., 2005). 
Fig. 8 reports the cumulative percentage amount of AZT permeated from 
bilayered films (HYA/SOL and ALG/SOL) and Ctrl through the oeso
phageal epithelium. As can be seen, AZT permeated the membrane 
reaching after 360 min a cumulative percentage amount equal to 4.09 ±
0.94 %. On the other hand, despite the lower drug release, ALG/SOL and 
HYA/SOL provided an increase in drug permeation with respect to the 
Ctrl (p < 0.05). This result can be ascribed to the presence of SOL mi
celles, which can favour the drug diffusion through the membrane, in 
agreement with previous findings (Piazzini et al., 2020; Sipos et al., 
2023). On the other hand, in the case of CS-based films (CS/PVP K90 and 
CS/SOL) no drug permeation was observed (concentrations of the re
ceptor chamber under the limit of detection). This latter observation was 
related to the presence of the new form of the drug in these films. To 

Fig. 7. In vitro release profiles from primary polymeric layers, Ctrl and AZT-lac.

Table 3 
Burst strength and maximum applied pressure on the different AZT-loaded 
buccal films.

Buccal Film Burst strength (N) Max. applied pressure (MPa)

CS/PVP K90 10.51 ± 2.26 3.35 ± 0.72
CS/SOL 13.71 ± 3.78 4.37 ± 1.20

ALG/SOL 7.70 ± 1.02 2.45 ± 0.32
HYA/SOL 4.15 ± 0.29 1.32 ± 0.09
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confirm this result, the powder obtained as described in section 2.10
(AZT-lac) was placed in the donor chamber and tested for its ability to 
diffuse through the membrane. Results obtained from this experiment 
confirmed that the new hydrophilic form of AZT, possessing high solu
bilization capacity (as described in section 3.11) was not able to diffuse 
through the lipophilic environment of the tissue.

Permeation studies were also conducted using the primary mono
layer film to evaluate the influence of the backing on drug permeation. 
As a matter of fact, the presence of a backing layer may provide an 
occlusive effect and consequently increase hydration of the tissue, thus 
finally improving drug permeation. Nevertheless, in this study no sig
nificant difference was observed between mono and bilayered films (p 
> 0.05, data not shown). This finding agreed with previous findings, 
demonstrating that the backing layer did not increase the hydration of 
oesophageal epithelium, which − being a nonkeratinized tissue − is 
basically characterised by high water content (Diaz del Consuelo et al., 
2005).

Furthermore, flux values were equal to 14.90 ± 2.33 µg/cm2*min, 
19.32 ± 3.75 µg/cm2*min and 23.34 ± 0.86 µg/cm2*min for Ctrl, ALG/ 
SOL and HYA/SOL, respectively. Considering the permeation flux 
values, the required area of the selected films was calculated by using 
the following equation: 

Css = J*A/Cl

where Css is the concentration at the steady state, Cl is the clearance and 
J is the flux. The pharmacokinetic data in children reported a Css of 0.07 
µg/mL and Cl of 1.23 L/h/kg (Nahata et al., 1993; Schmoldt et al., 
1975). Based on these data, the film surface area required to achieve 
effective plasma concentration for children of 20 kg (estimated age 6 
years) (Carasco et al., 2016; Souares et al., 2010) were 1.49 cm2 and 
1.23 cm2 for ALG/SOL and HYA/SOL, respectively. These surface areas 
are compatible with buccal application in paediatric population.

ALG/SOL and HYA/SOL were further selected to evaluate the 
amount of AZT able to be retained in the oesophageal epithelium and 
compared to the Ctrl. The measurement of the drug amount retained 
inside the tissue represents an important point since it can be assumed 
that this fraction is available to pass into the systemic circulation, thus 
contributing to the final therapeutic effect. Data obtained from this 
study demonstrated that the presence of the films allowed to increase 
the retention of the drug inside the oesophageal epithelium with respect 
to the Ctrl (p < 0.05). In fact, the cumulative percentage amounts in the 

tissue measured after 360 min of permeation were equal to 9.71 ± 1.68 
% and 9.97 ± 3.04 % for ALG/SOL and HYA/SOL, respectively; while 
only 3.04 ± 0.63 % was retained in the presence of the Ctrl. This result 
could be attributed to the presence of SOL micelles which can determine 
the accumulation of AZT inside the tissue, in agreement with previous 
observations (Varela-Garcia et al., 2018).

To sum up, these results confirmed the potential of the developed 
formulations, particularly of ALG/SOL and HYA/SOL, to provide effec
tive permeation and retention of AZT through/inside the biological 
tissue, as well as their potential to be easily applied in the buccal cavity 
of children.

3.14. Antimicrobial properties

To assess the antimicrobial activity of AZT-loaded films, Staphylo
coccus aureus ATCC 29213 and Escherichia coli ATCC 11105 were chosen 
as representative Gram-positive and Gram-negative test bacteria, 
respectively. CS/SOL was selected among the CS based films in order to 
evaluate the antimicrobial properties of the new form of AZT. HYA/SOL 
film was also chosen considering its ability to promote drug permeation. 
MIC values were determined by microdilution assay after 24 h of incu
bation. Free AZT confirmed MIC values of 1 μg/mL on both microbial 
strains, in accordance with previously reported data (Abruzzo et al., 
2022; Lugli et al., 2025). AZT released by CS/SOL and HYA/SOL films 
retained the antimicrobial activity, as demonstrated by the invariant 
MIC values (1 μg/mL for both samples). Moreover, unloaded films did 
not interfere with microbial growth. These findings demonstrated that 
the preparation process did not impact the antimicrobial properties of 
AZT. Furthermore, AZT antimicrobial properties were maintained in the 
case of CS based films when a new form of the drug was formed, as well 
as in HYA/SOL film.

4. Conclusion

Within this study, for the first time, a screening involving different 
mucoadhesive polymers in association with several solubilizing agents 
was conducted with the final aim of obtaining bilayered buccal films for 
AZT administration in children. Results allowed selecting adequate 
materials to obtain a primary polymeric layer, able to adhere to the 
buccal mucosa and control drug release over time, and a secondary 
backing layer, which could limit drug diffusion in the buccal cavity. 
Specifically, the employment of CS in association with PVPs or SOL 

Fig. 8. In vitro permeation profiles from Ctrl, ALG/SOL and HYA/SOL bilayered films.
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provided the formation of films composed of a new form of the drug, 
which occurred with the interaction between AZT and lactic acid. 
Although permeation studies highlighted that no drug diffusion through 
the tissue occurred with CS-based films, the identification of a new form 
of AZT with improved solubility capacity and unaltered antimicrobial 
activity opens promising scenarios in the field of local delivery systems 
for AZT administration. Alongside, our study allowed to identify ALG/ 
SOL and HYA/SOL as useful bilayered films for buccal AZT adminis
tration in children. As a matter of fact, these films presented interesting 
properties in terms of manufacturing method and functional properties. 
Specifically, they were easily developed through the solvent casting 
method and removed from the mould. Moreover, they were charac
terised by a good homogeneity in terms of weight, thickness and drug 
content and presented good mucoadhesion and ability to control the 
drug release. Furthermore, the presence of the backing layer could 
assure the unidirectional drug absorption towards the mucosa and limit 
the drug release in the buccal cavity, thus potentially permitting the 
reduction of the bitter taste perception. Finally, HYA/SOL film favoured 
the drug permeation through the buccal mucosa, maintaining at the 
same time the antimicrobial activity of the drug. Overall, HYA/SOL has 
great potential as a buccal drug delivery system for the systemic ab
sorption of AZT due to its expected ease of use, increased patient 
compliance and improved drug permeation.
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Ambrus, R., Szabó-Révész, P., Csóka, I., Katona, G., 2023. Soluplus® promotes 
efficient transport of meloxicam to the central nervous system via nasal 
administration. Int. J. Pharm. 632, 122594. https://doi.org/10.1016/j. 
ijpharm.2023.122594.

Souares, A., Lalou, R., Senghor, P., Le Hesran, J.Y., 2010. Child age or weight: difficulties 
related to the prescription of the right dosage of antimalarial combinations to treat 
children in Senegal. Trans. R. Soc. Trop. Med. Hyg. 104, 104–109. https://doi.org/ 
10.1016/j.trstmh.2009.07.018.

Swainston Harrison, T., Keam, S.J., 2007. Azithromycin Extended Release: a Review of 
its use in the Treatment of Acute Bacterial Sinusitis and Community-acquired 
Pneumonia in the US. Drugs 67, 773–792. https://doi.org/10.2165/00003495- 
200767050-00010.

Teodorescu, M., Bercea, M., 2015. Poly(vinylpyrrolidone) – a Versatile Polymer for 
Biomedical and beyond Medical applications. Polym.-Plast. Technol. Eng. 54, 
923–943. https://doi.org/10.1080/03602559.2014.979506.

Timoumi, S., Mangin, D., Peczalski, R., Zagrouba, F., Andrieu, J., 2014. Stability and 
thermophysical properties of azithromycin dihydrate. Arab. J. Chem. 7, 189–195. 
https://doi.org/10.1016/j.arabjc.2010.10.024.
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