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1. Introduction

Sustained drug delivery of the f-blocker
acebutolol hydrochloride via chitosan—bilimbi
leaf extract films
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Jennifer P. Pinto, (2% Manjunath B. Megalamani,
Oshin Jacintha D'souza,® Sharanappa T. Nandibewoor,
and Ravindra B. Chougale (2 *@

This study presents the development of biocompatible polymeric films designed for the sustained release
of the B-blocker acebutolol hydrochloride (AH). The films were fabricated using chitosan (CH), a bio-
degradable biopolymer, in combination with varying concentrations of Averrhoa bilimbi leaf extract (ABE),
a natural additive with potential antimicrobial properties. The composite films were characterized using
crystallinity, spectroscopic, mechanical, thermal, and morphological analyses. Functional testing included
swelling studies, cumulative drug release profiling, cytotoxicity assessments, and microbial resistance
assessments. The results indicated that the incorporation of ABE positively influenced the structural,
mechanical, thermal and morphological properties, including swelling behaviour, thickness, and drug
release kinetics. The film with the lowest ABE concentration showed optimal swelling (~200%) and the
highest drug release (~25%), along with notable drug loading (~78%) and encapsulation efficiency (~19%).
The release kinetics followed the Higuchi and Korsmeyer—Peppas models, indicating a non-Fickian
diffusion mechanism. Importantly, the AH integrity was maintained throughout the fabrication process,
and all the films exhibited excellent biocompatibility (90% cell viability rate). These findings support the
feasibility of using CH/ABE films as promising candidates for sustained drug delivery systems. The use of
plant-based and biodegradable components underscores the potential of this green strategy in pharma-
ceutical formulations, contributing to sustainable chemistry and reducing the environmental impact in
drug delivery applications.

of intermittent drug release profiles in addition to the scarcity
of bioavailability of the drugs.> The major loophole of these

Engineering novel drug delivery systems (DDS) has become a
focus in the field of pharmaceutical research. The therapeutic
process of drug administration requires a competent drug
delivery mechanism. The mechanism involves three major
steps: administration of the drug, release of the active pharma-
ceutical ingredient, and transportation of the drug to its tar-
geted site." Drug delivery systems mainly emphasize liberating
a particular drug at the appropriate time and concentration
towards a specific target site.” It has been observed over the
years that the conventional systems for drug delivery such as
tablets, pills, syrups, injectables, etc., have been facing issues
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traditional DDS is the lack of controlled release of the drug
accompanied by irregular biodistribution at indefinite sites,
resulting in detrimental effects on the health of individuals.
To combat this issue, advanced systems of drug delivery that
mitigate the controlled release of drugs have been developed.
The foremost challenge of these advanced systems lies in limit-
ing the dosage and sustaining the concentration of the drug at
a particular location.*

The use of natural polymers in tailoring films apt for DDS
has gained substantial attention from researchers over the
past few decades. The prime rationale behind this could be
their biocompatibility and defensive properties.” In addition,
their drug-loading efficiency and ability to confirm controlled
release of the drug over a constant time interval at definite pro-
portions add to their advantages. For a polymer to act as a
resourceful drug delivery vehicle, the main prerequisites are
bioerodibility,  bioresorbability =~ and  biodegradability.®
Biopolymers such as chitosan, gelatin, pullulan, cellulose, car-
rageenan, etc., meet these requisites and hence their pro-
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perties have been effectively harnessed in the area of pharma-
ceutical research, particularly in DDS.”**

Chitosan (CH) is one of the natural cationic polymers that
has gained much recognition owing to the presence of func-
tionally active groups in its structure which impart massive
physicochemical properties. The inherent properties of chito-
san such as reduced immunogenicity and toxicity, biodegrad-
ability, biocompatibility, and bacterial resistivity allow it to be
highly utilised in the field of medicine as drug carriers, wound
dressing agents and antibacterials.'” Also the property of CH
as a biocompatible and biodegradable polymer ensures its
applicability in biomedical applications.'® The abundance of
free hydroxyl and amino groups in the structure of CH endows
it with mucoadhesive properties since these groups favorably
interact with mucosal tissues.'* Barring all these advantages of
CH, the property of high-water absorption’® by CH along with
its sparse mechanical properties hinders its application in
controlled drug release technologies.'® Hence, to tame these
drawbacks, blending CH with suitable dopants, extracts or
nanofillers is gaining prominence.

Averrhoa bilimbi (AB), commonly known as bilimbi, is a pro-
minent plant found in the tropical and subtropical regions,
known for the presence of high concentrations of several phy-
topharmaceuticals in it."” In a study reported by Valsan and
Raphael describing the pharmacognostic profile of AB leaves,
the presence of both primary and secondary metabolites such
as carbohydrates, sugars, cardiac glycosides, flavonoids,
phenols, saponins, etc., was clearly observed. These potential
compounds of pharmacological importance transmit anti-
microbial, anticancer and antioxidant properties and are also
known for their capacity to control blood cholesterol levels.'®
Thus, the medicinal importance of Averrhoa bilimbi leaves can
be effectively utilized in DDS by blending its extract with CH.

Acebutolol hydrochloride (AH) is a cardioselective beta-
blocker drug primarily used in treating cardiovascular ail-
ments, particularly hypertension, angina and also
thyrotoxicosis.'®*° The pharmacokinetic parameter ‘elimin-
ation half-life (Ty,,)’ of a drug is the time taken for a particular
drug to reduce to 50% of its concentration in the body.*" It is
found that the T;,, of AH is nearly 3-4 h in plasma and 8-13 h
in the case of its metabolite, diacetolol.>*> Notably, it can be
inferred that AH can be released into the body at a controlled
rate via drug-delivering films, rather than by intravenous
administration.

A wide range of research has been carried out on CH films
employed as DDS. Affes et al. developed CH films loaded with
ciprofloxacin and studied the release behavior of the drug,
which proved that CH possessed the ability to release the drug
sustainably.” Barman et al. reported that CH films reinforced
natural halloysite nanotubes containing norfloxacin as poten-
tial drug delivery vehicles providing enhanced therapeutic
benefits.>® Divya Radha, Jisha S. Lal and K. S. Devaky studied
the release profile of the anticancer drug 5-fluorouracil from
chitosan and banana peel extract.® However, the use of a cardi-
oselective p-blocker in combination with CH and a leaf extract,
which in this case is ABE, has not been previously reported.
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The major aim of controlled release drug delivery is to avoid
the frequent administration of dosages. Drugs such as AH have
relatively short half-lives, which necessitate the requirement of a
sustained release system. Therefore, an effective and controlled
release drug-delivery system evades the requirement of frequent
dosage. Hence, the fabrication of a controlled-release system in
the form of a flexible film with CH as the host matrix was
chosen. Since CH films have limitations of brittleness and water
absorption, they are inhibited by the addition of bioactive con-
stituents such as plant extract, which in this case is ABE. ABE
possesses useful phytochemical components that enhance the
therapeutic efficiency of the films. The present work aims to fill
the research gap of incorporating a f-blocker drug into a plant
extract mediated polysaccharide film.

The hypothesis of this study was to examine the effect of AB
extract on CH films in enhancing their physicochemical, mor-
phological, and biological properties to develop a biocompati-
ble and sustainable channel for the controlled release of AH.
Accordingly, this work focused on creating films using CH and
the drug AH with increasing concentrations of AB extract. The
release of AH by the incorporation of AB extract and its sub-
sequent addition in increasing concentrations to the CH
matrix was studied for understanding swelling, drug loading
efficiency and encapsulation, and release kinetics along with
the films’ biocompatibility and microbial resistance.

2. Materials and methods
2.1 Chemicals used

Chitosan (viscosity: 5-20 mPa s, molecular weight: 1526.464 g
mol™" and deacetylation degree: 70%) was obtained from
Tokyo Chemical Industry (TCI), Japan. Acebutolol hydro-
chloride (C;3H,5N,04-HCI, molecular weight: 372.89 ¢ mol™)
was procured from Sigma Aldrich. Phosphate buffered saline
(PBS) (pH: 7.4 = 0.1) was purchased from Sisco Research
Laboratories (SRL) Pvt. Ltd India. Acetic acid (glacial) (C,H,0,,
molecular weight: 60.05 ¢ mol™") was obtained from SD Fine
Chemicals, India. Averrhoa bilimbi leaves were obtained from
the local areas of Dharwad, Karnataka, India. The plasticizer
glycerol (C3HgOs;, molecular weight: 92.09 g mol™") was
obtained from Loba Chemie Pvt. Ltd. All chemicals used in
this study were of purely analytical grade and millipore water
was used throughout this work.

2.2 Preparation of Averrhoa bilimbi leaf extract (ABE)

Averrhoa bilimbi leaves were washed thoroughly with water and
dried under shade for about a week. The dried leaves were
ground using a blender and the powder was collected. 10 g of
this dried leaf powder were accurately weighed and soaked in a
1:1 solution of ethanol and water. The solution containing
the soaked leaves was macerated for three days. The solution
was filtered using Whatman filter paper no. 41 and the filtrate
was collected and stored at 4 °C until further use. This extract
was analyzed for its phytochemicals by measuring the total
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phenolic content (TPC) and analyzing it with gas chromato-
graphy-mass spectrometry (GC-MS) for a detailed overview.

2.3 Preparation of acebutolol hydrochloride (AH) drug-
loaded chitosan (CH)/Averrhoa bilimbi leaf extract (ABE) films

The films designed for drug release were obtained by applying
the solvent casting technique. The compositions of the films
are listed in Table 1. CH (0.5 g) was weighed and dissolved in
50 mL of 1% glacial acetic acid solution. This solution was
magnetically stirred. The ABE was added to the CH solution at
varying concentrations slowly to ensure a homogeneous solu-
tion. The AH drug (20 mg) was added to this composite solu-
tion by dissolving it in 5 mL of water. 1% glycerol (1 mL) was
added to the solution. The composite solution was stirred for
about three hours and then finally cast onto glass petri plates.
The solvents were allowed to evaporate, and the dried films so
obtained were peeled from the petri plates and stored in a
desiccator until further investigation. Fig. 1 shows images of
the fabricated films.

3. Characterisation techniques

3.1 Phytochemical characterisation of the Averrhoa bilimbi
leaf extract (ABE)

3.1.1 Total phenolic content (TPC) of the ABE. The analysis
of the phenolic compounds in the ABE was conducted using a

Table 1 AH reinforcement in the CH/ABE composite films
Averrhoa bilimbi Acebutolol

Sample Chitosan leaf extract (ABE) hydrochloride
code (CH) (g) (mL) (AH) (g)
CD 0.5 — 0.02
CAD-1 0.5 1.0 0.02
CAD-2 0.5 2.0 0.02
CAD-3 0.5 3.0 0.02

CD CAD-1
Fig. 1 Images of the developed films.
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well-known method called the Folin-Ciocalteu (F-C)
method.”* Accordingly, 0.5 mL of the ABE solution was mixed
with 1 mL of the FC reagent and allowed to incubate for about
6 minutes. After this, approximately 3 mL of 8% sodium car-
bonate (Na,CO;) was added to the mixture, which was then
incubated for an additional half an hour. The absorbance of
this solution was measured at 765 nm, indicating the concen-
tration of phenolics in the ABE. A calibration curve using gallic
acid was plotted following the same procedure. The TPC of the
ABE was expressed in GAE per mg.

3.1.2 Chemical composition of the ABE. The different
chemical components present in the ABE were accurately eval-
uated using gas chromatography-mass spectrometry (GC-MS).
The ABE sample was placed into the chamber of the Shimadzu
GC-MS-QP2020, and the analysis was performed. The interpret-
ation of the individual compounds was done using a
NIST-23 mass spectral library.

3.2 Characterisation of the CH/ABE/AH films

3.2.1 Measurement of crystallinity. To investigate the crys-
tallinity of the developed films, X-ray diffraction (XRD) analysis
was performed. The film samples were cut into 1 x 1 cm?
pieces and inserted into the sample holder of a SmartLab SE
(Japan) X-ray diffractometer. The analysis was carried out
using a Cu-x source and the diffraction peaks were obtained
in the 26 range of 5-80° with a scan rate of 5° min~". The crys-
tallinity percentage of the films was evaluated using the follow-
ing relation (1):>°

Crystallinity percentage (%) :j:—; x 100 (1)
where A. and A, correspond to the total area of the crystalline
peaks and the total area of all peaks observed in the diffracto-
grams, respectively.

3.2.2 Spectroscopic analysis. The changes occurring
between the components of the composite films were effec-
tively recorded using attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR). The analysis of
the films was carried out over the wavenumber range of
400-4000 cm™" using a Nicolet IN-10 High-resolution FTIR
spectrometer at ambient temperature.

3.2.3 Measurement of thickness and mechanical pro-
perties. The thickness of the fabricated films was measured
using a micrometer (Mitutoyo Digital Micrometer, Japan) at
four random locations on the film. The average thickness of
the films was reported. The mechanical properties of the films
were tested on a Universal Testing Machine (DAK System,
Mumbai) by fixing a film sample of dimensions 10 x 2.5 cm?
into the extension grip of the instrument with a grip distance
of 5 cm initially. The films were stretched at a crosshead speed
of 1 mm min~".

3.2.4 Thermal analysis. To study the thermal stability of
the films, differential scanning calorimetry (DSC) analysis was
carried out. The film samples were placed in an aluminium
crucible in an inert gas (nitrogen) atmosphere in a Setaram
KEP Technologies SETLINE DSC/SA instrument. The tempera-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ture range of analysis was room temperature up to 400 °C at a
10 °C min~" heating rate.

The percentage of crystallinity was also calculated using the
data from the thermograms such as AH; (the enthalpy of
fusion of the film at the melting temperature) and AHz, ¢, (the
enthalpy of fusion of the 100% crystalline chitosan, i.e. 62.05 ]
g "). These were subsequently used in the following eqn (2):*°

AH;
Crystallinity percentage (%) = T £ x 100 (2)

f100

3.2.5 Morphological analysis. To obtain a better under-
standing of the surface morphology of the developed films,
they were subjected to scanning electron microscopy (SEM)
imaging. Priorly gold sputter-coated film samples of dimen-
sions 1 x 1 cm? were adhered onto the sample holder of the
JEOL-JSMIT500LA instrument. The images were recorded at an
accelerating voltage of 5 kV.

3.2.6 Hydrophobicity measurements. To examine the
surface wettability property of the films, a 2 pL water droplet
was made incident on film samples of dimensions 2 x 2 cm?
using a microsyringe. The water contact angle was measured
through the Kyowa Interface Science DMS-401 analyser by
using the sessile drop technique. The image of the droplet on
the surface of the film was captured using a high-resolution
camera.

3.2.7 Swelling studies. The AH drug-loaded films were
studied for their capacity to swell in the desired solution.
Priorly weighed film samples of dimensions 1 x 1 cm?* were
immersed in 10 mL of phosphate-buffered saline (PBS) solu-
tion of pH 7.4. The swollen films were withdrawn from the
solution at regular intervals of time, followed by blotting with
filter paper, and then accurately weighed. The percentage of
swelling of these films was measured using eqn (3):*”
st

Wy — Wi
=1 100 (3)
Wi

1

Percentage of swelling =

where Wy and W; correspond to the weight of the swollen film
at time ‘¢ and the initial weight of the film sample,
respectively.

3.2.8 In vitro release studies. The calibration curve for the
absorbance of the AH drug was plotted using the serial
dilution method. AH (1 mg) was dissolved in 100 mL of water
to form a stock solution. 0.2 mL, 0.4 mL, 0.6 mL, 0.8 mL and
1 mL were extracted from this stock solution and diluted to
10 mL in a volumetric flask. The resulting concentrations of
the solutions were found to be 2, 4, 6, 8 and 10 pg mL™". The
maximum absorbance values of these solutions were recorded
at 232 nm and a calibration curve was plotted. The drug
release study was carried out according to the method reported
by Radha, Lal and Devaky with few modifications.® The AH-
reinforced films of dimensions 1 cm x 1 cm were sealed in a
dialysis membrane containing 2 mL of buffer solution. This
dialysis bag was sunk in 100 mL of phosphate buffered saline
(PBS) release medium of pH 7.4 and allowed to stir at 37 °C.
5 mL of this solution was drawn at definite time intervals. The
overall volume of the release medium was maintained con-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stant by adding 5 mL of PBS each time the solution was with-
drawn. The absorbance values of the withdrawn samples were
analyzed at 232 nm, and the concentration of the drug
released was determined using the calibration curve.

3.2.9 Drug loading efficiency. The capacity of the film to
maintain a certain drug concentration was examined using
UV-visible spectrophotometry. Priorly weighed AH-loaded
films (W;) were swollen in 30 mL of PBS solution. The solu-
tions containing these films were then agitated at a high speed
for about 45 min to ensure complete and paced release of the
drug in the release medium. The solution was then filtered
and subjected to UV-visible spectroscopy at a wavelength of
232 nm and the consequent amount of drug present in the
film (W¢) was determined. The percentage of drug loading and
encapsulation efficiency were calculated using the following
formulae (4) and (5)*®

W — W

Percentage of drug loading = L% 100 (4)

Encapsulation efficiency (EE) =
Percentage of drug loading (actual) (5)
Percentage of drug loading (theoretical) -

3.2.10 Kinetics of drug release. The drug release kinetics
was analysed from the drug release profile data and the results
were incorporated into the mathematical equations of the zero
order, first order, Higuchi and Korsmeyer-Peppas models. Eqn
(6)-(9) represent the above-mentioned kinetic models:*°

Zero order model:

M, =K; (6)
First order model:
log My = ——t 7
08 M= 5303 @)
Higuchi model:
M, =K/t (8)

Korsmeyer-Peppas model:
M,
logATt =log K +nlogt 9)

Here, M, represents the amount of drug (AH) released at
time ¢. K and n correspond to the release rate constant and the
release exponent, respectively, while M, is the amount of drug
present in the sample.

3.2.11 Cytotoxicity studies. The methyl thiazolyl tetra-
zolium (MTT) assay was used to study the cytotoxicity of the
fabricated films. This analysis was carried out on L929 mouse
skin fibroblast cell lines. According to this study, the viability
of the cells was determined based on the reduction of mito-
chondrial dehydrogenase by MTT assay via the formation of an
insoluble purple-coloured formazan salt. The intensity of the
purple coloration corresponded to the number of viable cells,
which was measured at an absorbance of 570 nm.*® Using
Dulbecco’s modified Eagle medium (DMEM) supplemented
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with 10% fetal bovine serum (FBS) and antibiotics such as
streptomycin and penicillin, the cells were allowed to grow at
37 °C in an incubated carbon dioxide (5%) atmosphere for
24 h. Following this, the cell culture was washed with PBS and
treated with MTT (200 pL). The entire mixture was further
incubated for 3 h at 37 °C. The test was terminated by adding
DMSO to the culture wells, and the amount of formazan
formed was examined using a microplate reader to determine
absorbance. The cell viability percentage was calculated using
the formula given in eqn (10).%°

OD of test sample

Cellviability (%) =~ - —

X 100 (10)

3.2.12 Bacterial resistance. The antibacterial efficacy of the
drug-loaded films was evaluated against Gram-positive bac-
teria Staphylococcus aureus (NCTC 10788) and Gram-negative
bacteria Escherichia coli (ATCC 25922) by the disc-diffusion
method according to a report by the National Committee for
Clinical Laboratory Standard (NCCLS) with minor modifi-
cations.”® On a sterile nutrient agar plate, 100 pL of the sus-
pension of bacterial culture was swabbed. Film discs of 6 mm
were placed on the petri plate and incubated at 37 °C for 24 h.
The antimicrobial activity results were presented as the mean
diameter of the inhibition zone in mm + standard deviation
(mean + SD).

3.2.13 Statistical analysis. Origin-18 software was used for
statistical analysis. One-way analysis of variance was employed.
All tests so performed were carried out in triplicate and the
results were presented as average values along with a standard
deviation (n = 3) from an average value. To differentiate
between the mean values, Tukey’s test was used at a signifi-
cance level of p < 0.05.

4. Results and discussion

4.1 Phytochemical analysis of the Averrhoa bilimbi leaf
extract (ABE)

4.1.1 Total phenolic content of the ABE. The leaves of AB
are prominent for their pharmacological activity owing to the
presence of a wide variety of phytochemicals, which impart a
wide spectrum of chemical and biological activities. The
measure of the total phenolic content gives an overview of the

View Article Online
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quantity of plant polyphenols present in a given extract. The
TPC of the ABE was found to be 108.84 GAE mg ', which
apparently confirmed the presence of polyphenolic com-
pounds. This value was in agreement with that reported by pre-
vious research.*?

4.1.2 Chemical composition of the ABE. The leaves of AB
are widely recognized for their medicinal properties due to the
existence of bioactive compounds. Fig. 2 and Table 2 offer a
summary of the bioactive compounds identified in the ABE
through the GC-MS technique. The leaves of Averrhoa bilimbi
are well known for their pharmacological relevance, which is
supported by the presence of phytochemicals detected using
the GC-MS technique. The data revealed the presence of ter-
penes such as phytol, neophytadiene, squalene, and f-amyrin
which are reported to inhibit inflammation, microbial attack,
oxidation, cancer etc. In addition to these properties, these
compounds are also known to impart anxiolytic and anticon-
vulsant effects, enhancing the role of the CAD films as
B-blockers.***° Also, the presence of phytosterols such as stig-
masterol, sitosterol, stigmastanol, and sitostenone, all of
which exhibit medicinal activity, prominently helps in lower-
ing cholesterol levels in humans.*”*° Vitamin E has also been
detected in the ABE. The presence of these phytochemicals
helps elevate the functionality of the CAD films as drug-deli-
vering films.

4.2 Analysis of the properties of the CH/ABE/AH films

4.2.1 Percentage of crystallinity. The films were analysed
for their crystallinity percentages. Fig. 3[A] displays the X-ray
diffractograms of the AH-loaded films and Table 3 indicates
the crystallinity percentages of the developed films. AH is
found to be highly crystalline in nature.*® However, when this
drug was incorporated into the film matrix, the crystallinity of
AH was not evident in the diffractograms. This readily stipu-
lates that AH was dispersed uniformly in the CH matrix,
leading to the absence of any additional peaks in the obtained
diffractograms.*’ From the observations drawn, it is evident
that the broad peak at around 22.5° corresponds to the semi-
crystalline nature of CH.>®> There was no significant difference
observed between the diffractograms of the CD film and the
films containing ABE, indicating that the AB extract was
blended effectively and was distributed uniformly within the
CH matrix. In accordance with this, it was also noticed that

TIC
§629,842
L ) 3 $ 8 A g 4
L T T T L L (I L 5 L T 1
10.0 20.0

Fig. 2 GC-MS profile of Averrhoa bilimbi leaf extract.
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Table 2 Chemical constituents detected by GC-MS analysis of the ABE
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Peak  Retention Area
# time (%) Name Structure
1 2.855 29.35 Ethane, 1,1-diethoxy- N
)\0/\
2 3.009 1.47 1-Butanol, 3-methyl-
OH
3 3.326 30.38 Propane, 2,2-diethoxy- ><
/\O O/\
4 5.670 2.41 Ethyl 4-(ethyloxy)-2-oxobut-3-enoate 0
o
/\o /\)H( ~_
o
5 13.579 0.64 1,3-Propanediol, 2-(hydroxymethylyl)-2-nitro HO.
o
N
OH \o
OH
6 18.417 0.57 Neophytadiene )\/\)\/\)\)L/
7 20.143 0.46 n-Hexadecanoic acid OY\/\/\/\/\/\/\/
OH
8 22.395 2.83  Phytol OY\/\/\/\/\/\/\/
OH
9 22.829 1.34 9,12,15-Octadecatrienoic acid, (Z,Z,2)- AN
0; _—
OH
10 25.804 28.517  9,12,15-Octadecatrienoic acid, ethyl ester, (Z,Z,2)- F
AN X O
(o]
11 28.517 1.52 Benzyldiethyl-(2,6-xylylcarbamoylmethyl)-ammonium
benzo- o
PN
< NH
12 31.250 2.19 9,12,15-Octadecatrienoic acid, 2,3-dihydroxypropyl He
ester, (Z,Z,Z)
HO
13 32.899 6.46 Squalene
14 37.027 2.55 Vitamin E

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd.)
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Peak  Retention Area
# time (%) Name Structure
15 38.247 0.57 Ergost-5-en-3-ol, (3.beta.)-
H
H
HO’
16 38.587 0.58 Stigmasterol
AN
H
HO
17 39.445 9.24 y-Sitosterol
"
HO'
18 39.618 1.45 Stigmastanol Q@\&
H
HO'
19 40.051 3.63 B-Amyrin >©§§5>€H
20 41.475 1.71 y-Sitostenone

the crystallinity percentages of the fabricated films increased
with the reinforcement of higher concentrations of ABE. ABE
possesses a wide range of functional groups such as polyphe-
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nols, carboxylic acids, and hydroxyl groups which are abun-
dant in polar groups. These groups assist in the formation of
strong hydrogen bonds with the polysaccharide matrix used,**
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Fig. 3 [A] X-ray diffractograms and [B] FTIR spectra of the AH-loaded films.
Table 3 Thickness, crystallinity and mechanical parameters of the fabricated films
Sample Thickness Crystallinity percentage Crystallinity percentage Tensile strength
code (mm) (%) as calculated from XRD (%) as calculated from DSC (MPa) Extensibility (%)
CD 0.071 + 0.0122 33.214 + 0.153¢ 30.178 + 0.546% 28.279 + 0.398°¢ 11.607 + 0.307¢
CAD-1 0.072 + 0.006"° 38.669 + 0.841° 37.164 + 0.299°¢ 26.283 + 0.648 16.128 + 0.591°
CAD-2 0.084 + 0.014* 42.147 + 0.624° 41.879 +0.212%¢ 11.848 + 0.941° 19.740 + 0.821%
CAD-3 0.096 + 0.011° 52.607 + 0.517"° 51.246 + 0.351° 13.923 + 0.164% 26.731 + 0.568"

The different superscripts in the columns indicate varied values at p < 0.05 while Tukey’s test was used.

leading to a highly dense arrangement between the constitu-
ents of the film matrix. Hence this aids in increasing the crys-
tallinity percentage of the fabricated films.

4.2.2 Spectroscopic properties. The IR spectra of the film
samples provided insight into the molecular interactions
taking place between the constituents of the film matrix. The
FTIR spectra of the films are given in Fig. 3[B]. The relatively
broader bands observed in the range 3340 cm™" to 3392 cm ™
indicated the hydroxyl groups present in the film samples. It
was observed that the -OH stretching frequency continuously
decreased from the CA to CAD-3 film, indicating constructive
intermolecular hydrogen bonding between CH, ABE and AH.
Thus, owing to the stronger bonding, a lower mobility of the
chains of CH can be observed, which is evident from the
increasing degree of crystallinity of the films as displayed in
Table 2. The bands associated with 2920 cm™" and 2861 cm™*
correspond to the stretching (asymmetric and symmetric)
bands of -CH, groups.”’ The bands attributed to the C=0
stretching in amide-I and -OH bending are present at
1586 cm™' and 1379 cm™.** The bands in the range 1011 to
1019 cm™" were ascribed to the C-O functional groups present

© 2026 The Author(s). Published by the Royal Society of Chemistry

in the polymer matrix. There were significant changes in the
wavenumbers of the functional groups, indicating potential
interactions between the components of the polymer matrix.

4.2.3 Thickness and mechanical properties. Films of a
definite thickness are prerequisites for suitable applications. It
was observed that the control film containing AH exhibited the
lowest thickness. The thicknesses of the films are provided in
Table 3. The addition of the ABE to the CH matrix exhibited an
increase in the thickness. This progression could be on
account of the irregularity in the polymeric backbone of CH
induced by the addition of the ABE.*> The phenolic com-
pounds present in the ABE confer a plasticizing effect on the
CH matrix, thereby increasing the thickness of these films
gradually with an increase in the concentration of the
extract.*®

The mechanical properties of the films are displayed as
stress—strain curves in Fig. 4[A]. The values of the parameters
of mechanical properties such as tensile strength and extensi-
bility are tabulated in Table 3. The films employed for drug
delivery may be subjected to human body environments invol-
ving stress, which may lead to the disintegration of the films.
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Fig. 4 [A] Stress—strain curves and [B] DSC thermograms of the AH-loaded films.

Hence, an examination of the mechanical parameters of the
films is necessarily done to discern this factor.*” The control
chitosan film (CD) demonstrated the highest tensile strength
of 28.279 MPa, indicative of a rigid, hydrogen-bonded
network. While the ABE incorporated films showed a decline
in tensile strength, the extensibility of the films increased with
increasing ABE concentration. The decrease in tensile strength
could be ascribed to the discontinuity in the chains of CH
induced by the ABE. This apparently causes the matrix to resist
any fracture.*® Hence, the tensile strength of the films reduces
on moving from the CAD-1 to CAD-3 films. While the incre-
ment in extensibility can be linked to the plasticising ability of
the ABE, the polyphenols present in the ABE may have contrib-
uted to this extensibility*® The CAD-1 film exhibited the most
balanced performance, maintaining relatively higher stiffness
while accommodating deformability, whereas excessive plasti-
cization effects dominated CAD-2 and CAD-3.

4.2.4 Thermal stability. The thermal stability of the films
was examined using the DSC thermograms shown in Fig. 4[B].
From the thermograms, it is clearly observable that there is a
presence of a sharp glass transition temperature (Ty), implying
miscibility of the blended components.®® The T, of the control
CD film was found to be 91.08 °C, while the ABE incorporated
films exhibited T, of 89.8 °C, 97.5 °C and 101.7 °C for the
CAD-1, CAD-2 and CAD-3 films respectively. This indicates that
there has been stronger CH/ABE/AH bonding, leading to pro-
nounced T, values.”'With regard to the melting temperatures
(Tw), it has been identified that the drug AH melts at 177 °C,>
considering previous research. However, as shown in the ther-
mograms, the Ty, of the films was observed to be in the range
281 °C to 293 °C, implying a stronger network between the
blended components. Also, the presence of a single melting
peak indicates that AH was molecularly dispersed in the CH/
ABE matrix.”>® The crystallinity of the films was also evaluated
using the DSC thermograms and the values are tabulated in
Table 3. From Table 3, it was found that there were not much
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distinct differences between the crystallinity values obtained
from the two modes of analysis, confirming the increasing
crystalline nature of the films.

4.2.5 Morphology of the film surfaces. The morphological
features of the tailored films can be observed in the SEM
images provided in Fig. 5. These observations indicate that the
CD film containing only the base matrix CH and the drug AH
possesses a surface containing a large number of pores that
are larger in size. While the films containing varying increas-
ing concentrations of ABE have shown that the number of
pores has been minimised, the film containing the highest
concentration of the extract shows the absence of pores. The
bright particles present on the surface of the films appeared to
be the undissolved particles of CH; however, there was no
phase separation, indicating complete miscibility of the
blended components. These observations are similar to those
reported by Tuhin et al.>* and Yadav et al.’® Overall, the micro-
graphs provide a morphological outline, implying that the pro-
gression in ABE concentration results in the development of
denser films with a reduction in porosity on advancing from
CAD-1 to CAD-3. These observations are in conformity with the
XRD and FTIR studies, which indicate that the blended com-
ponents are bonded strongly with an increase in ABE
concentration.

4.2.6 Hydrophobicity of the films. Water contact angle
measurements shown in Fig. 6 indicate that the wettability of
the CH/ABE/AH films is strongly dependent on ABE loading.
The pristine chitosan film (CD) exhibited a contact angle of
82.2°, reflecting a moderately hydrophilic surface governed by
polar amino and hydroxyl functionalities.>® Incorporation of
ABE reduced the angle to 79.7° in CAD-1, suggesting increased
surface polarity, either by the migration of ABE-derived groups
to the film surface or by topographical changes that favored
water spreading. A further decrease was observed in CAD-2
(~71.7°), consistent with the greater availability of hydrophilic
moieties and partial disruption of surface-ordered domains.””
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Fig. 5 Morphological images of the films.

Fig. 6 Measurement of the water contact angles of the films.

At the highest ABE loading (CAD-3), the contact angles stabil-
ized around ~67.4°, indicating that additional ABE no longer
increased hydrophilicity, likely due to the surface saturation or
formation of heterogeneous domains.’® The presence of AH

© 2026 The Author(s). Published by the Royal Society of Chemistry

82.2 deg |

produced only a secondary effect, enhancing hydrophilicity at
lower ABE concentrations but becoming negligible once ABE
dominated the surface composition.”>®® These observations
align with the reported behavior of chitosan composites con-
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taining plant-derived additives, where initial additive incorpor-
ation enhances surface polarity, but excessive loading induces
phase segregation or competing surface chemistries that limit
further reductions in contact angle.

4.2.7 Swelling behaviour of the films. The study of the
swelling behavior of films is vital for their application in drug
delivery. The interactions between the polymer, drug and intes-
tinal fluids decide the rate of drug release from the host
matrix. The swelling behavior of the films was analyzed at
room temperature in a PBS solution at pH 7.4 and the results
are shown in Fig. 7[A] and [B]. The swelling behavior was
noted every 30 min during the initial 4 h, then the samples
were evaluated after an hour for up to 48 h. The swelling of the
control CD film could be attributed to the polar groups
present in the backbone of CH.®' The rate of swelling of the
drug-loaded films decreased with the addition of ABE. The
higher concentrations of ABE contain higher concentrations of
negatively charged compounds that may possibly interact with
the functional groups of CH that are positively charged, result-
ing in reduced swelling of films due to the hindrance in the
movement of chains.®” Chin et al. also reported a similar swell-
ing behavior of films.®® The higher concentration of ABE may
have caused the formation of stronger bonds between CH and
ABE, leaving lesser space for swelling. These results are sup-
ported by the XRD analysis which shows that the compactness
and high crystallinity associated with the increasing concen-
tration of the ABE leaves fewer voids for the accumulation of
-OH functional groups. This is also supported by the SEM
results. The highest rate of swelling was observed for the
CAD-1 film which contained the lowest concentration of ABE.
The swelling capacity of the films followed the order: CAD-1 >
CAD-2 > CAD-3 > CD.

4.2.8 In vitro release studies. The in vitro release behavior
of a drug over a definite time period is an important criterion
for designing films for drug delivery applications. In the
current study, emphasis was laid on studying the release of the
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drug AH from the CH/ABE matrix over a period of 24 h. The
release behavior of AH from the films is shown in Fig. 8. The
release analysis revealed that the amount of AH leaching out
of the film matrix consistently followed the trend of the swell-
ing behavior of the film. With an increase in the concentration
of ABE, the release behavior of the films followed sustained be-
havior. The initial sudden eruption of the drug from the film
was noticed, which could be linked to the expeditious swelling
of the film samples, allowing smooth diffusion of AH due to
loosening of the bonds on swelling. Another reason could be
the adsorption of the drug onto the film surface. Apparently,
the loosely bound molecules of AH at the surface of the films
may have drifted away, leading to the initial rapid burst.**
However, with increasing time, the CAD-3 film showed modest
and controlled release of the drug from the matrix. This could

45

Cumulative Drug Release (%)

0 T T T T T T
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Time (h)

Fig. 8 Drug release profiles of the CD, CAD-1, CAD-2 and CAD-3 films
for a period of 24 hours.
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[A] Overall swelling behaviour of the films from initial time to 48 hours and [B] initial swelling behaviour of the films up to 4 hours.
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be due to the good synergy between the positively charged
groups of CH and the negatively charged groups of ABE, indu-
cing a steady release of the drug, AH.®>®* On the other hand,
the CAD-2 and CAD-3 films again showed a second sudden
burst of AH at the 4™ hour. This could be linked to their
compact morphology and minimization of pores in the film
matrix which are evident in the SEM micrographs. At higher
concentrations of ABE, there has been an increase in the rate
of swelling as observed in the swelling studies. Due to this, the
already existing compact morphology may have been disturbed
on account of the internal stress and cracking of the matrix,
thereby causing rapid leaching of the drug,® thus leading to
ineffective controlled release. However, from Fig. 8, it is
evident that CAD-1 released almost 25% of the drug AH loaded
onto the film within a time interval of 24 hours. This signifies
that there is a controlled release of the drug AH from the film
matrix, which allows a tunable release capacity and allows
these films to be harnessed in controlled drug delivery
systems. Table 7 gives comprehensive details comparing the
present work with the previously reported works. In addition
to this, the phenomenon of relaxation of polymer chains
which is related to the swelling behaviour of the films is also
observed in the release rate analysis. The CH/ABE/AH network
is disrupted on the uptake of PBS, leading to spikes in release
rates. The early burst is driven by the diffusion of adsorbed AH
molecules onto the surface of the CH/ABE matrix, followed by
the polymer relaxation observed in CD and CAD-1, owing to
the presence of free volume between the polymer chains which
is in accordance with SEM micrographs depicting higher
numbers of pores, while the second burst, mainly occurring in
the CAD-2 and CAD-3 films, results in disruption in the relax-
ation of polymer chains due to the minimum free space
because of the stronger CH/ABE/AH bonding. This can be
attributed to the pore minimisation in the SEM micrographs.
This clearly explains the effective controlled release pattern of
the CAD-1 film in conformity with the FTIR spectra, XRD diffr-
actograms and SEM micrographs. This also highlights the
superiority of this film over the CAD-2 and CAD-3 films.

4.2.9 Loading efficiency of the films. The ability of the film
samples to accommodate a certain quantity of the drug AH
was readily evaluated. The higher the drug loading ability, the
lower the amount of polymer required to form the film.
Table 4 shows the drug loading capacities of the films. It was
found that the CD film contained the highest capacity to hold
the drug, while the loading capacity slowly retarded with
increasing concentrations of ABE, although not appreciably.
The larger size of the molecules of the compounds of ABE
could have possibly led to the reduced capacity to withhold the
drug, which is evident from the increasing thickness of the
films. This is also supported by the micrographs of SEM,
which indicate that the CD and CAD-1 films show a large
number of pores in their matrix, accounting for free space for
entrapment of AH. Hence, the loading capacity is the highest
for these films. The EE values of the films are also presented
in Table 4. The EE values of the films show a slight deviation
from the drug loading capacity, whereas the CAD-1 film shows

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the maximum EE. This possibly indicates that the CAD-1 film
containing the minimum concentration of ABE has good
efficiency in encapsulating the drug, thereby permitting only a
controlled amount of drug AH to be released at certain inter-
vals, which was discerned from the release studies of AH from
the film samples. The strong CH/ABE/AH network as indicated
by FTIR and the affinity between the oppositely charged
groups of CH and ABE could have given rise to a stronger
network, thereby effectively encapsulating the drug AH.%”

4.2.10 Drug release kinetics. One of the most important
criteria required for an ideal drug delivery system is to harmo-
nically deliver the drug at the required rate suiting the needs
of the individual undergoing treatment. This leads to thera-
peutic efficacy and a reduction in the number of dosages
required.®® In order to determine this efficacy, the mechanism
of the release of the drug AH from the polymer matrix CS/ABE
was analyzed by fitting the cumulative drug release data to
various mathematical models. Concerning polymer matrix
systems, the diffusion of the drug and the relaxation of the
polymer chains control the release rate of the drug. Table 5
provides detailed values of the release profiles using several
kinetic models.

Zero-order kinetics mainly implies the dissolution of the
drug at a slower pace, avoiding the consequences of disaggre-
gation. Drug-delivery systems based on this model are known
for their prolonged pharmacological activity.®® A straight line
was obtained for the zero-order release equation, with corre-
lation coefficients (R®) ranging from 0.72 to 0.82. The CAD-1
sample showed a higher R® value in this regard, apparently
indicating its use for sustained release. The minimal variations
obtained in the values of the zero-order rate constant K could
be ascribed to the seeping out of the drug AH with a reduced
velocity induced by the CS/ABE matrix.”®

The first-order kinetics model depicts the absorption or
elimination of a water-soluble drug from the matrix based on
the porosity and density of the drug-delivery system.®® From
Table 5, it is evident that the values of R* vary widely, indicat-
ing that the concentration of AH is independent of the matrix
involved. Since AH is highly water soluble and the CS/ABE
blend matrix is porous, it causes the rapid dissolution of AH
as soon as the solvent medium penetrates the blend matrix.”*
On the lines of the Higuchi model, the R* values of the CAD-1
film confirm the fact that the release of drug AH is driven by

Table 4 Drug loading capacity and encapsulation efficiency (EE) values
of the AH-loaded films

Drug loading
capacity (%)

Encapsulation

Sample code efficiency (EE) (%)

CD 82.165 + 0.084% 15.318 + 0.042%
CAD-1 78.662 + 0.031° 19.012 + 0.027°
CAD-2 76.751 + 0.068° 11.082 + 0.008<
CAD-3 75.159 + 0.017¢ 9.777 + 0.039%°

The different superscripts present in the columns indicate that the
values are significantly (p < 0.05, analysis was done in triplicate)
different from each other.
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Table 5 The kinetic parameters were derived by fitting the mathematical models of the AH release profiles from the CS/ABE matrices

Zero-order model First-order model

Higuchi model Korsmeyer-Peppas model

Sample code R? K R* K R* K R? K n

CD 0.817 5.225 0.888 0.138 0.942 2.509 0.918 0.439 0.627
CAD-1 0.893 5.453 0.515 0.115 0.946 2.610 0.946 1.044 0.504
CAD-2 0.776 7.089 0.609 0.117 0.916 3.484 0.931 1.225 0.527
CAD-3 0.722 7.874 0.778 0.131 0.867 3.937 0.906 0.909 0.584

Table 6 Diameters (in mm) of the zones of inhibition of the E. coli and
S. aureus bacteria

Sample code E. coli S. aureus

CD 5+0.01¢ 2 +0.06%°
CAD-1 7 +0.04° 3 +0.08°

CAD-2 9 +0.02° 4+0.01°

CAD-3 12 + 0.07° —

Different superscripts within the columns specify that the values are
significantly different (p < 0.05, n = 3).

the process of diffusion from the CH/ABE matrix. The minimal
concentration of ABE in the CAD-1 film allows for the uptake
of aqueous media (in this case, PBS), allowing the drug AH to
leach out efficiently from the film matrix.

The Korsmeyer-Peppas model is applicable when more
than one release mechanism occurs in the drug-delivery
system. The release exponent ‘n’ has shown values greater than
0.5, indicating anomalous non-Fickian diffusion.””> This is
indicative of the fact that matrix swelling and diffusion of the
drug occur simultaneously.”® The constant values of R* signify
the controlled release of AH from the polymer matrix, with
CAD-1 showing steady dissolution. From the analysis of these
mathematical models, it can be inferred that a lower concen-
tration of ABE allows for smooth dissolution of the drug AH
from the CS/ABE matrix at a sustained rate. Also, the minimal
increment in the value of n from CAD-1 to CAD-3 could be due

to the good anchorage of the bonds between various com-
ponents of the matrix, as sufficed by FTIR and XRD results,
which imply stronger intermolecular CH/ABE/AH interactions
with increasing ABE concentration. The observations are con-
sistent with previous reports on CH-based films whose release
kinetics followed the exhibited Korsmeyer-Peppas model
depicting anomalous non-Fickian diffusion.”*”7®

4.2.11 Cytotoxicity behaviour of the films. Cytotoxicity is a
crucial parameter for determining the efficacy of biomaterials
as safe materials for human use. It also intends to indicate the
biocompatibility of the biomaterials fabricated with animal
cells. Fig. 9 shows the cell viability percentages of the drug-
loaded films which were readily evaluated using mouse skin
fibroblast L929 cell lines. It is evident that all the films exhibi-
ted good cytotoxicity behavior, making them favorable for use
as biomaterials (cell viability > 75%).””

The percentage of cell viability was investigated for the
films without ABE, ie. the control CD film, and for those
including ABE (CAD-1, CAD-2, CAD-3). The control CD film
showed the highest percentage of cell viability. Furthermore,
the percentage of cell viability appeared to increase with the
increasing concentration of ABE to a value of 91% for the
CAD-2 film and then there was a decrease in the cell viability
for the CAD-3 film. The phytochemicals may have been respon-
sible for this progression, which may have aided in keeping
the cells active, rather than hindering their activity. The slight
decrease in cell viability percentage at the higher concen-
tration of ABE could be ascribed to the presence of certain con-

Table 7 Comparison of the drugs used, film compositions, recommended treatments and key findings of films used for controlled release of drugs

Drug used Film composition Key findings

Limitations Ref.

Norfloxacin (antibacterial) CH + halloysite

nanotubes
Ciprofloxacin (antibacterial) CH + ciprofloxacin +
glutaraldehyde
Doxorubicin hydrochloride CH
(anticancer)
5-Fluorouracil (anticancer) CH + banana peel

extract

« Controlled release achieved
« Release rate: >45% in 6 h

« Controlled release achieved
« Release rate: >60% in 24 h
« Controlled release achieved
« Release rate: >60% in 6 h

« Controlled release achieved
« Release rate: >55% in 24 h

» Early burst release rate: (>30% in1h) 23
« Use of halloysite nanotubes as drug
carriers and then introduction in films

« Early burst release rate: (>60% in4h) 7
« Use of a synthetic crosslinking agent

» Early burst release rate: (>20% in 1 h) 81
» Use of a synthetic crosslinking agent

« Early burst release rate: (>25% in5h) 6

« Use of natural extract in
developing films

CH + Averrhoa bilimbi
leaf extract

Acebutolol hydrochloride
(cardioselective -blocker)

« Controlled release achieved
« Release rate: >25% in 24 h

Present
work

« Partial drug release
« Secondary burst at high
concentrations of ABE

« Use of natural extract in
developing films
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Fig. 9 Cell viability percentages of the AH loaded CH/ABE films.

stituents in the ABE, which may have hindered cell activities.”®
These results confirm the non-toxic nature of the CH/ABE
matrix, while also indicating that the incorporation of ABE did
not induce any detrimental effects, supporting their applica-
bility as drug-delivery films.

4.2.12 Bacterial resistance of the films. The efficiencies of
the drug-loaded films in inhibiting bacterial growth are pre-
sented in Fig. 10 and are tabulated in Table 6. The inhibition
zones were investigated against Gram-positive S. aureus and
Gram-negative E. coli. It was found that the control CD film
showed good bacterial resistance due to the inherent antibac-
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terial nature of the polysaccharide CH. The zones of inhibition
for E. coli bacteria were found to be prominent with increases
in the ABE content. The polyphenols present in the ABE may
restrict the growth of bacteria and disrupt cell functioning.
This also provides insight into the diffusivity of the active con-
tents of the ABE from the CH matrix into the diffusion
medium. The higher the concentration of ABE, the greater the
diffusivity, which aids the effective release of the drug. The
relatively lower inhibition towards S. aureus could be due to its
Gram-positive nature which possesses numerous layers of pep-
tidoglycan, making it harder for the contents of the film
matrix to seep into this bacteria.”® The CAD-3 film showed the
absence of an inhibition zone for S. aureus bacteria which
could be due to the excess concentration of ABE reducing the
speed of migration of the contents from the film to the
diffusion media owing to its large volume.*® However, there
was no growth of bacteria on the film, proving it to be bacterio-
static in nature.

4. Conclusions

Acebutolol hydrochloride (AH)-loaded chitosan (CH)/Averrhoa
bilimbi leaf extract (ABE) films demonstrated exceptional
potential as controlled delivery systems for the p-blocker AH.
The films were fabricated via a simple and effective solvent
evaporation method using biodegradable and biocompatible
materials such as CH and ABE. Notably, the films exhibited

E. coli

Zone of inhibition

S. aureus

Fig. 10

© 2026 The Author(s). Published by the Royal Society of Chemistry

Images depicting bacterial zones of inhibition of the CD, CAD-1, CAD-2 and CAD-3 films.
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increased thickness and enhanced crystallinity, indicating a
high level of compatibility between the matrix constituents.
Spectroscopic analysis, coupled with microscopic imaging,
further corroborated these findings. The FTIR spectra revealed
stronger hydrogen bonding, while the SEM images displayed a
homogeneous surface morphology, underscoring the uniform
integration of the components. The films exhibited increasing
flexible nature along with pronounced thermal stability.
Evaluation of the films’® swelling indices, sustained drug
release rates, and drug loading efficiencies suggests that these
films are highly effective in modulating the release profile of
the p-blocker AH, thereby reducing the frequency of drug
administration and mitigating potential adverse health effects.
The inclination of the release rates of the developed films
towards the Higuchi and Korsmeyer-Peppas models suggests
that AH is released via non-Fickian diffusion, highlighting that
the release phenomenon is a simultaneous occurrence of both
the swelling of the CH/ABE matrix and diffusion of AH from
the matrix. Thus, the biocompatibility and bacterial resistance
of the films further confirm their safety for human use, posi-
tioning them as promising options for controlled drug delivery
applications.
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