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Abstract

Streptococcal pharyngitis, strep throat, is a bacterial infection induced by group A Streptococcus. Azithromycin (AZI) is
used as the second-line drug for its treatment. The study’s goal was to formulate AZI-based albumin nanoparticles loaded
on fast oral dissolving films, which would help reduce the dosage and dosing frequency of the drug by enhancing its
local effect in the affected area. The desolvation process was utilized for the synthesis of albumin nanoparticles, while the
solvent casting approach was applied for the formulation of the oral fast-dissolving films (OFDF). A 3-factor and 3-level
CCD was implemented to ascertain the influence of critical material attributes on the critical quality attributes of the
nanoparticles employing Design-Expert software. The optimized nanoparticles exhibited particle dimension, zeta potential,
and entrapment efficiency of 250.6+19.6 nm, -0.656 mV, and 98.67% =+ 0.002, respectively. The in vitro release of the
optimized formulation demonstrated an initial burst release of 18.11% + 0.0024 within the first 2 hours, and subsequently,
a sustained release profile was observed, with 96% + 0.15 of the drug over 36 h. The AZI-loaded albumin nanoparticles
loaded oral fast-dissolving films demonstrated a drug release of 95% =+ 0.659 within 1 h, and the ex vivo permeation via
goat buccal mucosa further revealed a flux of 45.36 mg/h. cm®. Moreover, the formulation was assessed for its antibacterial
potency towards Streptococcus aureus, revealing a substantial zone of inhibition measuring 38 mm=0.152 compared to
the marketed oral tablet. The findings collectively point to the formulation’s efficacy in addressing strep throat, suggest-
ing its potential as a viable treatment option for this condition. Further preclinical studies can be performed to ensure its
successful translation.
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1 Introduction

Pharyngitis arises from various infectious sources, and the
key bacterial agent responsible for pharyngitis is group A
Streptococcus, commonly recognized as strep throat. [1]. As
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stated by the Centers for Disease Control and Prevention, as
many as 3 in every 10 children and 1 out of 10 adults have
strep throat [2, 3]. Mild cases of pharyngitis may manifest
as irritation and a sore throat, while more severe instances
involve elevated pain upon swallowing, cervical lymphade-
nopathy, and may or may not be accompanied by fever [4].
The clinical manifestations become apparent through the
observation of an inflamed and swollen pharyngeal mucosa
in a patient who reports indications including throat pain,
difficulty in swallowing, elevated temperature exceeding
38.5 °C, headache, and sensitive front neck lymph nodes.
Additionally, the occurrence of pus-filled discharge above
the rear pharyngeal region, along with, tonsillar area, might
be detected [5]. The transmission of pharyngitis infection
occurs via inhalation or direct contact with secretions. The
symptoms typically manifest after a brief incubation period
ranging from 24 to 72 h; if left untreated, the infection typi-
cally persists for 7 to 10 days [6].
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Different antibiotics have been recommended for the
treatment of strep throat. These antibiotics shorten the dura-
tion of symptoms of the disease and prevent its transmission.
Penicillin or amoxicillin are recommended for first-line
therapy, but given that some individuals may exhibit aller-
gic reactions to these drugs, azithromycin stands as a viable
alternative for individuals with known allergies to penicil-
lin or amoxicillin, providing a suitable treatment option
that accommodates a more extensive patient population
[7-9]. Moreover, the emergence of bacterial resistance, par-
ticularly in strains of bacteria like Streptococcus pyogenes,
has been observed against penicillin and amoxicillin. [10].
Azithromycin demonstrates efficacy against strains resistant
to penicillin and amoxicillin. These characteristics position
azithromycin as a preferred choice, particularly in regions
or cases where bacterial resistance is a prevailing concern
[11]. The broader spectrum of antibacterial activity exhib-
ited by azithromycin enhances its effectiveness against
various bacterial species beyond the Group A B-hemolytic
streptococcus. This broader coverage may be advantageous
if there is uncertainty about the specific bacterial strain
causing the infection or if there are concerns about potential
mixed infections [12, 13].

Azithromycin dihydrate (AZI) is a bacteriostatic agent
that inhibits the growth of bacteria by binding to the 50 S
ribosomal unit of the 70 S ribosomal structure of bacteria,
along with impeding the synthesis of proteins, thus helping
in shortening the duration of the symptoms [14, 15]. The
half-life of AZI is 68 h and is unstable at a low pH, i.c.,
pH ranging from 1 to 4 [16].; therefore, it has a very low
oral bioavailability of 37% since the pH of the stomach is
highly acidic [17, 18]. The existing dosage regimen of AZI
involves an initial dose of 500 milligrams on day one, sub-
sequently, a continuing daily dosage of 250 milligrams for
the succeeding 4 days. Despite its extended half-life of 68
h, which would suggest a less frequent administration, the
necessity for daily dosing arises due to its relatively low
bioavailability [15, 19].

Albumin is the predominant plasma-derived protein and
is biodegradable and biocompatible. It remains consistent
over a broad spectrum of thermal conditions and pH lev-
els and possesses a half-life of approximately 19 days in
circulation [20, 21]. It also has multiple hydrophobic bind-
ing domains (Sudlow’s sites I and II), which makes drug
encapsulation easier. Azithromycin, being a lipophilic mac-
rolide, can interact non-covalently (via hydrophobic inter-
actions and van der Waals forces) with these sites. This
effectively increases the apparent solubility of azithromy-
cin by keeping it in a bound, dispersed form rather than
precipitating out in water. Furthermore, the synthesis of
albumin NPs is easy and can be done by various techniques
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like desolvation, coacervation, or emulsion formation.
Additionally, albumin tends to accumulate at an inflamed
site [22], thus can be proved as a suitable candidate for
strep throat infection. In strep throat infection, inflamma-
tion enhances that, in turn, increases vascular and mucosal
permeability at the infection site. Albumin nanoparticles
can extravasate and accumulate more at inflamed sites
than in healthy tissue, increasing local drug exposure. In
addition, Albumin also tends to be retained at sites with
enhanced retention because of extracellular matrix changes
and slower lymphatic clearance in inflamed tissue [23].
Albumin also carries a negative charge, mitigating the like-
lihood of nanoparticle aggregation [24].

The OFDFs are thin, water-soluble films that dissolve
swiftly within the oral cavity without requiring liquid. Thus,
OFDFs are an effective approach to enhance patient compli-
ance for unconscious patients as well as for pediatrics and
geriatrics. These films can be dissolved in under a minute
when kept on the tongue or buccal mucosa, which results
in quick absorption, enhancing the release of azithromycin-
loaded albumin nanoparticles at the infection site. In addi-
tion, as albumin is mucoadhesive in nature, the release of
nanoparticles will increase their adhesion to the inflamed
mucous membranes and prolong the release the azithro-
mycin at the local infection site. Therefore, combining the
unique properties of albumin, such as enhanced permeation
and retention effect, and the mucoadhesive nature, which
can bind to inflamed mucosa, the formulation will allow the
drug to act directly on the Streptococcus pyogenes colonies
present in the oropharyngeal mucosa [25-27]. The incorpo-
ration of albumin NPs into OFDFs would enhance the oral
absorption of the therapeutic agent across the buccal tissue
and would prevent its first-pass metabolism.

The purpose of this preliminary current investigation was
to develop AZI-based albumin NP-loaded OFDFs for the
management of strep throat and evaluate them for physico-
chemical characteristics, drug content, in vitro release, and
ex vivo permeation studies.

2 Materials and methods
2.1 Materials

AZI was acquired from Medi Pharma Drug House, Mum-
bai, India. Egg albumin, glutaraldehyde, Tween 80, citric
acid, menthol, sucralose, sodium starch glycolate, and glyc-
erol were obtained from Central Drug House, New Delhi,
India. Pectin was obtained from Maple Biotech Pvt. Ltd,
Maharashtra, India. All remaining solvent substances and
reagents utilized were of high purity.
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2.2 Preformulation Studies
2.2.1 Drug-excipient Compatibility Studies

The compatibility assessment of the drug with various excip-
ients was conducted employing Fourier transform infrared
spectroscopy (FTIR) with a Bruker Alpha ECO-ATR spec-
trophotometer [28]. The spectral analysis encompassed AZI
and egg albumin, both individually and in combination, i.e.,
physical mixture. The infrared absorption spectra of these
samples were captured in the spectral range spanning 450—
4000 cm™! at of 4 cm ™! resolution. A comparative analysis
was performed by examining the pellets and comparing the
spectra with those of the polymer and pure drug reference
[29, 30].

2.2.2 Selection of Formulation Variables

Before the formulation of albumin NPs, a preliminary opti-
mization process was undertaken to identify the most suitable
formulation variable. Two formulation variables, viz. cross-
linking agent and desolvating agent, were systematically
screened over a wide range of concentrations to facilitate
the selection of the best formulation. Various cross-linking
agents, including glucose, tannic acid, and glutaraldehyde,
along with desolvating agents such as ethanol and acetone,
were screened based on their ability to induce nanoparticle
formation. This extensive screening process aimed to iden-
tify the most effective combination of these variables for
subsequent albumin NP formulation [31].

2.3 Optimisation Via Quality by Design (QbD)

The fundamental principle that strengthens QbD is the
notion that “the quality cannot be tested in the product but
rather should be built into the product. QbD is an organized,
customized, risk-based, pre-emptively driven approach that
mitigates any potential for mistakes associated with the for-
mulation [32, 33].

2.3.1 Quality Target Product Profile (QTPP)

The goal of the QTPP for oral films based on azithromy-
cin albumin nanoparticles is to create a fast-dissolving,
patient-friendly formulation that boosts azithromycin’s
antimicrobial properties and absorption while reducing gas-
trointestinal complications. As part of the QTPP, the ideal
film thickness (<250 pum), consistent drug content, quick
disintegration time (less than 1 min), and crack-free, smooth
layer should be achieved. To ensure consistent dispersion

inside the framework of the film and sustained drug release,
the integrated albumin nanoparticles have been optimized
to exhibit a low polydispersity index (<0.3), a high drug
entrapment (>85%), and particle dimensions under 300 nm.
To ensure constant therapeutic efficiency and compliance
among patients, the finished product should have proper
folding endurance, durability for transportation, and storage
stability [34, 35].

2.3.2 Critical Quality Attributes (CQAs)

The safety, effectiveness, and quality of azithromycin albu-
min nanoparticle-based oral films are directly impacted
by the CQAs. The critical CQAs comprise attributes of
nanoparticles that affect the release of azithromycin and
stability, especially particle diameter, polydispersity index
(PDI), zeta potential, and entrapment efficiency. Since these
factors affect mechanical properties, convenient administra-
tion, and dissolving properties, the oral film’s CQAs com-
prise the thickness of the film, drug content consistency,
surface consistency, folding durability, elasticity, and disin-
tegrating time [36-38].

2.3.3 Response-surface Method: Central Composite Design
(CCD)

Response surface methodology (RSM) functions as a quanti-
tative and statistical framework utilized for the construction
of a series of experimental designs aimed at generating an
optimal response. In the optimization of AZI-albumin NPs,
a 3-factor and 3-level CCD design was implemented utiliz-
ing the Design-Expert® program, edition 12, developed by
Stat-Ease, USA. This CCD design, occasionally known as
Box-Wilson CCD, encompasses an integrated fractional or
full factorial design featuring central points supplemented
with axial points (+a and —a), which gives extra edge to
get the optimised formulation, facilitating the assessment of
curvature in the experimental domain [39]. The independent
variables analyzed were albumin concentration (%w/v), the
concentration of glutaraldehyde (%v/v), and the amount of
desolvating agent, i.e., ethanol (ml). The desired responses
studied were particle size (PS), polydispersity Index (PDI),
and entrapment efficiency (EE%), as shown in Table 1. Fif-
teen trials were conducted as illustrated in Table 2, with
each test executed in triplicate to assess the reproducibil-
ity of the findings. AZI-albumin NPs were synthesized, and
resultant measurements of parameters or responses were
input through Design-Expert. Ultimately, to achieve the
maximum desirability in the formulated product, constraints
of substantial importance were implemented [40—42].
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Table 1 Independent variables, dependent variables, and constraints for three-factor, three-level CCD

Levels
Independent variables Low (—1) Medium (0) High (+1)
X, =Albumin (% w/v) 4 5 6
X,=Glutaraldehyde (% v/v) 6 7 8
X;=Ethanol (ml) 8 9 10

Constraints applied to dependent variables
Independent variables

X, =Albumin (% w/v) X,=Glutaraldehyde (% v/v)

Minimum
+++

Constraints In range

Importance +++

Dependent variables
X;=Ethanol (ml) Y,;=PS (nm) Y,=PDI Y;=EE (%)
Minimum In range In range
+++ +++ +++

Maximum
+++

Table 2 Experimental runs of 3> Central Composite design for the pre-
pared nanoparticles

Formulation Albumin Glutaraldehyde  Ethanol
(%w/v) (%v/v) (ml)

Fl1 5 7 9

F2 6 6 10

F3 5 7 7.58579
F4 4 8 10

F5 5 5.58579 9

F6 5 8.41421 9

F7 5 7 9

F8 6 8 8

F9 5 7 10.4142
F10 5 7 9

Fl11 6.41421 7 9

F12 3.58579 7 9

F13 5 7 9

Fl14 5 7 9

F15 4 6 8

2.4 Preparation of AZI Albumin Nanoparticles

AZlI-loaded albumin NPs were synthesized via the desolva-
tion technique. Firstly, the accurately weighed quantity of
egg albumin was dispersed and swelled in distilled water,
employing a magnetic stirrer set at 500 rpm, to develop
an aqueous protein dispersion. Simultaneously, in a sepa-
rate beaker, AZI was dissolved in ethanol and was subse-
quently introduced dropwise to the albumin mixture with
ongoing magnetic agitation at 500 rpm to yield an opales-
cent drug-protein aggregated solution. The pH of the solu-
tion was continuously noted to maintain a range of 6.8-7.4.
Secondly, a precisely prepared glutaraldehyde (%v/v) solu-
tion of the desired concentration was added dropwise into
the solution to facilitate the cross-linking mechanism with
constant stirring at 1100 rpm. The addition of PBS helps to
control and maintain a pH neutral to mildly alkaline condi-
tion, overcoming the local acidification caused by glutar-
aldehyde addition. Along with glutaraldehyde, phosphate
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buffer saline (PBS, pH 7.4) was simultaneously added and
was constantly stirred at 1100 rpm for an hour to achieve the
formation of nanoparticles.

After the formulation of azithromycin-loaded albumin
nanoparticles, drug content confirmed that no significant
chemical interaction or degradation of azithromycin occurred,
indicating the process preserved drug stability [43—45].

2.5 Evaluation of AZI-loaded Albumin
Nanoparticles

2.5.1 Shape and Surface Morphology

The transmission electron microscopy (TEM) snapshots
were utilized to investigate the structural characteristics
and morphology of AZI-albumin NPs. For assessment, Joel
JEM-1400 (Jeol Ltd., Tokyo, Japan) was employed to mea-
sure TEM samples. To conduct TEM observations, the NPs
underwent appropriate dilutions and were diluted at first
with purified water. Subsequently, a droplet of the diluted
NPs was applied onto a grid with a carbon film layer. After
removing excess liquid with absorbent paper, the grid was
allowed to dry at ambient temperature before performing
scans at varying magnifications. The pictures were recorded
at a magnification of 25,600 times with an acceleration volt-
age of 80 kV [33, 46, 47].

2.5.2 Assessment of Albumin Nanoparticle's Particle Size,
Polydispersity Index, and Zeta Potential

Particle size distribution, PDI, along with ZP, was evaluated
using the differential light scattering technique (Malvern
Zetasizer, Worcestershire, UK). Before the examination,
each sample underwent appropriate dilution with distilled
water under sonication for 1 min. The duration of each mea-
surement was 120 s and was conducted at a temperature of
25 °C, with a scattering angle of 90 °C. The entire study was
replicated thrice for each sample [48].
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2.5.3 Development of Optimized Formulation Via
Desirability Model

Following the outcomes of the specified dependent vari-
ables (Y1, Y2, and Y3), an optimized formulation was
designed to identify the influence of the independent param-
eters (X1, X2, and X3). The central objective of employ-
ing desirability was to integrate the responses about critical
characteristics and present the probability of reliably pro-
jecting the optimal results for independent parameters. This
assessment involved a thorough examination wherein the
measured experimental values of the outcomes were con-
trasted against the anticipated values generated by the soft-
ware. Through this evaluation, the aim was to ascertain the
alignment between the observed and expected outcomes,
ensuring the accuracy and reliability of the optimization
process [49].

2.5.4 Entrapment Efficiency and Loading Capacity

For determining the amount of drug loaded into the nanopar-
ticles, EE was assessed using a REMI/R-8 V cooling centri-
fuge (REMI, Maharashtra, India). The NPs were subjected
to centrifugal separation at a speed of 10,000 rpm for 30
min. Following centrifugation, the supernatant, which had
unbound drug, was cautiously discarded. Subsequently, the
absorbance was measured for the free drug using a UV spec-
trophotometer (Spectronic 200 UV-Vis Spectrophotometer,
Thermo Fisher Scientific, Massachusetts, United States) at
206 nm. The drug concentration was determined through the
utilization of a calibration curve, which illustrated a linear
formula expressed as y=0.0051x+0.0089 with an 1* coef-
ficient of 0.9878. The subsequent formulas were applied to
compute the EE% and loading capacity of the nanoparticles
[50, 51].

Initial weight of drug — Weight of free drug < 100

EE =
% Initial weight of drug

Initial weight of drug — Weight of free drug

% Loading capacity = x 100

Total initial amount of drug and albumin

2.5.5 InVitro Drug Release of AZI-loaded Albumin
Nanoparticles

To assess the release of AZI from the optimized albumin
NPs, an in vitro release analysis was conducted. A diffusion
approach utilizing the dialysis bag method was utilized. A
dialysis unit featuring a pore size of 2.4 nm with molecu-
lar weight cut-off spanning 12,000-14,000 Dalton (Spec-
trum Medical Inc., Los Angeles, CA, USA) was employed.

Before introducing the optimized AZI-albumin NPs (equiv-
alent to 250 mg of Azithromycin).

The dialysis membrane underwent overnight immer-
sion in phosphate buffer saline (PBS) at pH 6.8 and etha-
nol (50:50) to activate it. In this method, AZI-albumin NPs
were placed in the dialysis bags, secured with clamps, and
immersed in a dialysis beaker containing PBS served as a
dispersion medium. The beaker was then capped and sub-
jected to stirring on a magnetic stirrer operating at 200 rpm.
The temperature was adjusted to 37+0.5 °C throughout the
entire study. 5 ml of an aliquot was extracted at time points
of 5, 30, 60, 90, 180 min, and so forth. An additional 5 ml
of fresh buffer solution was incorporated to sustain sink
conditions. The concentration of AZI was quantified in each
aliquot utilizing a UV spectrophotometer at 206 nm. All
measurements were conducted in triplicate, and the mean
was computed for accuracy and reliability [52, 53].

2.6 Preparation of OFDFs Loaded with Optimized
AZI Albumin Nanoparticles

To fabricate OFDFs, the solvent casting technique was
employed. The weighed quantity of polymer (pectin) was dis-
solved in 5 mL of purified water on a magnetic stirrer appa-
ratus for 40 min at 500 rpm. After 1 h, 10 mg of Tween 80
was added and stirred for 5-7 min. Subsequently, 50 mg of
sucralose, 10 mg of citric acid, 8% sodium starch glycolate,
and 15 mg of menthol were introduced into it and stirred until
a transparent solution was obtained. Then, 250 mg of plasti-
cizer (glycerol) was incorporated into the mixture and stirred
for one hour to achieve a clear solution. Ultimately, the pre-
pared NPs (2.5 ml NP solution containing AZI equivalent to
250 mg of Azithromycin) were incorporated into this solution.
Following agitation, the mixture was kept aside to get rid of
the bubbles and then poured into a petriplate. The petriplate
was subsequently positioned in a drying oven at 60 °C for 2
h. The final film was extracted from the petriplate and then
wrapped in aluminium foil to avoid moisture absorption until
the characterization parameters were performed [54-57].

2.7 Characterization of Optimized AZI Albumin
Nanoparticles Loaded in OFDFs

2.7.1 Film Thickness and Folding Endurance

Ensuring uniformity in thickness is crucial, as it has a direct
association with the accuracy of the film’s dosage. Using
digital Vernier callipers, the thickness of all the films was
evaluated at five distinct points. The test was executed in
three trials, and the average+standard deviation (SD) was
subsequently calculated. [58].
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Subsequently, a folding endurance assessment was per-
formed to assess the flexibility of all the films. A greater fold-
ing endurance signifies superior mechanical strength in the
material. There is a correlation between mechanical robust-
ness and folding durability. In this test, the film underwent
repeated folding until it reached the point of rupture. The
number of folds it took for the film to break was recorded and
regarded as folding endurance. The folding endurance mea-
surement and the film’s flexibility were proportionate [59].

2.7.2 Content Uniformity

The content uniformity was conducted to verify the uniform
dispersion of AZI in every OFDF. In this procedure, a ran-
dom sample of 1cm? OFDF was dissolved in 10 mL of dis-
tilled water in a 100 mL volumetric flask. The solution was
then subjected to sonication for 15 min, and then it was fil-
tered via a 0.22 pm filter to separate free drug from albumin.
The solution was subsequently adjusted to 100 mL using
distilled water. Subsequently, 2 mL aliquots were extracted
from this solution and diluted with distilled water to reach a
final volume of 10 mL. The prepared samples were subject
to examination with a UV-visible spectroscopy at 206 nm.
The subsequent equation was applied to assess the average
content of the film [60]:
Actual AZI amount in OF DF's

Content uni formity = 100
ontent uni formity Theoretical AZI amount in OF DF's x

2.7.3 Surface pH and Percent Moisture Loss

The pH measurement on the mucosal surface of the oral cav-
ity falls within the limits of 5.5 to 7.4. OFDFs are uniquely
crafted to dissolve quickly in the mouth once positioned
on the tongue. Consequently, the pH values of ODFs must
align with the pH of the buccal environment, as formula-
tions with excessively alkaline or acidic pHs can result in
mucosal discomfort [61]. To assess the pH of the surface,
a digital pH meter (Jenway-3510, Staffordshire, UK) was
employed. For this evaluation, every film was contained in
a petriplate that held 1 mL of purified water for 5 min at 25
°C. Subsequently, the pH meter electrode was positioned on
the surface of the solution, and the measurement was docu-
mented after a 10-minute interval to enable the pH value to
stabilize. The test was done in triplicate, mean=SD [62].
This analysis was conducted to verify the integrity and
physical robustness of the film samples. It was evaluated
by precisely weighing the initial weight of the films on an
electronic balance and then putting them in a desiccator for
72 h at room temperature. After this period, the films were
retrieved, and the mass of the films was documented. The
subsequent formula was applied to compute it [63]:
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Initial weight — Final weight < 100

Moist loss % =
oLsture toss 7o Initial weight

2.7.4 Mechanical Characteristics of Developed OFDFs

A texture analyser was used to measure the mechanical fea-
tures of the OFDFs. Mechanical characteristics included
tensile force, percent elongation (Strain), and Young’s
modulus.

Tensile Strength It represents the highest force necessary to
rupture the film. It was done to determine the robustness and
elasticity of the films. The following equation was used to
estimate in terms of megapascal (MPa) [64].

Force at breakage (kg) < 100

Tensile st th =
ensuie streng Film thickness (mm) x film width (mm)

Percent Elongation (Strain) It was measured to assess the
durability and stretching of the developed OFDFs. The
elongation and stretching of the film before breaking is
known as the % elongation or strain. It is calculated using
the following equation [65].

Increase inlength of OF DF

100
Initial length of OFDF .

% Elongation =

Young's Modulus 1t is also referred to as elastic modulus;
this metric was evaluated to determine the firmness or elas-
ticity of the produced films. It was derived from the gradi-
ent of the linear section of the tensile stress-strain curve by
applying the following formula [66].

F/A

Young' s modulus = aj x 100

2.7.5 InVitro Disintegration time

Disintegration time refers to the duration from the contact of
an oral film with water or saliva to the point where it begins
to break apart. In the case of a fast-dissolving film, the disin-
tegration time is expected to fall within the range of 5-30 s
[67]. The produced OFDF was set in a petriplate containing
10 mL of Sorensen’s PBS (pH 6.8) at 25 °C. The duration
for the film to break down was documented. The readings
were taken in triplicate [68].

2.7.6 InVitro Dissolution Study

A USP Type II dissolution device (Labtronics LT-721
Microprocessor Dissolution Device, Haryana, India) was
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utilized to measure the in vitro release of AZI from the
OFDF. Sorensen’s PBS served as the dissolution medium.
The temperature was adjusted to 37+0.5 °C, and the rota-
tion rate was maintained at 50 rpm throughout the study.
The films were set at the base of the dissolution container.
5 mL of an aliquot was extracted at time points of 5, 30, 60,
90, 180 min, and so forth. To preserve skin condition, an
extra 5 mL of fresh buffer solution was incorporated into the
vessel. The concentration of AZI was determined in each
sample using a UV spectrophotometer at 206 nm. All read-
ings were taken in triplicate, mean+SD [52, 53].

2.7.7 Antibacterial Assessment

The antibacterial activities of AZI albumin nanoparticles
OFDFs were assessed utilizing the well-diffusion method
along with the cup-plate method and compared with the
Azithral 250 mg oral tablet and pure drug on Mueller-Hinton
agar (MHA). The direct comparative study between film and
tablet aims to check the extent of the antibacterial effect that
AZI may show after loading in a novel formulation, i.e., in
nanoparticles and film. S. aureus (ATCC 25923) served as a
standard for the antimicrobial evaluation. Bacterial cultures
were subcultured using a broth medium and incubated at 37
°C for 24 h. Subsequently, overnight cultures were obtained,
and MHA plates were seeded with bacterial isolates under
sterile conditions. Wells (with a diameter of 6 mm) were
charged with 50 pL of the experimental solutions and cul-
tured at 37 °C for 24 h. Following the inoculation phase, the
width of the inhibition zones was recorded. The inhibiting
regions were documented in millimetres (mm). Mean and
SD were calculated based on triplicate testing [69, 70].

2.7.8 ExVivo Skin Permeation Study

The drug permeation of the OFDFs was analyzed on goat
buccal mucosa utilizing a modified Franz diffusion (FD)
cell. Buccal tissue from the goat was promptly obtained
from a local slaughterhouse within 10 min of slaughter
and preserved in Krebs buffer solution. Employing surgi-
cal technique, the buccal epithelium was cautiously isolated
from the subepithelial connective tissues [71]. The isolated
mucosal membrane was meticulously placed in the middle
of the two sections of the FD-cell, with the epithelium ori-
ented towards the donor chamber. Thereafter, the membrane
was left to stabilize for nearly 60 min. OFDF was placed
on top of the buccal membrane and hydrated with 1 ml of
PBS. The receiver chamber was loaded with PBS pH 6.8.
The full assembly was arranged on a magnetic stirrer rotat-
ing at 50 rpm, and the temperature was thermoregulated at
37+0.5 °C [72, 73]. Subsequently, 2 mL of the sample was
extracted at time points of 2, 5, 10, 15, 30, 60, 90, 120, and

240 min and supplemented with an equal volume of fresh
buffer in the chamber to sustain sink conditions. The drug
permeation through the buccal membrane was evaluated by
quantifying the absorbance at 206 nm using a UV spectro-
photometer. All measurements were performed in triplicate,
and the mean was determined [66]. The flux (J) was calcu-
lated using the formula given below:

J— Amount of AZI permeated from the optimized film

Time x Membrane area

The permeation enhancement ratio (ER) was calculated
using the following formula:

J of developed film

ER =
J of drug reference

x 100

3 Results and Discussion

AZI is categorized as BCS Class-II, showing limited
absorption via the oral route at 37%, which contributes to
an increase in its dosing frequency despite having a half-life
of 68 h. Therefore, the use of nanoparticles and OFDF can
facilitate evading the first-pass metabolism of the therapeu-
tic agent, along with providing a sustained drug release via
buccal absorption [19].

3.1 Preformulation Studies

To identify the pure drug and any possible interaction
between AZI and egg albumin, FTIR analysis was done. AZI
displayed sharp bands at 1377 cm ! (C-H bending attrib-
uted to methyl groups), 1719 cm™ ! (C=0 axial stretching),
and 1134 to 1221 cm ™! C-O axial stretching. Egg albumin
showed peaks at 1653 cm ! (C=0 stretching associated
with the amide I band), and 1533 cm™' (C-N stretch com-
bined with N-H bending linked to the amide II band). A
combination of AZI and egg albumin showed absorbance
ranging from 1134 to 1719 cm™!. The FTIR spectrum dis-
tinctly indicated no evidence of interaction between the
drug and the polymer. This spectrum confirms the compat-
ibility between them.

3.2 Selection of Formulation Variables

Before creating albumin NPs, several process parameters,
viz. albumin concentration, cross-linking agent along with
its level, and desolvating agent concentration, were opti-
mized over a wide spectrum to aid in choosing the optimal
formulation. The cross-linking agent was selected based on
the formation of nanoparticles; when glucose and tannic
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acid were used as cross-linking agents, nanoparticles were
not formed, while glutaraldehyde facilitated the forma-
tion of nanoparticles. This could be attributed to the fact
that the aldehyde group of glutaraldehyde forms covalent
bonds with the amino groups present on the albumin pro-
tein, resulting in the hardening of the nanoparticles [74].
The selection of the desolvating agent was also done based
on the same criteria; when acetone was used, it evaporated
too quickly, so nanoparticles could not be formed, while
ethanol did not pose this problem [75]. The optimization of
the concentration of the polymer, cross-linking agent, and
desolvating agent was done based on PS and EE%.

3.3 Quality by Design

The QbD methodology was critical in ensuring that quality was
built into the albumin nanoparticle-loaded OFDF formulation
from the start of beginning to the end. By following the ICH Q8
Guidelines, our team constructed an organized and potential-
based risk assessment at each level during the formulation of
albumin nanoparticles loaded with OFDF that reduced potential
failures and increased process efficiency [76]. This pre-emptive
approach empowered us to carefully monitor essential compo-
nents, handling, and processing aspects, resulting in substantial
enhancements in formulation quality and effectiveness.

3.3.1 Quality Target Product Profiles

The QTPP for albumin nanoparticle-loaded OFDF was
extremely important in optimizing quality, safety, stability,
and therapeutic effectiveness by specifying important fac-
tors as mentioned in Table 3 [77]. In vitro investigations
revealed that the modified formulation had significantly
more drug release and bioavailability than other conven-
tional formulations of azithromycin. Overall, the QTPP
successfully linked product attributes with patient demands,
demonstrating the promise of this non-invasive route of
albumin nanoparticle-loaded oral rapid dissolving film
administration systems for reduced dosage frequency
encountered with other conventional azithromycin formula-
tions and regulated drug administration, as well as paving
the path for further research and clinical validation.

3.3.2 Critical Quality Attributes

It was fundamentally necessary to determine the CQAs to
achieve optimal performance with albumin nanoparticle-
loaded OFDF. According to the results, a reduced particle size
resulted in a considerable improvement in permeation, low
PDI, and Zeta potential, which signify the formulation’s stabil-
ity. These findings exhibited the significance of CQA in the pro-
cess of manufacturing OFDF filled with albumin nanoparticles
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Table 3 Quality target product profile of azithromycin-albumin
nanoparticles-based oral fast-dissolving films

QTPP Parameters

Target Justification

specifications

Dosage Form Oral Fast Dissolv- Mucoadhesion in the oral

ing Films cavity bypasses the pre-
systemic metabolism and
follows sustained release to
maintain therapeutic levels.
Dosage Type Oral film Self-administration and
reduced dosage regime.
Route of Oral Cavity Non-invasive route and
Administration Buccal or Sub- ease in patient compliance.

lingual route of

administration
Dosage Strength 500 mg To reach within optimum
Azithromycin therapeutic range for anti-
bacterial activity.
Drug Release Immediate Ensures rapid onset of
Profile initially and action with sustained
sustained release  release.
further, > 85%
drug release
Taste Masking Palatable and To improve patient
optimum taste compliance
acceptance.
Stability At least 90 days at Maintains the formulation

room temperature  integrity and prevents any

therapeutic error.

of superior quality that are capable of efficiently satisfying the
requirements of patients, as shown in Table 4 [78].

3.3.3 Central Composite Design

CCD was used to obtain the optimized formulation. The inde-
pendent variables analyzed were albumin concentration (% w/v),
the concentration of glutaraldehyde (% v/v), and the amount of
the dissolving agent, i.e., ethanol (ml). The desired responses
studied were PS, PDI, and EE%. Fifteen runs were generated,
with each test executed in triplicate to assess the reproducibility
of the findings, as shown in Table 5. The obtained results were
analyzed through ANOVA, shown in Table 6, and the indepen-
dent variable’s coefficients and their associated probability (p)

Table 4 Critical quality attributes of azithromycin-albumin nanopar-
ticles

CQAs Parameters Target Impact on Product Quality
Albumin >500 nm Affects dissolution rate,
Nanoparticles bioavailability, and
Particle Size permeation
Polydispersity Index  <0.300 Lower PDI indicates a
more homogeneous droplet
size within the formulation.
Zeta Potential +30mV (sta-  Ensures the stability of
ble dispersion) the Albumin nanoparticles
formulation
Encapsulation >85% Affects drug loading and
Efficiency release profile
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Table 5 Experimental runs of the design (CCD) for the prepared nanoparticles

Formulation code Independent variables Dependent variables Drug loading (%)
Coded Factors Observed Response Predicted Response
X1 X2 X3 Y1 Y2 Y3 Y1 Y2 Y3

1 5 7 9 250.6+19.6 0.265 98.67+0.002 185.46 0.2809 98.48  55.19% =+ 0.002
2 6 6 10 138.4£21.95 0.358 97.31+0.001 17439 03977 96.84  49.65% + 0.001
3 5 7 7.58 132.4+24.15 0358 93.80+0.004 516.42 03183 9427 53.78% +0.004
4 4 8 10 130.3+10.1 0.325  95.49+0.001 24830 03647 88.02  60.59% =+ 0.001

5 5 558 9 251.2+74.03  0.032  96.83+0.035 107.76 ~ 0.0077 97.3 53.80% = 0.035
6 5 841 9 123.2+42.27  0.467 99.26+0.005 170.59  0.4273 99.73  55.15% + 0.005
7 5 7 9 250.6+19.6 0.265 98.67+0.002 453.58  0.2809 98.48  55.19% + 0.002
8 6 8 8 1242+85.10 0.28 98.36+0.004 18546 03197 97.89  49.74% + 0.004
9 5 7 10.41 147.3£10.7 0.491  96.05+0.002 45358 04513 98.52  53.37% £ 0.002
10 5 7 9 250.6+19.6 0.265 98.67+0.002 107.76  0.2809  98.48  55.19% + 0.002
11 641 7 9 126.1+£16.6 0.398 95.52+0.014 111.56  0.3583 9599 45.35%+0.014
12 358 7 9 147.3+11.7 0.491 89.77+0.001 516.42 0.4513 8624  63.32% +0.001
13 5 7 9 250.6+19.6 0.265 98.67+0.002 111.56  0.2809 98.48  55.19% = 0.002
14 5 7 9 250.6+19.6 0.265  98.67+0.002 17439 02809 98.48  55.19% =+ 0.002
15 4 6 8 99.2+10.4 0.315 92.81+£0.0048 24830 0.3547 9234  59.03% + 0.004
Optimized Formulation 5 7 9 250.6+19.6 0.265  98.67+0.002 111.56 0.2809 98.48 55.19% =+ 0.002
Table 6 Model fitting statistics and ANOVA for the responses

Response Model fitting R? Adjusted R? Predicted R SD Model F value Model p-value % CV
Y, 4FI 0.8692 0.8217 0.7234 67.76 18.28 0.0001 27.55
Y, 4FI 0.9517 0.9194 0.8472 0.0429 29.53 0.0001 8.65
Y, 4FI 0.8788 0.8182 0.6897 8.52 14.50 0.0003 123.55

value are shown in Table 7. Also, the 3D response surface graph,
contour, and predicted vs. actual plots illustrating the impact of
various process parameters on PS, PDI, and EE are shown in
Figs. 1 and 2, and 3, respectively.

3.3.3.1 Influence of Independent Variables on Particle
Size The results obtained for the particle sizes range
between a minimum of 99.2+10.4 nm to a maximum of
251.2+74.03 nm. The particle size response was modelled
using a polynomial equation derived from a CCD, consid-
ering the interaction between three independent variables:
albumin (X1), glutaraldehyde (X2), and ethanol (X3). The
coded polynomial equation is expressed as follows:

Y; = 248.15—-7.50 x; —45.25 X3 + 5.27 X3
—6.06 x1 Xg —49.48 X1 X3 — 15.77 X9 X3

b 52,66 x1 2 — 27.51 x5 2 —51.08 x3 1

A coded polynomial Eq. 1 was obtained to determine the
influence of the independent variable on PS. To generate
projections for the response, the equation in coded terms
can be utilized based on specified levels of the respective
elements. The low levels of the elements are represented by
—1, while the high levels are denoted by +1. This coded
equation is a valuable tool for comparing the influence of
various factors by analyzing their respective coefficients.
The sign and magnitude of the coefficients provide insights
into the nature and extent of their influence on the response.
Positive coefficients suggest a synergistic effect, enhanc-
ing the response, whereas negative coefficients imply an
antagonistic effect, reducing the response. The quantifiable
effects of the independent variables (X, X, and X;) and
their interactions (e.g., X; X,, X, X3, and X, X 3) on the Y1
response can be evaluated using this equation. The interac-
tion terms reveal the interconnected effects among the vari-
ables. The equation for X: (albumin concentration) shows
that higher albumin concentration leads to smaller particle

Table 7 Independent variable’s coefficients and their associated probability (p) value

Intercept A B AC A? B2 C?
Particle Size 248.14 —45.25 —49.4798 —52.6593 —27.5093 —51.0843
p-values 0.0002 0.0006 <0.0001 0.0004 <0.0001
PDI 0.280 0.153 0.170796 0.0619444
p-values 0.003 0.0090 0.0320
Entrapment Efficiency 98.29 2.032 —2.35917
p-values 0.031 0.0050
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Fig. 1 3D surface response graph showing the effect of albumin and glutaraldehyde on (A) Particle Size, (B) PDI, (C) Entrapment Efficiency
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Fig. 3 Predicted vs. actual plot showing the effect of albumin and glutaraldehyde on (A) Particle Size, (B) PDI, (C) Entrapment Efficiency

sizes. This might be due to the increased surface area avail-
able for protein interaction, implying that greater protein
concentrations promote nanoparticle formation and stabil-
ity [79]. The equation shows that increasing glutaraldehyde
concentration (Xz) results in a considerable decrease in par-
ticle size. This is further demonstrated by the significantly
negative linear coefficient, indicating a considerable effect.
Glutaraldehyde functions as a crosslinking agent, establish-
ing the formation of more compact nanoparticles by tighten-
ing their structure. The positive correlation coefficient for Xs
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(ethanol volume) indicates a small increase in particle size as
ethanol concentration increases. This might be related to the
influence of ethanol on the desolvation process, due to too
much solvent can interfere with the formation of compact
nanoparticles. The interaction between albumin and ethanol
(X1X5) shows a considerable negative impact, suggesting
that this combination helps counteract the size-increasing
effect of ethanol. Similarly, the interaction between glutar-
aldehyde and ethanol (X2X3) reveals a negative coefficient,
showing that they decrease particle size more efficiently
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than individually. The model achieved an R? (0.9925) and
p (<0.0001) that highlights the comparative impacts of the
independent factors and their interactions, providing a com-
prehensive understanding of the response behaviour. The
3D response surface graphs (Fig. 1A) demonstrate the com-
bined effect of albumin content (X1) and glutaraldehyde
(X2) on particle size. A 3D response graph is seen, sug-
gesting a quadratic relationship. The observed graph shows
that as the albumin concentration is increased, particle size
also increases, owing to elevated viscosity forming larger
droplets. However, a moderate increase in particle size is
observed with glutaraldehyde increased concentration,
owing to more cross-linking. Figure 2A depicts a contour
plot showing the effect of albumin and glutaraldehyde on
PS. Figure 3A compares the predicted with the experimen-
tal particle size values, which shows data points are closely
distributed around 45 45-degree line, highlighting the mini-
mal deviation, good correlation, and predictive accuracy
of the model. Also, a 3D response graph is seen, suggest-
ing a quadratic relationship. Particle size initially reduces
when albumin concentration increases, reaching its smallest
size before increasing at higher levels. This suggests that
optimal albumin concentrations facilitate nanoparticle for-
mation by maintaining the protein matrix; however, high
levels may lead to aggregation and an increase in particle
size [80]. Similarly, the concentration of glutaraldehyde has
a significant negative influence on particle size, as seen by
the graph’s descending slope. This happens due to its func-
tion as a crosslinking agent, which compacts nanoparticles
by forming a denser network structure. The interaction of
X1 and X2 also demonstrates that a balanced albumin-glu-
taraldehyde ratio results in the lowest particle sizes. The 2D
contour plots also support these results with colour gradi-
ents: the core red zone represents the area with the lowest
particle sizes, whereas the green-yellow zones are present
where the particle size increases. The circular shape of the
outlines indicates a strong interaction between X1 and X2.
The plots help visually determine the optimal range of both
variables for minimizing particle size [81].

3.3.3.2 Influence of Independent Variables on PDI The
results ranged from the minimum PDI (0.032) to the maxi-
mum PDI (0.491). Using CCD, a polynomial equation was
developed to describe the PDI response (Y2) as influenced
by the interactions among three independent variables:
albumin (X1), glutaraldehyde (X2), and ethanol (X3). The
resulting equation is:

Yo =948 —2.36 x; +0.81 x5 — 1.51 X3
+ 0.02 X1 Xgo + 0.17 X1 X3 — 0.03 X9 X3 o)
+0.06 x1 2—0.03 x32%+ 0.05 x3 2

The influence of independent variables on PDI was deter-
mined by an Eq. 2 that shows that increasing albumin con-
tent (X1) reduces PDI, suggesting a more uniform particle
size distribution. This might be due to enhanced nanopar-
ticle stability at greater protein concentrations, which facili-
tates the creation of well-dispersed particles. However, the
slight positive quadratic impact implies that excessively
high or low albumin concentrations potentially slightly
increase PDI. The equation for Xz (glutaraldehyde concen-
tration) reveals that higher concentrations lead to a slight
increase in PDI, as evidenced by the positive linear coeffi-
cient. This might be related to excessive crosslinking, which
could impact regularity in nanoparticle production [82]. The
negative coefficient for X (ethanol concentration) indicates
that increasing ethanol content reduces PDI and promotes
smaller particle size variations. Ethanol likely aids in the
desolvation process, resulting in more uniform nanoparti-
cles. The quadratic impact is modestly positive, implying
that very high or low ethanol levels may slightly raise PDI.
The interaction between albumin and ethanol (X:Xs) has a
positive coefficient, suggesting a slight rise in PDI when
both are used together, possibly due to competition between
protein binding and solvent effects. The interaction between
glutaraldehyde and ethanol (X:Xs) has a negative coeffi-
cient, indicating a more uniform particle size distribution by
slightly lowering PDI. 3D response surface graphs demon-
strate the effects of X1 (albumin) and X2 (glutaraldehyde)
on the PDI. PDI is an important parameter that measures
the homogeneity of particle size distribution; lower values
suggest more uniformity and homogeneity of the particle
sizes in the formulation. The 3D surface graphs show that
the optimum albumin concentrations lead to the lowest PDI
values. At low or extremely high concentrations, the PDI
rises, most likely due to the formation of unstable or exces-
sively dense particles. The impact of glutaraldehyde is less
prominent, although it does contribute a slight change to
PDI reduction. Moreover, in the contour plot, the green-blue
gradient displayed lower PDI areas, but the yellow to red
reflects more variability in particle distribution. The nearly
parallel cgaontour lines indicate that albumin has a stronger
impact than glutaraldehyde. These plots help in determining
the optimal formulation range for achieving a narrow size
distribution of nanoparticles [48]. The model’s reliability
was confirmed with an R? value of 0.9097 and a p-value
of 0.0362, highlighting the significance of the independent
variables in predicting the PDI response. The equation
shows that increasing albumin content (Xi) reduces PDI,
suggesting a more uniform particle size distribution.

The interaction between albumin (X1), glutaraldehyde
(X2), and ethanol (X3) is depicted in 3D response sur-
face graphs (Fig. 1B). Figure 3B shows the predicted vs.
experimental PDI values, showing close clustering along
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the diagonal line, with minimal deviation, good correlation,
and accuracy. The low range of PDI signifies the uniform
dispersibility of nanoparticles.

3.3.3.3 Influence of Independent Variables on EE% The
results obtained the range of the EE% between the mini-
mum EE% (89.77£0.0099) to the maximum EE%
(99.26+0.0056). A polynomial equation was also generated
using CCD to evaluate the effect of the independent vari-
ables on EE response (Y3). The equation for Y3, reflecting
the interaction between albumin (X1), glutaraldehyde (X2),
and ethanol (X3), is as follows:

Ys = 98.30 4+ 2.03 x; 4+ 0.85 xo + 0.79 x3
4+ 0.38 X1 X9 —0.07 x1 X34+ 0.19 x5 X3 (3)
+ —2.36 x? +0.34 x2 —1.22 x3

The above equation shows the intercept value of 98.30,
highlighting the entrapment efficiency when all indepen-
dent variables are at their centre point, i.e., zero level.
The main effect terms are X1, X2, and X3, showing a lin-
ear relationship with the entrapment efficiency. As per the
coefficient values, albumin concentration has the strongest
impact, while the stirring speed has the least. The combined
effect terms, such as X, x,, X, x5, and X, X 3, have different
effects. When both albumin and glutaraldehyde increase,
entrapment efficiency also increases, while there is a nega-
tive interaction between albumin and stirring speed, and a
slight positive interaction between glutaraldehyde and stir-
ring speed [83, 84].

3.4 Characterization of AZl-loaded Albumin
Nanoparticles

3.4.1 Particle Shape and Surface Morphology

The surface characteristics of the particles were evaluated
using TEM at a magnification of 25,600, which demon-
strated the formation of well-defined, discrete nanoparticles.
The particles exhibited a spherical to quasi-spherical shape,
with smooth and uniform surfaces and consistency in Fig. 4.
The size range was found to be within the nanoscale (about
50-150 nm), evident by the scale bars in the micrographs.
TEM images revealed that the size distribution was appro-
priately homogenous, with a narrow distribution shown by
the polydispersity index, indicating that the formulation’s
desolvation process was efficient. The strong contrast and
electron-dense cores shown in the TEM pictures might
indicate albumin’s high protein density and probably drug
entrapment beneath the nanoparticle matrix. Although some
aggregation was seen in certain areas, however majorly
part of the dispersion of particles remained individually
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Fig. 4 TEM images of AZI-loaded albumin nanoparticles

recognized, indicating strong colloidal stability. The TEM
evaluation demonstrates that the formulated albumin
nanoparticles are structurally stable, well-formed, and pre-
vent any de-stability conditions [85].

3.4.2 Assessment of Particle size, Polydispersity index, and
Zeta Potential

The particle size of the optimized formulation was obtained
of 250.6 nm=+190.6 with 96% intensity, which indicates
that the major albumin protein nanoparticles were devel-
oped. However, a slight second peak was also observed,
but with much less intensity; it might be due to the rea-
son of protein coagulation. Moreover, the PDI obtained
was 0.265, demonstrating that the developed formulation
exhibited homogeneity and uniform distribution in the
developed albumin nanoparticle formulation, as shown in
Fig. 5B. Whereas, the observed zeta potential was 34.2
mV=7.40, as shown in Fig. 5SA. The small particle size
obtained from the optimized formulation could be attrib-
uted to the concentration of albumin and glutaraldehyde
combined. PDI demonstrated that the developed formu-
lation exhibited homogeneity and uniform distribution
in the developed albumin nanoparticle formulation [86].
Albumin is a protein that has a pH level where it carries
no charge, around 4.7-5.0, so when the pH is higher than
this, it has a negative charge. In this study, the nanopar-
ticles were formulated in distilled water, and the albumin
molecules became negatively charged, revealing carboxyl
and other acidic parts on the surface of the particles. The
use of ethanol as a desolvating agent did not alter the sur-
face charge but facilitated the aggregation of albumin into
nanoparticulate form. Glutaraldehyde was employed as a
crosslinking agent to stabilize the nanoparticles by form-
ing covalent bonds with free amine groups on the albumin.
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Fig.5 (A) Zeta potential curve
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This crosslinking process consumes some of the positively
charged amino groups, thereby enhancing the net negative
surface charge. The absence of cationic stabilizers or sur-
factants further ensured that the surface remained predomi-
nantly negatively charged. As a result of these combined
effects, a zeta potential indicated good colloidal stability
due to strong electrostatic repulsion between nanoparticles,
which helps in preventing particle aggregation [87].

3.4.3 InVitro Drug Release

The optimized azithromycin-loaded albumin nanoparticle
exhibited overall drug release of 96% over 35 h, as shown
in Fig. 6. To further understand the release kinetics, the
data were fitted into many different types of kinetic models,
including zero-order, first-order, Higuchi, Hixson-Crowell,
and Korsmeyer-Peppas. The Higuchi model showed the
greatest fit and the highest correlation coefficient (R? =
0.9789), suggesting a diffusion-controlled release mecha-
nism driven by Fickian diffusion. The zero-order model also
showed a significant correlation (R? = 0.9622), indicating

Percent Drug Release

Cumulative drug release (%)
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Fig. 6 In vitro drug release profile of the optimized formulation of
azithromycin-loaded albumin nanoparticles

that the formulation maintained a near-constant drug release
rate over a prolonged period. This is very beneficial for
maintaining consistent therapeutic levels. Furthermore,
the Korsmeyer-Peppas model revealed a release exponent
(n=0.9029), indicating anomalous (non-Fickian) trans-
port, with diffusion and polymer breakdown contributing
to the overall release process. The first-order model (R?
= 0.8919) and Hixson-Crowell model (R? = 0.9602) con-
firmed the mixed kinetics of gradual erosion or dissolu-
tion of the nanoparticles’ matrix. It was determined that the
most optimal and appropriate formulation was the combi-
nation F1 formulation. The in vitro drug release profile of
the optimized formulation was evaluated over 35 h to fur-
ther understand the formulation’s release kinetics and effi-
ciency. The formulation exhibited a biphasic release pattern,
which included an initial burst release followed by a sus-
tained release period. During the first two hours of break-
down, approximately 18.11% of the drug was released. This
quick release is due to the presence of a surface-bound or
loosely entrapped drug inside the film matrix, which easily
diffuses into the surrounding medium. This burst release is
especially useful for buccal drug delivery systems, where a
rapid action of therapeutic action is often required [88, 89].
Following this initial release, the formulation demonstrated
a sustained and regulated drug release for up to 35 h, result-
ing in an overall drug release of over 96%. This prolonged
release pattern indicates that azithromycin is well entrapped
inside the albumin nanoparticle core, which acts as a per-
sistent reservoir that controls the longer drug release [33].

3.5 Preparation and Selection of the optimized
nanoparticles

By inputting the dependent variables—PS, PDI, and EE—

into the Design Expert software, the optimized NPs for-
mulation was generated and labelled as F1. The optimized
nanoparticles were loaded into the OFDF.
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3.6 Characterisation of nanoparticles loaded oral
fast-dissolving filmsOFDF

3.6.1 Mechanical characteristics of OFDF

Mechanical properties such as tensile strength, percent
elongation, and Young’s modulus are vital indicators of the
film’s durability and flexibility (Table 8).

Tensile Strength The tensile strength of the developed
OFDF was measured to be 6.75+0.05 kg/mm. This result
is within an acceptable range for buccal films and suggests
that the film maintains suitable mechanical strength.

Percent Elongation The film’s percent elongation was
31.25+0.08%, indicating remarkable flexibility. This
amount of elongation is especially useful in buccal film
applications, where the dosage form must conform to muco-
sal surfaces, retain contact for optimal drug absorption, and
withstand mechanical stresses from mouth motions.

Young's Modulus The produced film has a Young’s modu-
lus of 21.6+0.12 MPa, indicating an effective combination
of flexibility and structural integrity.

In Vitro Disintegration time The disintegration duration
for the formulated OFDF was recorded as 45+2.05 s. This
rapid disintegration indicates excellent film performance
and patient convenience, particularly for individuals who
may have difficulty swallowing conventional tablets, such
as paediatric patients and the geriatrics. In vitro disintegra-
tion time exhibited that the developed OFDF disintegrated
within 45 s, which demonstrates its exceptional perfor-
mance as a film-based medication. This rapid disintegration
time is particularly advantageous for patient convenience,
especially for individuals who may struggle to swallow
traditional tablets. Such patients include paediatric popu-
lations, who may find tablets challenging to consume, as

Table 8 Evaluation parameters of optimized Azithromycin hydrochlo-
ride albumin nanoparticles loaded OFDF

S.No. Parameters Results

1. Film Thickness 0.22£0.002 mm

2. Folding endurance 200

3. Content uniformity Uniform throughout the film
4. Surface pH 7.6+£0.002

5. Moisture loss % Negligible

6. Tensile strength 6.75+0.05 kg/mm

7. Percent elongation (Strain)  31.25+0.08%

8. Young’s Modulus 21.6+0.12 MPa

9. In vitro disintegration time ~ 45 +2.05s.
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well as geriatric individuals, who often experience difficul-
ties with swallowing due to various age-related conditions.
Therefore, the optimized OFDF not only enhances medi-
cation adherence but also improves the overall experience
for these specific groups of patients, making it a promising
alternative to conventional oral dosage forms [68].

3.6.2 InVitro Drug Release from OFDF

The in vitro drug release behaviour of the developed AZI-
loaded oral OFDF was examined utilizing a USP Type 11
dissolution apparatus (Labtronics LT-721 Microprocessor
Dissolution Device, Haryana, India). As shown in Fig. 7,
the developed OFDF demonstrated a rapid and effective
drug release of 69% = 0.996 in 30 min and 95% =+ 0.659 in
60 min. In vitro analysis demonstrated that the developed
OFDF demonstrated a rapid and effective drug release pro-
file, which is required for fast-acting buccal drug delivery
systems. At 30 min, approximately 69% = 0.996 of the total
AZI content was released, indicating an onset phase suitable
for immediate therapeutic effect. This rapid release could be
attributed to the OFDEF’s thin film matrix, increased surface
area, and effective disintegration capabilities in an aqueous
environment. After 60 min, almost 95% + 0.659 of the drugs
had been released, indicating almost complete breakdown
within an hour. This fast breakdown is crucial for increas-
ing bioavailability in buccal distribution, where limited
residence time is required for effective drug release [90].
The OFDEF’s rapid drug release implies that it benefits from
the solubilization-enhancing action of albumin nanoparti-
cles, which are anticipated to promote more rapid diffusion
and dissolution of AZI via better wettability and decreased
crystallinity. Furthermore, the polymeric composition and
hydrophilic characteristics of the film matrix may have con-
tributed to its fast disintegration and subsequent drug distri-
bution into the dissolution media [91].
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Fig.7 In vitro drug release profile from oral fast-dissolving films
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3.6.3 Antibacterial Study

The antibacterial activity of the optimized OFDF was eval-
uated and compared to that of the pure drug, a marketed
formulation, and a negative control using the agar well dif-
fusion technique. Figure 8 shows that the negative control
(placebo film without drug) produced no measurable zone
of inhibition, whereas the pure drug sample exhibited a zone
of inhibition of 32 mm =+ 0.17. Both the new OFDF and the
marketed formulation exhibited a significantly larger zone
of inhibition (38 mm =+ 0.152). The antibacterial activity
exhibited that the negative control produced no measurable
zone of inhibition, demonstrating the lack of intrinsic anti-
bacterial characteristics in the excipients utilized to prepare
the film. The pure drug sample exhibited moderate antibac-
terial activity in its natural state. On the other hand, both
the new OFDF and the marketed formulation exhibited a
significan antly larger zone of inhibition of 38 mm =+ 0.152,
indicating increased antibacterial efficacy. The OFDF and
marketed formulation have identical inhibitory zones, indi-
cating that the drug's therapeutic efficacy has been success-
fully preserved within the developed formulation. These
data suggest that neither the albumin nanoparticle encapsu-
lation process nor the OFDF formation approach produced a
negative influence on the antibacterial activity of the active
pharmaceutical ingredient AZI. The advantage of developed
OFDF over marketed formulations is that they reduce the
dose frequency and enhance patient compliance, as well as
maintain the therapeutic antibacterial activity of AZI lev-
els in the therapeutic range. Furthermore, the larger zone
compared to the pure drug might suggest higher drug solu-
bility and diffusion from the OFDF matrix. This highlights
the developed OFDF's potential as a feasible and effective

Pure Drug

Fig. 8 Antibacterial assessment of zones of inhibition formed by dif-
ferent dosage forms

alternative to traditional dosage forms for systemic or local-
ized distribution [92].

3.6.4 ExVivo Permeation Studies

The ex vivo permeation study of the optimized OFDF was
examined on freshly excised goat buccal mucosa, which pos-
sesses a structure and permeability that resembles human
buccal tissue. Figure 9 demonstrates that the quantity of drug
penetrated (mg/cm?) gradually increased over time, which
indicates regulated release from the film matrix. The formula-
tion's permeation flux (J) was estimated as 45.36 mg/h-cm?,
indicating effective permeation across the buccal mucosa. The
permeability coefficient (Kp) of 0.185 h™'-cm™ demonstrates
an effective interaction between drug-loaded nanoparticles
and the biological membrane. The ex vivo permeation analysis
assessed the formulation’s potential to enhance drug transport
through the mucosal barrier, which is a major concern for buc-
cal drug delivery systems. The amount of drug that penetrated
the mucosal barrier showed a gradual increase over time, sug-
gesting a controlled release mechanism from the film matrix.
The initially observed phase exhibited a significant increase in
drug permeation, followed by a steadier increase, indicating an
initial burst release regulated probably caused by the surface-
associated drug, followed by sustained release kinetics [92].
The formulation's observed permeation flux signifies effec-
tive drug permeation across the buccal mucosa. This indicates
that the formulation is well-suited for delivering therapeutic
agents through the oral cavity, where rapid absorption can lead
to a quicker onset of action. Furthermore, Kp 0.185 h™'-cm™
highlights the favourable interaction between the drug-loaded
nanoparticles and the biological membrane, suggesting that
the formulation can efficiently traverse the mucosal barrier.
This concentration-dependent permeation characteristic indi-
cates that passive diffusion is the most prevalent transport
mechanism, with the drug moving via a gradient-driven route
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Fig. 9 Ex vivo permeation profile of oral fast-dissolving films via
excised goat buccal mucosa
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from the donor compartment to the lower concentration on
the receptor side, driven by the concentration gradient. The
higher permeability might be attributed to the nanoscale size
of the albumin-based particles, which gives more surface area
for interaction with the mucosal surface. The increased surface
area not only facilitates mucoadhesion-allowing the formula-
tion to adhere better to mucosal tissue-but also ensures that
the drug is in close contact with the absorption site, thereby
enhancing bioavailability. Additionally, the incorporation of
ethanol possibly contributed to enhancing the drug solubiliza-
tion and permeability. Ethanol can, to an extent, disturb the
mucosal barrier, which allows for an efficient uptake of the
drug. Moreover, the fast dissolution of the film contributes to
the overall process because the drug becomes accessible for
permeation promptly. Taken together, these factors make the
formulation effective in providing the drugs through the buc-
cal route, such that it can be an ideal administration route for
patients who need rapid and efficient medication delivery [66].

4 Future Road Map: Transition from Lab To
Clinical Settings

Several additional studies are suggested to advance this
preliminary investigation. It is necessary to perform pre-
clinical assessments like pharmacokinetic and pharmacody-
namic profiling to validate the enhanced local availability,
permeation, and therapeutic effectiveness of the developed
formulation. Histopathological analysis of excised buccal
tissues is one of the toxicological evaluations that must be
considered to guarantee the safety of repetitive or extended
treatment.To ascertain the formulation’s shelf life and need
for storage, stability tests as per ICH guidelines should also
be carried out. Additionally, studies examining animal buc-
cal models of mucoadhesion and residence time may bring
more insight into the film’s adherence and possibilities for
sustained local release. Additionally, studies examining
animal buccal models of mucoadhesion and residence time
may bring more insight into the film’s adherence and ability
to achieve sustained local release. As a new, efficient, and
comfortable treatment for streptococcal pharyngitis, these
forthcoming studies may improve the scientific basis of the
developed formulation and make it easier to transition it
from laboratory testing to a clinical setting.

5 Conclusion

Oral fast-dissolving films containing azithromycin-loaded
albumin nanoparticles have been effectively developed and
tailored in this study for the management of strep throat. The
solvent casting approach was used to prepare the film, and

@ Springer

the desolvation process was used to synthesize the nanoparti-
cles. The use of a three-level, three-factor CCD was essential
in meticulously evaluating how material attributes can affect
significant formulation characteristics like particle dimen-
sions, entrapment effectiveness, and zeta potential, high-
lighting good stability and drug-loading capacity. To provide
increased local availability of azithromycin, the in vitro
release and ex vivo permeation confirmed quick release of
AZI-albumin nanoparticles from the oral films and effective
penetration across excised goat buccal mucosa. Furthermore,
the drug encapsulated in albumin nanoparticles successfully
competed with the commercially available oral tablet in
terms of its antimicrobial effectiveness against Streptococcus
aureus. These findings represent that AZI-albumin nanopar-
ticles loaded with OFDFs may provide a viable, patient-
friendly substitute for the efficient treatment of strep throat.
To validate the formulation’s claim of enhanced local avail-
ability, permeation, and therapeutic efficacy, more research
may involve preclinical studies. In addition, it is important
to perform toxicity and biocompatibility tests to guarantee
buccal application safety. Scale-up viability evaluations and
stability tests under varied storage circumstances would also
aid in establishing formulation consistency.
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