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Abstract
Background  Azithromycin (ATM) has limitations, such as poor oral bioavailability and gastrointestinal (GI) side effects 
that restrict its widespread application.

Objective  To develop a localized hydroxy propyl β-cyclodextrin (HP-βCD) inclusion complex-based in situ 
pH-responsive mucoadhesive gel of azithromycin (ATM) and evaluate its performance for the treatment of upper 
respiratory tract infections (URTIs).

Methods  According to the phase solubility diagram, the ATM HP-βCD complex was prepared and analyzed by FT-IR, 
DSC, and SEM. Then, using a quality-by-design approach, pH-responsive in-situ gel was prepared. It was characterized 
in terms of their gelling capacity, pH, spreadability, swelling index, rheological properties and antimicrobial potential.

Results  ATM HP- βCD complex 20-fold increased solubility of ATM, i.e., 49.84 ± 1.39 µg/mL with improved dissolution 
profile compared to pure ATM. Optimized formulation characterized by its gelation pH (6.7), time (1.59 min), 
and viscosity (1607.9 Pa.s). The developed gel showed a good spreadability index (322.6 ± 0.5%), swelling index 
(98.26 ± 1.54% after 10 h) and mucoadhesive strength (589 g/cm2). Also, it exhibits a sustained drug release profile for 
12 h(94 ± 1.37%) and a broader zone of Staphylococcus aureus growth inhibition (31 ± 3.54 mm).

Conclusion  The developed mucoadhesive in situ gels demonstrated promising in vivo performance, primarily due 
to their effective antimicrobial activity. In vivo, local retention studies confirmed that the formulations adhered to the 
throat mucosa and remained in place for up to 24 h after application. The findings presented here suggested that this 
localized delivery system could serve as a useful strategy for improving the therapeutic effects of ATM against URTIs.
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Introduction
Sore throat and URTIs are prevalent complaints across 
all age groups [1]. Acute respiratory tract infections and 
URTIs account for roughly about 20–40% of outpatients 
and 12–35% of inpatients [2]. Among all respiratory 
infection episodes, nasopharyngitis, pharyngitis, tonsil-
litis, and otitis media comprised 87.5% of cases [3]. The 
primary cause behind strep throat or a sore throat is 
group A β-hemolytic Streptococcal pharyngitis [4]. Simi-
larly, URTIs are caused by an array of microbes, including 
Haemophilus influenzae, Staphylococcus pneumoniae, 
Staphylococcus aureus, Chlamydia pneumoniae, Myco-
plasma pneumoniae, and Mycobacterium avium com-
plex [5]. Acute rheumatic fever and post-streptococcal 
glomerulonephritis are post-infectious consequences 
of ineffective S. pyogenes infection treatment [6]. Tra-
ditionally, oral penicillin was employed to treat these 
infections, but nowadays, macrolides are used preferen-
tially due to high allergic reactions of the oral penicillin 
[7]. Amongst macrolides antibiotics, azithromycin is the 
most widely used macrolide; derived from erythromycin 
is effective against both gram-positive (Staphylococcus 
pyogenes) and gram-negative (Haemophilus influenzae) 
bacteria [8]. Despite its advantage, ATM has certain 
limitations, notably a lipophilic nature, which renders its 

oral bioavailability poor (37%), and concomitant admin-
istration of ATM with food that drastically reduces drug 
absorption by 50% [9]. Additionally, it has a huge distri-
bution volume of around 25 to 35  l/kg and a terminal 
half-life of about 68  h [9]. These suggest that ATM is 
being accumulated in healthy tissues, which can result in 
a lack of drug depot at the target site [10]. The majority of 
ATM adverse events are gastrointestinal in nature, result-
ing in stomach upset, loose stools (diarrhoea), vomiting, 
abdominal pain, indigestion, and gas [11]. It is already 
known that ATM is a macrolide antibiotic whose mode 
of action is to bind to the 23 S rRNA of the bacterial 50 S 
ribosomal subunit [12]. So, a unique, more site-specific 
formulation may demonstrate its efficacy in low-dose 
preparations and might minimize the side effects brought 
by conventional administrations.

As the traditional demand for high systemic dosages 
of drugs with low therapeutic indices elevates the risk of 
severe toxic side effects and the development of micro-
organisms that are resistant to the drug [13]. Thus, local 
administration of drugs might improve effectiveness 
while diminishing toxicity [14, 15]. Because of this, devel-
oping a novel site-specific formulation can combat ATM’s 
challenges like high volume of distribution, low oral bio-
availability, delayed onset of action, rapid distribution 
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from plasma to tissue, and an array of side effects [16]. 
Previously, pharmaceutical aerosols comprising of ATM 
were utilized in inhalation therapy to treat pulmonary 
infectious diseases [17]. However, this approach has sev-
eral drawbacks, including the need for extremely tiny 
particles (1–5  μm), rapid drug clearance, drug disposal, 
and peripheral phagocytosis in the lungs [18]. As ATM 
in-situ mucoadhesive gel has been successfully used pre-
viously for ocular preparations which might be pH or 
thermosensitive [19, 20]. Thus, here, we are able to pro-
pose a unique novel site-specific formulation of ATM 
meant for its localized delivery in the mucosal region 
of the throat in the form of an in-situ mucoadhesive gel 
system as the pH of the eye and throat are approximately 
equal. Our afore-mentioned speculation has some obsta-
cles, such as drug solubility [21]. There are various tech-
niques or methods of solubility enhancement, including 
particle size reduction, salt formation, complexation, use 
of surfactants, solid dispersions, pH adjustment etc [22]. 
Here in the present research work, we opt for a method 
to improve the solubility of the drug by forming an inclu-
sion complex with HP-βCD, which will additionally pro-
vide better stability [23].

In accordance with the statement, we aim to develop 
a Carbopol and chitosan-based pH-responsive in-situ 
gelling system for ATM delivery locally and character-
ize its efficacy against bacterial infection in-vitro, in-vivo. 
Localized delivery can manage dose-dependent systemic 
toxicity and also can elevate the drug’s bioavailabil-
ity, improving the therapeutic efficacy against bacterial 
infection.

Materials and methods
Materials
Azithromycin was received as a gift sample from Akums 
Lifesciences Limited, Sundran, Punjab 140,507. Chito-
san was obtained from Merk Pvt. Ltd., Mumbai. Carbo-
pol was procured from Lobachemie Pvt. Ltd, Tarapur, 
Palgarh, Mumbai. Hydroxypropyl-β-cyclodextrin were 
obtained from SRL Pvt. Ltd, Maharashtra. PBS solution 
and Agar broth were procured from Hi Media, Mumbai.

Preparation of standard curve of Azithromycin by UV-Vis 
spectroscopy
ATM (25 mg) was accurately weighed and transferred in 
a clean and dry 25 mL volumetric flask. The volume was 
made with phosphate buffer up to 25 mL, to produce a 
working solution of 1000  µg/mL. From this solution, 2, 
3, 4, 5, and 6 mL were withdrawn separately in 10 mL 
volumetric flasks and volumes were made in each case 
made up to 10 mL with PBS (7.4) to produce concentra-
tions of 200, 300, 400, 500,600, µg/mL. The peak value of 
these solutions were recorded at λ-max 208  nm at UV-
Vis spectroscopy [24].

Preparation of standard curve of Azithromycin by HPLC
A Shimazu LC System with a PDA detector performed 
the reversed-phase HPLC analysis. Methanol: water/
buffer (90:10, % v/v) was used in the mobile phase with 
a 1.5 mL/min flow rate at 210 nm wavelength [25]. The 
best stationary phase was determined as a C18 column, 
5 μm, 250 mm × 4.6 mm. The standard stock solution of 
ATM (10  mg/mL) was diluted accordingly to produce 
100, 200, 400, 600, 800 and 1000 µg/mL concentrations. 
The stock was diluted, and three replicate injections were 
performed into the HPLC. The general standard curve 
equation and the correlation coefficient (r) were obtained 
using the linear regression analysis.

Development of drug cyclodextrin inclusion complex
The solvent evaporation method was used to prepare the 
inclusion complex. Using a phase solubility investigation, 
the molar ratio of the drug and the complexing agent was 
optimized.

Phase solubility study
We adopted the Higuchi and Connors method to con-
duct the phase solubility investigation on a rotary shaker 
apparatus (Remi, India) at 350 rpm and 25 ± 2°c for 48 h 
in screw-capped vials with 25mL of PBS (pH 7.4) solu-
tion of HP-βCD, ATM was added in a steady stream at 
ascending molar concentrations (0, 3, 6, 9, 12, and 15 
mM). A preliminary inquiry led to establishing the stir-
ring duration required to reach equilibrium. A Shimadzu 
UV/visible spectrophotometer measured the entire solu-
tion’s drug content at 208 nm after achieving equilibrium 
before the solution was diluted accordingly and passed 
through a 0.25 μm membrane filter.

	 Kc = slope/So × (1−slope)

Where, S0 is the solubility of ATM at pH 7.4, obtained 
using a UV/vis spectrophotometer at 208  nm, and the 
slope is the outcome of the linear regression [26].

Preparation of inclusion complex
Applying the solvent evaporation method, ATM and 
HP-βCD were incorporated in a 1:1 m ratio to formulate 
the inclusion complex (0.749  g of ATM and 1.540  g of 
hp-cd). Keeping the molar ratio 1:1, ATM and HP-βCD 
were dissolved in 50% (v/v) aqueous ethanol. The solu-
tion was agitated at 45 °C until it became translucent, and 
then it was evaporated under vacuum. The solid wastes 
were ground into a dry complex and thoroughly dried for 
a further 48 h at 50 °C before being sieved through sieve 
No. 80. The final samples were kept in a desiccator until 
they were desired [27, 28].
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Characterization of the prepared inclusion complex
Solubility study
The saturation point in determining the solubility of 
ATM and its inclusion complex were evaluated in trip-
licate. Using a rotary shaker, an overweighed quantity 
of both samples was taken individually in two different 
flasks and blended into PBS (pH 7.4) for 24  h at room 
temperature (25 ± 2 °C). Both samples were then filtered, 
and a UV/Vis spectrophotometer was used to analyze 
them at 208 nm [29].

Fourier transform infrared spectroscopy
The IR spectra have been recorded via FTIR (Shimadzu, 
Japan). A disc that had been weighed and compressed 
contained 100 mg of KBr and 1 mg of sample. The disc 
was scanned from 4000 to 400 cm− 1 in the spectral range, 
and spectral data was gathered [30].

Differential scanning calorimetry (DSC)
In the present investigation, DSC (Mettler Toledo) was 
employed for one of its traditional operations: determin-
ing whether the drug and the complexing agent poten-
tially interact. 2–3  mg of sample were put into a 50-µl 
perforated aluminium pan, then tightly sealed. Heat runs 
were set for the sample to range from 4 to 400 °C, nitro-
gen served as a purging gas, and the sample was subse-
quently analyzed [31].

Morphology
The drug, and HP-βCD, and its inclusion complexes are 
analyzed to identify their shape. The morphology was 
confirmed using Scanning Electron Microscopy (SEM) 
(ZEISS, Evo 18, Thornwood, NY, United States). A small 
amount of powder coated with gold sputter was posi-
tioned in the SEM sample holder. SEM images were 
obtained with an acceleration voltage of 20  kV and the 

magnification power was 20 kX. The objective was to 
investigate the distribution of exposed features and the 
dimensional topography [32].

In-vitro dissolution studies of inclusion complex
100 mg of pure drug (ATM) and an equivalent amount of 
inclusion complex were added to the dissolution media 
separately. The study was performed using the USP dis-
solution apparatus I (basket method) in 500 mL of 7.4 
pH Phosphate buffer at 37 ± 1  °C and 50  rpm for 12  h. 
After each sampling, a 5 mL aliquot was taken out, and 
an equivalent quantity of fresh media was added into the 
flask to keep the sink condition. The sample was then 
scanned spectrophotometrically at 208  nm against a 
compatible blank using a UV-visible spectrophotometer. 
The % cumulative of ATM released from the inclusion 
complex was identified and demonstrated against time 
and compared with pure drug [33].

Statistical optimization of pH-responsive in-situ gel 
formulation
A two-level, two-factor central composite design was 
used to optimize the formulation. “Designing a statistical 
experiment was done with software DESIGN EXPERT® 
trial version 13.0 (Stat-Ease Inc., Minneapolis, USA)”. The 
factor interaction between the variables under consider-
ation was presented using response surface graphs. Two 
specific independent variables that were examined were 
Carbopol 934 concentration (%w/w) (X1) and Chitosan 
concentration (%w/w) (X2). The values of two indepen-
dent variables were coded as low, medium and high levels 
(− 1, 0 and + 1, respectively). The screened, most critical 
dependent variables being investigated were- gelation 
pH (Y1), gelation time (Y2) and viscosity (Y3). A total of 
13 (Table 1) experimental batches were suggested by the 
software to analyze the effect of each level on formulation 
characteristics and to optimize the conditions required 
to fabricate the formulation with maximum efficiency. 
Results obtained from batches with different levels of 
independent variables were put into software for analysis 
and further optimization [34, 35].

Optimization
Based on terms from the ANOVA, the software produced 
a statistical polynomial equation. There were 13 runs 
produced, 5 of which had center points. A statistically 
significant coefficient and a r2 value were used to evaluate 
the model. Validated RSM results were discovered to be 
accompanied by the compositions of optimized formu-
lation throughout the complete trial region. It was pro-
grammed with a gelation pH of 5.7 to 7, gelation time of 
0.9 min to 3 min, and viscosity between 1007 and 2200 Pa 
will be the best batch. Different levels and variables used 
in central composite design are given in Table 2.

Table 1  Experimental runs suggested by design expert software
Run X1 X2

Carbopol concentration Chitosan concentration
% %

1 0.4 0.7
2 0.3 0.5
3 0.3 0.5
4 0.3 0.5
5 0.2 0.7
6 0.4 0.3
7 0.3 0.5
8 0.2 0.3
9 0.3 0.782843
10 0.3 0.5
11 0.3 0.217157
12 0.158579 0.5
13 0.441421 0.5
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Data analysis and validation of response surface 
methodology
These findings were made in a way that they can be 
used by the “Stat-Ease’s Design-Expert software to ana-
lyze various independent variables’ impact on response 
factors by employing multiple linear regression analy-
sis (MLRA)”. A polynomial model was then developed 
through the software. These models were confirmed 
using Analysis of Variance (ANOVA). “In turn, these 
equations generated by the software needed to be re-vis-
ited and checked against the critical material attributes 
they affected. The software also generated 3D response 
surface plots, 2D perturbation curves and contour plots 
to visualize the main interaction effects of the variable”. 
Based on this approach, goals were set, and checkpoint 
batches were made using the desirability option of the 
software to identify CMA composition to achieve a criti-
cal quality attribute target. Then, the highest desirability 
level prediction was selected and compared with experi-
mental results against predicted values [34].

Formulation of in-situ mucoadhesive gel
Optimize chitosan concentration was dissolved in 20mL 
of acetate buffer (pH 4.6) to develop the in-situ gelling 
system. The appropriate concentration of Carbopol 934 
was dispersed in double distilled water while stirring con-
tinuously using a mechanical stirrer (Remi instruments, 
India) until a uniform mixture was achieved. After that, 
both the polymeric solutions are mixed together. Under 
aseptic circumstances, an equivalent to 0.5% azithro-
mycin containing inclusion complex powder was added 
to the aforementioned polymeric solution. In order to 
optimize the compositions as in situ gelling systems, 
prepared formulations were examined for their gelation 
pH, gelation time and viscosity. The gelling capability was 
assessed by adding 0.5 mL of the freshly produced PBS 
to a vial containing 2 mL of the polymeric system, which 
was equilibrated at 37 ± 1  °C. The viscosity was deter-
mined by utilising a Brookfield viscometer and a tiny vol-
ume adapter [36].

Characterization of the optimised in-situ mucoadhesive 
gel system
General appearance
The optimized formulation was subjected to visual exam-
ination to ascertain the physical appearance of mucoad-
hesive gel as well as its texture (organoleptic properties 
including colour, transmittance, and phase separation) 
[37].

Determination of pH
A petri dish holding 3 g of the gel was filled in order to 
gauge its surface pH. More than 5 mm of the pH meter’s 
(Elico) electrode was submerged in the mixture for a 
period of 5 min [38].

Rheological studies
The optimized formulation with a pH of 5.9 was added to 
the Brookfield Synchrolectric Viscometer’s small sample 
adaptor, and the angular velocity increased progressively 
from 10 to 100 rpm or 0.16 to 1.66 S− 1. Dial reading was 
noted. After pouring phosphate buffer into the mixture 
to get the gelation at pH level 7.4, it was poured into an 
ointment jar. The dial reading was once more noted and 
utilized to determine the viscosity of the in-situ mucoad-
hesive gel system [38].

Spredability
The spreadability of a formulation is its ability to spread 
after gel formation, which can be measured utilizing an 
in vitro setup. For this, a circle of 4  cm (starting diam-
eter) on an uncontaminated, dried glass surface was 
marked with a quantity of 2 g of the gel. A mass of 500 g 
was placed on two glass surfaces, one on the top of the 
gel, for 5 min. Using the following equation, the expan-
sion in diameter (final diameter) was calculated [39].

	
Spreadability (%) = Final diameter

Initial diameter
× 100

Swelling index (SI) and matrix erosion (ME)
In order to measure SI, 2  g of the optimized formula-
tion (W1) was kept on a glass slide that had already been 
submerged in a Petri plate filled with 10 mL of PBS (pH 
7.4). The entire system was put into an incubator oven at 
37 ± 1 °C for the entire course of the experiment. Through 
the application of an electronic weighing balance, the 
increase in weight of the formulation over time was mea-
sured in intervals and denoted by W2, and the SI at every 
time interval was estimated utilizing the following equa-
tion [40].

	
SI =

(
W2 − W1

W1

)
× 100

Table 2  The experimental conditions for the optimization of 
pH-responsive in-situ gel
Variables Level of variables
Independent -α -1 0 + 1 +α
X1 = Concentration of Carbopol 934 (%w/w) 0.15 0.2 0.3 0.4 0.44
X2 = Concentration of Chitosan (%w/w) 0.21 0.3 0.5 0.7 0.78
Response Dependent
Y1 = Gelation pH 5.7- 7
Y2 = Gelation time 0.9–3 min
Y3 = viscosity 1007–2200 Pa.s



Page 6 of 19Halder et al. BMC Pharmacology and Toxicology           (2025) 26:93 

Like that, for computing ME, the swollen formulation 
was maintained at 60  °C for 24  h until a steady weight 
(W3) was reached. Then ME was then calculated using 
the following equation.

	
ME =

(
W1 − W3

W1

)
× 100

Ex-vivo mucoadhesiveness
The detaching force necessary to pull apart the in-situ 
gel from goat throat mucosa was estimated utilizing a 
texture analyzer (Brookfield texture analyzer (V1.3 Build 
15; Brookfield Engineering Labs, Inc). A newly dissected 
portion of goat throat mucosa, measuring 2 cm by 2 cm, 
was initially allowed to acclimatize to 37 0.5 °C in a buf-
fer with a pH of 7.4. Part of the mucosa was affixed to the 
apparatus’s top assembly with its mucosal surface fac-
ing outward, while the lower assembly received a pre-
determined dosage of gel (500  mg). The top probe was 
gradually moved downwards into the bottom assembly, 
keeping a constant rate of movement till it came in con-
tact with the lower assembly, applying a force of 1 N for 
60 s. After that, the probe was moved apart and upwards 
for a distance of 15 mm with a speed of 0.5 mm/s. The 
force needed to pull apart the gel from the mucosa was 
recorded [34, 41].

In-vitro drug release
Employing the dialysis tube method, the in vitro release 
profile of ATM from the optimised in situ gel was inves-
tigated. A dialysis bag with 5 g of the optimized formula-
tion was placed in a beaker containing 500 mL of PBS pH 
7.4 (Receptor medium). The beaker was positioned over a 
magnetic stirrer, which was kept running at 50 rpm and 
37 ± 1  °C. At a particular time interval, 5 mL of aliquot 
was taken out and replaced with a comparable amount of 
fresh receptor media. The aliquots have been analyzed at 
208 nm using a UV spectrophotometer [42, 43].

In-vitro anti-microbial activity
The organism that causes throat infections, Staphylococ-
cus aureus, was used in tests to determine the formula-
tions’ therapeutic potential, or more specifically, the 
optimised formulation’s antimicrobial activity. The potato 
dextrose agar medium was equally spread across a 100 µl 
aliquot of the bacterial suspension. Agar gel that had pre-
viously been set using an in situ ATM HP-β-cyclodextrin 
complex corresponding to 175  mg of pure medication 
and a straightforward ATM solution. The plates were 
incubated at 37 ± 1 °C for 48 h [44].

MIC determination
The standard broth dilution method was employed to 
assess the antimicrobial effectiveness of the in situ gel 
containing the ATM HP-β-cyclodextrin complex by 
observing microorganism growth in agar broth. To deter-
mine the minimum inhibitory concentration (MIC) in 
broth, serial dilutions of the formulations free drug were 
prepared, with ATM concentrations ranging from 5 µg/
mL to 0.1  µg/mL, alongside a bacterial concentration 
adjusted to 10 × 10^8 CFU/mL (0.4 McFarland’s stan-
dard). A control, consisting of only inoculated broth, was 
incubated for 24 h at 37 °C. The MIC endpoint was iden-
tified as the lowest concentration of the formulation, and 
no visible growth was observed in the tubes. The turbid-
ity of the tubes was observed both before and after incu-
bation to verify the MIC value.

In-vivo characterization of the optimised in-situ 
mucoadhesive gel system
Ethics statement
We have our own approved Institutional Animal Eth-
ics Committee (IAEC) registration number 1171/PO/
Re/S/08/CPCSEA (New Delhi, India). The animals 
were procured, and the experiments were conducted at 
the Laboratory Animal Facility of the School of Phar-
maceutical Sciences, Siksha “O” Anusandhan (Deemed 
to be University). Twenty male albino rats, weighing 
210–250 g, were housed in the animal room for the study. 
The research complied with the latest CPCSEA India 
Guidelines and the EU Directive 2010/63/EU for animal 
studies. The study protocol, designated as “IAEC/SPS/
SOA/122/2022,” received prior approval from CPCSEA 
via the Institutional Animal Ethics Committee before ini-
tiating the research.

In-vivo antimicrobial challenge study
The Staphylococcus aureus model was utilized to induce 
the disease. To prepare the inoculum, the organisms were 
cultured on potato dextrose agar and transferred to the 
appropriate medium. The bacterial count was standard-
ized using the McFarland scale (0.5 McFarland standard), 
equating to approximately 10⁶ CFU/mL. A suspension of 
the test microbes in sterile 0.9% normal saline was pre-
pared and diluted to match this standard. For the experi-
ment, 0.1 mL of the suspension (approximately 2 × 10⁵ 
CFU) was inoculated orally into anaesthetized rats. 
Anesthesia was achieved by giving intramuscular injec-
tions of ketamine and xylazine in a ratio of (90:10) mg/kg 
of body weight. During anaesthesia, the rats’ body tem-
perature was maintained at 38 °C using a regulated heat-
ing pad until they recovered. Daily survival monitoring 
was conducted, and samples were collected on days 3, 5, 
and 7. The number of viable bacteria in the respiratory 
was determined by plating serial dilutions of the samples 
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on potato dextrose agar plates, followed by incubation at 
37 °C for 24 h. Colonies were counted to calculate CFU/
mL. After disease induction, infected rats received treat-
ment with developed ATM in-situ gel (Gel equivalent 
dose of 5 mg/kg of ATM), and marketed formulations of 
ATM at a dose of 5 mg/kg. The solution is directly placed 
into the animal’s mouth using a feeding needle. Samples 
were collected 24  h post-dosing via mucosal swab to 
determine the viable bacterial count.

In vivo retention and analytical Estimation study
The retention efficacy of the optimized formulation in 
rats was evaluated using radiographic imaging. Prior to 
the experiment, the animals were fasted overnight but 
allowed free access to water. The formulation, contain-
ing 0.50% barium sulfate as a contrast medium, was 
orally administered using pan-century insufflators. X-ray 
images of the throat were captured at various intervals 
over 24  h to monitor the spray-dried nanoparticles’ in 
vivo movement and behavior. The X-ray imaging was 
conducted with an L&T Vision 100 (C-arm) X-ray 
machine, operating at 64 mAs and 63 kV [45].

Further, mucoadhesive drug retention at the oral 
mucosa was analyzed for bio-analytical estimation by 
HPLC [46]. The study involved a group of six animals 
that received a mucoadhesive in situ gel formulation of 
ATM (5 mg/kg). Throughout the experiment, the animals 
were provided with sterile water and food daily, following 
a 15-day washout period prior to the study. Swab samples 
(0.5 mL) were collected at specific time intervals: 1, 4, 8, 
12, 18, and 24 h post-administration. These serum sam-
ples were analyzed for bio-analytical estimation.

Statistical analysis
The data were statistically analysed using Graph-
Pad Prism instate. A one-way analysis of variance was 
employed to compare variance amongst the groups. 
P = 0.05 was used to determine statistical significance 
(n = 3).

Result and discussion
Standard curve of ATM
The standard curve (Fig.  1a) of ATM was plotted in 
pH 7.4 phosphate buffer, and absorbance was taken at 
208 nm. The standard plot of ATM in pH 7.4 phosphate 
buffer showed considerably good linearity with an R2 
value of 0.9989 in the concentration range of 200–600 µg/
mL. The calibration curve of ATM was prepared at λmax 
210 nm using HPLC, and regression (r2) was found to be 
(0.995). Linearity was found to be in the 100 to 1000 µg/
mL concentration range. Figure  1b represents the stan-
dard curve obtained using HPLC; ATM’s retention time 
was found at 2.40 min.

Development of the inclusion complex
Phase solubility study
According to the phase solubility graph, ATM’s aqueous 
solubility followed the first order regarding the HP-βCD 
(ligand) concentration, as indicated in Fig. 1c. It was dis-
covered that the plot was AL-type. So, this phenomenon 
indicated a 1:1 molar ratio for ATM complexation with 
HP-βCD. The apparent stability constant of ATM was 
found to be 5.98 × 104 M− 1, indicating that the inclusion 
complex was stable.

Preparation of inclusion complex
ATM inclusion complex was formulated using the sol-
vent evaporation method with a 1:1 molar ratio of a 
complexing agent such as HP-βCD. The percentage drug 
content value was determined through an assay to be 
98.22 ± 0.25% (n = 3).

Characterization of inclusion complex
Solubility study
Pure ATM possesses a saturated solubility of 
2.4 ± 1.04  µg/mL in distilled water, but the inclusion 
complex has a solubility of 49.84 ± 1.39  µg/mL, a boost 
of approximately 21-fold. This outcome suggests that 
ATM molecules have entered the HP-βCD cavity. Similar 
results have been achieved by Shah et al. in an attempt to 
enhance the solubility of itraconazole [47].

FT-IR spectroscopy
A comparison was made between the complex’s FT-IR 
spectrum and that of pure drug and HP-βCD (Fig.  2a). 
The spectrum exhibiting the inclusion complex revealed 
distinct peaks for both HP-βCD and pure drug, signify-
ing the formation of the inclusion complex in the absence 
of any chemical alteration. “The FTIR spectra of pure 
ATM showed characteristic peaks at 1368.72 cm-1 (C-N-
stretching), 2958.90 cm-1 (C-H-stretching), 1379.15 cm-1 
(C-HO-stretching alcoholic group), 1545.03  cm-1 
(C = O-stretching amidic group), 3471.98  cm-1 (N-H-
stretching), 1707.06 cm- 1 (C = C-bending), 794.70 cm-1 
(C-F-stretching), 1122.61  cm-1 (OH- bending)”. The 
inclusion complex and ATM had identical fundamen-
tal peaks and patterns in FTIR spectra. Thus, no signifi-
cant interaction exists between the drug and excipients. 
The presence of − 1122.61  cm-1 (OH- bending), and 
1545.03  cm-1 (C = O-stretching amidic group), respec-
tively, in ATM and HP-βCD complex indicates the chem-
ical stability of ATM in HP-βCD complex.

DSC thermogram
The DSC thermograms of pure HP-βCDs, ATM, and 
inclusion complex are shown in Fig.  2b. In this study, 
DSC was applied for one of its more traditional purposes, 
which involved looking at potential interactions between 
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a drug and the excipients being employed. DSC ther-
mograms for pure drug, HP-βCDs, and inclusion com-
plex displayed endothermic peaks at the corresponding 
melting points. A sharp characteristic endothermic peak 
appeared on the ATM thermogram at 126.43  °C, indi-
cating the substance’s purity. Compared with pure ATM 
and HP-βCD, the DSC curves of inclusion complexes 
displayed completely different peak patterns: the endo-
thermic fusion peak disappeared at 126.43  °C and new 
peaks appeared at 106.21  °C and 134.82  °C. This small 
sifting may be due to the phase transition during the 
complex formation. The results indicated strong interac-
tions between ATM and the HP-βCD in their inclusion 
complexes.

Morphology
Figure  3a shows the morphology and surface proper-
ties of the ATM and inclusion complex that were stud-
ied using a scanning electron microscope. The prepared 
ATM HP-βCD inclusion combination manifested as 
amorphous particles. This is because the inclusion com-
plex allows limited drug molecules into it, which cannot 
form a stable crystal and improve the solubility of drug 
molecules. The morphological study revealed that ATM 
crystals were rod-shaped, while the inclusion complex 
had an irregular, block-like structure, confirming the suc-
cessful formation of a different solid phase. This indicat-
ing that the complex was successfully formed [48].

In vitro dissolution study of the inclusion complex
The pure drug and the inclusion complex (1:1  m) pro-
duced via the solvent evaporation method underwent the 

Fig. 1  (a & b) Calibration curve of azithromycin in pH 7.4 phosphate buffer at 208 nm and Calibration curve of azithromycin by HPLC at 210 nm. (c) Phase 
solubility curve of azithromycin
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in-vitro drug release test. A graph (Fig.  3b) was plotted 
showing the cumulative percent drug released concern-
ing time for two samples, with time in hours on the x-axis 
and % cumulative drug release on the y-axis. According 
to in vitro studies, the inclusion complex of ATM dis-
solves far more quickly than the pure drug (66.56%) does 
after 12  h. The inclusion complex showed an increase 

in ATM dissolution, which could be attributed to the 
hydrophilicity of the cyclodextrin molecule that offers 
enhanced drug solubility [49]. The inclusion complex 
(made using the solvent evaporation method with a ratio 
of 1:1 molar ratio of drug and HP-β-CD was determined 
to be approximately 98 ± 2.06%, according to the in vitro 
drug release profile. This might be explained by the use of 

Fig. 3  Scanning electron microscopical images of Azithromycin (a.i.) and Azithromycin HP-βCD complex (aii). (b) Dissolution profile of Azithromycin 
(ATM) and Azithromycin HP-βCD inclusion complex

 

Fig. 2  (a) FTIR Spectra and (b) DSC thermogram of pure drug, HP-βCD and inclusion complex
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complexing agents, which solubilize the drug and enable 
it to form a complex with the pure hydrophobic drug 
[50].

Optimization and development of pH-responsive in-situ 
gel
Carbopol 934 and chitosan are FDA-approved biocom-
patible tri-block polymers that are compatible with the 
drug and selected for the preparation of pH-responsive 
in-situ gel. Table 3 includes different combinations of fac-
tors chosen with determined values of dependent vari-
ables, i.e. gelation pH, gelation time, and viscosity.

ANOVA and interaction effect on gelation pH
This factor was fitted to the linear model, and the mod-
el’s F-value turned out to be 24.92, which implies that 
the model is significant. Also, the P value was < 0.0001, 
indicating that model terms are significant. The Lack of 
Fit F-value was observed to be 2.05, indicating that the 
Lack of Fit is not significant relative to the pure error. The 
predicted R² of 0.6949 was in good compliance with the 
Adjusted R² of 0.7995; i.e. the difference was less than 0.2.

Final equation in terms of coded factors

	

Gelation pH (Y1) = 6.51538 − 0.51731 * X1
+ 0.0832107 * X2

It can be implied from the equation that the Carbopol 
concentration (X1) has a negative impact on the gelation 
temperature. This means the gelation pH was reduced 
with increasing Carbopol concentration. Whereas chi-
tosan concentration (X2) positively affected gelation 
pH, X1 with a higher magnitude was discovered to have 
a maximum magnitude of negative impact. Carbopol 

concentration and gelation pH had an inversely propor-
tional relationship, which was also represented in the 
linear coefficient of X1’s negative magnitude. The per-
turbation curve, contour, and 3D response surface plot 
(Fig. 4a, b and d) all indicate that the X1/A variable nega-
tively impacted gelation pH variance up until the inter-
mediate levels. Still, as their levels increased, the gelation 
pH significantly declined.

ANOVA and interaction effect on gelation time
This factor was fitted to the linear model, and the model’s 
F-value was 11.11, which implies the model to be signifi-
cant. Also, the P value was found to be 0.0029, indicat-
ing model terms are significant. It was discovered that 
the F-value for the lack of fit was 1.27, indicating that the 
lack of fit is not significant in relation to the true error. A 
significant Lack of Fit F-value has a 42.59% probability of 
being caused by noise. The Adjusted R2 of 0.6276 and the 
expected R2 of 0.4298 agreed reasonably well, with a dif-
ference of less than 0.2.

Final equation in terms of coded factors

	

Gelation time (Y2) = 1.65769 − 0.114017 * X1
+ 0.556954 * X2

To explain the equation, Carbopol concentration (X1) 
negatively impacts the gelation temperature, while the 
chitosan concentration (X2) positively impacts gelation 
time. The higher magnitude of X2 implicated the posi-
tive impact on gelation time to be maximum. This means 
that the gelatin time increased when the Carbopol con-
centration was reduced, whereas gelation time was less-
ened when the chitosan concentration was reduced. As 
observed from the perturbation curve, contour and 3D 
response surface plot (Fig. 4d, e and f ), X1/A negatively 
influences variance in gelation time, and X2/B has a posi-
tive impact up until the intermediate levels. According to 
the findings, lesser Carbopol percentages required much 
more time for gelation. A negative magnitude for the 
coefficient of X1 also indicated the inversely proportional 
relationship between Carbopol concentration and gela-
tion time. To conclude, increased Carbopol percentages 
reciprocated earlier gelation.

ANOVA and interaction effect on viscosity
This factor was also fitted to the linear model, and the 
model’s F-value was found to be 21.89, which implies that 
the model is significant. Furthermore, 0.0002 was found 
to be the P value, indicating the significance of the model 
terms. The F-value for the lack of fit was determined to 
be 0.66, meaning that the lack of fit is insignificant in 
relation to the true error. With a difference of less than 
0.2, the adjusted R² of 0.7769 and the expected R² of 
0.6861 were in reasonable agreement.

Table 3  Factor combination with determined value of 
dependent variables
Run X1 X2 Y1 Y2 Y3

Carbopol 
concentration
%

Chitosan 
concentration
%

Gela-
tion 
pH

Gelation 
time
min

Vis-
cos-
ity
Pa.s

1 0.4 0.7 5.9 2.2 1929
2 0.3 0.5 6.8 1.4 1400
3 0.3 0.5 6.4 1.2 1800
4 0.3 0.5 6.7 1.8 1700
5 0.2 0.7 6.9 3 1540
6 0.4 0.3 5.7 1.2 1756
7 0.3 0.5 6.5 1.6 1600
8 0.2 0.3 7 1.1 1321
9 0.3 0.782843 6.9 2 1730
10 0.3 0.5 6.7 2 1500
11 0.3 0.217157 6.5 0.9 1420
12 0.158579 0.5 7 1.65 1007
13 0.441421 0.5 5.7 1.5 2200
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Final equation in terms of coded factors

	

Viscosity (Y3) = 1,607.92 + 313.895 * X1
+ 103.801 * X2

The formula shows that the viscosity is positively 
impacted by the chitosan (X2) and carbopol (X1) con-
centrations. The biggest favorable influence was found 
when the X1 magnitude peaked. This suggests that the 

solution’s viscosity increases with increasing polymer 
concentration. The perturbation curve, contour plot, and 
3D response surface plot (Fig. 4g, h, and i) indicate that 
both X1/A and X2/B have a favorable effect on gelation 
time variance up to intermediate levels. Point prediction 
and validation of the model.

The maximum desirability function and post-analysis 
point prediction capability of Design-Expert software 
were used to determine the ideal composition of the 

Fig. 4  Model graphs for Gelation pH, Gelation time, Viscosity (a, b, c) Perturbation curve, 2D contour plot and 3D Response surface plot for Gelation pH. 
(d, e, f) Perturbation curve, 2D contour plot and 3D Response surface plot for gelation time. (g, h, i) Perturbation curve, 2D contour plot and 3D Response 
surface plot for viscosity
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formulation. The intended aim or goals for the required 
quality attributes were determined to be constraints, 
such as viscosity, gelation temperature, and gelation time. 
With the optimum amount of formulation components 
such as Carbopol concentration (X1) = 0.3% and chitosan 
concentration (X2) = 0.5%. At these levels of indepen-
dent variables, the desired gelation temperature, time, 
and viscosity of in-situ gel can be obtained. The experi-
mental observations from the checkpoint batch and the 
software-predicted values of dependent variables were 
compared. Observed and predicted gelation pH were 
determined to be 6.7 and 6.5, respectively, and predicted 
and experimental gelation time and viscosity were found 
to be 1.65  min, 1.59  min, 1607.9  Pa. s, and 1595  Pa.s, 
respectively. Each independent variable checkpoint for-
mulation was developed in triplicate. It was discovered 
that the experimental values of the batch that was ulti-
mately prepared were quite similar to the expected value. 
All parameters in the model were successfully validated 
with a 95% confidence level.

In-situ mucoadhesive gel Preparation
According to Gomathi et al., chitosan was soluble at the 
desired concentration (0.5% w/v) in an acetate buffer 
with a pH of 4.6 [51]. The ability of the aqueous solu-
tion of Carbopol to change into a firm gel upon increas-
ing the pH supports the implementation of in situ 
gelling devices [35]. However, the higher quantity of 

Carbopol is essential to generate a firm gel thus result-
ing in very acidic solutions. Hence, it is difficult for the 
throat mucosa to neutralize this acidic solution. The 
employment of viscosity-improving polymers like chi-
tosan resulted in the opportunity to reduce Carbopol 
content without affecting the delivery system’s capabil-
ity to gel and its rheological characteristics. Formulation 
with optimized Carbopol concentration (0.3%) and chi-
tosan concentration (0.5%) retained their liquid states 
(clear solutions) at room temperature and at the pH that 
was formulated, and they both exhibited good gelling 
strength at pH 6.7. The solution and gelling state of the 
optimized in-situ gel formulation in Fig. 5a.

Characterization of the optimized in-situ mucoadhesive 
gel
General appearance
The formulation appearance and transparency were 
visually analyzed under fluorescent lighting, alternately 
against white and black backdrops. The formulation was 
observed to be elegant and transparent, with the absence 
of any particulate matter. Due to chitosan’s solubility in 
acidic conditions, its odor was slightly pungent, improved 
by the addition of carbopol. The polymeric mixture of 
mucoadhesive scaffold used at the concentration evalu-
ated has no gritty texture.

Fig. 5  Sol to gel conversion, rheological study, and swelling index of prepared formulation. (a) Optimized in-situ gel formulation, (b) Swelling properties 
of optimized gel with drug and without drug, (c&d) Rheological properties of the optimized formulation
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Determination of gelation pH
The pH of the optimized pH-sensitive polymeric solution 
was 5.9 ± 0.3. Upon increasing the pH of this solution to 
about 7.0, it was successfully converted into a gel. This 
confirms the pH-sensitive behavior of the polymer [52]. 
Therefore, the polymer solution can be expected to trans-
form into a gel when administered into the upper respira-
tory tract due to the physiological pH of the throat [53]. 
The pH was measured after gel formation, which was 
found to be 7.2 ± 0.2. This seems compatible with delivery 
to the throat as the throat mucosa wouldn’t be irritated.

Rheological studies
The amount of gel adhering to the throat mucosa in the 
local drug delivery system might be dropped. Therefore, 
increasing viscosity is essential for effective retention 
and improved therapeutic response at the site of action 
[54]. This indicates that the gel has a shear-thinning ten-
dency, which means it becomes easier to spread or move 
when shear stress is applied, such as the force of swallow-
ing. Additionally, it is crucial that the patient does not 
feel irritated; therefore, the viscosity must be ideal. The 
formulation had low viscosity and was liquid at pH 6.0. 
Upon increasing the pH to 7.4, the liquid or solution state 
changed into a highly viscous gel. Hence, the formula-
tion’s performance depends on its capacity to change at 
physiological pH from a liquid to a gel as well as on its 
pseudoplastic rheological characteristics. The optimised 
formulation underwent shear thinning, and when shear 
stress increased, angular velocity increased as well (pseu-
doplastic rheology) as shown in Fig. 5c and d.

Spreadability
According to the spreadability data, the gel formulation 
demonstrated excellent spreading ability under applied 
shear, a critical component for patient comfort and con-
venience of drug delivery systems [55]. The results also 
showed that the polymeric components were viscoelas-
tic since they all had established mucoadhesive proper-
ties. These components allow the gel to adhere firmly 
to the throat mucosa, ensuring long-term retention at 
the intended location. In general, the fabricated scaffold 
displayed good homogeneity and was lump-free, indicat-
ing uniform drug distribution within the gel. The opti-
mized formulation exhibits a good spreadability index 
of 322.6 ± 0.5%. It signifies that the gel’s high spreadabil-
ity under moderate pressure enhances its ease of use 
and therapeutic efficacy [56]. It covers a large area of the 
mucosal surface with a small amount, improving drug 
performance without excessive formulation. Its favorable 
spreadability, viscoelasticity, and homogeneity make it 
suitable for mucosal applications.

Matrix erosion
In drug delivery systems, erosion plays a crucial role 
because it affects the drug’s release and clearance, par-
ticularly in local applications on mucosal surfaces [57]. 
High values have been identified for the formulation 
regarding erosion of the gel formulation. In the case of 
the optimised gel formulation, more than 98%±1.6 (n = 3) 
of the erosion was observed after 24 h indicate that the 
formulation is designed to degrade or dissolve at a con-
trolled rate over time. The high percentage of erosion 
also indicates that the gel has dissolved by the end of the 
24-hour period, which is advantageous in preventing the 
formulation from building up or causing discomfort once 
its therapeutic effect has been attained.

Swelling index
The two generated formulations of the optimized gel sys-
tem initially offered a boost in the swelling index values. 
In comparison to the drug-containing formulation, the 
drug-free formulation exhibits a better swelling index, 
as represented in the graph (Fig.  5b). This suggests that 
the presence of the drug may slightly hinder the gel’s abil-
ity to absorb fluid and swell [58]. The in-situ gel system 
without the drug exhibits a spike in the swelling index for 
the first 8 (99.6 ± 0.09%) hours before declining through-
out the next 12  h. Similarly to the drug-infused in-situ 
gel approach, the swelling index increases for the first 10 
(98.26 ± 1.54%) hours before declining over the next 12 h. 
It may be caused by drug molecules becoming trapped in 
the gel system’s void space. As the gel swells, it absorbs 
fluids, which can help solubilize and release the drug over 
time. Additionally, it shows that the gel expanded and 
absorbed fluid quickly in the early hours, which is advan-
tageous for an immediate initial effect, such as develop-
ing strong mucoadhesion [59].

Ex vivo mucoadhesive strength
It is important to analyze the adhesion of gel to the throat 
mucus membrane as a longer residence time of the for-
mulation is desired for improved therapeutic effect [60]. 
Otherwise, mucoadhesive strength reflects the reten-
tion ability of the developed in-situ gel. If the mucoad-
hesive strength of the formulation is higher, there are 
more chances of preventing its clearance from the upper 
respiratory tract. It will be more retained in the targeted 
area if the drug delivery system has high mucoadhesive-
ness. This will further enhance the drug permeation rate 
through epithelial layers of the mucosa; therefore, the 
desired drug concentration can be attained at the tar-
get site [61]. In the developed in situ gel, the presence of 
polymers like chitosan and carbopol imparted mucoad-
hesiveness [62]. Chitosan, being a cationic polymer, binds 
to the negatively charged mucus and has been extensively 
exploited for developing mucoadhesive drug delivery 



Page 14 of 19Halder et al. BMC Pharmacology and Toxicology           (2025) 26:93 

systems [63]. Crosslinked carbopol has numerous car-
boxylic groups that bind to the sugar residues present in 
mucus through hydrogen bonding [62]. From the experi-
ment, the mucoadhesive detachment force of the pre-
pared formulation was observed to be 589 g/cm2, which 
reflects the high mucoadhesive strength of the developed 
formulation (Fig.  6a). This value indicates that the gel 
may withstand external forces that cause it to separate, 
including swallowing or throat movement, allowing for a 
longer period of residence. In a similar study, Nair et al. 
developed a darunavir-loaded mucoadhesive in situ gel 
composed of poloxamer and carbopol which exhibited 
good mucoadhesive strength [64].

In-vitro drug release
The in vitro drug release study of the optimized in-situ 
gel system was performed via the dialysis bag method in 
dissolution media of PBS (pH 7.4) for 12 h and compared 
to the release pattern showed by the pure drug. A graph 
(Fig.  6b) was plotted showing the cumulative percent 

drug release versus time for two samples, with time in 
hours on the x-axis and % cumulative drug release on the 
y-axis. According to in vitro studies, the total amount of 
drug released from the in-situ gel after 12 h was 1.4-fold 
higher compared to pure drug. This could be attributed 
to the improvement in drug solubility due to the forma-
tion of the inclusion complex of ATM [65, 66]. About 
75% of ATM was released from the in-situ gel in 6  h, 
after which a sustained release till 12 h was observed. The 
release behavior of Azithromycin (ATM) and its HP-βCD 
inclusion complex from the gel matrix revealed a dual-
phase pattern (Fig. 6b). Initially, both free ATM and the 
inclusion complex exhibited a similar release profile up 
to 5 h. This can be attributed to the release of drug mol-
ecules loosely associated with the surface or near-surface 
layers of the gel matrix. Despite the higher solubility of 
the inclusion complex (as evidenced in Fig. 3), the early 
release phase is governed more by surface kinetics than 
solubility enhancement.

Fig. 6  Texture analysis of prepared in situ gel to study mucoadhesive detachment force, cumulative drug release profile and antimicrobial profile of 
Azithromycin loaded in situ gel. (a) Mucoadhesive strength of in situ gel, (b) In-vitro drug release profile of Azithromycin from in situ gel, (c) Antimicrobial 
activity utilizing agar well diffusion method against Staphylococcus aureus bacterial cultures representing the zone of inhibition surrounding the wells 
containing pure drug and drug-loaded in situ gel
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However, beyond 5  h, the inclusion complex exhib-
ited a significantly higher release compared to free ATM. 
This shift is attributed to the superior aqueous solubil-
ity of the HP-βCD complex, which enhances drug diffu-
sion through the rigid gel matrix formed by electrostatic 
interactions between carbopol and chitosan. In contrast, 
the poor solubility of free ATM becomes a limiting fac-
tor in its sustained release phase. The findings collec-
tively indicate that although the gel formulation imparts 
a controlled release profile, the solubility advantage of 
the inclusion complex facilitates higher drug availability 
in the latter phase of the release timeline [67]. In a study, 
darunavir-loaded mucoadhesive in situ gel was devel-
oped for intranasal delivery, where about 95% of the drug 
was released in 8 h [64]. Further, the drug release kinetic 
data of ATM best fit into the Regression coefficient (R2) 
for Korsmeyer-Peppa’s model was 0.9344. By examining 
the drug release pattern from the polymeric system, the 
in vitro release data of this layer were fitted using Kors-
meyer-Peppa’s equation. “With a value of 0.61 for “𝑛,” it 
was discovered that the drug release is consistent with 
super case-I transport, or the Fickian model. Diffusion 
controlled drug release in this model. When compared to 
the polymeric chain relaxing process, the solvent trans-
port rate or diffusion is substantially higher”.

In-vitro antimicrobial activity
As shown in Table 4, the zones of growth inhibition (mm) 
of Staphylococcus aureus were tested and compared for 
test formulations, i.e., situ gel of ATM HP-β-cyclodextrin 
complex (Fig.  6c). In-situ gel portrayed an enhanced 
growth inhibition zone because of its controlled drug 
release, improve ATM solubility and diffusion surround-
ing the microbial growth medium. In particular, the 
in-situ gel formulation enabled sustained and gradual 
release of ATM, maintaining an effective drug concentra-
tion over time to inhibit bacterial growth. Incorporating 
the HP-β-cyclodextrin complex significantly improved 
ATM’s solubility and bioavailability, allowing for bet-
ter diffusion into the surrounding medium [68, 69]. This 
investigation implied that the in-situ gel of ATM cyclo-
dextrin complex has antimicrobial efficacy against Staph-
ylococcus aureus.

MIC determination
After 24  h of incubation at 37  °C under aerobic condi-
tions, a reduction in turbidity was observed in the test 
tubes containing 1  µg/mL of ATM for the formula-
tion and 3  µg/mL for the free drug, indicating bacterial 
growth inhibition. No turbidity was detected at the 5 µg/
mL concentration, indicating complete inhibition of bac-
terial growth. It means formulation antimicrobial efficacy 
is more significant than the free drug. Again, this may 
be due to the solubility enhancement of the antimicro-
bial activity of ATM, mainly through solubility improve-
ments, and for the in-situ gel formulation, which is more 
effective than the free drug in inhibiting bacterial growth 
at lower concentrations. Antimicrobial effects are typi-
cally evaluated using agar diffusion and MIC tests. The 
advantage of direct contact tests over the agar diffusion 
method is that they are not dependent on the diffusion 
properties of the tested material and media. Serial dilu-
tions are employed in MIC testing to determine the 
lowest concentration of a substance that still exhibits 
antibacterial activity [70].

In-vivo characterization of the in-situ gel
Antimicrobial study
In the in-vivo antimicrobial study, ATM in-situ gel 
were compared with and marketed ATM formulations, 
as shown in Table  5. The antimicrobial efficacy of the 
developed formulation was determined by comparing 
the reduction in CFU counts after i.v. administration of 
formulations to disease-induced albino rats. Results of 
in-vivo activity demonstrated that the developed formu-
lation showed higher activity than the marketed formu-
lation. This could be attributed to the higher residence 
time of the developed formulation at the site of action. 
This could relate to the developed formulation’s improved 
drug solubility and mucoadhesive behaviour, which helps 
to escape the formulation from fast-pass metabolism. 
Control drug release further ensures the optimum quan-
tity of drugs available in the site of action [71].

In vivo retention and bio-analytical Estimation
The mucoadhesive properties of the developed formu-
lation aim to enhance drug retention at the targeted 
mucosal site. The retention efficacy of the optimized 
formulation was evaluated in rats using radiographic 

Table 4  Antibacterial properties by agar well diffusion method 
Zone of Inhibition in (mm)
Formulations Staphylococcus aureus zone of inhibition 

(Mean ± SD, n = 3) and MIC
12 h 24 h 48 h MIC

Azithromycin 11 ± 1.31 mm 15 ± 1.12 mm 19 ± 1.27 mm 3 µg/
mL

In-situ gel 18 ± 2.16 mm 28 ± 2.05 mm 31 ± 3.54 mm 1 µg/
mL

Table 5  In-vivo antimicrobial assay of the in-situ gel against 
Staphylococcus aureus
Colony forming units (CFU)/mL
After disease 
induction

Time After treatment
Developed 
formulation

Marketed 
formulation

13.21 ± 2.48 × 102 24 1.36 ± 0.34 × 102 1.24 ± 0.49 × 102

48 0.64 ± 0.08 × 102 0.93 ± 0.62 × 102
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imaging. Figure  7 presents X-ray images of animals 
administered with the placebo and the in situ gel formu-
lation at 2, 12, and 24 h during the study. The in situ gel, 
containing barium sulfate as a contrast agent, was utilized 
to assess the formulation’s retention time. The results 
indicate that the mucoadhesive formulation remained 
in the throat for an extended period (24 h). X-ray analy-
sis further confirmed the formulation’s retention in the 
throat region. Additionally, bioanalytical studies revealed 
that approximately 21 ± 0.26% of the drug remained at 
the application site after 12 h and 02 ± 0.01% after 24 h of 
administration. Prolonged retention in the throat region 
could improve efficacy against upper respiratory tract 
infections (URTIs), commonly observed during the rainy 
and winter seasons.

Conclusion
Haemophilus influenzae, Staphylococcus pneumoniae, 
Staphylococcus aureus, and Chlamydia pneumoniae 
are some prevalent bacteria that cause URTIs and sore 
throats. The broad use of ATM to treat URTIs is lim-
ited by its poor oral absorption and gastrointestinal 
adverse effects. These issues can be resolved through the 
development of a formulation that is site-specific. An 
HP-βCD inclusion complex-based in situ pH-responsive 

mucoadhesive gel of ATM was prepared to over-
come these issues. The inclusion complex of ATM with 
HP-βCD improves the solubility of ATM by 20-fold. The 
optimized formulation was found to have a higher drug 
load, optimum gelation time and viscosity at the desired 
pH range. It transitions from liquid to gel at pH 7.4, 
enhancing retention. The formulation exhibits a good 
mucoadhesive strength of 589 g/cm2 and improved drug 
release compared to pure ATM. Furthermore, it displays 
a wider zone of Staphylococcus aureus growth inhibi-
tion (31 ± 3.54 mm) and a sustained drug release profile 
for 12 h (94%). The developed mucoadhesive in situ gels 
demonstrated promising in vivo performance, primar-
ily due to their effective antimicrobial activity. In vivo, 
local retention studies confirmed that the formulations 
adhered to the throat mucosa and remained in place for 
up to 24  h after application. Also, the formation of an 
inclusion complex with HP-βCD can provide better sta-
bility and solubility. According to the results shown here, 
this localised delivery method could effectively increase 
ATM’s therapeutic effectiveness against URTIs.
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