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A B S T R A C T

Azithromycin (AZM) is a macrolide widely prescribed in pediatrics and is characterized by low solubility and 
bitterness. In this study, a dual-surfactant oil-in-water (O/W) nanoemulsion was optimized to overcome these 
limitations. High-Power Ultrasonic technique was used for emulsion production, using pumpkin seed oil as the 
internal O phase. At the same time, soy lecithin, a biodegradable and biocompatible phospholipid, was combined 
with Soluplus®, a high-molecular-weight amphiphilic polymer, to form a synergistic surfactant system. The O/W 
composition was optimized by a D-optimal experimental design to assess the influence of oil, surfactant and 
water percentages on droplet size, polydispersity index (PDI) and ζ-potential. The optimized formulation 
exhibited submicron droplet size (≈800 nm), low PDI (<0.08) and ζ-potential around − 20 mV. Hydrophilic 
bentonite nanoclay was added to the final nanoemulsion, obtaining a product that remained physically stable for 
at least three months at 25 ◦C. The antimicrobial activity of the prepared nanoemulsion was confirmed by the 
agar diffusion method on four Gram-positive bacteria. Moreover, the time-kill test carried out on S. aureus 
showed that the nanoemulsion is active at a concentration of 23 μg/mL vs 400 μg/mL of the commercial sus
pension. A preliminary experiment, aiming to evaluate AZM interaction with the specific receptor (TAS2R4) for 
bitter taste perception, showed the nanoemulsion's ability to reduce AZM binding to the receptor, probably due 
to the combination of AZM confinement in the droplet and bentonite presence in the formulation, suggesting its 
potential as a valuable alternative for AZM oral administration.

1. Introduction

Azithromycin (AZM) is a broad-spectrum macrolide antibiotic 
widely prescribed for respiratory, skin, and soft tissue infections, 
particularly in pediatrics [1]. Reports from the Italian Medicines Agency 
(AIFA) indicate a steady increase in the prescription of AZM, one of the 
10 most used antibiotics. This trend is particularly evident in the pedi
atric population, where macrolides, and in particular AZM, are among 
the most frequently prescribed antibiotic classes [2,3] due to its efficacy 
against many infections and tolerability. The most common side effects 
are gastrointestinal; however, among AZM macrolides, it is generally 
well tolerated [4]. Clinical studies have shown a lower incidence of side 
effects than other antibiotics, such as erythromycin [5]. Due to its high 

lipophilicity and poor aqueous solubility, responsible for a limited oral 
bioavailability (~37%), AZM is classified as a class II drug in the Bio
pharmaceutics Classification System (BCS) [6,7] (see Scheme 1).

Tablets and suspensions (200 mg/5 mL) are the only AZM-based oral 
formulations available on the market. Suspension is generally preferred 
for children 6<years old due to the versatility of both dosing and 
administration [8]; however, this formulation presents some critical 
issues. The low solubility/permeability of AZM represents a problem, 
especially when the drug is administered as a solid dosage form. The 
drug's solid particles dissolve slowly and incompletely after contact with 
the biological fluids. This means that the administered dose is partially 
absorbed, as demonstrated by the well-documented low bioavailability 
(~37%) [6,7]. The undissolved drug remains in the GI tract and could be 

* Corresponding author. Department of Pharmaceutical Sciences, University of Perugia, Italy.
E-mail address: cinzia.pagano@unipg.it (C. Pagano). 

Contents lists available at ScienceDirect

Journal of Drug Delivery Science and Technology

journal homepage: www.elsevier.com/locate/jddst

https://doi.org/10.1016/j.jddst.2026.108368
Received 29 December 2025; Received in revised form 15 April 2026; Accepted 23 April 2026  

Journal of Drug Delivery Science and Technology 121 (2026) 108368 

Available online 24 April 2026 
1773-2247/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-5344-4890
https://orcid.org/0000-0002-5344-4890
https://orcid.org/0000-0003-2147-9121
https://orcid.org/0000-0003-2147-9121
https://orcid.org/0009-0001-6541-4883
https://orcid.org/0009-0001-6541-4883
https://orcid.org/0000-0001-6907-8904
https://orcid.org/0000-0001-6907-8904
https://orcid.org/0009-0005-2390-7427
https://orcid.org/0009-0005-2390-7427
https://orcid.org/0000-0002-5711-3685
https://orcid.org/0000-0002-5711-3685
https://orcid.org/0000-0002-0966-6859
https://orcid.org/0000-0002-0966-6859
https://orcid.org/0000-0003-3890-3283
https://orcid.org/0000-0003-3890-3283
https://orcid.org/0000-0003-0827-9299
https://orcid.org/0000-0003-0827-9299
mailto:cinzia.pagano@unipg.it
www.sciencedirect.com/science/journal/17732247
https://www.elsevier.com/locate/jddst
https://doi.org/10.1016/j.jddst.2026.108368
https://doi.org/10.1016/j.jddst.2026.108368
http://creativecommons.org/licenses/by/4.0/


responsible for serious modifications/interactions with the gut micro
biome, leading to an increase in macrolide-resistant bacteria [9].

Together to this, the use of suspensions makes difficult the correct 
dosing as: i) the caregiver must re-constitute the suspension before using 
it, as there may be mistakes in the amount of water added for the powder 
suspension (risks of overdosing or under-dosing); ii) the suspension must 
be shake before use (incorrect shaking exposes to incorrect dosing); iii) 
necessity of refrigeration after reconstitution, these formulations are 
stable only for 7-10 days, the remaining formulation must be disposed; 
iv) bitter taste. Literature data documents that the bitter taste of medi
cines (mainly antibiotics, such as azithromycin [10]) is responsible for 
reduced compliance, especially in pediatrics, contributing to reduced 
adherence to the therapy. Recent studies demonstrate that the bitter 
taste is one of the main reasons for medication refusal in pediatrics [11,
12]. It is well known that AZM's bitter taste perception is due to the 
activation of the bitter taste receptors (T2Rs), TAS2R4 subtype, resulting 
in pronounced bitterness that is perceived as disgusting and therefore 
not always well accepted, especially by children [13]. The most common 
taste-masking strategies used for liquid formulations (suspensions) are 
sweeteners and/or flavouring agents, sometimes unsuccessful. Strate
gies purposed to improve AZM acceptability are for example: i) nano
capsulation using coating agents (such as titanium dioxide) [14], ii) 
microencapsulation using polymers (e.g. Eudragit EPO and S-100) 
insoluble in the mouth [15], iii) complexation for example with cyclo
dextrins [16], iv) encapsulation into micelles or self-emulsifying drug 
delivery systems [17,18], v) solid dispersions [19].

Another interesting strategy, not yet investigated for pediatric 
dosage forms, is represented by oil-in-water (O/W) nanoemulsions. 
These systems are characterized by small droplet size and kinetic 

stability, which offer several advantages from a biopharmaceutical 
perspective, such as improved dissolution rate/absorption, and 
enhanced oral bioavailability by providing a large interfacial surface 
between the oil and the aqueous phase [20]. Moreover, the drug's 
confinement in the oil droplets could limit the contact with the papillae, 
resulting in a better taste perception.

The use of biocompatible and biodegradable excipients, such as 
natural oils and phospholipid-based surfactants, can enhance the 
nanoemulsions' safety profile, improving their suitability for pediatric 
administration. Nanoemulsions can be prepared by high-energy 
methods, allowing efficient emulsification and droplet size reduction. 
Among the high-energy methods available, the High-Power Ultrasonic 
technique (HPU) is a simple, efficient, and time-saving technique that 
can obtain a stable nanoemulsion in a very short time. HPU is an effi
cient method for this purpose as it exploits the principle of cavitation, 
consisting of the formation of microbubbles and their collapse, with 
subsequent breakage of the original droplets under micron size [21]. It 
was observed that the HPU method allows the use of a low surfactant 
amount compared to the other methods, which results in the formation 
of stable and homogenous nanoemulsions obtained in short preparation 
times [22].

Taking into consideration all these assumptions, this work aimed to 
develop and optimize a dual-surfactant oil-in-water (O/W) nano
emulsion for AZM oral administration by exploiting HPU. For this pur
pose, the combination of soy lecithin and Soluplus®, as a synergistic 
surfactant system, was explored for the first time. Soy lecithin represents 
an attractive surfactant due to its natural origin, biodegradability and 
biocompatibility. Its amphiphilic structure enables the formation of 
stable nano-sized droplets, maintaining safety and tolerability suitable 

Scheme I.
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for pediatric use [23,24]. As lecithin alone may not provide sufficient 
stabilization under dynamic stress, its combination with the amphiphilic 
polymeric surfactant Soluplus®, a polyvinyl caprolactam–polyvinyl 
acetate–polyethylene glycol graft copolymer, was considered useful. Soy 
lecithin and Soluplus® can create a synergistic effect, allowing the use of 
reduced surfactant concentrations compared to conventional 
low-molecular-weight surfactants [25–27].

The combination of soy lecithin and Soluplus® offers a promising 
“dual-surfactant” system capable of producing a stable nanoemulsion. A 
D-optimal experimental design approach was used to optimize the 
formulation properties in terms of droplet size, distribution and drug 
content. The introduction of the hydrophilic bentonite nanoclay in the 
formulation was considered useful as an agent that can physically pre
vent AZM interaction with the taste receptors, making the formulation 
more acceptable. Stability studies were performed under accelerated 
and long-term conditions at 4 ◦C, 25 ◦C and 40 ◦C for 90 days; the 
antimicrobial activity was studied as well. Considering that AZM bitter 
taste perception is due to its interaction with TAS2R4 receptors on the 
tongue, an in vitro experiment was planned. The aim was to perform a 
preliminary evaluation of the formulation's ability to decrease the AZM- 
TAS2R4 receptor interaction.

2. Materials and methods

2.1. Materials

Azithromycin dihydrate (AZM), ethanol (EtOH, 96% v/v), and hy
drophilic bentonite nanoclay were obtained from Merck S.p.A. (Milano, 
Italy). Soluplus® was kindly provided by BASF SE (Ludwigshafen, 
Germany). Soy lecithin powder was purchased from A.C.E.F. S.p.A. 
(Fiorenzuola d’Arda, Italy). Pumpkin seed oil, wheat germ oil, and 
flaxseed oil were obtained from AAkon (Milano, Italy). Hydrochloric 
acid 37% v/v (HCl) was purchased from Carlo Erba Reagents Srl (Cor
naredo, Italy). Ultrapure water was produced by reverse osmosis using a 
Milli-Q system (Millipore, Roma, Italy). The commercial suspension of 
AZM (200 mg/5 mL) was purchased in a pharmacy.

All other chemicals and solvents were of analytical grade and used 
without further purification. Simulated gastric fluid (SGF, pH 1.2) was 
prepared according to European Pharmacopoeia 11th Ed. (Ph. Eur. 11th 
Ed.), containing 2 g NaCl and 80 mL of 1 M HCl diluted to 1000 mL with 
ultrapure water; Simulated Intestinal Fluid (SIF, pH 6.8) was prepared 
using KH2PO4 0.2 M, adjusting the pH using NaOH 5 M.

Reference bacterial strains were purchased from Microbiologics (St. 
Cloud, MN, USA). Mueller-Hinton agar (MHA) and Mueller-Hinton agar 
with 5% defibrinated sheep blood (MHAB) were obtained from Oxoid 
Limited (Basingstoke, UK). Mueller-Hinton broth (MHB) was purchased 
from Biolife Italiana S.r.l. (Milano, Italy), and blood agar (BA) plates 
from VWR International S.r.l. (Milano, Italy).

2.2. Quantitative analysis of AZM

AZM quantification was carried out by UV–Vis spectrophotometry 
according to the method described by Sultana et al. [28]. Briefly, AZM 
dihydrate (11 mg) was dissolved in 10 mL EtOH and diluted with 10 mL 
ultrapure water or SGF, obtaining a final concentration of 0.55 mg/mL 
8 mL of this solution was mixed with 42 mL of HCl to obtain the stock 
acid solution, kept at room temperature (RT) for 90 min. Absorbance 
was measured at 486 nm using an Agilent 8453 UV–Vis spectropho
tometer (Agilent Technologies, Germany). Two calibration curves were 
made: i) in EtOH/water (50:50 % v/v), R2 = 0.99; ii) in SGF, R2 = 0.99.

2.3. Solubility studies

AZM dihydrate (250 mg) was dispersed in 5 mL of pumpkin seed oil, 
wheatgerm oil, or flaxseed oil and stirred at 400 rpm for 24 h at RT. 
Samples were centrifuged at 4000 rpm for 10 min. The supernatant 

(3 mL) was transferred into a dialysis bag (MWCO 12 – 14 kDa, Slide-A- 
Lyzer, Thermo Scientific, Mexico) and immersed in 200 mL EtOH/water 
(50:50 % v/v) solution. At 24, 48, and 72 h, 1.6 mL of dialysate was 
withdrawn and replaced with fresh EtOH/water (50:50 % v/v) solution. 
AZM content was determined as described in Section 2.2.

2.4. Experimental design

Nanoemulsion compositions were optimized using MODDE 13 soft
ware (Sartorius Data Analytics) with a D-optimal design comprising 11 
experiments, including three centre points. Soy lecithin (SL) and Sol
uplus® (Sol) were employed as surfactants in the fixed ratio 1:3 (w/w) 
SL:Sol. The independent variables (factors) were the % of surfactant, oil, 
and water, whereas the mean droplet diameter and polydispersity index 
(PDI) were selected as responses.

Two design ranges were done: Design 1 i) surfactant (4–23% w/w), 
oil (4–23% w/w), water (54–92% w/w) (Table 1), ii) design 2: surfac
tant (4–5% w/w), oil (23–41% w/w), water (54–73% w/w) (Table 2). 
Experimental data were elaborated using multiple linear regression 
(MLR) and response surface methodology (RSM) to evaluate the effect of 
individual factors and their interactions on droplet characteristics. 
Model significance was assessed by analysis of variance (ANOVA), and 
the model's predictive power was estimated through R2, Q2, and 
reproducibility values provided by the software. The optimized formu
lation was selected based on the lowest predicted PDI and the smallest 
droplet size within the experimental design space.

2.5. Nanoemulsions preparation

The nanoemulsion was prepared as follows: oil phase (O): AZM 
dihydrate (amount corresponding to 46 mg of anhydrous form) was 
solubilized in pumpkin seed oil (4.6 g) and stirred at 400 rpm for 60 min 
at RT; water phase (W): Sol (738 mg) was solubilized in water (7.218 g) 
under magnetic stirring 400 rpm for 60 min at RT, SL (246 mg) was 
solubilized in another flask in water (7.218 g) in a thermostated bath 
(60 ◦C) under magnetic stirring 400 rpm for 60 min. Afterwards, the two 
aqueous phases, namely cooled SL and Sol solutions respectively, were 
added to the oily phase under magnetic stirring and maintained over
night at 400 rpm at RT. The obtained pre-emulsion was sonicated using a 
high-power ultrasonic processor by a Horn Type ultrasonic probe 
VCX750 (SONICS, Newtown, Connecticut, USA) operating at 750 W, 
20 kHz, amplitude 30%, for 5 min at 25 ◦C. Hydrophilic bentonite 
nanoclay (NHB) was added to the prepared nanoemulsion under mag
netic stirring (400 rpm). The preparation procedure is summarized in 
Scheme I.

2.6. Particle size and ζ-potential analysis

Particle size distribution and ζ-potential were measured by a Nicomp 
380 ZLS analyzer (Santa Barbara, CA, USA). Samples were diluted with 

Table 1 
Nanoemulsion compositions generated from the first Experimental design 
(Design 1).

Sample Surfactant (w/w %) Water (w/w %) Oil (w/w %)

N1 23.0 54.0 23.0
N2 4.0 92.0 4.0
N3 23.0 73.0 4.0
N4 4.0 73.0 23.0
N5 4.0 82.5 13.5
N6 23.0 63.5 13.5
N7 13.5 82.5 4.0
N8 13.5 63.5 23.0
N9 13.5 73.0 13.5
N10 13.5 73.0 13.5
N11 13.5 73.0 13.5
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ultrapure water until the count rate was within the instrument's optimal 
range. Results were expressed as mean ± SD (n = 5).

2.7. UHPLC-MS analysis

AZM integrity in the prepared nanoemulsion was evaluated using an 
Agilent 1290 Infinity II UHPLC coupled to an Agilent 6560 QTOF mass 
spectrometer (Agilent Technologies, Santa Clara, CA, USA). Chromato
graphic separation was achieved on a ZORBAX RRHD Eclipse Plus C18 
column (50 mm × 2.1 mm, 1.8 μm). UHPLC eluent A was water (LC-MS 
grade, LiChrosolv, Supelco) with 0.01% (v/v) formic acid (LC-MS grade, 
LiChropur, Supelco) and 0.1 mM ammonium formate (LC-MS grade, 
LiChropur, Supelco), eluent B was acetonitrile (LC-MS grade, LiChro
solv, Supelco). The optimized gradient program was the following: 0- 
1 min, 5% (v/v) B; 1-4 min, 5-15% (v/v) B; 4-7 min, 15-97% (v/v) B; 7- 
8.5 min, 97% (v/v) B; 8.5-10 min, 97-5% (v/v) B; 10-13 min, 5% (v/v) B 
(column equilibration/conditioning). The column temperature was set 
at 25 ◦C using a flow rate of 0.3 mL min− 1 and an injection volume of 
5 μL. For MS detection, the Dual AJS ESI source operated in positive ion 
mode. The Gas temperature was set at 300 ◦C with a flow of 5 L min− 1, 

while the Sheath Gas Temperature was 350 ◦C with a flow of 11 L min− 1. 
The nebulizer pressure was set at 35 psi, and the Capillary and Frag
mentor voltages were 3500 V and 400 V, respectively. The Masshunter 
Workstation Data Acquisition 10.0 (Agilent Technologies Inc., Santa 
Clara, California, United States) program was used for data acquisition, 
while the Masshunter Qualitative Analysis 10.0 (Agilent Technologies 
Inc., Santa Clara, California, United States) software was used for data 
processing. For the analysis, the sample was prepared as follows: 3 mL of 
the nanoemulsion was placed in a dialysis bag (MWCO 12 – 14 kDa, 
Slide-A-Lyzer, Thermo Scientific, Mexico) and put in contact with 
200 mL of a water/MeOH (50:50 v/v) mixture. After 1, 2, 5, 7 and 9 
days, aliquots were withdrawn and analyzed. Calibration curves (1.0 
μg/mL–0.2 μg/L) were prepared daily in MeOH with triplicate mea
surements showing high linearity and reproducibility. Samples were 
diluted 35-fold with MeOH before analysis.

2.8. Optical microscope analysis

Nanoemulsion droplets were observed by a Nikon Eclipse 80i optical 
microscope (Melville, LA, USA).

2.9. Transmission Electron Microscopy (TEM)

The morphology of the droplets was observed by Transmission 
Electron Microscopy (TEM, Philips CM10, Philips Electron Optics, 
Eindhoven, The Netherlands). The nanoemulsion was diluted 1:50 (v/v) 
with bidistilled water before the analysis. The sample was positioned on 
carbon film nickel grids (EM-Tec Formvar 400 square mesh). Phospho
tungstic acid (1% v/v) was used for negative stain, then washed with 
water, followed by drying for 24h. Samples were scanned at different 
magnification ranges with an accelerating voltage of 100 kV.

2.10. Stability studies

The physical stability of the optimized nanoemulsion was assessed 
through both accelerated stress tests and long-term storage stability 
studies. For accelerated stress tests, samples were subjected to the 
following conditions to evaluate their mechanical and thermal robust
ness: i) centrifugation: 5 mL of the formulation were centrifuged at 
4000 rpm for 30 min at RT to detect potential phase separation/ 
creaming phenomena, ii) heating–cooling cycles: samples were alter
natively stored at 4 ◦C and 40 ◦C for 48 h at each temperature; this cycle 
was repeated three times to simulate temperature stress, iii) freeze–thaw 
cycles: samples were stored at − 20 ◦C for 48 h and subsequently at RT 
for 48 h. This cycle was also repeated three times to assess stability 
under freezing conditions. After each cycle, the nanoemulsions were 
visually inspected for phase separation, creaming, cracking, colour 
changes, or gas formation, which are typical indicators of emulsion 
destabilization [20].

For long-term stability evaluation, nanoemulsion samples were 
stored in tightly sealed vials under three temperature conditions (4 ◦C, 
25 ◦C and 40 ◦C) for 90 days. At predetermined time points (30, 60, and 
90 days), samples were analyzed for hydrodynamic diameter (HD), 
polydispersity index (PDI), and ζ-potential using dynamic light scat
tering (DLS) to monitor potential changes in droplet size distribution 
and surface charge over time.

2.11. Stability in SGF

The stability of AZM in the developed nanoemulsion AZM_N*_NHB 
was evaluated in SGF, pH 1.2. Briefly, 1.5 mL of nanoemulsion was 
mixed with SGF (ratio 1:1 v/v) and magnetically stirred (350 rpm) at 
37 ◦C for 30 min to simulate the gastric transit time [29]. After incu
bation, the system was neutralized to pH 7.0 using 5 M NaOH to mimic 
transit to intestinal conditions [30]. Subsequently, 3 mL of the 
neutralized dispersion was transferred into a dialysis membrane (Sli
de-A-Lyzer®, MWCO 12–14 kDa, Thermo Scientific, Mexico) and 
immersed in 150 mL of a water/EtOH mixture (50:50 v/v) under sink 
conditions. At predetermined time points (1, 2, 5, 7, and 9 days), ali
quots were withdrawn and analyzed according to the procedure 
described in Section 2.2.

2.12. In vitro release studies

In vitro release studies were performed using the dialysis bag 
method. Briefly, 3 mL of nanoemulsion were placed into a dialysis 
membrane (Slide-A-Lyzer®, MWCO 12–14 kDa, Thermo Scientific, 
Mexico) and immersed in 150 mL of a mixture of SIF/EtOH (80:20 v/v). 
The system was maintained under constant stirring (350 rpm) at 37 ◦C. 
At predetermined time intervals, aliquots were withdrawn and imme
diately replaced with an equal volume of fresh release medium to 
maintain sink conditions. AZM concentration was determined by UV 
spectrophotometry (n = 3, mean ± SD) as described in section 2.2. For 
comparison purposes, an AZM water suspension at the same concen
tration as the nanoemulsion (2.3 mg/mL) was prepared and submitted to 
the release studies following the procedure described above.

2.13. Antimicrobial activity

The antimicrobial activity was first evaluated by agar well diffusion 
assay [31]. Four Gram-positive strains were tested and incubated ac
cording to the growth conditions reported in Table 3. An initial sus
pension of 0.5 McFarland in 0.9% sterile saline solution was prepared for 
each strain, and 100 μL was spread on MHA plates by a swab, except for 
S. pyogenes and C. perfringens, where MHAB plates were used. Fifty μL of 
the test samples were put into 7 mm wells. Plates were incubated under 
appropriate conditions (Table 3), and the inhibition zones were 
measured after incubation. Sterile demineralized water was used as a 

Table 2 
Emulsions generated from the second Experimental design (Design 2).

Sample Surfactant (w/w %) Water (w/w %) Oil (w/w %)

N1 5.0 54.0 41.0
N2 4.0 73.0 23.0
N3 5.0 72.0 23.0
N4 4.0 55.0 41.0
N5 4.0 64.0 32.0
N6 5.0 63.0 32.0
N7 4.5 72.5 23.0
N8 4.5 54.5 41.0
N9 4.5 63.5 32.0
N10 4.5 63.5 32.0
N11 4.5 63.5 32.0
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negative control.
The time-kill assay was performed against S. aureus WDCM 00034 

following the procedure reported in a previous work [32]. AZM_N* and 
the commercial suspension (dilution 1:100 v/v) were incubated in broth 
culture (1 × 105 CFU/mL), untreated strain was used as a control. 
Bacterial counts (CFU/mL) were determined after 4, 8, 24 and 48 h by 
serial dilution and plating on BA plates and the number of CFU/mL was 
calculated using equation (1), as described in ISO 7218:2007 (Eq. (1)): 

N=

∑
C

V*1.1*d 
∑

C = is the sum of the colonies counted on the two dishes from two 
successive dilutions; V = is the volume (mL) of inoculum placed in each 
dish; d = is the dilution corresponding to the first dilution retained.

2.14. In vitro evaluation of AZM binding to TAS2R4 protein

The Human Taste Receptor Type 2 Member 4 (TAS2R4) ELISA Kit 
(96 Tests), purchased from MyBioSource Inc (San Diego, USA), was 
properly modified and used following the manufacturer's protocol. A 
calibration curve was obtained using the standard protein TAS2R4 
provided in the kit (concentration range 112.5 – 1800 ng/L, R2= 0.92). 
Then, solutions of different samples in the presence of TAS2R4 protein 
(provided in the kit) were prepared. The tested samples were: i) sucrose 
as a negative control, ii) AZM as a positive control, iii) AZM_N*_NHB. 
Three concentrations (225, 450 and 900 ng/mL) of each sample were 
incubated with three TAS2R4 concentrations (225, 450 and 900 ng/mL) 
and kept in contact for 45 min at 37 ◦C, then incubated with the anti
body for 30 min at 37 ◦C. After that, the chromogen solution necessary to 
detect the optical density (OD) at λmax = 450 nm was added. The results 
are expressed by OD measured by a multimode plate reader (Microplate 
Reader Infinite M Plex 200 Pro TECAN).

2.15. Statistical analysis

Experimental design data were analyzed using MODDE® Pro soft
ware. A D-optimal design and Partial Least Squares (PLS) regression 
were applied. Model adequacy was assessed by ANOVA using p-values 
(p < 0.05). Goodness-of-fit and predictive performance were determined 
using R2 and Q2 parameters. Model validity, reproducibility, and lack- 
of-fit tests were also considered. Results are reported as mean ± SD.

3. Results and discussion

3.1. O/W emulsion composition optimization

The first stage of O/W nanoemulsion development consisted of the 
identification of the most suitable oil phase capable of dissolving the 
largest possible amount of AZM. In fact, the maximization of drug 
amount solubilized in the internal phase is essential to achieve high drug 
loadings, reduce precipitation risks and ensure uniform drug distribu
tion within the final nanoemulsion droplets [33]. Considering these 
aspects, three vegetable oils, namely pumpkin seed oil, wheat germ oil, 

and flaxseed oil, were considered. Each oil was selected for its recog
nized biocompatibility and potential antioxidant contribution, which 
may further enhance formulation performances. The measured AZM 
solubility in the selected oils was: 11.85 ± 0.07 mg/mL in pumpkin seed 
oil, 11.37 ± 0.08 mg/mL in wheat germ oil and 9.86 ± 0.07 mg/mL in 
flaxseed oil. AZM content was determined by the method reported in 
Section 2.2. The best solubilizing ability was achieved with pumpkin 
seed oil, possibly because of its balanced composition of triglycerides 
and unsaturated fatty acids. This could be responsible for a favourable 
lipophilic environment useful for AZM dissolution [34]. Based on these 
findings, pumpkin seed oil was selected as the internal oil phase for 
subsequent formulation steps.

A D-optimal experimental design was performed using MODDE® 13 
software to develop a stable nanoemulsion with optimal drug loading 
and droplet size. Pumpkin seed oil represented the oil phase, while 
Soluplus® (Sol) and soy lecithin (SL) were used as surfactants in a ratio 
of 1:3 w/w (SL:Sol).

Sol, a polyvinyl caprolactam–polyvinyl acetate–polyethylene glycol 
graft copolymer (MW ≈ 118,000 g/mol; HLB 14), was chosen for its dual 
role as a polymeric surfactant and solubilizing agent for poorly soluble 
drugs, well documented in literature [27]. The admitted safe amounts 
are up to 8000 mg/day for adults and 30 mg/kg for pediatric patients 
[35]. SL, mainly consisting of phosphatidylcholine and other phospho
lipids, is a natural, biodegradable emulsifier widely used in both food 
and pharmaceutical industries owing to its safety and 
bioavailability-enhancing properties [36]. HPU was used as a prepara
tion method due to its efficiency in obtaining homogeneous and stable 
nanoemulsions [22].

A first experimental design (Design 1, Table 1) was carried out to 
identify the best balance among oil, surfactants and water percentages. 
The factors were varied in the following ranges: 4–23% w/w of surfac
tant, 4–23% w/w of oil, and 54–92% w/w of water. A total of 11 for
mulations were generated, including three replicated centre points. 
Formulations N9, N10, and N11 were prepared using a frequency of 
20 kHz by varying both amplitude (30 and 40%) and sonication time (5, 
10, and 15 min). An amplitude of 40% was initially tested for 5 min; 
however, excessive sample heating was observed, and longer processing 
times were therefore avoided to prevent potential AZM thermal degra
dation. A further optimization consisted of using 30% amplitude, 
changing the sonication time (5, 10, and 15 min). DLS analysis (Table 1S 
of Supplementary material) revealed no significant differences in 
droplet size or PDI among the tested conditions (5, 10 and 15 min; 30 % 
of amplitude). To reduce the risk of AZM degradation caused by ultra
sound, the lowest amplitude (30%) and shortest sonication time (5 min) 
were chosen to produce a homogeneous and reproducible nano
emulsion. The optical microscope images (Fig. 1S, Supplementary ma
terials) showed that the nanoemulsion achieved after HPU treatment 
was homogeneous. Hydrodynamic diameter (HD) and PDI were used to 
prepare and characterize all formulations.

The results obtained revealed that both HD and PDI increased pro
portionally as the oil and surfactant % increase. The increase in water 
content, on the other hand, is responsible for the formation of small and 
homogeneous droplets. Using low surfactant and oil concentrations, the 

Table 3 
Strains used for the assay and growth conditions. Diameter of growth inhibition (in mm).

Strain Growth conditions Negative control - 
(H2O)

Positive control – commercial 
suspension

AZM_N*_NHB N* (unloaded 
nanoemulsion)

Staphylococcus aureus WDCM 
00034

37 ◦C for 24 h on MHA - 37.3 ± 0.2 21.5 ± 0.2 -

Staphylococcus epidermidis 
WDCM 00036

37 ◦C for 24 h on MHA - 47.2 ± 0.1 28.7 ± 0.1 -

Streptococcus pyogenes ATCC 
19615

37 ◦C for 24 h on MHAB - 40.3 ± 0.3 30.2 ± 0.1 -

Clostridium perfrigens WDCM 
00007

37 ◦C for 24 h under anaerobic 
conditions on MHAB

- 26.5 ± 0.1 15.9 ± 0.2 -
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optimal region (red), corresponding to the lowest HD and PDI values, 
was identified in the obtained desirability plots (Fig. 1A and B). How
ever, this region is associated with very low oil amount, which would 
inherently limit AZM solubilization and consequently the total final 
loading. Therefore, the selection of the most suitable formulation was 
based not only on minimizing droplet size and PDI, but also on balancing 
these parameters with an adequate oil fraction to ensure sufficient AZM 
amount in solution. Among all tested samples, formulation N4 exhibited 
the most favourable characteristics: mean droplet diameter 726 nm, PDI 
0.02, and AZM loading 46 mg/20 mL (Table 4). The statistical evalua
tion of Design 1 showed that a reliable predictive model was obtained 
only for PDI (R2 = 0.73; Q2 = 0.42), whereas HD (R2 = 0.41; Q2 = 0.25) 
exhibited limited predictive ability despite the high reproducibility 
values. These findings indicated that the explored experimental domain 
required a refinement; thus, a second experimental design (Design 2, 
Table 2) was performed to improve the formulation. Considering that 
high surfactant concentrations lead to both HD and PDI increase, the 
range of this parameter was narrowed, while the oil fraction was 
increased to improve AZM loading. Thus, the investigated ranges were: 
4–5% by weight of surfactant, 23–41% by weight of oil, and 54–73% by 
weight of water. The results of this second optimization step (Fig. 2A–B) 
indicated that formulations N3 and N7 provided the best balance be
tween droplet size and distribution (Table 5). Both samples exhibited 
mean diameters of approximately 700 nm and low PDI values (0.02 for 
N3 and 0.04 for N7). Their compositions were similar: N7: 4.5% w/w 
surfactant, 23% w/w oil and 72.5% w/w water, while N3: 5% w/w 
surfactant, 23% w/w oil, and 72% w/w water. Even in this case, the 
obtained data clearly show that both PDI and HD were minimized in 
formulations containing relatively low surfactant concentrations 
(approximately 4–5% w/w) and moderate oil content (around 23–25% 
w/w), combined with a high-water proportion (≥70% w/w). This trend 
shows the key role of water in promoting droplet dispersion and size 
uniformity. Both high surfactant and oil amounts lead to increased 
coalescence and droplet growth [37]. The main statistical parameters 
derived from the ANOVA analysis and model fitting for both responses of 
Design 2 were summarized in Table 2S (Supplementary Material). The 
model-fitting parameters showed that the HD model was statistically 

significant (p = 0.034), with R2 = 0.572 and Q2 = 0.456, and a 
non-significant lack-of-fit (p = 0.159), confirming good model ade
quacy. For PDI, the model exhibited R2 = 0.61 and Q2 = 0.45, indicating 
acceptable predictive ability and low experimental variability.

The optimized setpoint predicted by Design 2 was considered the 
most suitable composition to achieve the desired responses (Fig. 3). 
These points, indicated by the black circle in both contour plots, 
represent the predicted composition that, at the same time, satisfies the 
criteria of minimal PDI and HD and oil amount suitable to ensure 
adequate AZM solubilization. This predicted condition corresponded to 
the experimental formulation (hereinafter called AZM_N*) having the 
following composition: 3.69% w/w Sol, 1.23% w/w SL, 23.00% w/w 
pumpkin seed oil, 72.08% w/w of ultrapure water containing an amount 
of AZM corresponding to 2.3 mg/mL.

UHPLC-MS analysis was performed to verify the effect of HPU 
treatment on AZM stability. Specifically, 3 mL of the optimized AZM_N* 
nanoemulsion was placed in a dialysis bag and immersed in 200 mL of a 
water–MeOH (50:50 v/v) to ensure sink conditions. Samples were 
collected at predetermined intervals (1, 2, 5, 7, and 9 days) and analyzed 
according to the procedure described in section 2.7. The obtained results 
showed that the AZM molecular structure is not compromised during 
HPU treatment (Fig. 2S, Supplementary material) and that the amount 
of drug entrapped in the oil droplets matched the theoretical loading of 
2.3 mg/mL (Table 3S, Supplementary material), confirming that HPU 
did not induce drug degradation or loss. This result also demonstrates 
the high entrapment efficiency of the developed system and the chem
ical compatibility between AZM and the excipients. Finally, the com
bination of optimal density, complete drug recovery, and chemical 
stability supported the reliability of the preparation process (HPU). This 
is important to pose the rationale for conducting accelerated and long- 
term stability studies for the validation of the formulation's robust
ness. From the perspective of performing an industrial production of the 
developed nanoemulsion, it should be considered that one of the main 
limitations of HPU scaling up is represented by the difficulties in 
reproducing the ultrasonic amplitudes [38]. This problem can be over
come by barbell horn ultrasonic technology (BHUT), introduced for 
ultrasonic processes scaling up [38,39].

Overall, the model confirmed the reliability of the experimental 
design, identifying a formulation that achieves a favourable compromise 
between droplet uniformity, physical stability, and high drug solubili
zation capacity, key aspects for the development of stable oral emulsions 
suitable for pediatric administration.

To highlight the goodness of the developed formulation, in terms of 
the total amount of AZM solubilized, another experiment was planned, 
aiming to measure the amount of AZM in solution from the commercial 
suspension (200 mg/5 mL). Thus, 209.6 mg of AZM dihydrate (corre
sponding to 200 mg of anhydrous AZM) were dispersed in 5 mL of ul
trapure water at 37 ◦C, under magnetic stirring for 30 min, and then 
centrifuged (4000 rpm, 10 min). The final concentration in the super
natant was 0.16 mg/mL, ~20-fold lower than that measured in AZM_N* 
(46 mg/20 mL of nanoemulsion), suggesting the suitability of the 
developed formulation for drug solubilization improvement.

Fig. 1. Desirability plot showing A) the HD variation depending on oil, surfactants, water (%w/w), B) PDI variation depending on oil, surfactants, water (%w/w).

Table 4 
Dimensional values and ζ - Potential of the prepared nanoemulsions by the 
Design 1.

Sample HD (nm) ± SD PDI ζ-Pot (mV) ± SD AZM (mg)

N1 862.90 ± 59.46 0.36 ± 0.07 − 34.67 ± 2.45 46.0
N2 225.30 ± 16.76 0.22 ± 0.03 − 27.92 ± 2.56 10.0
N3 466.50 ± 46.60 0.55 ± 0.07 − 33.15 ± 2.59 10.0
N4 726.10 ± 31.94 0.02 ± 0.06 − 19.81 ± 3.51 46.0
N5 664.20 ± 23.18 0.11 ± 0.03 − 29.18 ± 0.87 27.0
N6 1411.90 ± 67.84 0.22 ± 0.01 − 29.35 ± 0.32 30.0
N7 167.90 ± 78.42 0.22 ± 0.05 − 26.68 ± 6.80 10.0
N8 588.90 ± 12.57 0.11 ± 0.09 − 25.74 ± 3.59 46.0
N9 369.80 ± 17.83 0.29 ± 0.04 − 30.95 ± 1.54 28.4
N10 377.50 ± 190.28 0.254 − 31.06 ± 2.07 28.4
N11 404.20 ± 197.67 0.239 − 28.78 ± 1.61 28.4
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3.2. Characterization of the optimized nanoemulsion

AZM_N* submitted to dimensional analysis showed a mean droplet 
diameter around 800 nm and a narrow size distribution, suggesting the 
formation of a kinetically stable nanoemulsion, suitable for oral 
administration.

Although nanoemulsions are often characterized by droplet size less 
than 500 nm, the upper size limit is not strictly defined and extends up to 
1000 nm in several literature reports [40,41]. However, the classifica
tion is not just based on the droplet size, but is also influenced by the 

thermodynamic stability, preparation method, composition and optical 
properties. The developed system can be appropriately classified as a 
nanoemulsion, requiring high-energy ultrasonication for the production 
and relatively low surfactant concentrations. Moreover, exhibited a 
lactescent appearance and presented droplet sizes in the 700–800 nm 
range, below the micrometric threshold typical of macroemulsions [42,
43].

The morphological analysis was carried out by TEM analysis on the 
droplets before and after HPU treatment (Fig. 4A–B, respectively).

In the pre-sonication sample (Fig. 4A), the oil droplets appear rather 
large and polydisperse with poorly defined boundaries, a consequence of 
the limited energy input and incomplete droplet breakup. After HPU 
treatment (Fig. 4B), a reduction in droplet size can be detected, together 
to a narrower size distribution and more uniform spherical contours. 
This means that acoustic cavitation efficiently disrupted the large oil 
domains, promoting the formation of smaller and more stable nano
droplets [44]. Furthermore, the predominance of spherical structures 
could be due to the surfactant system used. Indeed, SL tends to form 
stable lamellar interfacial films, while Sol, an amphiphilic polymer, 
provides steric stabilization and improves interfacial elasticity. In 
addition, these surfactants could promote the formation of well-defined 
spherical droplets and reduce the likelihood of deformation or coales
cence phenomena [45,46]. Overall, the TEM analysis confirms the role 
of HPU in size reduction, the contribution of the SL–Sol system to droplet 
morphology. Notably, the droplet diameters observed in the TEM 

Fig. 2. Desirability plot showing A) the HD variation depending on oil, surfactants, water (%w/w), B) PDI variation depending on oil, surfactants, water (%w/w).

Table 5 
Results of emulsions characterization by the Design 2.

Sample HD (nm) ± SD PDI ζ-Pot (mV) ± SD AZM (mg)

N1 1000.50 ± 43.21 0.21 ± 0.05 − 23.30 ± 1.67 82.0
N2 842.10 ± 55.96 0.09 ± 0.02 − 32.48 ± 1.72 46.0
N3 766.10 ± 19.54 0.02 ± 0.06 − 27.29 ± 0.63 46.0
N4 988.90 ± 51.24 0.26 ± 0.04 − 24.93 ± 2.23 82.0
N5 1024.70 ± 58.42 0.34 ± 0.06 − 26.66 ± 0.35 64.0
N6 882.90 ± 39.92 0.14 ± 0.08 − 17.61 ± 1.92 64.0
N7 705.30 ± 15.87 0.04 ± 0.06 − 29.83 ± 1.76 64.0
N8 983.80 ± 75.65 0.58 ± 0.10 − 24.08 ± 3.14 82.0
N9 1041.60 ± 43.09 0.15 ± 0.06 − 26.83 ± 5.91 64.0
N10 1059.20 ± 36.14 0.16 ± 0.07 − 24.69 ± 2.49 64.0
N11 981.30 ± 38.56 0.158 − 23.03 ± 0.74 64.0

Fig. 3. The optimizer setpoint predicted by Design 2.

Fig. 4. TEM images of the nanoemulsion A) before HPU treatment; B) after HPU treatment; C) after HPU treatment added by NHB (AZM_N*_NHB). Magnification 
7.0k, scale bar 2.0 μm.
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images are in good agreement with DLS results, which indicate an 
average hydrodynamic diameter of approximately 700 nm, confirming 
the consistency between microscopic and scattering-based 
measurements.

The nanoemulsion composition was then improved by introducing 
hydrophilic bentonite nanoclay (NHB) in the external aqueous phase. 
Bentonite is a hydrated alumina-silicate clay used in the pharmaceutical 
field for many applications, such as filler, emulsifying agent [47–49]. It 
is also used as a thickening agent due to the ability to form a gel, once 
dispersed in water, thanks to the colloidal properties [50,51]. Thus, its 
introduction in the nanoemulsion was considered useful for further 
stabilization of the system by increasing the viscosity of the external W 
phase, as well as the possible interactions between bentonite particles 
and the surfactant film around the droplets could improve the rheo
logical behaviour of the formulation, reducing creaming or phase sep
aration during storage [52]. Another aspect that guided the choice to 
introduce NHB in the formulation is AZM's bitter taste. As the taste re
mains a critical factor affecting compliance, especially in pediatrics, 
minimal improvements in perceived taste can support adherence to the 
therapy without compromising formulation stability [53,54]. In this 
context, it was considered useful to exploit the documented NHB 
capability to mask the taste of bitter substances, preventing their contact 
with the specific receptors on human papillae [55]. NHB has been used 
for many years in the pharmaceutical and food industries and is thus 
considered safe for use even in pediatrics [56]. A recent study demon
strated bentonite's ability to protect gut microbiota, with benefits 
against the destabilization induced by antibiotic therapies [57]. This 
suggests that NHB introduction in the formulation could also be useful 
for limiting the destabilization of gut flora associated with AZM therapy. 
TEM analysis, performed on AZM_N* added by NBH (AZM_N*_NHB), 
indicated the structural modifications induced by clay incorporation. 
The micrograph (Fig. 4C) reveals a marked structural organization 
change; the droplets appear associated with darker, irregular clay ag
gregates, suggesting interactions between the nanodroplets and the 
bentonite layers. This may involve adsorption, partial encapsulation, or 
network entrapment within the clay matrix [49].

The ζ-potential of the optimized formulation was also evaluated to 
assess the electrostatic stability. AZM_N*, without NHB, exhibited a 
negative ζ-potential of approximately − 30 mV, mainly due to the 
ionized phosphate groups of SL and the anionic contribution of Sol at 
neutral pH [58,59]. Such a value is generally considered sufficient to 
ensure repulsive electrostatic forces between droplets, thus preventing 
coalescence and aggregation over time [60]. After NHB incorporation, 
the ζ-potential measured was within the same range (− 28 mV), indi
cating that clay introduction does not interfere with the interfacial 
charge distribution or colloidal stability. Therefore, the highly negative 
surface potential confirms the robustness of the system, supporting the 
long-term stability of AZM_N*_NHB.

Viscosity, texture, and mouthfeel are recognized determinants of 
palatability, although no direct relationship between the density of oral 
liquid formulations and patient acceptability is clearly established in 
pediatric [61]. In a patient-centric design framework, the physical pa
rameters of the formulation are often optimized to enhance compliance. 
In this context, the density of the final nanoemulsion AZM_N*_NHB was 
measured, obtaining a value equal to 0.9986 g/mL, consistent with 
typical O/W emulsions and similar to that of pure water (0.98–1.05 
g/mL). This parameter is relevant not only from a physical standpoint 
but also for the sensory perception. Formulations with moderate density 
are generally associated with good mouthfeel and swallowing comfort, 
particularly in pediatric patients. Therefore, despite the presence of an 
oil phase, the developed nanoemulsion can be considered organolepti
cally acceptable as comparable to conventional aqueous suspensions 
[62].

3.3. Stability studies

Emulsions, by their nature, are prone to instability phenomena such 
as phase separation, creaming, and coalescence, which can compromise 
their performance and shelf-life. To assess the stability of the developed 
nanoemulsion, both accelerated stress tests and long-term storage 
studies were performed.

3.3.1. Accelerated stability tests
According to section 2.10, three stress protocols were applied to the 

optimized AZM_N* nanoemulsion: 

1) centrifugation at 4000 rpm for 30 min at RT,
2) heating–cooling cycles (3 × ): alternation between 4 ◦C and 40 ◦C, 

48 h at each temperature per cycle,
3) freeze–thaw cycles (3 × ): 48 h at 20 ◦C followed by 48 h at RT per 

cycle.

These assays aimed to identify early signs of physical instability, such 
as phase discontinuity, colour changes, gas evolution or sedimentation. 
After centrifugation, a thin brown layer was observed at the bottom of 
the flask, attributed to the partial NHB sedimentation, likely due to its 
higher density relative to the aqueous medium (Fig. 3S, Supplementary 
material).

During the heating–cooling cycles, phase separation was evident 
after the second cycle, with the appearance of larger oil droplets and 
partial coalescence (Fig. 4S, Supplementary material). Freeze–thaw cy
cles caused more pronounced instability, including colour changes after 
the first cycle and progressive phase separation from the second cycle 
onwards (Fig. 5S, Supplementary material). The results are in line with 
the well-known tendency of emulsions to temperature-induced viscosity 
changes and interfacial stress. The phase separation observed during 
accelerated stability tests occurred under stress conditions specifically 
designed to challenge the system's physical stability. Such tests (e.g., 
exposure to elevated temperatures or mechanical stress) are routinely 
employed to identify potential instability mechanisms and assess 
formulation robustness. However, these experimental settings do not 
reflect normal pharmaceutical storage or handling conditions. There
fore, the observed phase separation should be interpreted as a stress- 
induced destabilization phenomenon rather than an indicator of 
limited real-time shelf stability, useful to define the physical limits of the 
formulation.

3.3.2. Long-term stability assay
To further evaluate the storage stability, AZM_N*_NHB was kept for 

90 days under three controlled temperature conditions: 4 ◦C, 25 ◦C, and 
40 ◦C. Samples were analyzed at 30, 60, and 90 days monitoring HD, PDI 
and ζ-potential (Fig. 5). Throughout the observation period, all samples 
maintained consistent droplet size and homogeneity. The mean HD 
remained between 800 and 880 nm under all conditions, while PDI 
values never exceeded 0.13, confirming the absence of droplet aggre
gation or coalescence. The slight stabilization observed is attributable to 
NHB presence, which increases the viscosity of the continuous phase, 
hindering both droplet movements and creaming [48,63]. The ζ-po
tential exhibited a gradual decrease over time, from an initial value of 
− 28.00 mV to − 9.77 mV at 40 ◦C, − 12.94 mV at 25 ◦C, and − 15.74 mV 
at 4 ◦C. This reduction in surface charge may result from cationic 
adsorption on the bentonite surface as described by Park et al., leading 
to partial neutralization of the negative charges contributed by SL and 
Sol [64]. Despite this trend, all values were within the range typical of 
electrostatically stabilized emulsions, and no visual or dimensional 
instability was detected. Moreover, it must be underlined that although 
ζ-potential values decreased to approximately − 10 mV at 40 ◦C, this 
parameter alone does not fully determine the colloidal stability of the 
system. In fact, the presence in the external phase increases viscosity and 
contributes to the formation of a structured network, reducing droplet 
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mobility and limiting coalescence. This structural stabilization likely 
compensates for the reduced electrostatic repulsion [65]. Moreover, no 
relevant variations in droplet size or PDI were observed during the 
stability study, confirming the overall physical stability of the formu
lation and no visual or dimensional instability was detected thanks to 
the combined contribution of electrostatic and structural stabilization 
mechanisms.

In general, these results confirm that the developed nanoemulsion 
AZM_N*_NHB is a physically stable system, for at least three months 
when stored at 4 ◦C, 25 ◦C, and 40 ◦C, as confirmed by the absence of 
visual instability and by minimal changes in HD, PDI, and ζ-potential. 
However, 4 ◦C and 25 ◦C represent the most realistic storage conditions 
for a potential pharmaceutical product and were thus considered the 
most relevant from a practical standpoint. Moreover, the moderate 
decrease in ζ -potential at high temperatures suggests minor interfacial 
rearrangements, although not sufficient to induce phase breakdown. It 
could be stated that NHB presence contributes positively to nano
emulsions’ stabilization. TEM micrographs show that bentonite crystals 
are dispersed in the external phase represented by the shadows detect
able in Fig. 4C. Thus, taking into account that bentonite is not exfoliated, 
the possible interactions with the oil phase are negligible, but its pres
ence in the water phase is responsible for an increase in the viscosity that 
could contribute to the physical stabilization of the dispersed droplets. 
The formulation, therefore, demonstrates adequate stability for further 
pharmaceutical development and scale-up.

3.4. Gastrointestinal stability and release profile

AZM is known to undergo degradation under acidic conditions, 
compromising its oral bioavailability [66]. For this reason, the stability 
of the AZM-loaded nanoemulsion AZM_N*_NHB was firstly studied in 
SGF pH 1.2 to evaluate the formulation capability to protect the drug 
from degradation during the gastric transit.

After 30 min of exposure to SGF, followed by neutralization to in
testinal pH the dispersion was subjected to dialysis using water/EtOH 
(50:50 v/v) as medium for up to 9 days to assess the presence of intact 
AZM. After 72 h, UV analysis of the external medium showed 100% drug 
recovery; the result was confirmed at subsequent time points (120 h and 
beyond), indicating that no detectable degradation occurred during 
acidic exposure (Table 6). These results suggest that the nanoemulsion 
can protect against acid-induced degradation, preserving the integrity of 

the active ingredient entrapped in the oil droplets not directly exposed 
to the acidic medium. These results confirm that the well-known 
nanoemulsion-based strategy could enhance the oral bioavailability of 
hydrophobic/acid-sensitive drugs [67]. These findings suggest that by 
the nanoemulsion, the total AZM administered dose can totally reach the 
intestine (AZM absorption window [68]) with consequent better 
absorption.

Based on this evidence, AZM in vitro release behaviour from 
AZM_N*_NHB was evaluated in SIF and compared to an AZM suspension 
at the same drug concentration (2.3 mg/mL). During the initial phase 
(up to approximately 60 min), both systems exhibited comparable 
release profiles (Fig. 6). However, in the subsequent time points, some 
differences emerged. Specifically, after 24 h, the suspension reached a 
plateau at approximately 65–70% of drug released, while the nano
emulsion achieved a complete drug release (100%). This result is as
cribable to the improved drug solubility within the oily droplets and the 
greater interfacial contact with the release medium, promoting a sus
tained diffusion. Furthermore, the submicron droplet size (700-800 nm) 
provides a balanced interfacial area, preventing excessive burst release 
while ensuring progressive and complete drug availability over time 
[69]. The obtained results suggest that the developed nanoemulsion not 
only preserves AZM stability under gastric conditions, but also improves 
its intestinal release performance compared to the unformulated drug, 
supporting its suitability for oral delivery.

In contrast, the suspension is likely to suffer from limited drug sol
ubilization and slower dissolution kinetics, resulting in incomplete 
release. Moreover, it must be underlined that the experiment does not 
consider AZM (not formulated in nanoemulsion) degradation in the 
gastric environment. Thus, the dose that effectively reaches the intestine 
should be considerably lower than that assayed.

Fig. 5. Measurements performed along 90 days for AZM_N* stored at 4 ◦C, 25 ◦C and 40 ◦C, results of A) HD, B) PDI and C) ζ Potential.

Table 6 
Recovery of AZM from the nanoemulsion after exposure to 
SGF, pH 1.2 for 30 min followed by pH neutralization and 
dialysis. Values are expressed as mean ± SD (n = 3).

Time (days) AZM recovered (%)

1 98.0 ± 0.8
3 100.0 ± 1.2
5 99.0 ± 0.7
7 100.0 ± 0.5
9 100.0 ± 0.9

Fig. 6. In vitro release profile of AZM from the nanoemulsion AZM_N*_NHB in 
SIF pH 6.8/EtOH (80:20 v/v) mixture (n = 3; ±SD). AZM suspension 2.3 mg/ 
mL was used for comparison.
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Additionally, it should be noted that the dialysis method used to 
study the release profiles is a tool for characterizing drug formulation 
behaviour rather than a direct, real-time simulation of gastrointestinal 
conditions in vivo. It creates a controlled environment and does not fully 
reproduce the dynamic dilution occurring in vivo. Consequently, the 
release data should be considered indicative of the formulation's diffu
sion behaviour rather than a direct simulation of gastrointestinal per
formance [70].

3.5. Antimicrobial activity

The antimicrobial performance of AZM_N*_NHB was firstly evalu
ated by the agar well diffusion method [71]. Some representative 
gram-positive bacteria (S. aureus, S. epidermidis, S. pyogenes, 
C. perfringens) were selected, as responsible for many human infections 
for which AZM is prescribed [72], including in pediatrics [73–77].

The aim was to determine if AZM, introduced in the nanoemulsion 
(AZM_N*_NHB), maintains its antimicrobial activity. The commercial 
suspension (200 mg/5 mL) and unloaded emulsion (called N*) were 
included in the study for comparison.

The obtained results (Table 3) showed that AZM_N*_NHB is active 
against the tested strains, while no inhibition halos were observed for 
both unloaded nanoemulsion (N*) and water (negative control), con
firming that the antimicrobial effect was exclusively attributable to the 
incorporated drug. The inhibition halo obtained from the commercial 
suspension resulted in a larger size than AZM_N*_NHB (Table 3), as
cribable to the different amount of AZM in the two products. In fact, 
considering that 50 μL of each sample was incubated, this volume cor
responded to 0.115 mg of AZM completely solubilized for AZM_N*_NHB 
and to 2 mg for the commercial suspension.

To further explore the effect of AZM_N*_NHB, a time–kill assay was 
performed using S. aureus as a representative strain. As shown in Fig. 7, 
the nanoemulsion achieved a complete suppression of bacterial growth 
within 8 h, practically superimposable on that observed for the com
mercial suspension. Remarkably, these results were obtained using two 
different AZM concentrations: 23 μg/mL for AZM_N*_NHB and 400 μg/ 
mL for the commercial suspension.

Studies reported in the literature show the improved efficacy of 
active ingredients formulated in nanoemulsions. The small droplets, in 
which the drug is dissolved, show a high stability and dispersibility in 
the bacterial suspension (compared to the solid particles of the com
mercial product), allowing better access of the drug to bacterial cells 
with consequent enhanced antibacterial potency [78–80]. It is plausible 
to hypothesize that the developed nanoemulsion could enhance AZM 

bioavailability compared to the commercial suspension, which can 
reduce the daily dose usually prescribed. Therefore, these results 
demonstrate that the optimized nanoemulsion retains the characteristic 
antimicrobial activity of AZM despite its lower drug content.

Although in vivo studies should be performed to better understand 
the bioavailability of the developed formulation, these preliminary re
sults suggest that nanoemulsion-based delivery systems could potentiate 
the antimicrobial efficacy of poorly soluble antibiotics by improving 
drug solubilization, dispersion, and interaction with bacterial cells, 
thereby supporting their potential use as effective oral dosage forms for 
pediatric therapy.

3.6. In vitro evaluation of AZM binding to TAS2R4 protein

Preliminary studies were performed to evaluate in vitro the percep
tion of AZM bitter taste once formulated in the nanoemulsion. It is 
deeply described in literature that AZM bitter taste perception is due to 
its interaction with TAS2R4 receptors positioned in the taste buds of the 
tongue [13]. In our opinion, the developed formulation should have a 
low bitter taste perception due to i) AZM entrapment in the internal oil 
phase that could limit the contact with the tongue, ii) bentonite presence 
that represents a physical barrier able to reduce the contact between 
AZM and tongue receptors. To support our hypothesis, an in vitro 
experiment was planned to evaluate the interaction between AZM and 
TAS2R4 receptor, adapting an ELISA assay available on the market. The 
kit contains antibodies binding TAS2R4 receptor proteins. Thus, using 
the standard provided with the kit, represented by the protein TAS2R4, a 
calibration curve was first prepared. Then, solutions of different samples 
were prepared in the presence of a fixed concentration of TAS2R4 pro
tein (provided in the kit). The tested samples were: i) sucrose (used as 
negative control), ii) AZM (used as positive control), iii) AZM_N*_NHB.

The OD value is a function of TAS2R4 -antibody binding. This means 
that if the receptor does not interact with a substrate, it is free to bind the 
antibody, producing a high OD value.

The obtained results (Fig. 8) show that the OD value measured was 
high for the sucrose (red bars). This means that, as sucrose is not a 
substrate, the TAS2R4 protein can bind to the antibody, allowing to 
measure an appreciable OD value. Lower OD values were recorded for 
the other samples. The OD value measured for the AZM sample (orange 
bars) is lower than that of sucrose. This is due to AZM's capacity to bind 
the protein TAS2R4, which reduces the availability of sites for antibody 
binding. For AZM_N*_NHB (blue bars), the signal is very low, hypoth
esizing that TAS2R4-antibody interaction is prevented, as assessed by 
the low OD values measured.

4. Conclusions

An innovative azithromycin (AZM) oil-in-water nanoemulsion was 
successfully developed and optimized as a liquid oral formulation suit
able for pediatric administration. The formulation strategy was based on 
combining the natural surfactant soy lecithin with the polymeric syn
thetic solubilizer Soluplus®, resulting in a system characterized by high 
solubilizing capacity, homogeneity and good stability. The use of 
pumpkin seed oil as the internal phase ensured efficient solubilization of 
the lipophilic drug, allowing a maximum loading of 46 mg/20 mL of 
nanoemulsion. The formulation does not require reconstitution (precise 
dosing) and shaking before use, guaranteeing ease of dosing (dose 
measurement correct). Moreover, it could meet patient acceptability as 
it was optimized to reduce the interaction between the drug, confined in 
the oil droplets, and the bitter taste receptors. The introduction of 
bentonite nanoclay in the external phase is also useful to further reduce 
this contact.

Taken together, the structural design of the dual-surfactant nano
system (SL/Sol) combined with a nanoclay component could represent a 
simple and comprehensive approach to optimize both the physico
chemical and patient-centred performance of AZM oral formulations. In 

Fig. 7. Estimated growth curves (Log CFU/mL vs time) of S. aureus incubated 
with the nanoemulsion AZM_N*_NHB (23 μg/mL) and the commercial sus
pension (400 μg/mL). CTRL is represented by untreated bacteria.
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addition, it is also interesting to highlight that the oral formulation was 
prepared using: i) simple, easily available and safe excipients, which do 
not add toxicity to the pharmaceutical preparation, ii) a simple, non- 
polluting method.

Further studies should be performed to evaluate the in vivo perfor
mance of the developed formulation, in order to assess its suitability in 
paediatrics.
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