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A B S T R A C T

In this study, a nasal spray was formulated and tested co-loading grape seed extract, thymol, and camphor in 
penetration enhancer containing vesicles (PEVs) tailored to synergistically protect the nasal mucosa against 
oxidative stress and bacterial colonization. Based on their previously demonstrated effects, PEVs were prepared 
with propylene glycol (PG) and further enriched with carrageenan to promote muco-adhesion. The mean 
diameter of PG-PEVs was ~177 nm, and that of carrageenan PG-PEVs was ~194 nm. The polydispersity index 
ranged from 0.25 to 0.27, confirming the homogeneity of the dispersions. The zeta potential was significantly 
negative (~− 63 mV) and the entrapment efficiency was ~88 %, irrespective of vesicle composition. Sprayability 
studies disclosed that both PG-PEVs and carrageenan-PG-PEVs generated droplets larger than 10 μm, thus 
appropriate for the deposition in the nasal cavity. Regional nasal deposition studies, carried out with a realistic 
nasal replica, highlighted that formulation droplets were deposited in the vestibule and turbinate areas of the 
nose. The ability of formulations to inhibit protein denaturation confirmed their anti-inflammatory effects. In 
vitro study with A549 and CuFi-1 cells, underlined that PG-PEVs and especially carrageenan PG-PEVs were non- 
toxic (viability ⁓ 140 %) and effectively counteracted cell apoptosis caused by hydrogen peroxide, restoring 
healthy conditions. The in vivo study in mice demonstrated that grape seed extract, thymol, and camphor-loaded 
carrageenan PG-PEVs were highly effective in counteracting the proliferation of Staphylococcus aureus.
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1. Introduction

1.1. The nasal cavity as a barrier and target for therapy

The nasal cavity is the most cephalic part of the respiratory tract, 
communicating with the external environment and is a critical site for 
the conditioning of inhaled air through its humidification, warming, and 
filtration [1]. This functional filtration removes harmful chemicals or 
microbes, thereby protecting the more sensitive tissues in the lower 
tracheobronchial and pulmonary airways. However, it can also be a 
prime target for many inhaled toxicants that may cause acute, subacute, 
or chronic rhinitis in the nasal cavity, sinusitis in the paranasal sinuses, 
and rhinosinusitis in both sites [2]. The latter is a heterogeneous group 
of disorders affecting approximately 5–15 % of the global population 
with a significant impact on the quality of life [3]. Traditionally 
attributed to viral, fungal, or bacterial infection, it is now widely 
accepted that these conditions are closely linked to immunological and 
inflammatory factors [4]. Common current treatments and alternative 
approaches for rhinitis and rhinosinusitis include systemic medications 
such as antibiotics, anti-histaminics, and steroids, which eliminate 
infection, reduce inflammation, and restore the physiological state of 
nasal mucosa.

As an alternative, nasal sprays in solutions or in vesicle-based for
mulations have gained prominence for localized delivery of drugs and 
natural compounds, providing relief from acute or chronic congestions 
or obstructions [5]. In recent years, natural formulations have been 
reevaluated for their therapeutic properties, but especially because of 
the growing market demand and advances in pharmacological and 
medical research [6].

Various strategies have been developed for both regeneration of 
injured tissues and improvement of antibacterial effectiveness by using 
either natural or synthetic biomaterials that may be also tested for nasal 
application [7–12].

Among the different formulations for nasal delivery of natural 
compounds, vesicular systems have shown promise for the treatment of 
rhinitis due to their moisturizing and hydrating properties. Composed of 
phospholipids naturally present in nasal mucosa, making up approxi
mately 75 % of its protective nasal surfactant layer [13], vesicles can 
support mucociliary clearance and maintain nasal functions. More 
recently, these benefits have been enhanced with the introduction of 
hyalurosomes, special phospholipid vesicles immobilized with sodium 
hyaluronate, which further support the nasal barrier [14]. Liposomes 
and hyalurosomes have been tested in nasal sprays with the double 
objective of improving mucosal health and delivering natural chemicals. 
In a previous study, hyalurosomes were used to deliver an extract of 
Zingiber officinale with anti-inflammatory and antioxidant properties 
[15], yielding formulations that remained stable upon storage and 
effectively deposited in the anterior part of the nasal cavity. Similarly, 
sprayable, biocompatible and effective nasal spray formulations for the 
treatment of nasopharyngeal diseases were obtained by using penetra
tion enhancer-containing vesicles (PEVs) to deliver the active molecules 
contained in the extract of Cardiospermum halicacabum L. 
(C. halicacabum) [16].

PEVs, along with various phospholipid-based means of delivery, 
have attracted interest as ultra-deformable vesicles containing chemical 
penetration enhancers directly into the lipid bilayer. This innovative 
dual-function system merges the structural flexibility of deformable 
vesicles with the biological activity of the enhancers, creating a syner
gistic effect that significantly enhances their ability to cross the bio
logical barrier [17–21]. The penetration enhancers used in PEVs, such as 
surfactants, terpenes, ethanol, or glycol, not only increase vesicle 
deformability, but also temporarily disrupt the structure of biological 
membranes, facilitating the passage of both the carrier and the encap
sulated drug [19,22].

1.2. Sustainability: grape pomace as a source of natural chemicals

Despite the potential benefits, research on the efficacy of nasal sprays 
formulated with liposomes, hyalurosomes, PEVs, or other phospholipid 
vesicles containing natural molecules or extracts remains still limited. 
This gap is significant as such formulations could represent valuable 
candidates for local nasal therapy. In this context, extracts derived from 
agri-food side-streams, have emerged as a sustainable and cost-effective 
source of natural chemicals, aligning with the principles of the circular 
economy and the European Agenda 2030. Among these, grape pomace is 
one of the most extensively studied due to its richness in antioxidants 
(1–2 % of phenolic compounds) and its widespread availability [23–26]. 
Composed of skin, stalks, seeds, grape pomace also contains 30 % of 
neutral polysaccharides, 20 % of pectic substances, 15 % structural 
proteins and fibers, and unsaturated fatty acids such as linoleic acid 
(58–78 %) and oleic acid (15–20 %), and saturated lipids such as pal
mitic acid (7–10 %) and stearic acid (4–6 %) [27].

1.3. Aim of the study

Building upon this promising perspective, the present study aimed to 
obtain antioxidant and anti-inflammatory extract from the seeds of 
Obeidi grape pomace and co-load it with thymol and camphor. The 
formulations were further optimized using propylene glycol (PG) to 
obtain Penetration enhancer containing vesicles, so-called PG-PEVs, 
aiming at improving diffusion-enhancing properties across the nasal 
membrane [28]. PEVs were further enriched with carrageenan, as a 
mucoadhesive and stabilizer agent, to obtain carrageenan PG-PEVs [29,
30]. The physico-chemical (size, zeta potential, polydispersity index) 
and technological characteristics (entrapment efficiency, sprayability, 
and regional deposition) of the obtained formulations were measured. 
Their potential anti-inflammatory effects were assessed via the protein 
denaturation inhibition assay, while their biocompatibility was tested 
on human lung adenocarcinoma epithelial cells (A549) and cystic 
fibrosis cells (CuFi-1) along with their protective effect against oxidative 
stress induced by hydrogen peroxide. The antibacterial effects were 
tested both in vitro and in vivo, providing a comprehensive evaluation of 
the potential of these sustainable formulations for nasal therapy.

2. Materials & methods

2.1. Materials

Lipoid S75, a mixture of soybean-derived phospholipids, tri
glycerides, and fatty acids, was purchased from Lipoid (Ludwigshafen, 
Germany). Ethanol, propylene glycol, and all other analytical grade 
reagents were obtained from Sigma-Aldrich (Milan, Italy), while thymol 
(≥99.5 % purity) and camphor (96 % purity) were sourced from Sigma- 
Aldrich (St. Louis, MO, USA). Ultrapure water was produced using a 
Milli-Q system (Milford, MA, USA).

2.2. Plant material

Pomace from the autochthonous Obeidi grape variety was provided 
by Château Saint-Thomas, a vineyard located in Lebanon’s Beqaa Valley 
(Latitude: 34.008889; Longitude: 36.145278). This rare variety, 
considered purely Lebanese due to its unique DNA profile, was collected 
post-winemaking as a ’first waste’ material. Pomaces were dried in an 
airflow oven at 50 ◦C for 48 h. Seeds were then manually separated from 
the skins, ground, and sieved to obtain particles between 850 and 425 
μm [31]. The processed seeds were placed in plastic bags at ambient 
temperature in obscurity. Though primarily used in winemaking, Obeidi 
seeds retain valuable constituents, such as fatty acids (13–19 %), pro
teins (11 %), carbohydrates (60–70 %), and polyphenols (5–8 %), 
making them a rich by-product for further valorization [32,33].

R. Abi Rached et al.                                                                                                                                                                                                                            Journal of Drug Delivery Science and Technology 113 (2025) 107342 

2 



2.3. Cell culture reagents

A549 (ATCC® CCL-185™) and CuFi-1 (ATCC® CRL-4013™) cell 
lines were obtained from the American Type Culture Collection (ATCC; 
Manassas, VA, USA). Culture reagents including Kaighn’s modification 
of Ham’s F-12 medium with L-glutamine, penicillin-streptomycin, fetal 
bovine serum (FBS), Dulbecco’s phosphate-buffered saline (DPBS), and 
trypsin-EDTA (0.5 %) without phenol red were purchased from Gibco™ 
(Life Technologies, Madrid, Spain). Serum-free Bronchial Epithelial 
Growth Medium (BEGM BulletKit; CC-3170) and SingleQuot supple
ments were sourced from Lonza (Clonetics, Lonza Walkersville Inc.; 
Walkersville, MD, USA). Dimethyl sulfoxide (DMSO) was obtained from 
Scharlau (Madrid, Spain). Human placental collagen type IV (Sigma, 
Cat. No. C-7521) and the Cell Counting Kit-8 (CCK-8) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA).

2.4. Extraction procedure

The Obeidi extract was prepared as reported in a previous work [34]. 
Briefly, 1 g of ground grape seeds was dispersed in 10 mL of an ethanol: 
water solution (8:2, v/v). The mixture was incubated for 2 h at 50 ◦C in a 
digital water bath (JSWB-22T, JS Research Inc., Gongju-City, Korea). 
Ethanol was then removed by rotary evaporation at 50 ◦C under reduced 
pressure. The remaining aqueous phase was spray-dried using an auto
mated atomizer (Shanghai Attainpak, China), yielding a fine powder 
extract composed of small and uniform particles.

2.5. Characterization of extract

2.5.1. Determination of total phenolic compounds
The total polyphenol content was quantified using the 

Folin–Ciocalteu colorimetric assay [35], with gallic acid as the standard. 
Briefly, 200 μL of the extract solution (0.1 g/mL) was mixed with 1 mL of 
Folin–Ciocalteu reagent (Sigma-Aldrich, Darmstadt, Germany) and 800 
μL of sodium carbonate solution (Sigma-Aldrich, Darmstadt, Germany). 
The mixture was heated at 60 ◦C for 10 min, then cooled for an addi
tional 10 min. Absorbance was measured at 750 nm using a spectro
photometer (Shimadzu UV-1800 spectrophotometer, Japan).

2.5.2. Determination of antioxidant activity

2.5.2.1. Diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging 
activity. The antioxidant activity of the grape seed extract was first 
evaluated using the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical 
scavenging method. A volume of 1450 μL of DPPH solution (0.06 mM) 
was added to 50 μL of either the extract in dispersion or a Trolox stan
dard [36]. After incubation in the dark at room temperature for 30 min, 
the absorbance was estimated at a wavelength of 515 nm. A calibration 
curve was generated using various concentrations of Trolox. The per
centage of radical inhibition, expressed as antioxidant activity, was 
calculated using the following equation:  

2.5.2.2. Cupric ion reducing antioxidant capacity assay (CUPRAC).
CUPRAC analysis was performed using a commercial kit (Bioquochem, 
Asturias, Spain), based on the reduction of a copper(II)-neocuproine 
complex. Briefly, 40 μL of extract in dispersion (0.1 g/mL) or Trolox 

standard were mixed with 200 μL of the reagent solution. After 30 min of 
incubation at room temperature, absorbance was recorded at 450 nm 
using a microplate reader (Synergy 4, Synergy ™ Multi-Detection 
Microplate Reader, Bio-Tek Instruments, AHSI SPA, Bernareggio, 
Italy). Results were expressed as mM of Trolox equivalents [37].

2.5.2.3. Ferric reducing antioxidant power assay (FRAP). The FRAP 
assay was carried out using the Bioquochem kit (Asturias, Spain) to 
evaluate the ability of the extract to reduce ferric (Fe3+) to ferrous (Fe2+) 
ions under acidic conditions. A volume of 10 μL of the extract solution 
(0.1 g/mL) or Trolox standard was added to 220 μL of the FRAP reagent 
mixture. The absorbance was measured at 593 nm after 4 min of stirring. 
The antioxidant activity was reported as μM of Fe2+ equivalents [38].

2.5.3. Acquisition of infra-red spectra
The infra-red spectra of dried samples were recorded using a Perki

nElmer Spectrum II-FT-IR Spectrometer (USA) between 4000 cm− 1 to 
500 cm− 1. Anhydrous KBr tablets with spectroscopic grade were used to 
prepare the dried extract for analysis.

2.5.4. Analysis of extract with Gas Chromatography-Mass Spectroscopy 
(GC-MS)

A Shimadzu QP2020 GC-MS (Kyoto, Japan) coupled with a split- 
split-less injector and DB5 MS fused silica column (5 % phenyl, 95 % 
polydimethylsiloxane coated 30 m × 0.25 mm capillary column, film 
thickness 0.25 μm) was used. To separate the components, a linear 
temperature program was applied at a heating rate of 7 ◦C/min, starting 
from 50 ◦C up to 280 ◦C, and maintaining the system at 280 ◦C for a total 
runtime of 74 min. The injector temperature was 260 ◦C with a split ratio 
of 20:1; the injection volume was 1 μL of a 2 mg sample treated with 100 
μL of derivatizing reagent at 60 ◦C, and helium was the carrier gas. The 
source and detector temperature of mass spectroscopy was 240 ◦C; the 
interface temperature was 250 ◦C; the ionization energy was 70 eV; the 
atomic mass unit gain was − 492 and offs were − 67; the scan range was 
35–500 atomic mass units (amu), with a scan speed of 1666. The solvent 
cut was 3 min, and the data were collected from 4.5 min. The mass 
spectrum of each molecule was compared to the matching documented 
spectra in NIST and ADAMS libraries [39]. The relative retention indices 
of molecules were additionally validated through the comparison with 
published data of n-alkanes (C8-C35) from the Adam library [40]. The 
compounds were identified by comparing their retention times (Rt) with 
those of standard molecules, assessing their linear indices relative to a 
series of n-hydrocarbons.

2.5.5. Analysis of extract with Liquid Chromatography-Mass Spectroscopy 
(LC-MS)

Phenolic compounds in the extract were separated and identified 
using ultra-performance liquid chromatography (UPLC: a SciEx system, 
Exion-UPLC, USA), equipped with Analyst 1.7 software and an LC-ESI- 
MS/MS-4500-QTRAP system (AB SciEx Instruments, Framingham, 
MA, USA). Chromatographic separation was performed at 50 ◦C using an 
ODS column (100 × 2.1 mm, 5 μm). The mobile phase A consisted of 

water with 1 % formic acid and mobile phase B of methanol with 1 % 
formic acid. A gradient program was applied as follows: 80 % A and 20 
% B at 0 min; 80 % A and 20 % B at 1 min; 0 % A and 100 % B at 12 min; 
0 % A and 100 % B at 18 min; 80 % A and 20 % B at 19 min; and 80 % A 
and 20 % B at 22 min. The solvent flow rate was set at 0.35 mL/min with 
a 5 μL injection volume with sample concentration of 1 mg/mL. 

Antioxidant activity (%)=
(absorbance of DPPH solution − absorbance of sample)

absorbance of DPPH solution
× 100 
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Calibration curves were built using increasing concentrations of each 
phenolic standard (0.25–0.015 mg/mL). For each curve, an equation 
was obtained and the R2 was calculated [41].

2.6. Preparation and characterization of vesicles

2.6.1. Preparation
To prepare PG-PEVs, Obeidi extract (10 mg/mL), phospholipid S75 

(90 mg/mL), thymol (10 mg/mL), and camphor (10 mg/mL) were 
weighed in a glass vial and hydrated with an aqueous solution of pro
pylene glycol (30 % v/v). To prepare carrageenan PG-PEVs, 2 mg/mL of 
carrageenan was dispersed in the aqueous solution of propylene glycol 
(30 % v/v) and used as a hydrating medium for the different compo
nents. Both PG-PEVs and carrageenan PG-PEVS were sonicated (30 cy
cles, 5 on and 2 off, probe amplitude 13 μm) with a Soniprep 150 
sonicator (MSE; Crowley, London, UK) and were stored at 4 ◦C after 
preparation.

2.6.2. Evaluation of physico-chemical properties
The vesicle morphology was observed by cryogenic transmission 

electron microscopy (cryo-TEM) in a Tecnai G2 20 Twin equipment (FEI 
Company; Hillsboro, OR, USA), at a voltage of 200 KeV. 3 μL of the 
sample was placed on glow-discharged 300 mesh Quantifoil TEM grid, 
and excess liquid was eliminated with filter paper. The grid was plunge- 
frozen into liquid ethane in a FEI Vitrobot Mark IV (Eindhoven, The 
Netherlands), transported to a 626 DH Single Tilt Cryo-Holder (Gatan, 
France), kept beneath − 170 ◦C and finally transferred to the microscope 
at liquid nitrogen temperature (− 196 ◦C).

The mean diameter and polydispersity index of vesicles were 
measured with a Zetasizer Ultra (Malvern Instruments; Worcestershire, 
UK) based on their ability to scattering the light. The zeta potential of 
vesicles was measured with the same apparatus as a function of their 
electrophoretic mobility. Vesicular dispersions were diluted 1:100 in 
water before measurements to be optically clear, avoid the attenuation 
of the laser beam by the particles and prevent the reduction of the 
scattered light that can be detected [42].

The vesicles were purified from the non-incorporated molecules by 
dialysis (Spectra/Por® membranes, 3 nm pore size, 12–14 kDa, Spec
trum Laboratories Inc.; Rancho Dominguez, CA, USA). Samples (1 mL) 
were placed inside the membrane and immersed in 1 L of water at room 
temperature for 2 h. The water was refreshed every hour to ensure the 
complete removal of unentrapped molecules [43]. The antioxidant ac

tivity was evaluated before and after dialysis as reported in section 
2.5.2.

2.6.3. Evaluation of stability
Vesicles were stored at 4 ◦C for 12 months, and their size and poly

dispersity index were measured at scheduled time points using the 
Zetasizer Ultra, as described in Section 2.6.2.

2.6.4. Measurement of sprayability
The size distribution of droplets generated by spraying the vesicle 

dispersions was assessed by laser diffraction, using the Spraytec® 
(Malvern Panalytical Ltd., Malvern, United Kingdom), which detects 
droplets sized from 0.1 to 2000 μm. Tests were carried out in triplicate, 
placing the samples at 4 and 7 cm starting from the nozzle output and 
rotating 45◦ the spray device, according to established protocols [16,
39]. The equipment provided D10, D50, and D90 values, corresponding 

to 10 %, 50 %, and 90 % of the overall volume of undersized particles. To 
quantify the distribution, span, defined as (D90‒D10)/D50, was further 
calculated.

2.6.5. Regional deposition of droplets
The regional deposition of vesicles was assessed with the realistic 

nasal replica Alberta Idealized Nasal Inlet, quantifying the amount of 
extract recovered in each region (vestibule, olfactory region, turbinate, 
and nasopharynx) after spraying. The Alberta Idealized Nasal Inlet was 
connected to the Next Generation Impactor (Copley, Eur. Ph 7.2, Copley 
Scientific Ltd., Nottingham, UK) [44,45], and to a vacuum pump oper
ating at a 7.5 mL/min flow rate, which mimics a steady and slow 
inhalation through a nostril [46]. Samples were transferred into a 
commercial device (Nasonex®) and 5 actuations were made positioning 
the device at 45◦ or 60◦ to the nasal replica. A glass collector was held 
below the inlet to collect any formulation that may have dripped out of 
the vestibule. After the deposition of the droplets, each region was 
washed with an appropriate volume of methanol allowing the disruption 
of the vesicles and the recovery of the extract. The amount of extract 
deposited was determined at the maximum adsorption wavelength (290 
nm) using a microplate reader (Synergy 4, Synergy ™ Multi-Detection 
Microplate Reader, Bio-Tek Instruments, AHSI SPA, Bernareggio, Italy).

2.7. Inhibition of protein denaturation of extract in dispersion or loaded 
in vesicles

0.45 mL of bovine serum albumin (BSA) (5 % w/v aqueous solution) 
and 0.05 mL of vesicles (250 μg/mL) compose the test solution (0.5 mL); 
0.45 mL of BSA (5 % w/v aqueous solution) and 0.05 mL of distilled 
water constitute the test control solution (0.5 mL); 0.45 mL of distilled 
water and 0.05 mL of vesicles (250 μg/mL) serve as the product control 
solution (0.5 mL); 0.45 mL of BSA (5 %w/v aqueous solution) and 0.05 
mL of diclofenac sodium (250 μg/mL) form the standard solution (0.5 
mL). Using 1 N hydrochloric acid, the pH of each of the dispersions was 
adjusted to 6.3. After 20 min of incubation at 37 ◦C, the temperature was 
raised to maintain the samples at 57 ◦C for 3 min. The mentioned so
lutions were mixed with 2.5 mL of phosphate buffer saline (pH ~7.4, 
~150 mM of total salts) after cooling. The absorbance was measured at 
416 nm with a UV Visible spectrophotometer (Shimadzu UV-1800 
spectrophotometer, Japan). The inhibition (%) of protein denaturation 
was determined as follows[47].  

2.8. Determination of antibacterial activity

Stock suspensions of Staphylococcus aureus ATCC 6538 strain were 
prepared by dispersing appropriate amounts of the bacterial culture (up 
to 5 %) in 5 mL of dimethyl sulfoxide (DMSO), generating a series of 
progressive dilutions ranging from 1250 to 9.8 μg/mL. The bacterial 
density was standardized using the McFarland method, following the 
guidelines of the National Committee for Clinical Laboratory Standards 
[48,49]. One aliquot (50 μL) of each bacterial suspension was added to 
the extract containing vesicles (10 mg/mL extract concentration), as 
well as to individual solutions of camphor and thymol (10 mg/mL each), 
to reach different concentrations of Staphylococcus aureus from 1 to 5 ×
106 colony-forming units/mL. Test tubes were incubated at 37 ◦C for 24 
h, after which bacterial growth was evaluated by measuring turbidity. 

Protein denaturation inhibition (%)=
(Abs of test solution − Abs of product control)

Abs of test control
x 100 
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The bacterial suspension diluted in culture medium without any active 
compound served as the negative control, whereas the one containing 
moxifloxacin was used as the positive control.

2.9. In vitro studies with cells

Human lung adenocarcinoma epithelial cells (A549) were cultured 
in F-12K medium enriched with 10 % (v/v) foetal bovine serum, 1 % 
penicillin and streptomycin, and kept at 37 ◦C, 90 % humidity and 5 % 
CO2; the cystic fibrosis (CuFi-1) cell line was cultivated in the same 
conditions but without serum. Prior to the experiment, CuFi-1 cell cul
ture flasks were pre-coated for 18 h with a solution of type IV human 
placental collagen (60 μg/mL), then air-dried and washed 2–3 times 
with the medium to promote cell adhesion and growth.

These two cell lines were chosen for their wide application in res
piratory research; CuFi-1 mimics nasal epithelial activity, and A549 acts 
as a model for alveolar epithelium, both ideal for biocompatibility and 
antioxidant investigations.

2.9.1. Biocompatibility and protective effect against oxidative stress of 
extract-loaded vesicles

1 × 104 cells were transferred into 96-well plates for 24 h and then 
treated for 48 h with extract in dispersion or loaded into vesicles 
properly diluted with the medium to obtain four different concentra
tions (10, 1, 0.1, 0.01 μg/mL of extract). Afterwards, 100 μL of Cell 
Counting Kit-8 (10 % final concentration) was added to each well. Plates 
were incubated for 3 h, and their optical density was measured at 570 
nm with a microplate reader (Synergy 4 Reader, BioTek Instruments, 
AHSI S.p.A, Bernareggio, Italy). Analyses were carried out in triplicate. 
Cell viability was expressed as a percentage relative to the untreated 
control, which was considered 100 % viable.

To assess the protective effect of vesicles against hydrogen peroxide- 
induced cellular damage and death, cells were seeded at a density of 1 ×
104 cells/well in 96-well plates and incubated for 24 h. The extract, 
either in dispersion or loaded in vesicles, was properly diluted with 
medium to reach two different concentrations (0.1 and 0.01 μg/mL), 
and added to cells that were stressed with hydrogen peroxide (1:30,000 
v/v dilution). After 4 h of incubation, cells were washed with fresh 
medium, and their viability was measured using the Cell Counting Kit-8 
as described above.

2.10. In vivo evaluation of antibacterial efficacy of vesicles

Staphylococcus aureus was selected as a representative strain and 
model microorganism for evaluating the antibacterial efficacy of the 
nasal formulation in vivo, considering that it is a common nasal colonizer 
and a frequent cause of respiratory infections [50]. BALB male mice 
aged 6–9 weeks were used. The study protocol was approved by the 
Ethical Committee for Research on Animals at Al-Ahliyya Amman Uni
versity (SR-F17-14-003-Eng, Rev. a; Ref.: 07/24/2021–2022; Date: 
February 22, 2022), and conducted in accordance with national and 
international guidelines for the care and use of laboratory animals 
(ARRIVE guidelines, NIH Guide for the Care and Use of Laboratory 
Animals). The non-infected and untreated group served as a positive 
control. The infected and untreated group was used as a negative con
trol. To infect mice, Staphylococcus aureus was directly applied to their 

nose using a nasal swab under a vertical biosafety laminar airflow. At 
day 1, 2, 3, 4, and 5 after the infection, vesicles (1 mL) were adminis
tered by inhalation to infected mice. At day 5, the mucosa of animals was 
taken with a swab. To avoid contamination, the bacterial strains were 
moved to aseptic Petri plates. To enable the growth of bacteria, Petri 
dishes with an appropriate nutritional agar medium were incubated at 
37 ◦C for 24 h. Following the incubation, the resulting colonies were 
visually checked and counted by categorizing each individual colony. 
The data was determined as colony forming units (CFU) per plate to 
quantify bacterial growth accurately.

2.11. Statistical analysis

All data were reported as average values and standard deviation and 
were calculated using GraphPad Prism 8 Statistical software. When p 
was >0.05, the differences were considered non-significant. Values were 
analysed using the two-way ANOVA test and Student t-test.

3. Results

3.1. Characterization of grape extract

The extract obtained from the seeds separated from the Obeidi grape 
pomace was deeply characterized (Table 1). An estimation of the total 
antioxidant activity of the extract was measured using different chro
mogenic redox reagents to evaluate its overall potential in different 
media. The total phenolic content of the extract was 317.6 ± 2.1 mg of 
gallic acid equivalents/g of extract. These phenolic compounds had a 
good ability to scavenge free radicals in methanol, donating an electron 
or hydrogen atom, as the amount of Trolox equivalents/g of extract was 
621.9 ± 2.8 [36]. The antioxidant capacity of the extract was also 
evaluated using CUPRAC reagent (3.4 ± 0.3 mM of TEAC) and FRAP 
(2.3 ± 0.1 mM of Iron II), displaying its capacity for lowering metal ions. 
Findings have been reported as a function of standard compounds 
(Trolox and Fe2+ equivalents, respectively) [51].

The FTIR spectra of the extract had an O-H band ranging from 3500 
cm− 1 to 2700 cm− 1, as well as a C-H band extending between 3050 cm− 1 

(asymmetric stretch) and 2850 cm− 1 (symmetric stretch). Furthermore, 
C=C double-bond stretching was present at 1600 and 1510 cm− 1 and 
substantial C-O stretching at 1030 cm− 1. The 1450 cm− 1 band is a C-H 
asymmetric distortion (Fig. 1a). Thus, the peaks of the spectra corrob
orate the presence of different organic molecules with unsaturated 
bounds and hydroxylic groups.

The main components were separated and identified by LC-MS/MS 
(Fig. 1b). The most evident peaks were those of sugars such as fruc
tose and sucrose, alongside with organic acids (lactic acid, malic acid, 
palmitic acid) and glycerol. No signs of molecule degradation were 
detected in the chromatogram. The peaks of phenols were less evident, 
and their amount were quantified (Fig. 1c). Among these, gallic acid was 
the most abundant (19.40 μg/g of extract), followed by caffeic acid ester 
(8.10 μg/g of extract), resveratrol (4.73 μg/g of extract), and apigenin 
(4.70 μg/g of extract).

3.2. Characterization of vesicles

Considering the promising content of extract, it was co-loaded with 
camphor and thymol in PG-PEVs and carrageenan PG-PEVs. The actual 
formation of vesicles and their morphology and structure was observed 
by cryo-TEM (Fig. 2). Irrespective of the presence of carrageenan, both 
samples were mostly formed by unilamellar and spherical vesicles. In
side some vesicles, tangled lamellae were observed, probably because of 
the presence of multiple active components that interact with the 
phospholipids generating these special internal structures, as previously 
reported by Perra et al. [52].

Mean diameter, polydispersity, zeta potential and entrapment effi
ciency of the vesicles were measured (Table 2). The average diameter of 

Table 1 
Total phenolic content and antioxidant activity of Obeidi extract measured with 
DPPH, CUPRAC, and FRAP.

Analysis Concentration

Total phenolic content 317.6 ± 2.1 mg of Gallic acid equivalents/g of extract
DPPH 621.9 ± 2.8 μg of Trolox equivalents/g of extract
CUPRAC 3.4 ± 0.3 mM of TEAC
FRAP 2.3 ± 0.1 mM of Iron II
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PG-PEVs was ~177 nm and that of carrageenan PG-PEVs was slightly 
bigger (~194 nm). Both formulations were homogeneously dispersed as 
the polydispersity index ranged from 0.25 to 0.27. The zeta potential 
was substantially negative, due to the negative charge of 

phosphatidylcholine and the presence of propylene glycol [53,54]. 
Vesicles were capable of loading and retaining a high amount of extract 
(~87–90 %), irrespective of the presence of carrageenan in the formu
lation, without interfering with its antioxidant activity, which remained 

Fig. 1. (a) FTIR spectra of the extract obtained reporting wavelengths as a function of the transmittance. (b) chromatogram displaying the most abundant peaks of 
the extract (full list in supplementary material SM1). (c) amount of main antioxidant compounds (mg/g of extract) identified in the extract by LC-MS (see the full list 
in supplementary material SM2).

Fig. 2. Cryo-TEM images of extract-loaded PG-PEVs (a) and carrageenan PG-PEVs (b).

Table 2 
Mean diameter (MD), polydispersity index (PI), zeta potential (ZP), entrapment efficiency (EE), and antioxidant activity (AA) of extract-loaded PG-PEVs and carra
geenan PG-PEVs. Mean values ± standard deviations are reported.

Mean diameter (nm) Polydispersity index Zeta potential (mV) Encapsulation efficiency (%) Antioxidant activity (%)

PG-PEVs 177 ± 5 0.252 − 63 ± 4 90 ± 1 85 ± 1
Carrageenan PG-PEVs 194 ± 6 0.265 − 60 ± 3 87 ± 1 88 ± 1
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high (~85–88 %).
To evaluate the stability of vesicles in dispersion, their mean diam

eter and polydispersity index were measured at scheduled time points up 
to 12 months, by means of dynamic light scattering using the Zetasizer 
Ultra (Fig. 3). The mean diameter and the polydispersity index of both 
samples remained unchanged up to 2 months and slightly increased at 
12 months. The diameter reached ~240 nm, and the polydispersity 
index was ~0.3 at the end of the evaluation, probably due to an 
arrangement of the assembling structure, which significantly changed 
the curvature radius that becoming smaller lead to an increased vesicle 
size.

3.3. Determination of droplet size generated by vesicle spray

To prevent inhalation into the lungs of sprayed formulations and 
allow for localised deposition in the nose, the Food and Drug Adminis
tration (FDA) and European Medicines Agency (EMA) recommend 
demonstrating that the vast majority of the droplets are larger than 10 
μm [55]. Thus, both PG-PEVs and carrageenan PG-PEVS were sprayed 
with the Nasonex device, and the size of the generated droplets was 
measured via laser diffraction (Table 3). In compliance with the rec
ommendations of the FDA, measures were taken at 4 cm and 7 cm from 
the laser beam (distance measured from the nozzle exit), with the pump 
apparatus angled at 45◦ [56]. The 10th percentile (Dv10) showed 
droplets of ~50 μm in diameter, regardless of the distance (4 or 7 cm) 
and whether the formulation contained carrageenan (carrageenan 
PG-PEVs) or not (PG-PEVs). Similarly, the median diameter (Dv50) was 
~70 μm across all conditions, reflecting a high degree of homogeneity, 
as confirmed by the extremely narrow span values (~1). Lastly, 90 % of 

Fig. 3. Mean diameter and polydispersity index of extract-loaded PG-PEVs and carrageenan PG-PEVs measured for up to 12 months. Mean values ± standard de
viations (bars) are reported. Symbols indicate values that are statistically not different (p>0.05).

Table 3 
Size distribution of droplets generated by extract-loaded PG-PEVs and carrageenan PG-PEVs sprayed 4 cm and 7 cm from the laser beam. Dv(10), Dv(50) and Dv(90) 
indicate the size of 10 %, 50 % and 90 % of droplets. Mean values ± standard deviations (bars) are reported.

PG-PEVs
Carrageenan PG-PEVs

Distance: 4 cm Distance: 7 cm Distance: 4 cm Distance: 7 cm

Dv(10) 50 μm ± 3.5 Dv(10) 55 μm ± 3.9 Dv(10) 49 μm ± 3.2 Dv(10) 52 μm ± 3.6
Dv(50) 70 μm ± 4.9 Dv(50) 65 μm ± 4.6 Dv(50) 73 μm ± 5.1 Dv(50) 69 μm ± 4.8
Dv(90) 96 μm ± 6.7 Dv(90) 106 μm ± 7.4 Dv(90) 118 μm ± 8.1 Dv(90) 135 μm ± 8.5
Span 0.724 ± 0.05 Span 0.823 ± 0.06 Span 0.467 ± 0.03 Span 0.421 ± 0.03

Fig. 4. Amount of recovered extract (%) delivered by PG-PEVs and carra
geenan PG-PEVs and deposited in the different regions of the Alberta Idealized 
Nasal Inlet (vestibules, turbinates, olfactory region, and nasopharynx) coupled 
with the Next Generation Impactor (lungs).
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droplets (Dv90) generated by carrageenan PG-PEVs were sized ~118 
μm at 4 cm and ~135 μm at 7 cm, whereas those of PG-PEVs were sized 
~96 μm at 4 cm and ~106 μm at 7 cm. Therefore, on the whole, these 
results indicate that the majority of droplets were well above 10 μm, as 
recommended by the FDA and EMA, suggesting that they would likely 
deposit within the nasal cavity after using the device.

3.4. Regional droplet deposition

Using the same device as in 3.3, the formulations were sprayed into 
the Alberta Idealized Nasal Inlet, coupled with the Next Generation 
Impactor, and the percentage of extract was measured to assess regional 
deposition (Fig. 4). The device was positioned at 45◦ and 60◦ relative to 
the realistic nasal replica. Irrespective of the applied angle and vesicle 
formulation, the payloads did not reach the lung-mimicking region 
(Next Generation Impactor), and their primary deposition occurred in 
the regions mimicking the vestibule and turbinate area. However, the 
percentage of extract recovered after deposition in the nasal replica was 
higher when the device was actuated at 45◦ rather than at 60◦, partic
ularly in the turbinate region. The turbinates divide the posterior nasal 
cavity into narrow passages; the space between the turbinates and the 
nasal wall is known as the meatus, where the sinus openings are located 
[57]. Consequently, the 45◦ angle appeared to be the most effective, 
allowing for the highest deposition (~50 %) in the target region (i.e., the 
turbinate), an area often implicated in upper airway inflammatory 
conditions such as rhinitis, sinusitis, and rhinosinusitis.

3.5. Biocompatibility and protective effect against oxidative stress of 
vesicles

A549 cells, derived from human lung epithelial tissue, are often 
employed as a broad respiratory epithelial model due to their simplicity 
in culture and mediator expression [58]. CuFi-1 cells, derived from a 
cystic fibrosis bronchial epithelial cell, have properties comparable to 
those of nasal epithelial cells, including the generation of mucus and 
oxidative stress responses. Altogether, these two cell models enabled the 
evaluation of biocompatibility and the ability of formulations to protect 
against hydrogen peroxide-induced oxidative stress.

When both cell lines were incubated with the extract, camphor, and 
thymol (at different dilutions), either in dispersion or loaded into vesi
cles, their viability decreased with increasing concentration. In the case 
of A549 cells (Fig. 5a), the incubation with the extract, camphor, and 
thymol in dispersion at the highest concentration (10 μg/mL of extract) 
resulted in a reduction of cell viability to ~42 %. By contrast, viability 
increased up to ~100 % when using the lowest concentration (0.01 μg/ 
mL of extract). Incubating the same cells with extract, camphor, and 
thymol loaded PG-PEVs the viability was ~60 % when exposed to the 
highest concentration (10 μg/mL of extract) and ~117 % at the lowest 
concentration (0.01 μg/mL of extract). Using the extract, camphor, and 
thymol loaded carrageenan PG-PEVs cell viability was comparable at the 
highest concentration but at the lowest concentration (0.01 μg/mL of 
extract) it increased up to ~134 %. Carrageenan alone was tested as well 
to evaluate its effect on cell viability, and even in this case, biocom
patibility was strictly dependent on the concentration tested, with the 
lowest concentration being the safest one (~93 % viability). CuFi-1 cells 
(Fig. 5b) were less sensitive to the extract, camphor, and thymol, since 
when they were used at the highest concentration (10 μg/mL of extract), 
cell viability was ~60 % and increased up to ~110 % using the lowest 
concentration (0.01 μg/mL of extract). However, when loaded in PG- 
PEVs, and especially in carrageenan PG-PEVs, cell viability was even 
higher (~139 % and ~160 %, at 0.01 μg/mL). Nonetheless, at the 
highest concentration (10 μg/mL), carrageenan PG-PEVs were more 
tolerated than PG-PEVs by CuFi-1 cells as evidenced by the viability 
(~68 % vs ~79 %, respectively). This effect may be partially attributed 
to the presence of carrageenan, which also showed good compatibility 
alone (~102 %).

When cells were stressed with hydrogen peroxide and not protected 
with formulations, the viability of A549 was ~59 % and that of CuFi-1 
was ~57 % (Fig. 6a and b, respectively). Conversely, the exposure to the 
extract, camphor, and thymol loaded in vesicles at the lowest and non- 
toxic concentration (0.01 μg/mL of extract) increased cell viability 
thanks to their ability to counteract the damages caused by hydrogen 
peroxide. This increase was affected by cell type, formulation, and 
concentration tested. Specifically, the viability of A549 treated with 
extract, camphor, and thymol loaded PG-PEVs was ~89 %, and with 
extract, camphor, and thymol loaded carrageenan PG-PEVs was ~98 % 

Fig. 5. Viability (%) of (a) A549 epithelial cells and (b) CuFi-1 cystic fibrosis cells incubated for 48 h with extract, camphor, and thymol in aqueous dispersion or 
loaded in PG-PEVs and carrageenan PG-PEVs. Data (bars) are reported as mean values ± standard deviations of cell viability, expressed as the percentage of control 
(untreated cells, 100 %). Identical symbols represent values with no statistically significant differences (p>0.05).
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(Fig. 6a). The viability of CuFi-1 cells treated with extract, camphor, and 
thymol loaded PG-PEVs was ~93 % and that of Cu-Fi-1 treated with 
extract, camphor, and thymol loaded carrageenan PG-PEVs was ~110 % 
(Fig. 6b). In both cases, the promising results are likely due to the syn
ergistic effects of various components and the benefits deriving from 
encapsulation, as the viability of cells stressed with hydrogen peroxide 
and treated with carrageenan alone was sensibly lower (62 % for A549 
cells and ~65 % for CuFi-1 cells, Fig. 6a and b, respectively) than that of 
loaded PG-PEVs and carrageenan PG-PEVs. Overall results seem to 

confirm the ability of vesicles to interact with cells, promoting the 
internalization of the payload and the exertion of its activity.

3.6. Protein denaturation inhibition and antibacterial activity

As a measure of the potential anti-inflammatory activity, the ability 
of formulations to inhibit protein denaturation was evaluated. The 
extract, camphor, and thymol loaded in PG-PEVs and carrageenan PG- 
PEVs, were able to inhibit the protein denaturation up to ~90 % irre
spective of the vesicle composition, suggesting their potential ability to 
reduce the release of pro-inflammatory mediators (i.e., cytokines, ROS).

The in vitro antibacterial activity of the formulations showed an IC50 
of approximately 468.75 μg/mL, regardless of carrageenan addition. 
These results confirmed that the combination of the active components 
together with their incorporation into phospholipid vesicles either 
enriched or not with carrageenan may be responsible of the promising 
outcomes obtained in vitro, suggesting a synergistic action capable of 
improving antioxidant, anti-inflammatory and antibacterial activities.

3.7. In vivo antibacterial efficacy

Considering the ability of extract, thymol, and camphor loaded 
carrageenan PG-PEVs to ensure a better protection against oxidative 
stress, they were further studied in vivo. The mice infected with Staph
ylococcus aureus were treated via inhalation with the formulation, and its 
ability to counteract the pathogen proliferation was assayed (Fig. 7). 
After being infected for 5 days, the number of Staphylococcus aureus 
colonies were ~180 CFU/mL, confirming the persistence and robustness 
of the infection model. At day 5, after the inhalation of formulation, the 
number of colonies was reduced to ~30 CFU/mL, indicating an impor
tant antibacterial effect provided by the treatment and probably due to 
the synergic effect of camphor, thymol, and carrageenan [59]. No signs 
of local toxicity, irritation, or inflammation were observed in the nasal 
mucosa of mice after the treatment period. All treated animals exhibited 
normal behavior with no visible redness, swelling, or nasal discharge, 
indicating a significant antibacterial effect likely due to the synergistic 
action of camphor, thymol, and carrageenan. Both positive (healthy, not 
infected mice) and negative (infected and untreated mice) control 
groups were included in this study.

Fig. 6. Viability (%) of (a) A549 epithelial cells b) CuFi-1 cystic fibrosis cells stressed with hydrogen peroxide and treated with the extract, camphor, and thymol in 
aqueous dispersion or loaded in PG-PEVs carrageenan PG-PEVs and. Data are reported as mean values ± standard deviations of cell viability, expressed as the 
percentage of control (untreated cells, 100 %). Identical symbols represent values with no statistically significant differences (p>0.05).

Fig. 7. Number of colonies of Staphylococcus aureus found in the mice infected 
and untreated or infected and treated with extract, thymol, and camphor loaded 
in carrageenan PG-PEVs. Mean values ± standard deviations are reported (n 
= 6).
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4. Discussion

Liposomes are composed of phospholipids, which also approximately 
constitute 75 % of the natural surfactant layer of the nasal mucosa [60]. 
Thanks to this unique composition and their efficient carrier perfor
mances, these vesicles offer a dual advantage in nasal delivery, facili
tating the localized release of loaded molecules and acting themselves as 
moisturizing agents that improve the physiological homeostasis of 
mucosae. For this reason, liposomes have been widely used on the 
inflamed nasal mucosa, and some formulations are commercially 
available on the market [61]. Building on the current state of the art, this 
study focused on the development of modified phospholipid vesicles, 
termed PG-PEVs, composed of phospholipids, propylene glycol, and 
carrageenan, a natural gelling agent capable of forming a protective 
barrier over the nasal mucosa. In a previous study, it also prevented 
infectious viruses from binding to the mucosal cells, thus improving the 
treatment and prevention of Coronavirus disease [62]. In this research, 
it enhanced vesicle stability and contributed to repressing the spread of 
Staphylococcus aureus. The resulting carriers (PG-PEVs and carrageenan 
PG-PEVs) were used to deliver intranasally the extract obtained from 
Obeidi grape seeds, which due to its high content of phenols (e.g., gallic 
acid, resveratrol, etc.), was strongly antioxidant and able to protect the 
cells from oxidative damage and inflammation, in agreement with the in 
vitro studies performed by Gibis et al. and Delgado Adámez et al. [63,
64]. In addition to their antioxidant properties, several authors have 
demonstrated that these compounds also possess antimicrobial proper
ties. For instance, Francioso et al. reported that resveratrol, when 
administered in combination with a carboxymethyl-β-glucan solution as 
an aerosol, significantly reduced the spread of rhinoviruses in human 
nasal epithelial tissues [65]. Similarly, Esposito et al. demonstrated that 
a nasal spray formulation of propolis enriched with polyphenols effec
tively alleviated symptoms related to bacterial infections, promoting 
rapid recovery and reducing the need for acute treatments [66]. To 
leverage the intrinsic properties of the extract and improve the antimi
crobial activity of the formulations, two additional antimicrobial com
pounds – camphor and thymol – were co-loaded [67]. The versatility of 
both PG-PEVs and carrageenan PG-PEVs enabled the simultaneous 
loading of three different and complementary payloads (extract, 
camphor, and thymol). The resulting vesicles were sized ~177 and 
~194 nm, respectively. Such small sizes are considered suitable for nasal 
delivery, as they allow for bypassing the mucosal barrier and enhancing 
local absorption in the nasal cavity [68,69]. In addition, they both dis
played a monodisperse size distribution and a negative surface charge, 
in line with findings reported by Manca et al., who observed similar 
characteristics when encapsulating a grape pomace extract in phos
pholipid vesicles [70]. After 12 months of storage, formulation size 
slightly increased (10 %) and the samples became somewhat poly
dispersed, confirming that some internal but not significant rearrange
ments occurred.

Foreseeing a potential nasal administration of the formulations, they 
were loaded into a readily available commercial device (i.e., Nasonex). 
The spraying device produces a conical shape of aerosolized droplets, 
which based on their size would deposit in the respiratory tract at 
different levels. Usually, droplets larger than 10 μm can reach the nasal 
cavity, while those larger than 120 μm tend to settle in the anterior 
region of the nose, creating a regional impact [71,72]. Therefore, the 
sprayability of vesicles was also assessed by quantifying the mean 
diameter of droplets formed after actuation of the device [73,74]. 50 % 
of droplets were sized ≤50 μm, confirming their suitability for nasal 
spraying and potential deposition in the nasal cavity. These results were 
further supported by the quantity of loaded extract recovered in each 
stage of a realistic nasal replica. The main fraction was recovered in the 
turbinates, corresponding to the posterior nasal cavity, where they can 
exert their action against local allergies, and congestion [75]. No extract 
was found in the deeper stages, interrelated to deeper airways (i.e., 
lungs), similar to the findings previously published by Seifelnasr et al. 

[76].
In vitro and in vivo studies followed these encouraging results. First, 

grape seed extract, camphor, and thymol loaded into PG-PEVs and 
carrageenan PG-PEVs synergistically inhibited protein denaturation by 
90 %, confirming a significant anti-inflammatory potential as described 
elsewhere [77]. Then, the loaded PG-PEVs and carrageenan PG-PEVs 
demonstrated good biocompatibility and antioxidant protection 
against hydrogen peroxide-induced oxidative stress in vitro, on A549 and 
CuFi-1 cell lines. At the highest concentration of 10 μg/mL of extract, a 
slight toxicity was detected (⁓ 60 % viability), but at lower concen
trations (0.1 and 0.01 μg/mL), cell viability increased significantly 
reaching values ≥ 100 %. These results are promising, especially given 
the complex structure of the nose that, while offering advantages such as 
bypassing first-pass metabolism and potentially rapid onset of action, 
can face challenges with drug absorption due to factors like the nasal 
mucosa’s structure and mucociliary clearance [78–80]. In this context, 
the amount of drug that may be absorbed upon nasal administration can 
be very low, approaching the lower concentrations tested in vitro with 
cells, thus suggesting that incorporation of payloads into vesicular for
mulations may ensure their effectiveness even at low concentrations, as 
previously demonstrated by other authors [78,81,82]. Notably, it was at 
these lower concentrations that the incorporated extract and molecules 
significantly improved the protection of A549 and CuFi-1 cells from the 
oxidative damage caused by hydrogen peroxide to a greater extent than 
their aqueous dispersion used as a reference. Considering these data and 
the sulfated polysaccharide nature of carrageenan, which possesses 
mucoadhesive properties useable to prolong the residence time of ves
icles in the nasal cavity, carrageenan PG-PEVs were selected for the in 
vivo studies [83] Due to the synergism between extract, camphor, and 
thymol, the loaded carrageenan PG-PEVs sensibly reduced bacterial 
colonies of Staphylococcus aureus in the nasal cavity. Altogether, these 
findings underscore the potential effectiveness of this new natural 
formulation in managing nasal congestion, counteracting different fac
tors such as mucosa dysbiosis, oxidative stress, inflammation, and 
infection.

5. Conclusions

This study demonstrated that the extract obtained from Obeidi 
pomace seeds can be effectively co-loaded with camphor and thymol 
into PG-PEVs, obtaining small, monodispersed, and negatively charged 
nanosystems suitable for nasal delivery. Further enrichment with 
carrageenan not only does not affect such properties but also provides 
synergistic anti-inflammatory and antibacterial effects on the nasal 
mucosa. The droplet size distribution and the deposition pattern 
following spraying suggest suitability for nasal delivery, with preferen
tial accumulation in the posterior nasal cavity, where the combined 
activity of grape polyphenols, thymol, and camphor delivered by the 
formulations, especially those enriched with carrageenan, can represent 
a natural and local therapeutic approach for managing different nasal 
conditions such as rhinitis, sinusitis and rhinosinusitis.

Despite the promising results and the observed biological effects 
suggesting cooperative interaction among the active compounds, the 
present study does not include molecular or biochemical analyses to 
elucidate the exact mechanisms of action. Further research is needed to 
explore the specific intracellular pathways involved and to directly 
evaluate the effects of the formulations on mucociliary clearance, 
mucoadhesiveness, and their residence time within the nasal cavity.
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Parrilla, Radical scavenging ability of polyphenolic compounds towards DPPH free 
radical, Talanta 71 (2007) 230–235, https://doi.org/10.1016/j. 
talanta.2006.03.050.

[52] M. Perra, M.L. Manca, C.I.G. Tuberoso, C. Caddeo, F. Marongiu, J.E. Peris, G. Orrù, 
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