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Bilastine is a non-sedating, highly selective H1-antihistamine with proven efficacy and safety in 
treating allergic rhinoconjunctivitis and urticaria in adults and children. Allergic conjunctivitis, a 
common ocular condition, negatively impacts quality of life. Topical eye drops are the standard 
treatment, though ocular bioavailability is often low. Incorporating biopolymers such as hyaluronic 
acid (HA) into topical formulations enhances adhesive properties, prolongs retention on the ocular 
surface, and ultimately improves drug bioavailability. This study evaluated the new multidose 
preservative-free bilastine 0.6% solution with sodium HA against eight commercially available 
antiallergic eye drops. Using an ex vivo bovine cornea model, bilastine 0.6% demonstrated the highest 
bioadhesion strength (0.025 mJ), indicating superior retention on the ocular surface. It also showed 
strong protective effects against in vitro dehydration, mainly due to the presence of HA, and did 
not exhibit cytotoxicity in human primary conjunctival cells. In wound healing assays, preservative-
free ketotifen 0.025%, bilastine 0.6%, and azelastine 0.05% promoted corneal wound repair at 72 h, 
outperforming preserved formulations. Overall, preservative-free bilastine 0.6% with HA enhances 
corneal hydration, retention, and re-epithelialization in vitro, suggesting potential benefits for 
the management of allergic conjunctivitis and offering promising advancements in treating this 
widespread condition.

Allergic conjunctivitis is a highly prevalent ocular condition that is estimated to affect 6–30% of the general 
population, and can lead to visual impairment and a significant reduction in the quality of life of patients1. 
Managing this complex and multifactorial condition begins with the difficult task of avoiding environmental 
irritants and allergens. However, allergen avoidance, along with non-pharmacological methods such as cold 
compresses and artificial tears, often prove insufficient in controlling the signs and symptoms of this ocular 
surface disorder2,3. The treatment options for allergic conjunctivitis typically include antihistamines, mast cell 
stabilizers, dual-activity agents, non-steroidal anti-inflammatory drugs, steroids and some off-label treatments4,5.

Topical ocular administration is the most effective treatment for allergic conjunctivitis, offering a faster onset 
of action compared to systemic agents, reducing symptoms and improving the hydration of the ocular surface6. 
However, despite its convenience, ophthalmic drug delivery faces significant challenges to various anatomic and 
physiologic barriers, resulting in more than 90% of drug loss at the application site7,8. To address this issue, drug 
delivery formulations are designed to enhance drug bioavailability and prolong therapeutic contact time on 
the eye9. Most ophthalmic preparations in the market are available as conventional eye drops, which represent 
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a non-invasive and convenient route of topical drug administration, and the preferred option for many ocular 
diseases, including allergic conjunctivitis10,11. Still, one of the main challenges associated with conventional eye 
drops is the poor ocular bioavailability, primarily due to nasolacrimal drainage and limited corneal epithelium 
permeability.

One strategy to enhance topical ocular bioavailability is the incorporation of biopolymers or naturally 
derived macromolecules. These substances increase the viscosity of the tear film and exhibit mucoadhesive 
properties, which help prolong the retention of the formulation at the application site, thereby improving the 
therapeutic effect12,13. Macromolecules like xyloglucan, hyaluronic acid (HA) and chitosan not only increase the 
viscosity of the formulation but also interact closely with the mucin layer covering the corneal and conjunctival 
epithelia14–16. This bioadhesion capacity enhances the contact time of the formulation with the ocular surface, 
improving the bioavailability of the active agent17,18. In particular, the water-soluble polymer HA, also known 
as hyaluronan or hyaluronate, is frequently incorporated in eye drops because it increases precorneal retention 
time due to its viscous and mucoadhesive properties, leading to an increase of drug bioavailability19. In addition 
to its viscoelasticity, HA’s strong water-binding properties provide lubricating and moisturizing effects, helping 
to maintain proper hydration levels and reduce surface friction20–22.

A key aspect of treating allergic conjunctivitis is controlling ocular surface inflammation, which can result 
from epithelial damage and environmental stressors. The condition often alters tear film composition and causes 
corneal epithelial damage due to itching-induced rubbing, worsening inflammation and leading to pain13. 
Therefore, treatment should not only be aimed at preventing the release of mediators of allergy mediators and 
control the allergic inflammatory response, but also protect the ocular surface from further damage and promote 
healing. In this context, the hydrophilic biopolymer HA, known to stimulate corneal epithelial cell migration 
and play an aid wound healing23–26, may help improve ocular tissue health when included in antiallergic 
formulations.

The treatment of allergic conjunctivitis with eye drops should avoid inducing side effects that disturb tear film 
homeostasis or trigger excessive inflammation. The use of antiallergic eye drops with low ocular bioavailability, 
requiring high doses or frequent administration to achieve the desired therapeutic effect, can result in large 
cumulative doses that may increase the risk of adverse ocular reactions and reduce patient compliance27,28.

Preservatives, commonly included in multidose presentations, are often responsible for ocular surface 
complications. Benzalkonium chloride (BAC), a quaternary ammonium compound, is the most widely used 
preservative in ophthalmic medications due to its effectiveness against most ocular pathogens29. However, it 
exhibits toxic effects on human corneal epithelial, inhibiting mitochondrial function30,31. The extent of BAC’s 
negative impact depends on both the frequency of use and the concentration of the preservative.

Hence, there is a clear need for effective and safe antiallergic topic therapies that preserve ocular surface 
integrity while delivering therapeutic effects without exacerbating pre-existing ocular surface conditions. To 
address this, new preservative-free formulations are being developed to avoid the adverse effects typically 
associated with preservatives in eye drops29,32,33. Currently, some antiallergic preservative-free eye drops are 
available in single-dose presentations (ketotifen fumarate 0.025% and azelastine hydrochloride 0.05%), while a 
limited number are available in multidose formats (ketotifen fumarate 0.025% and olopatadine 0.1%). Recently, 
a novel once-daily multidose preservative-free eye drop formulation of bilastine 0.6% (w/v) containing sodium 
HA has been developed for the symptomatic treatment of allergic conjunctivitis34. Bilastine is a non-sedating 
and highly selective H1-antihistamine with proven efficacy and safety in the treatment of the overall symptoms 
of allergic rhinoconjunctivitis and urticaria in adults and children35–39. This novel formulation offers several 
advantages over existing treatments, including once-daily administration which can enhance compliance and 
lead to a better control of symptoms. Additionally, bilastine ophthalmic formulation contains HA and is available 
as a preservative-free, phosphates-free sterile solution, which can reduce the risk of adverse events and ocular 
surface changes24,40.

While the effects of BAC on the ocular surface have been studied in antiglaucoma formulations, there is a 
lack of in vitro studies on its impact in antiallergic formulations. In this study, we investigated the bioadhesion 
properties of the new sodium hyaluronate multidose preservative-free bilastine 0.6% and the main commercially 
available BAC-preserved and preservative-free eye drops indicated for the treatment of allergic conjunctivitis. 
We also aimed to compare the in vitro protective effects of these formulations against dehydration and their 
wound healing properties in human ocular epithelial cells.

Materials and methods
Eye drop formulations
In this study, we selected the most commonly used antiallergic ophthalmic formulations available on the market 
at the time, all with the same indication and application as the once-daily multidose preservative-free bilastine 
0.6% formulation. A total of eight commercially available products, along with bilastine 0.6%, were evaluated, in 
both single-dose or multidose presentations, with or without preservatives, as listed in Table 1. A code consisting 
of three letters (EDF, representing ‘Eye Drop Formulation’), followed by consecutive numbers from one to nine, 
was assigned to each formulation.

AH: H1-receptor antagonistic action; BAC: Benzalkonium chloride; DUAL: histamine H1 receptor 
antagonistic action and mast cell stabilization action; EDF: eye drop formulation; PF: preservative-free.

Cell lines and culture conditions
Human Primary Conjunctival Epithelial Cells (HConEpiC, P10870, Innoprot, Bizkaia, ESP) were cultured on 
collagen coated flasks in Corneal Epithelial Cell Medium (CEpiCM, P60131; Innoprot, Bizkaia, ESP), containing 
500 mL of Corneal Epithelial Cell basal medium, 25 mL of Fetal Bovine Serum (FBS, A5256701 Gibco/Thermo 
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Fisher Scientific, Waltham, Massachusetts USA), 5 mL of Epithelial Cell Growth Supplement (CEpiCGS, P60106-
GS; Innoprot, Bizkaia, ESP) and 5 mL of Penicillin/Streptomycin solution (Corning, 25-051-CI).

Human Primary Corneal Epithelial Cells (HCEpC) (H-6048, Cell Biologics, Campbell Park Drive, Chicago, 
USA) were cultured on collagen coated flasks in Epithelial Cell Medium (EpiCM, P60106, Innoprot, Bizkaia, 
ESP), containing 500 mL of Epithelial basal medium, 10 mL of FBS, 5 mL of CEpiCGS, and 5 mL of Penicillin/
Streptomycin solution; all of these components were included in kit P60106 of EpiCM.

The SV40 Immortalized Human Corneal Epithelial Cells HCE-2 (50.B1) were purchased from the 
American Type Culture Collection (CRL-11135, ATCC, Manassas, VA, USA). HCE-2 cells were cultured in 
Dulbecco Modified Eagle’s Medium with HAM F12 mixture (DMEM/F12) (BE12-719 F, Lonza, Verviers, BEL), 
supplemented with 10% FBS (DE14-801 F, Lonza Verviers, BEL), 10 ng/mL EGF (85570 C, Sigma–Aldrich, St. 
Louis, Missouri, USA), 5 µg/mL insulin (I9278, Sigma–Aldrich, St. Louis, Missouri, USA), 0.1 µg/mL cholerae 
toxin (C8180, Sigma–Aldrich, St. Louis, Missouri, USA), 0.5% v/v dimethyl sulfoxide (DMSO) (D2650, Sigma–
Aldrich, St. Louis, Missouri, USA) and 50 U/mL Penicillin/Streptomycin solution (30-002-CI, Corning, New 
York, USA).

All cell cultures were maintained at 37ºC in a humidified atmosphere with 5% CO2. The medium was 
changed every 2–3 days, and cells were subcultured when they reached 80–90% confluence. Cells were detached 
with trypsin/EDTA (T4174, Sigma–Aldrich, St. Louis, Missouri, USA), and the enzyme mixture inactivated with 
10% FBS.

Corneal Bioadhesion Assay
Corneal bioadhesion was studied in an ex vivo bovine cornea model for the selected antiallergic eye drop 
formulations. Similarly to a previously described protocol41, corneas were obtained from bovine eye samples 
collected at the slaughterhouse Compostela de Tambre S.L. in Santiago de Compostela (Spain) and transported 
to the laboratory in phosphate-buffered saline (PBS) at 4˚C. Only eyes with intact corneas were used, discarding 
those with opaque or hemorrhagic corneas. The corneas were excised by sectioning the eye and leaving 1–2 mm 
of surrounding scleral tissue, taking special care to avoid damage. Afterwards, the corneas were washed with 
artificial tears and maintained in the same solution until the system was assembled. Bovine corneas were selected 
for the test for two primary reasons: their ready availability and their structural similarity to human corneas, 
which makes them a suitable model for the assay. Additionally, the larger size of bovine corneas facilitates easier 
handling during the test. Bovine corneas are also widely used in drug evaluation studies, including standardized 
protocols such as the Bovine Corneal Opacity and Permeability (BCOP) assay42.

Corneas were evaluated in quintuplicate by using a TA.XT Plus Texture analyzer (StableMicro Systems 
Products, Godalming, GBR), as previously described43. Figure 1 shows a scheme of the cornea model. Plaster 
supports were made with the curved shape of the anterior part of the eyeball, which was obtained through a mold 
made by bovine eyeball contact printing on alginate paste. A scalpel blade was used to carefully excise the cornea 
of the eye from the eyeball, with a 1–2 mm margin of the surrounding sclerotic tissue. Bovine corneas were fixed 
to plaster supports with cyanoacrylate adhesive, which were attached to the upper probe of the texture analyzer 
with the same adhesive. Formulations were deposited in weighing bottles (40 mm of diameter and 20 mm of 
height) and placed in the lower part of the analyzer. Then, corneas were lowered 2 mm into the formulation at 
a speed of 1 mm/s, and the contact was kept for 30 s. Then, the corneas were pushed back at a speed of 1 mm/s, 
until its complete separation from the formulation. Force-displacement curve was recorded, and the work of 
adhesion (mJ) was calculated from the area under the curve (AUC) obtained during the traction phase.

Evaluation of hydration activity
The protective effect of the selected antiallergic eye drop formulations against dehydration was evaluated using 
an in vitro dryness model in primary epithelial cells based on previously reported protocols28,44.

Specifically, HConEpiC cells were grown until 70–80% confluence on 96-well tissue-culture flat bottom 
plates. The medium was then removed, and cells were treated with medium lacking FBS and growth factors, 
containing 100 µL of the ophthalmic formulations at different serial dilutions (6.25%, 3.13%, 1.56%, 0.78%, 
0.39%, 0.195% v/v). The cells were incubated for 17 h at 37 °C with 5% CO2 in a humidified environment. After 
incubation, the drug-containing medium was removed and cells were incubated in dehydrated conditions for 
40 min at 37 °C with 5% CO2. For the negative control, the medium was removed, and cells were incubated in 

Code Active component (% w/v) Trade name Delivery system Mechanism of action Preservative (% w/v)

EDF 1 Ketotifen fumarate (0.025%) Zaditen® (Laboratorios Théa, Barcelona, Spain) single-dose DUAL PF

EDF 2 Azelastine hydrochloride (0.05%) Tebarat® (Laboratorios Salvat, Barcelona, Spain) single-dose DUAL PF

EDF 3 Bilastine (0.6%) Bilaxten® (Faes Farma, Bizkaia, Spain) multidose AH PF

EDF 4 Olopatadine hydrochloride (0.222%) Pataday® (Alcon Laboratories, Texas USA) multidose DUAL BAC (0.01%)

EDF 5 Azelastine hydrochloride (0.05%) Afluon® (Mylan Pharmaceuticals, Barcelona, Spain) multidose DUAL BAC (0.0125%)

EDF 6 Olopatadine hydrochloride (0.776%) Pazeo® (Alcon Research, Texas, USA) multidose DUAL BAC (0.015%)

EDF 7 Levocabastine hydrochloride (0.05%) Bilina® (Esteve Pharmaceuticals, Barcelona, Spain) multidose AH BAC (0.015%)

EDF 8 Olopatadine hydrochloride (0.1%) Opatanol® (Novartis Farmacéutica, Barcelona, Spain) multidose DUAL BAC (0.01%)

EDF 9 Ketotifen fumarate (0.025%) Zaditen® (Laboratorios Théa, Barcelona, Spain) multidose DUAL BAC (0.01%)

Table 1.  Antiallergic eye drops evaluated in the present study.
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dehydrated conditions for 40 min at 37 °C with 5% CO2 (untreated and dehydrated control cells). For the positive 
control, cells remained in the medium throughout the 40-minute period. Cell viability was then evaluated by 
MTT [3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl-2 H-tetrazolium bromide] assay. Briefly, cells were washed with 
PBS and stained with MTT reagent (475989, Sigma–Aldrich, St. Louis, Missouri, USA) for 2 h at 37 °C and 5% 
CO2 in a humidified environment. After removing the MTT solution, precipitates were solubilized with 100 
µL of dimethyl sulfoxide. After 15 min at room temperature, the absorbances were measured at 540 nm using 
a spectrophotometer (Multiskan spectrum 1500, Thermo Fisher Scientific, Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). The experiments were performed in sextuplicate, and the results were expressed as the 
percentage of cell viability (%) relative to the untreated and dehydrated control cells (negative control).

Evaluation of wound healing activity
A scratch wound healing assay with HCE-2 and HCEpC cultures was performed to evaluate the in vitro wound 
healing capacity of the selected antiallergic eye drops, as previously described45,46. Immortalized HCE-2 
cells were initially used for their ease of culture, maintenance, and expansion, enabling the evaluation of all 
formulations at different concentrations. While primary HCEpC cells offer greater physiological relevance, they 
are more difficult to culture and maintain. Therefore, HCEpC cells were used to confirm the key results observed 
in HCE-2 cells.

HCE-2 and HCEpC cells were seeded into 96-well flat bottom culture plates at a density of 3.5 × 104 and 3 × 104 
cells/well (100 µl/well), respectively. HCE-2 were maintained in serum-free DMEM/F12 supplemented with 1% 
bovine serum albumin (BSA) for 12 h at 37 °C with 5% CO2, in a humidified environment, whereas HCEpC cells, 
because of their sensitivity to stress, were maintained in serum-free CEpiCM medium supplemented with 50% 
CEpiCGS and 1% BSA for 12 h at 37 °C with 5% CO2, in a humidified environment. After incubation, circular 
wounds were created in confluent cultures. Then, the wells and the de-epithelialized areas were imaged using 
an Olympus IX71 microscope (Olympus, Hamburg, DEU), and the images were analyzed with Cell^B software 
(Olympus). The initial wound at time 0 served as the reference point. To ensure consistency, wells were evenly 
distributed across conditions, maintaining equivalent average wound areas at time 0.

Subsequently, wounded HCE-2 cells were incubated for 72 h with antiallergic eye drops, at dilutions 3.13% 
and 0.78% v/v. However, EDF 7 could not be tested in these experiments because the ophthalmic suspension 
formed a precipitate that interfered with the assay. Wounded HCE-2 cells were incubated with DMEM/F12 
containing 1% BSA as the negative control to maintain cell viability without inducing proliferation, while 
HCE-2 medium with 10% FBS, rich in growth factors, served as the positive control to benchmark the tested 
formulations. In the case of HCEpC cells, wounded cells were incubated for 72 h with EDF 1, EDF 2, EDF 3, and 
EDF 6 antiallergic eye drops, at dilutions 3.13% and 0.78% v/v. Serum-free CEpiCM medium supplemented with 
50% CEpiCGS and 1% BSA was used as the negative control, while serum-free CEpiCM medium supplemented 
with 100% CEpiCGS and 2% FBS served as the positive control.

Serial bright-field images of wounds were captured every 12  h (i.e., 0, 12, 24, 36, 48, 60 and 72  h post-
scratch) and the evolution of wound healing area at these time points for each treatment were measured using 
FIJI software (Wayne Rasband, National Institute of Mental Health, Bethesda, Maryland, USA)47 and a plugin 
specialized in wound surface quantification48, and compared to the wound area at 0 h. Epithelial wound closure 
was examined by calculating the percentage of the remaining wound area at a given time point compared with 
the initially wound area at 0 h.

Fig. 1.  Ex vivo bovine cornea model for the analysis of the bioadhesion properties of the selected antiallergic 
eye drop formulations. (Adapted from Díaz-Tomé V et al., 2021. International Journal of Pharmaceutics 597, 
p. 6). Corneas were immersed 2 mm deep into the formulation at a 1 mm/s speed, and were kept in touch 
for 30 s. Then, corneas returned to the initial position at a 1 mm/s speed, and work (mJ) was measured. 
Bioadhesion work was calculated from the area under the curve (AUC) obtained during the traction phase.
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Experiments in HCE-2 cells were performed in quintuplicate with three biological replicates per experiment, 
while in HCEpC cells, a single biological replicate was performed in sextuplicate due to challenges in cultivation 
and maintenance. The easier maintenance of HCE-2 cells allowed for a greater number of biological replicates.

Statistical analysis
Bioadhesion data were analyzed using one-way analysis of variance (ANOVA) and Tukey’s post-hoc tests 
for multiple comparisons. Differences were considered to be significant at p < 0.05. Statistical analyses were 
performed with GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego, California, USA).

The protective effect of the selected antiallergic eye drop formulations against dehydration was evaluated 
by cell viability, and analyses were performed using GraphPad Prism version 9, GraphPad Software. Statistical 
comparisons were conducted using variance analysis (ANOVA) models and Dunnett´s multiple comparison 
test. Differences between groups were considered significant when p < 0.05.

For the wound healing assay, data were analyzed with the open-source statistical software Jamovi v.1.6.3 
(https://www.jamovi.org, Amsterdam, NLD). Changes were examined using the Shapiro-Wilk test (normality 
of distribution) and Levene’s test (equality of variances). One-way analysis of variance (ANOVA) followed by 
Tukey’s HSD, Games–Howell or Dwass-Steel-Critchlow-Fligner post hoc tests, when appropriate, to compare 
groups. Differences were considered significant when p < 0.05.

Results
Bioadhesion study
Bioadhesion studies were conducted to evaluate the adhesive strength of the antiallergic formulations using an 
ex vivo bovine cornea model. Corneal bioadhesion was quantified as the work required to completely detach 
the formulation from the corneal surface. The results, presented in Fig. 2, show that EDF 3 exhibited the highest 
bioadhesion value (0.025 ± 0.001  mJ), while EDF 5 had the lowest (0.00 ± 0.00  mJ). Statistically significant 
differences (p < 0.05) were observed for EDF 2, EDF 4, EDF 5, EDF 7, and EDF 8, compared to EDF 3, whereas 
EDF 1 and EDF 9 demonstrated comparable bioadhesion values to EDF 3.

Evaluation of hydration activity using an in vitro induced dryness cell model
The results of the quantitative assessment of the protective effect of the selected antiallergic eye drop formulations 
against dehydration in HConEpiC cells are presented in Fig. 3. The formulations were tested at various dilutions, 
ranging from 6.25 to 0.195% (v/v), depending on the eye drop. Cell viability in the positive control group 
remained consistently high at nearly 100% for all formulations, serving as a reference for optimal conditions.

Figure 3a illustrates cell viability after treatment with EDF 1, EDF 2, EDF 3, and EDF 6 formulas, while Fig. 3B 
presents the results for EDF 3, EDF 4, EDF 5, EDF 7, EDF 8, and EDF 9. Formulations have been divided into 
these two groups to improve the readability of the results. EDF 1, EDF 2, and EDF 6 have been grouped together 

Fig. 2.  Bioadhesion work (mJ) obtained for each antiallergic ophthalmic formulation using fresh bovine 
cornea model as a substrate. Results are presented as means ± standard deviations. Asterisks indicate significant 
differences (p < 0.05) in comparison with EDF 3. EDF 1 (0.025% ketotifen fumarate); EDF 2 (0.05% azelastine 
hydrochloride); EDF 3 (0.6% bilastine); EDF 4 (0.222% olopatadine hydrochloride); EDF 5 (0.05% azelastine 
hydrochloride); EDF 6 (0.776% olopatadine hydrochloride); EDF 7 (0.05% levocabastine hydrochloride); EDF 
8 (0.1% olopatadine hydrochloride); EDF 9 (0.025% ketotifen fumarate).
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with EDF 3 due to their shared characteristics. Specifically, EDF 1 and EDF 2, like EDF 3, are preservative-free 
formulations, while EDF 6 and EDF 3 share a once-daily administration schedule. EDF 3 has been included in 
both figures to facilitate direct comparisons with the other formulations.

Figure 3a shows that at the highest dilution (6.25% v/v), EDF 3 exhibited the highest cell viability values among 
all formulations, significantly exceeding those of EDF 1, EDF 2, and EDF 6. Notably, the cell viability for EDF 
2 and EDF 6 dropped significantly below 10% at this dilution. At the 3.13% dilution, EDF 3 also demonstrated 
significantly greater recovery in cell viability compared to the other formulations. At this concentration, EDF 2 
showed evidence of recovery, whereas EDF 6 did not, with its viability remaining below 20%. A similar trend was 
observed at the 1.56% dilution. At lower concentrations (0.78%, 0.39%, and 0.195%), all formulations displayed 
cell viability comparable to that of the negative control. Interestingly, at the 0.195% dilution, EDF 6 exhibited a 
significantly higher viability compared to both the negative control and EDF 3.

Fig. 3.  Quantitative determination of the protective effect of selected antiallergic aye drop formulations 
against dehydration in Human Primary Conjunctival Epithelial Cells (HConEpiC). (a) Cell viability after 17-
hour treatment with EDF 1, EDF 2, EDF 3, and EDF 6. (b) Cell viability after 17-hour treatment with EDF 3, 
EDF 4, EDF 5, EDF 7, EDF 8, and EDF 9. Cell viability is expressed as percentage (%) relative to the positive 
control. Results are presented as means ± standard deviations. Statistically significant differences compared 
to the negative control (untreated and dehydrated control cells): *p < 0.05. Statistically significant differences 
compared to EDF 3 (bilastine 0.6%): #p < 0.05. EDF 1 (0.025% ketotifen fumarate); EDF 2 (0.05% azelastine 
hydrochloride); EDF 3 (0.6% bilastine); EDF 4 (0.222% olopatadine hydrochloride); EDF 5 (0.05% azelastine 
hydrochloride); EDF 6 (0.776% olopatadine hydrochloride); EDF 7 (0.05% levocabastine hydrochloride); EDF 
8 (0.1% olopatadine hydrochloride); EDF 9 (0.025% ketotifen fumarate).
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Figure 3b illustrates that at the 1.56% dilution, EDF 3 exhibited the highest cell viability, significantly greater 
(p < 0.05) than that of the other formulations (EDF 4, EDF 5, EDF 7, EDF 8, and EDF 9), all of which fell 
significantly below the negative control values (p < 0.05). At the 0.78% dilution, most formulations demonstrated 
comparable cell viability with no significant differences relative to the negative control. However, EDF 3 exhibited 
the highest viability, significantly surpassing that of EDF 5, EDF 7, EDF 8, and EDF 9 (p < 0.05). At the 0.39% and 
0.195% dilutions, no significant differences were observed either relative to the negative control or among the 
groups, except for EDF 5 at 0.195%, which showed significantly higher cell viability compared to EDF 3.

Evaluation of wound healing activity using an in vitro scratch assay
The in vitro scratch assay was performed on HCE-2 and HCEpC cells to assess the re-epithelialization effects 
of the selected antiallergic eye drop formulations after inducing epithelial defects. As stated in the Materials 
and Methods section, immortalized HCE-2 cells were used for their ease of culture and expansion, allowing 
evaluation of all formulations at different concentrations. Primary HCEpC cells, though more physiological 
relevant, are more challenging to maintain, so they were used to confirm the key results from HCE-2 cells.

The formulations were initially tested at 12.5%, 6.25%, 3.13%, and 0.78% v/v dilutions in HCE-2 cells. 
Cell toxicity at 12.5% and 6.25% negatively impacted re-epithelialization in most formulations (data not 
shown). Therefore, 3.13% and 0.78% v/v dilutions were selected for evaluating monolayer re-epithelialization. 
Accordingly, in the second assay, the same dilutions were tested in HCEpC cells.

At 3.13% dilution (Fig. 4), EDF 1, EDF 2 and EDF 3 showed significant reductions in the damaged area 
of HCE-2 cells, with nearly 100%, 75%, and 60% decreases at 72 h, respectively, compared to 0 h. In contrast, 
treatment with EDF 4, EDF 5, EDF 6, EDF 8, and EDF 9 showed minimal wound re-epithelialization (10 to 40% 
improvement, approximately), which was lower than the negative control. Statistically significant differences 
compared to EDF 3 were observed for EDF 6 at 36, 48 and 60 h (p < 0.05), and for EDF 1 at 36 h (p < 0.05) 
(statistical results not shown in the figure).

At the highest dilution (0.78% v/v) (Fig. 5), EDF 4 exhibited the lowest wound closure capacity (20% reduction 
at 72 h), even lower than the negative control. EDF 1, EDF 2 and EDF 3 presented a significant increase in wound 
closure evolution, reaching nearly 100% at 72 h, similar to the positive control for re-epithelialization. However, 
the wound closure evolution for EDF 5, EDF 6, EDF 8, and EDF 9 reached a plateau at around 60–70% reduction 
after 24 h of treatment. They showed complete closure of the wound area after 72 h at both dilutions. EDF 7 could 
not be tested in these experiments due to the formation of a precipitate in the ophthalmic suspension, which 
interfered with the assay.

In both Figs. 4a and 5a, error bars have been omitted to maintain visual clarity, as the graphs contain multiple 
closely spaced lines. Including error bars for each data point would result in significant overlap, especially in 
regions where the lines converge, obscuring individual trends and making the graphs difficult to interpret. 
Instead, the mean values and standard deviations (SDs) for these datasets are provided in Supplementary 
Table S1. This supplementary data allows a detailed examination of the variability in the measurements while 
ensuring the figures remain clear and straightforward to interpret. In addition, in Figs. 4b and 5b, intermediate 
micrographs have been omitted to avoid redundancy.

To confirm the results obtained with HCE-2 cells, we also performed the scratch wound assay in primary 
HCEpC cells using the formulations that showed the highest protective effect against dehydration in 
conjunctival HConEpiC cells, and the highest re-epithelialization capacity in HCE-2 cells (EDF 1, EDF 2, and 
EDF 3). Additionally, EDF 6, which showed the lowest re-epithelialization activity at 3.13% v/v in HCE-2 cells, 
was included for comparison. EDF 1 and EDF 2 showed similar results in HCEpC cells, although their re-
epithelialization activity slightly decreased at both dilutions (3.13% and 0.78% v/v) compared to the activity 
observed in HCE-2 cells (Figs. 6 and 7). EDF 3 also demonstrated high wound closure capacity, reducing the 
wound area by 85–90% at both dilutions. In contrast, EDF 6 exhibited the lowest re-epithelialization activity, 
reducing the damaged area by 20% and 70% at 3.13% and 0.78% v/v, respectively. Significant differences were 
found when comparing EDF 6 to the positive control after 12-h treatment and throughout the assay (p < 0.05 at 
both dilutions), and between EDF 6 and EDF 3 at all time points (statistical comparison results not shown in 
the figure).

As with Figs. 4a and 5a, error bars have been omitted in Figs. 6a and 7a to maintain visual clarity due to the 
overlap that would occur with closely spaced lines. The corresponding mean values and SDs are available in 
Supplementary Table S2, allowing for a detailed analysis of variability while keeping the figures easy to interpret. 
In addition, in Figs. 6b and 7b, intermediate micrographs have been omitted to avoid redundancy.

Discussion
One of the major challenges in ophthalmic delivery of topical formulations is achieving and maintaining an 
optimal drug concentration on the ocular surface. Given that the adhesion properties of these formulations 
provide an estimate of their retention on the eye, we conducted bioadhesion measurements with the topical 
antiallergic formulations to assess their permanence on the ocular surface.

Bioadhesion results showed that EDF 3 presented the highest bioadhesion value (0.025 mJ) followed by EDF 
1 (0.021 mJ), EDF 9 (0.021 mJ), EDF 6 (0.019 mJ) and EDF 7 (0.019 mJ), although not all differences reached 
statistical significance. These results suggest a trend toward superior viscosity in the EDF3 formulation, indicating 
a potential increase in retention time on the ocular surface compared to the other formulations. Considering that 
the formulations contain similar excipient ingredients, the higher bioadhesion values of bilastine 0.6% could be 
attributed to the presence of HA, which is only incorporated in this formulation and has been shown to enhance 
the permanence and bioavailability of ophthalmic formulations19,49,50. It is worth mentioning that although EDF 
3 showed a trend toward higher bioadhesion capacity compared to EDF 1 and EDF 9, the difference was not 
statistically significant. For EDF 1 and EDF 9, both formulations containing ketotifen 0.025% exhibited the same 
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bioadhesion capacity. Since they share the same qualitative composition, except for the presence of BAC in EDF 
9, we can infer that their bioadhesion capacity is primarily attributed to glycerol and is not significantly affected 
by the preservative.

Our study also evaluated and compared the in vitro protective effects of all formulations, which were tested at 
various dilutions to simulate the changes in the concentration of the antiallergic agent in the tear film following 
in vivo instillation. Among all the tested products, only EDF 3 demonstrated a strong protective effect against 
dehydration at the highest concentrations (6.25%, 3.13%, and 1.56% v/v), significantly increasing the survival 
rates of conjunctival cells compared to the dehydrated control cells (negative control). The results also indicate 

Fig. 4.  In Vitro Wound Healing Assay of Immortalized Human Corneal Epithelial Cells (HCE-2). After the 
scratch, HCE-2 cells were incubated in fresh medium with or without EDF 1, EDF 2, EDF 3, EDF 4, EDF 5, 
EDF 6, EDF 8, and EDF 9 formulations 3.13% v/v dilution for 72 h. The wound area was imaged and quantified 
at 0, 12, 24, 36, 48, 60 and 72 h post-scratching. (a) Quantification of Wound Healing Activity. Wound healing 
rate was expressed as the percentage of the remaining wound area compared to 0 h. (b) Representative 
transmitted light optical microscopy images (4x objective) of wounds at 0 h, 24 h, 48 h, and 72 h (scale bar: 
200 μm). Intermediate images have been omitted to avoid redundancy. EDF 1 (0.025% ketotifen fumarate); 
EDF 2 (0.05% azelastine hydrochloride); EDF 3 (0.6% bilastine); EDF 4 (0.222% olopatadine hydrochloride); 
EDF 5 (0.05% azelastine hydrochloride); EDF 6 (0.776% olopatadine hydrochloride); EDF 8 (0.1% olopatadine 
hydrochloride); EDF 9 (0.025% ketotifen fumarate); C+: positive control; C-: negative control.
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a potential cytotoxic effect of EDF 2 at 6.25% and 3.13% dilutions, as well as EDF 4, EDF 5, EDF 6, EDF 7, 
EDF 8, and EDF 9 at 1.56%. Interestingly, EDF 6 exhibited a significant increase in survival rates at the lowest 
concentration tested (0.195% v/v), raising questions about the underlying mechanisms that might promote cell 
growth at this low drug concentration.

The observed dose-dependent increase in the protective effect of EDF 3 against dehydration suggests that its 
active pharmaceutical ingredient does not induce toxic effects. Markedly, among all tested products, EDF 3 is the 
only eye drop containing sodium HA, a compound traditionally used in topical ophthalmic formulations for its 
viscoelastic properties, safety profile and physiological benefits19,51,52. HA is a hydrophilic biopolymer naturally 
present in various ocular tissues, including the cornea, aqueous humor, vitreous humor, and retina53,54. It is 

Fig. 5.  In Vitro Wound Healing Assay of Immortalized Human Corneal Epithelial Cells (HCE-2). After the 
scratch, HCE-2 cells were incubated in fresh medium with or without EDF 1, EDF 2, EDF 3, EDF 4, EDF 
5, EDF 6, EDF 8, and EDF 9 formulations at 0.78% v/v dilution for 72 h. The wound area was imaged and 
quantified at 0, 12, 24, 36, 48, 60 and 72 hours post-scratching. (a) Quantification of Wound Healing Activity. 
Wound healing rate was expressed as the percentage of the remaining wound area compared to 0 h. (b) 
Representative transmitted light optical microscopy images (4x objective) of wounds at 0 h, 24 h, 48 h, and 72 
h (scale bar: 200 µm). Intermediate images have been omitted to avoid redundancy. EDF 1 (0.025% ketotifen 
fumarate); EDF 2 (0.05% azelastine hydrochloride); EDF 3 (0.6% bilastine); EDF 4 (0.222% olopatadine 
hydrochloride); EDF 5 (0.05% azelastine hydrochloride); EDF 6 (0.776% olopatadine hydrochloride); EDF 
8 (0.1% olopatadine hydrochloride); EDF 9 (0.025% ketotifen fumarate); C+: positive control; C-: negative 
control.
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well known for its ability to increase viscosity, enhance retention time, and optimize hydration and lubrication 
of the ocular surface19,55,56. Our results evidence the superior hydration capacity of the sodium HA-containing 
antiallergic formulation EDF 3, which exceed the protective hydration effects of all other tested formulations. 
Additionally, bilastine 0.6% contains other excipients with humectant, viscous and bioadhesion properties such 
as glycerol and methylcellulose57–59, that not only prolong the contact time of the drug with the ocular surface, 
but also favor hydration of the cornea, consequently improving tear film stability.

Although the formulation EDF 6 contains polyethylene glycol and hydroxypropyl methylcellulose—agents 
known to enhance tear film viscosity and exhibit mucoadhesive properties59— it induced cytotoxic effects 
at higher concentrations, leading to a significant reduction of cell viability. The substantial differences in cell 
viability observed between EDF 3 and EDF 6 can likely be attributed to two key factors. First, HA has been 

Fig. 6.  In Vitro Wound Healing Assay of Human Primary Corneal Epithelial Cells (HCEpC). After the 
scratch, HCEpC cells were incubated in fresh medium with or without EDF 1, EDF 2, EDF 3, EDF 6 
formulations at 3.13% v/v dilution for 72 h. The wound area was imaged and quantified at 0, 12, 24, 36, 48, 60 
and 72 h post-scratching. (a) Quantification of Wound Healing Activity. Wound healing rate was expressed 
as the percentage of the remaining wound area compared to 0 h. (b) Representative transmitted light optical 
microscopy images (4x objective) of wounds at 0 h, 12 h, 24 h, 48 h, and 72 h (scale bar: 200 μm). Intermediate 
images have been omitted to avoid redundancy. EDF 1 (0.025% ketotifen fumarate); EDF 2 (0.05% azelastine 
hydrochloride); EDF 3 (0.6% bilastine); EDF 6 (0.776% olopatadine hydrochloride); C+: positive control; C-: 
negative control.
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shown outperform polyethylene glycol and hydroxypropyl methylcellulose in increasing tear film viscosity and 
stability60. Second, and more critically, the cytotoxic effects observed with EDF 6 at higher concentrations are 
likely due to the presence of the preservative.

Indeed, all BAC-preserved antiallergic eye drops (EDF 4 to EDF 9) demonstrated cytotoxicity on conjunctival 
cells, suggesting that BAC plays a pivotal role in these effects. Previous studies have consistently shown that 
exposure to BAC has a direct detrimental impact on the ocular surface and can potentially enhance the toxicity 
of other drugs and excipients within the same formulation61.

The cytotoxicity results of the three olopatadine formulations—EDF 4, EDF 6, and EDF 8—containing 
0.01%, 0.015%, and 0.01% BAC, respectively, suggest that the preservative BAC, along with the concentration 

Fig. 7.  In Vitro Wound Healing Assay of Human Primary Corneal Epithelial Cells (HCEpC). After the 
scratch, HCEpC cells were incubated in fresh medium with or without EDF 1, EDF 2, EDF 3, EDF 6 
formulations at 0.78% v/v dilution for 72 h. The wound area was imaged and quantified at 0, 12, 24, 36, 48, 60 
and 72 h post-scratching. (a) Quantification of Wound Healing Activity. Wound healing rate was expressed 
as the percentage of the remaining wound area compared to 0 h. (b) Representative transmitted light optical 
microscopy images (4x objective) of wounds at 0 h, 24 h, 48 h, and 72 h (scale bar: 200 μm). Intermediate 
images have been omitted to avoid redundancy. EDF 1 (0.025% ketotifen fumarate); EDF 2 (0.05% azelastine 
hydrochloride); EDF 3 (0.6% bilastine); EDF 6 (0.776% olopatadine hydrochloride); C+: positive control; C-: 
negative control.
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of the active ingredient, may contribute to the observed effects. At the 1.56% v/v dilution, slight differences 
were observed between EDF 4 and EDF 8, which are likely attributable to variations in the active ingredient 
concentration. In contrast, EDF 6, which contains both the highest concentration of BAC and the active 
ingredient, exhibited markedly greater cytotoxicity.

Comparatively, both EDF 2 and EDF 5 contain azelastine 0.05% with identical compositions, except for 
the presence of BAC (0.0125%) in EDF 5. At 1.56% v/v dilution, EDF 2 showed no protection, with similar 
viability to the dehydration control (~ 60%), while EDF 5 reduced viability to ~ 20%, highlighting BAC’s role in 
cytotoxicity.

A similar pattern was observed for EDF 1 (preservative-free) and EDF 9 (BAC-preserved, 0.01%), both 
containing ketotifen 0.025%. At 1.56% v/v, EDF 9 reduced viability more than EDF 1, further implicating BAC. 
These findings align with previous studies showing cytotoxic effects of these formulations on HConEpiC cells 
after 24-hour incubation, corroborating our results62.

The preservative-free formulations EDF 1 and EDF 2 did not protect conjunctival cells against dehydration 
but also did not exhibit significant cytotoxic effects, unlike the BAC-preserved formulations. An exception was 
EDF 2 at the highest concentration (6.25% v/v dilution), which significantly reduced cell viability beyond the 
negative dehydration control. In this case, any of the excipients present in EDF2 and/or the active ingredient 
might have contributed to this toxicity.

This assay was also conducted with primary corneal HCEpiC cells, although none of the formulations showed 
a protective effect against dehydration (data not shown).

The in vitro scratch wound healing assay in corneal cells was used to evaluate the effects of different 
concentrations of antiallergic eye drop formulations on re-epithelialization. It is important to note that the 
supplementary data reveals considerable variability in some measurements of the wounds in the in vitro scratch 
assay, as indicated by the SD. This variability can be attributed to factors such as the manual creation of the 
wounds, which made standardization challenging, as well as excessive desquamation and debris formation in 
some wells. Although automated measurements were employed, manual adjustments were frequently necessary 
to address these issues. Despite this, we do not believe the error bars undermine the validity of the assay. Rather, 
they reflect the natural complexity of the assay.

According to the data obtained, formulations EDF 1, EDF 2, and EDF 3 showed the highest re-epithelialization 
activity in human-established corneal epithelial cells, with EDF 1 exhibiting the greatest effect. In human primary 
corneal epithelial cells, the order of activity was EDF 1/EDF 3 (depending on the concentration) followed by 
EDF 2. Specifically, EDF 1 significantly accelerated wound closure, achieving complete or near-complete closure 
after 72 h, with no significant difference compared to the positive control. EDF 2 also accelerated wound closure, 
reaching 75% at 72 h with a 3.13% v/v dilution, and nearly 90% at 0.78% v/v dilution. For EDF 3 (bilastine 
0.6%), the formulation stimulated corneal re-epithelialization at 3.13% v/v dilution, reducing the wound area by 
approximately 60%. At the highest dilution (0.78% v/v), EDF 3 exhibited even more significant improvement, 
with wound closure percentages of 70% at 24 h and nearly 100% at 72 h.

The main differences in the chemical composition of these three antiallergic eye drops, aside from the active 
ingredient, are the excipients: glycerol (in EDF 1 and EDF 3); polyvinyl alcohol, hydroxypropyl methylcellulose 
and sorbitol (in EDF 2); and methylcellulose and HA (in EDF 3). Several studies indicate that sodium HA plays 
an important role in suppressing inflammation, promoting corneal epithelial cell migration and proliferation, 
thus enhancing wound healing24,63–67. Glycerol and methylcellulose also aid in corneal epithelial wound 
healing59,68, although sodium HA has been shown to accelerate healing more effectively than hydroxypropyl 
methylcellulose69. Additionally, exposure to polyvinyl alcohol has been associated with corneal epithelial 
damage in rabbit eyes70, which could not explain the wound healing capacity observed in EDF 2. Therefore, 
the differences among EDF 1, EDF 2 and EDF 3 may primarily stem from the active pharmaceutical ingredient.

The results of this assay also evidenced that BAC-preserved agents greatly delayed corneal wound healing 
compared to preservative-free formulations. Notably, EDF 9 and EDF 1, which contain the same active ingredient 
(ketotifen 0.025%), exhibited substantial differences in wound closure capacity. EDF 1 promoted healing at all 
dilution, while the BAC-preserved EDF 9 showed minimal activity, only at the most diluted concentration. Similar 
results were observed for EDF2 and EDF5, which contain the same active ingredient (azelastine 0.05%), but 
EDF5 is BAC-preserved. These findings support the notion that BAC toxicity hinders corneal epithelial wound 
healing71, consistent with studies showing that preservative-free formulations, or those with soft preservatives, 
improve ex vivo corneal healing72. In line with our results, an in vitro study using a scraping model in human 
corneal and conjunctival epithelial cell lines showed that antiglaucoma formulations containing BAC delay the 
wound-healing process. Additionally, BAC concentrations above 0.01% did not promote wound closure in the 
short term, but worsened the epithelial defect73.

Overall, the new multidose preservative-free bilastine 0.6% formulation containing sodium hyaluronate 
demonstrated superior bioadhesion properties compared to the other antiallergic eye drops evaluated. Although 
not all differences reached statistical significance, this trend in performance can likely be attributed to the 
presence of HA in the formulation. In addition, EDF 3 offered highly protective effects against dehydration and 
stimulated re-epithelialization of corneal cells after scratch, exhibiting remarkable wound healing properties. 
Although extrapolating in vitro results to in vivo contexts can be challenging, the findings of the present study 
are in line with previously reported evidence, particularly regarding the hydration and re-epithelialization effects 
of HA. Specifically, in an animal model of dry eye disease, high molecular weight hyaluronic acid (HMWHA) 
demonstrated superior protection over low molecular weight hyaluronic acid (LMWHA) and diquafosol sodium 
(DQ) eye drops74. This highlights the greater efficacy of HMWHA in promoting tear film stability and epithelial 
healing, which aligns with the results observed with EDF3 in our study. These findings strongly support the use 
of the preservative-free bilastine 0.6% eye drops containing sodium HA in the treatment of patients with allergic 
conjunctivitis. Besides its antihistamine effect, the prolonged use of bilastine 0.6% is unlikely to cause ocular 
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surface damage and may actually help improve the ocular surface conditions often compromised by the disease 
itself.

Data availability
All data generated or analyzed during this study are included in this published article.
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