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A B S T R A C T   

Dry eye disease (DED), a multifactorial disease of the tears and ocular system, causes loss of tear film homeostasis 
with damage to the ocular surface. This study aimed to assess whether a peculiar matrix based on sodium 
hyaluronate (HA), xanthan gum (XNT), glycine (GLY) and betaine (BET) as osmoprotectants, could be involved 
in biological responses. Wound healing assay on human corneal epithelial (HCE) cells in monolayer showed a 
synergistic effect of the combination of HA + XNT (**p ≤ 0.01) together with an efficient extracellular matrix 
remodeling of the formulation in SkinEthic™ HCE 3D-model sought by integrin beta-1 (ITGβ1) expression and 
morphological analysis by hematoxylin and eosin (H&E), compared to a reference marketed product. The syn-
ergistic effect of HA + XNT + GLY + BET showed an antioxidant effect on HCE cells (***p ≤ 0.001). Real-time 
PCR analysis showed that the combination of GLY + BET seemed to ameliorate the effect exhibited by the single 
osmoprotectants in reducing tumor necrosis factor-alpha (TNFα, #p ≤ 0.05), interleukin-1 beta (IL1β, ####p ≤
0.0001) and cyclooxygenases-2 (COX2, ####p ≤ 0.0001) genes in SIRC cells under hyperosmotic stress. 
Furthermore, pretreatment with XNT, alone and in combination (##p ≤ 0.01), reduced COX2 expression in 
human non-small cell lung cancer cells (A549). Finally, the formulation was well-tolerated following q.i.d. ocular 
administration in rabbits during a 28-day study. Due to the synergistic effect of its components, the matrix 
proved able to repair the ocular surface restoring cell homeostasis and to protect the ocular surface from pro- 
inflammatory pathways activation and oxidative damage, thus behaving as a reactive oxygen species (ROS) 
scavenger.   

1. Introduction 

The ocular surface is characterized by the tear film, a transparent 
three-layer structure that covers the corneal and conjunctival epithelia 
ensuring comfort and visual function. The tear film provides nourish-
ment and protects the ocular surface from infections and damage, thus 
representing the first line of eye defense against pathogenic invasion, 
and its alteration causes eye discomfort (Pflugfelder and Stern, 2020). 
Several risk factors, such as old age, female gender, systemic diseases, 
postmenopausal estrogen treatment, refractive surgery of the cornea, 
environmental factors and irradiation increase the risk of ocular disease, 
leading to a considerable impact on patients’ quality of life (Smith et al., 
2007; Nebbioso et al., 2017; Hu et al., 2021). Recently, some authors 

surveyed dry eye patients about their unmet needs, and treatment 
dissatisfaction was found to be the most important aspect to take care of 
(Asbell et al., 2019; Lee Guo and Akpek, 2020; Okumura et al., 2020). 

According to its definition (Craig et al., 2017), Dry Eye Disease (DED) 
can be described as a disorder that self-sustains, progressively dis-
connecting from its initial causes. Different factors are described as 
“entry points” into the vicious circle of DED, in particular tear film 
imbalance, which is often associated with hyperosmolarity as well as 
with cellular metabolic disfunction and apoptosis, and the release of 
pro-inflammatory factors, which causes damage to the ocular surface, 
with a decrease in goblet cells and loss of corneal epithelial barrier 
function (Baudouin et al., 2016). The tear film must be constantly 
replenished by blinking and adequate tear secretion. Without this, the 
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tear film would destabilize and the surface of the eye would be exposed 
to damaging desiccation and corneal epithelial barrier disruption, 
leading to eye inflammation, abrasion of the corneal surface, corneal 
ulcers and vision loss (Bron et al., 2017). Therefore, the therapeutic 
strategy for DED should consider multiple pathogenic mechanisms. 

Nowadays, different artificial tear products are commercially avail-
able for the management of dry eye disease. Artificial tears containing 
viscosity-building macromolecules have been developed, and more 
recently osmoprotective agents have also been added as compatible 
solutes to prevent the hyperosmolar tear film from damaging the ocular 
surface (Simmons and Vehige, 2017; Agarwal et al., 2021). This strategy 
increases the persistence of the topical product on the ocular surface, 
and with it its physical protection capacity. 

The new formulation analyzed in this study, Hyalistil SYNFO, con-
tains a combination of two macromolecules forming a peculiar matrix of 
sodium hyaluronate (HA, linear polymer) and xanthan gum (XNT, 
branched polymer), plus glycine (GLY) and betaine (BET) as osmopro-
tective agents to improve the cellular homeostasis of the ocular surface. 
HA, a linear, high-molecular weight glycosaminoglycan polysaccharide, 
increases the stability of the precorneal tear film, improves ocular sur-
face wettability and smoothness by means of its water-retentive and 
viscoelastic properties (Khare et al., 2014; Fallacara et al., 2018) and 
stimulates corneal epithelial cell migration (Gomes et al., 2004), playing 
a role in wound healing (Litwiniuk et al., 2016). XNT is a high molecular 
weight anionic polysaccharide capable of forming viscoelastic gels. Its 
structure contains a pyruvate, which improves its protective effects as 
antioxidant and scavenger of reactive oxygen species (ROS) (Amico 
et al., 2015). It is also characterized by lubricating and immunomodu-
latory properties (Liu et al., 2017), and acts as a scaffold in 
re-epithelialization processes (Petri, 2015). XNT has recently been 
shown to improve the conjunctival epithelium of patients with mild to 
moderate dry eye (Postorino et al., 2020). The interaction of XNT with 
the mucinous layer of the tear film is sustained through its physico-
chemical properties and structural characteristics (Menchicchi et al., 
2015). Glycine (GLY) and betaine (BET) are compatible solutes useful to 
stabilize the corneal epithelial cell volume under hyperosmotic stress 
and to regulate protein function, thus having the potential to manage the 
effects of tear film instability in DED. Moreover, they play a crucial role 
in cellular remodeling (Aragona et al., 2013; Chen et al., 2013; Garrett 
et al., 2013). 

Our aim was to investigate the potential synergistic effect of the 
innovative matrix in the unbalanced and compromised conditions of the 
ocular surface by means of in vitro and in vivo efficacy studies. 

2. Material and methods 

2.1. Materials 

Hyaluronic acid was from Shandong TopScience Biotech Co. Ltd. 
Xanthan gum was from CP Kelco U.S. Inc. (Atlanta, Georgia). Betaine 
hydrochloride was from Far-malabor S.r.l. (Canosa di Puglia, Italy). 
Glycine was from Amresco LLC, VWR International (USA). Hyalistil 
SYNFO was from SIFI S.p.A. (Aci S. Antonio, Catania, Italy). Thealoz Duo 
was from Thea Laboratoires (France). Immortalized human corneal 
epithelial cells (HCEs) were obtained from the Riken cell bank (Tsukuba 
Science City, Japan). SkinEthic™ HCE organotypic corneal 3D tissues 
and the related maintenance medium were purchased from Episkin 
Laboratories (Nice, France). Dulbecco’s Modified Eagle’s Medium 
(DMEM), phosphate-buffered saline (PBS), glucose oxidase (GOx), 
human non-small cell lung cancer (A549) cell line, fluorescein sodium 
salt, 4′,6-diamidino-2′-phenylindole dihydrochloride (DAPI), formalin 
and hematoxylin were purchased from Sigma-Aldrich S.r.l. (Milan, 
Italy). Gentamicin, penicillin-streptomycin, L-glutamine (L-glu), tryp-
sin–EDTA, Fetal Bovine Serum (FBS) and Basal Medium Eagle (BME) 
were from Lonza (Basel, Switzerland). Benzalkonium chloride (BKC) 
50% was obtained from Novo Nordisk Pharmatech A/S (Køge, 

Denmark). Integrin beta-1 (ITGβ1) [4B7R] was purchased from Abcam 
(Cambridge, UK). AlexaFluor goat anti mouse 488 was from Thermo 
Fisher Scientific (U.S. Inc.). Eosin and paraffin were purchased from 
Histoline S.r.l. (Milan, Italy). Lactate dehydrogenase (LDH) cytotoxicity 
assay kit was obtained from Cayman Chemical (Ann Arbor, Michi-gan). 
Statens Seruminstitut Rabbit Cornea (SIRC) cells were obtained from 
LGC Standards S.r.l. (Milan, Italy). RNAlater stabilization solution was 
obtained from QIAGEN s.r.l. (Milan, Italy). TRIzol reagent, DNase I 
Amplification Grade, SuperScript II Reverse Transcriptase, Random 
Hexamer Primer, Oligo(dT)20 primers, dNTP Set 100 mM and Super-
Script III Reverse Transcriptase were from Invitrogen by Thermo Fischer 
Scientific (Carlsbad, CA, USA). TaqMan gene expression assays for 
tumor necrosis factor-alpha (TNFα), interleukin 1 beta (IL1β), 
cyclooxygenase-2 (COX2), hypoxanthine phosphoribosyltransferase 1 
(HPRT1), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 
real-time PCR master mix were from Applied Biosystems (Foster City, 
CA, USA). IL1β for the stimulation of A549 cells was from R&D System 
(Minneapolis, USA). New Zealand White rabbits were purchased from 
Charles River Laboratories Italia s.r.l. (Lecco, Italy). Tanax® was pur-
chased from MSD Animal Health S.r.l. (Milan, Italy), Zoletil 50 + 50 mg/ 
mL from Virbac (Milan, Italy) and Domitor from Orion Pharma s.r.l. 
(Milan, Italy). 

2.2. In vitro efficacy studies 

2.2.1. Wound healing assay 
Two different test systems were used for these studies: bidimensional 

HCE cells in monolayer and SkinEthic™ HCE organotypic 3D tissue 
constructs. 

2.2.1.1. Wound healing assay – HCE cells in monolayer. HCE monolayer 
was grown in a humidified 5% CO2 atmosphere at 37 ◦C in complete 
culture medium (CCM) made of DMEM containing 10% FBS, 100 units/ 
mL of penicillin-streptomycin and 2 mM of L-glu. Each well of a 48-well 
tissue culture plate was seeded with 150,000 cells in 400 μL of CCM. 
Cells were allowed to grow at 37 ◦C, 5% CO2 until complete confluence 
and then subjected to a modified scratch assay protocol (Martinotti and 
Ranzato, 2020). Briefly, the CCM was removed and wells were washed 
with phosphate-buffered saline (PBS). Then, cells were incubated for 24 
h in DMEM without FBS (FBS-free DMEM) for starvation. Then, the HCE 
monolayer was scratched with a sterile 200 μL pipette tip, and the cells 
were washed twice with PBS to remove detached cells prior to incuba-
tion with the following treatments: FBS-free DMEM (CTRL− ), 0.01% 
BKC (CTRL +), 0.2% xanthan gum (XNT), 0.2% hyaluronic acid (HA) or 
with the combination of 0.2% xanthan gum and 0.2% hyaluronic acid 
(XNT + HA). All test items were diluted in sterile FBS-free DMEM. BKC, 
was selected as CTRL +, considering that it is the major preservative 
component currently used in eye drops at concentrations even higher 
than 0.01% (i.e., 0.02%). Wound closures were observed at T0 and T24 
h after scratch under a light microscope (10X, Olympus IX51, Hamburg, 
Germany). The wound area of each test item at 24 h was compared to the 
corresponding wound area at T0. Scratch images were acquired by a 
camera (Olympus DP71, Hamburg, Germany), and areas were analyzed 
by the ImageJ software (https://imagej.net/Welcome). All samples were 
tested in three independent experiments performed in triplicate. 

2.2.1.2. Wound healing assay - SkinEthic™ HCE organotypic 3D tissue. 
The wound healing assay performed on SkinEthic™ HCE organotypic 3D 
tissues was conducted by VitroScreen-In Vitro Research Laboratories 
(Milan, Italy). The study was performed on triplicate HCE series. 

Upon arrival, HCE tissues were aseptically removed from their cul-
ture plate, placed in a 6-well culture plate with 1 mL of maintenance 
medium (changed every 24 h) and incubated overnight at 37 ◦C, 5% CO2 
saturated humidity. The day after, two parallel injuries were performed 
on the HCE surface using a glass capillary. One hour after injury, the 
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HCEs were treated (30 μL) for 24 h or 48 h according to the following 
treatment groups: i) untreated injured control (Inj Ctrl); ii) Hyalistil 
SYNFO and iii) Thealoz Duo (as a reference marketed product). On the 
negative (un-injured and untreated cells) and injured control, 30 μL 
saline solution (0.9% NaCl) were applied. 

Upon treatment completion (24 h and 48 h), tissues were rinsed with 
saline solution and fixed in formaline. Samples were included in paraffin 
blocks and sectioned at 5 μm, and ITGβ1 immunostaining was per-
formed. Antibodies: ITGβ1 as primary and AlexaFluor goat anti mouse 
488 cell nuclei were stained with DAPI. Images were acquired with 
LEICA DMi8 THUNDER imager 3D (Leica Microsystem, Wetzler, Ger-
many), camera K5 for fluorescence, and processed with the LASX 3.7.1 
software. For each replicate, 2 microscope acquisitions were analyzed at 
20x magnification in the injury areas. Image analysis was performed 
using the LASX 3.7.1 software, in particular the fluorescence signal was 
quantified considering equal regions of interest (ROIs) comprising the 
injury and evaluating the % of image area covered by signal, while 
unspecific signal was removed from the analysis by the software. 

Moreover, a histomorphological analysis was performed at 24 h and 
48 h by staining tissue sections by hematoxylin and eosin (H&E) staining 
following an internal method. The stained sections were visualized 
under a Leica DM 2500 (Leica Microsystem, Wetzler, Germany) bright 
field microscope equipped with the Leica DFC 450C Camera and LASX 
3.0.4 software, for each replicate. Two microscope acquisitions at 40x 
magnification were analyzed. The overall morphology and its modifi-
cation were analyzed compared to the untreated injured controls ac-
cording to defined morphological descriptors: number of cell layers, cell 
shape (flattened cells during migration or cubic cells in the post- 
migratory phase) and localization, condensed nuclei for the re- 
epithelialization process, extra-cellular matrix (ECM) architecture, 
staining, compactness, cell-cell adhesion and cell-matrix interactions. 

2.2.2. Antioxidant effect on HCE cells 
HCE cells in monolayer were grown in a humidified 5% CO2 atmo-

sphere at 37 ◦C CCM. Each well of a 96-well tissue culture plate was 
seeded with 60,000 cells per well in 100 μL of CCM. Cells were allowed 
to grow at 37 ◦C, 5% CO2 until subconfluence (70–90%) and subjected to 
the LDH assay protocol. LDH is a soluble enzyme located in the cytosol 
that is released into the surrounding culture medium upon cell damage 
or lysis during apoptosis or necrosis. Therefore, LDH activity in the 
culture medium can be used as an indicator of cell membrane integrity, 
and thus as a measure of cytotoxicity: the protocol used is briefly 
described below (Kaczara et al., 2010; Maugeri et al., 2018). In details, 
the culture medium was replaced by the following treatments: i) 
FBS-free DMEM (CTRL− ), ii) FBS-free DMEM with GOx (CTRL+), iii) 
0.2% XNT, iv) 0.2% XNT + 0.2% HA or with v) 0.2% XNT + 0.2% HA +
0.1% GLY + 0.25% BET (formulation containing the same components 
of Hyalistil SYNFO). After 3 h, 5 mU/mL of GOx were added to each 
treatment condition (with exception of CTRL− which remained un-
treated) for 24 h to induce oxidative stress by continuous mitochondrial 
H2O2 generation. At the end of indicated time point, 100 μL of cell su-
pernatant from each treatment condition were transferred to a new 
96-well plate and 100 μL of LDH solution were added to each well. The 
plate was incubated for 30 min at 37 ◦C, and then the optical density (O. 
D.) at 490 nm was read using a spectrophotometer (SPECTRAFluor Plus, 
Tecan, Männedorf, Switzerland). Cell cytotoxicity percentages were 
calculated with respect to “spontaneous release” and “maximum 
release” control wells representing 0 and 100% cytotoxicity levels, 
respectively. The results were then converted to the corresponding cell 
viability values. All samples were tested in three independent experi-
ments performed in triplicate. 

2.2.3. In vitro model of hyperosmolar stress-induced dry eye in SIRC cells 
SIRC cells were grown in a humidified 5% CO2 atmosphere at 37 ◦C 

in a CCM made of BME containing 10% FBS, 100 U/mL of penicillin- 
streptomycin, 0.1 mg/mL of gentamicin and 2 mM of L-glu. Each well 

of a 6-well tissue culture plate was seeded with 700,000 cells in 2 mL of 
CCM, and then confluent cells were subjected to hyperosmolar stress as 
described below. SIRC cells were switched to FBS-free medium for 24 h, 
and then treated for 4 h with i) FBS-free isosmolar BME (CTRL− , ≈300 
mOsM), ii) hyperosmolar medium (CTRL+, ≈500 mOsM) obtained by 
addition of sodium chloride (NaCl, 124 mM), iii) 0.1% GLY, iv) 0.25% 
BET, alone or v) in combination (GLY + BET), all diluted in a hyper-
osmolar medium. The osmolarity of the culture media was measured by 
an osmometer (OSMOMAT 010, Gonotec GmbH, Berlin, Germany). 
After 4 h, the cells were washed with PBS and lysed in TRIzol reagent for 
RNA extraction. The total RNA (1 μg) was treated with DNase I Ampli-
fication Grade to eliminate any potential genomic DNA contamination 
and reverse-transcribed into cDNA with SuperScript II Reverse Tran-
scriptase and a random hexamer primer. Quantitative real-time PCR 
(qPCR) was performed in an AbiPrism 7000 thermal cycler (Life Tech-
nologies, Modena, Italy) using TaqMan gene expression assays for TNFα 
(Oc03397715_m1), IL1β (Oc03823250_s1), and COX2 
(Oc03398295_m1). The fold change in gene expression was calculated 
according to the 2− ΔΔCt method (Ct, cycle threshold) using HPRT1 
(Oc03399461_m1) as the endogenous reference gene and the average 
ΔCt of CTRL− as a calibrator. All samples were tested in three inde-
pendent experiments performed in triplicate. 

2.2.4. In vitro model of anti-inflammatory activity in A549 cells 
A549 cells were grown in a CCM made of DMEM containing 10% 

FBS, 2 mM of L-glu and 100 U/mL of penicillin-streptomycin. Each well 
of a 6-well tissue culture plate was seeded with 200,000 cells in 2 mL of 
CCM. Cells were allowed to grow at 37 ◦C and 5% CO2 until confluence, 
and then incubated in FBS-free DMEM together with test compounds. 
Briefly, A549 cells were treated with i) 0.2% XNT, ii) 0.2% HA and iii) 
0.2% XNT +0.2% HA for 2 h and then stimulated with 10 ng/ml of IL1β 
for 18 h to induce COX2 expression. Positive control (CTRL+) is repre-
sented by cells exposed to FBS-free DMEM and stimulated with IL1β for 
18 h. Subsequently, A549 cells were collected in 1 mL of TRIzol reagent 
for further RNA isolation following the protocol described above (see 
section 2.2.3). Quantitative real-time PCR was performed using TaqMan 
gene expression assays for COX2 (Hs00153133_m1). The fold change in 
gene expression was calculated according to the 2-ΔΔCt method using 
GAPDH (Hs02758991_g1) as the endogenous reference gene and the 
average ΔCt of CTRL− (cells treated with FBS-free DMEM) as a cali-
brator. All samples were tested in three independent experiments per-
formed in triplicate. 

2.3. In vivo study 

2.3.1. 28-day ocular tolerability study in rabbits 
Ten New Zealand White (NZW) rabbits, 5 males and 5 females, 

weighing approximately 2 Kg, were used in this study. All animals were 
treated according to the Directive 2010/63/UE, the European Conven-
tion for the Protection of Vertebrate Animals used for Experimental and 
Other Scientific Purposes and to the Association for Research in Vision 
and Ophthalmology (ARVO) Statement for the Use of Animals in 
Ophthalmic and Vision Research. Protocols were approved by the Italian 
Ministry of Health (authorization no. 672/2016-PR of 05 April 2016). 
All animals were housed individually in standard cages under identical 
temperature (18–23 ◦C), relative humidity (45–65%) and controlled 
enrichment conditions, and exposed to a 12-h light and darkness cycle. 
In order to mimic the human dosing regimen, 50 μL of Hyalistil SYNFO 
formulation or control [phosphate-buffered saline (PBS)] were admin-
istered four times a day (q.i.d.), every 3 h for 28 days by instillation into 
the conjunctival sac of the right (treated) or left (control) eye, respec-
tively. The general clinical signs of all animals, such as body weight 
(BW) and general appearance, were observed and recorded following 
the schedule summarized in Table 1. Two types of ocular examinations 
were conducted for clinical evaluations using an ophthalmoscope and a 
slit lamp, as reported in Table 1. 
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The potential ocular irritancy and/or damaging effects of the 
formulation were evaluated according to a modified Draize’s test 
(Draize et al., 1944). Redness (A), swelling (B) and discharge (C) of the 
conjunctiva, evaluated with an ophthalmoscope, were graded on a scale 
from 0 to 3, 0 to 4 and 0 to 3, respectively. The maximum total score was 
20, calculated as follow: Score (A + B + C) x 2. Moreover, slit lamp 
examinations of both eyes were performed to assess corneal area, 
corneal epithelial staining and iris hyperemia (score 0 to 4), according to 
the McDonald–Shadduck’s scale (Baldwin et al., 1973; McDonald and 
Shadduck, 1977). Fluorescein sodium salt 1% staining was used to 
evaluate corneal integrity, as it allows accurate determination of the 
extent of epithelial damage because of its poor diffusion through the 
stromal layer of the cornea. 

At the end of the experiment, the animals were euthanized by an 
intravenous injection of 500 μL/kg of Tanax following sedation with a 
mixture of 100 μL/kg of Zoletil and 100 μL/kg of Domitor. 

2.4. Statistical analysis 

On HCE monolayers, significant differences were sought by one-way 
ANOVA, followed by Sidak’s or Tukey’s post-hoc tests (GraphPad Prism 
6; CA, USA) for the wound-healing and antioxidant assays, respectively. 
P values ≤ 0.05 were considered statistically significant. 

On SkinEthic™ HCE 3D tissue, the statistical analysis of ITGβ1 pro-
tein expression was performed by one-way ANOVA followed by Tukey’s 
post-hoc test (GraphPad Prism 9; CA, USA). 

Differences among treatments in the hyperosmolarity dry eye model 
and anti-inflammatory assay were sought by one-way ANOVA, followed 
by Sidak’s post-hoc test (GraphPad Prism 6; CA, USA). 

In the 28-day ocular tolerability study, statistically significant dif-
ferences were sought by an ANOVA General Linear Model test (Minitab 
17 software, Coventry, United Kingdom). 

3. Results 

3.1. Wound healing effect – HCE cells in monolayer 

HCE cells in monolayer were subjected to scratch assay and treated 
with 0.2% xanthan gum (XNT), 0.2% hyaluronic acid (HA) or with their 
combination (XNT + HA). The analysis of HCE monolayer scratch areas 
showed that benzalkonium chloride (BKC) 0.01% (CTRL+) is unable to 
induce re-epithelialization (Fig. 1). 0.2% XNT and 0.2% HA, when used 
alone, failed to reach statistical significance at 24 h with respect to the 
CTRL− condition. The combination of XNT + HA showed a statistically 
relevant re-epithelialization effect vs CTRL− (**p ≤ 0.01) and a syner-
gistic effect vs the single components (#p ≤ 0.05), which supports the 

synergistic effect of 0.2% XNT with 0.2% HA (Fig. 1). 

3.2. Wound healing effect - SkinEthic™ HCE organotypic 3D tissue 

The efficacy of Hyalistil SYNFO on boosting or accelerating re- 
epithelialization was evaluated in an experimental window of 24 
h–48 h on SkinEthic™ HCE organotypic 3D tissue addressing: i) 
expression of integrin beta-1 (ITGβ1) by immunofluorescence and ii) 
tissue morphology by hematoxylin and eosin (H&E) staining at the site 
of superficial injuries, where a more relevant cellular activity was 
detected. 

In untreated injured control, (Inj Ctrl) ITGβ1 was found to be 
expressed and localized in the early migratory phase at 24 h and to 
decrease at 48 h, when it was no longer detectable (Fig. 2 A–B; Fig. 3 
A–B). In the experimental window relevant for the migratory phase (i.e., 
24 h–48 h), the test items have determined a different ITGβ1 modulation 
and kinetic. In detail, in Hyalistil SYNFO treated samples, protein 
expression was found at the migratory edges at 24 h (Fig. 2 A; Fig. 3 A) 
and was no longer detected at 48 h (Fig. 2 B; Fig. 3 B). On the other hand, 
in ThealozDuo treated samples, ITGβ1 was not detected at 24 h (**p ≤
0.01 vs. Inj Ctrl, Fig. 2 A and Fig. 3 A) and its expression started at 48 h 
(Fig. 2 B and Fig. 3 B), showing a delay in the re-epithelialization process 
compared to Hyalistil SYNFO. 

Tissue morphology was evaluated by H&E staining with the aim of 
investigating the modification in the HCE tissue structure during wound 
healing by analyzing the morphological descriptors involved in re- 
epithelialization (24 h) and re-modelling (48 h). 

Morphological analysis by H&E at 24 h showed that cell migration 
and proliferation (red rectangle) processes were similar in the untreated 
injured control (Inj Ctrl) and in the Hyalistil SYNFO series (Fig. 4 A), 
suggesting that the physiological re-epithelialization process, as 
response to the injury, occurred with the same kinetics. Interestingly, 
tissue architecture was better organized in the Hyalistil SYNFO-treated 
group compared to Inj Ctrl (Fig. 4 A), the former presenting a lower 
number of condensed nuclei (black arrows). Overall tissue organization 
seems to be recovered, resulting in a more regular HCE morphology. 
Moreover, the cells treated with Hyalistil SYNFO were also character-
ized by a smoother corneal surface and conserved epithelial continuity. 
On the contrary, the morphological analysis on ThealozDuo-treated 
HCEs showed presence of elongated cells that are still in a migratory 
phase around and below the injury site (Fig. 4 A). 

The morphological descriptors of re-modelling, related to epithelial 
extracellular matrix (ECM), cellular spatial disposition and adhesion 

Table 1 
Schedule of procedures, ocular examinations and sampling.  

Study time 
points 

Procedure Ocular examination 

Baseline General clinical 
examination 
BW 

Slit lamp 
Observation with an ophthalmoscope 

Day 1 General clinical 
examination 
Instillations 

Observation with an ophthalmoscope after 
the second and the last administration of 
the day 
(+1h ± 6 min after the 
second and the fourth administration) 

Day 2 
to Day 28 

General clinical 
examination (daily) 
BW (weekly) 
Instillations (daily) 

Slit lamp before the first administration of 
the day (weekly) 
Observation with an ophthalmoscope 
before the first administration of the day 
(weekly) 

Day 29 General clinical 
examination 
BW 
Euthanasia 

Slit lamp 
Observation with an ophthalmoscope  Fig. 1. Wound healing in HCE monolayer. HCE cells were exposed for 24 h to 

FBS-free DMEM (CTRL− ), benzalkonium chloride 0.01% (BKC, CTRL+), 0.2% 
xanthan gum (XNT), 0.2% hyaluronic acid (HA) and 0.2% XNT + 0.2% HA 
(XNT + HA). Data are presented as mean ± S.E.M. of three independent ex-
periments performed in triplicate. **p ≤ 0.01 vs. CTRL− ; #p ≤ 0.05 vs. XNT +
HA. One-way ANOVA followed by Sidak’s post-hoc test. 
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were also evaluated at 48 h (Fig. 4 B). In Inj Ctrl HCEs, in proximity of 
the injury (green ellipse), the ECM matrix architecture was disorganized 
with irregular cell-cell contacts, and many condensed nuclei were found 
(Fig. 4 B). In the Hyalistil SYNFO-treated HCE tissue, the HCE archi-
tecture was almost recovered, showing regular cell-cell contacts within 
the different layers, round shape cells without vacuolization and a quite 
homogeneous ECM organization (Fig. 4 B). Finally, in Thealoz Duo- 
treated samples, the whole tissue morphology and architecture were 
improved compared to untreated injured control, with a reduction of 
vacuolization and an increase of cellular connection, although the HCE 
tissue still appears not fully recovered and ECM results not completely 
homogeneous (Fig. 4 B). 

3.3. Antioxidant effect on HCE cells 

Oxidative stress was induced by the glucose oxidase enzyme (GOx), 
and the antioxidant effect, in terms of cell viability, was evaluated by 
LDH assay. Indeed, while ROS determination represents a direct mea-
sure of the antioxidant effect, cell viability can be considered an indirect 
indicator of oxidative stress. Results showed that, after the stress 
induced by GOx, both 0.2% XNT alone and the combination of 0.2% 

XNT and 0.2% HA (XNT + HA) increased cell viability compared to the 
positive control (CTRL+, **p ≤ 0.01) (Fig. 5). Interestingly, when both 
polymers are mixed with osmoprotectants (XNT + HA + GLY + BET) the 
synergistic effect is more evident, showing an increase in cell viability 
(Fig. 5). Indeed, XNT + HA + GLY + BET increases cell viability in a 
statistically significant manner compared to CTRL− (***p ≤ 0.001) and 
versus XNT and XNT + HA (##p ≤ 0.01), respectively (Fig. 5). 

3.4. Effect of osmoprotectants on the hyperosmolar stress in SIRC cells 

SIRC cells were exposed to hyperosmolar stress using NaCl 500 
mOsm and treated with GLY and BET as single osmoprotectants or with a 
combination of both (GLY + BET) for 4 h to simulate in vitro dry eye. 

Evaluations carried out by qPCR demonstrated that the expression of 
the TNFα (**p ≤ 0.01), IL1β (****p ≤ 0.0001) and COX2 (****p ≤
0.0001) pro-inflammatory genes was significantly upregulated in cells 
grown in a hyperosmolar medium (CTRL+) in the absence of osmo-
protectants compared to the negative control (CTRL− ) (Fig. 6A–C). 

The treatment of SIRC cells with the single osmoprotectants GLY and 
BET significantly reduced the expression of TNFα by 70% (#p ≤ 0.05) 
and 73.6% (#p ≤ 0.05), respectively and of IL1β by 61.8% (###p ≤

Fig. 2. ITGβ1 immunofluorescence staining at 20x magnification. Representative pictures of the injury site of SkinEthic™ HCE organotypic 3D tissue at 24 h (A) and 
48 h (B) treated with the following test items: untreated injured control (Inj Ctrl), Hyalistil SYNFO and Thealoz Duo. ITGβ1 (green), DAPI (blue). Scale bar: 100 μm. 

Fig. 3. ITGβ1 protein quantification at the injury site 
in SkinEthic™ HCE organotypic 3D tissue treated for 
24 h (A) and 48 h (B) with the following test items: 
untreated injured control (Inj Ctrl), Hyalistil SYNFO 
and Thealoz Duo. Data are expressed as the % of area 
covered by fluorescent signal, measured in a selected 
region of interest (ROI) comprising the injury. Data 
are presented as mean ± standard deviation of bio-
logical triplicates. **p ≤ 0.01 vs. Inj Ctrl; One-way 
ANOVA followed by Tukey’s post-hoc test.   
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0.001) and 76.2% (###p ≤ 0.001), respectively compared to CTRL+
(Fig. 6A and B). In addition, BET was also able to reduce (####p ≤
0.0001) the expression of COX2 mRNA significantly by 64.7% compared 
to CTRL+ (Fig. 6 C). Interestingly, when SIRC cells were treated with the 
combination of both osmoprotectants, GLY + BET seemed to ameliorate 
the effect exhibited by the single components reducing the expression of 
all pro-inflammatory genes, even if it failed to reach statistical signifi-
cance (Fig. 6A–C). 

3.5. Anti-inflammatory activity on A549 cells 

A549 cells were treated with 0.2% XNT (XNT), 0.2% HA (HA) and 
with their combination (XNT + HA) for 2 h and then stimulated with 10 
ng/mL of IL1β for 18 h to induce COX2 expression. 

Quantitative real-time PCR analysis showed that stimulation of 
A549 cells with IL1β (CTRL + IL1β) produced a statistically significant 
overexpression of the COX2 mRNA level to 9.44-fold (****p ≤ 0.0001) 
compared with CTRL− (Fig. 7). The expression of COX2 in response to 
IL1β stimulation was significantly reduced by 6-fold (##p ≤ 0.01) by 
pretreating cells with XNT or XNT + HA compared with CTRL+, 
showing an effect in preventing inflammation. However, this effect 
seems to be ascribable to XNT alone rather than to a synergy of both 
polymers. Moreover, it was found that 0.2% HA was statistically 
different compared to 0.2% XNT alone and the combination XNT + HA 
(p ≤ 0.001 vs 0.2% HA) (Fig. 7). 

3.6. 28-day ocular tolerability study in rabbits 

Ocular tolerability of Hyalistil SYNFO was evaluated following uni-
lateral instillation of 50 μL q.i.d. into the eyes of NZW rabbits for 28 days. 

Redness (A), swelling (B), and discharge (C) of the conjunctiva were 
evaluated for both eyes using an ophthalmoscope according to the 
Draize’s scale. The results of the ophthalmoscopic assessments after 
treatment with Hyalistil SYNFO did not reveal any major findings 
throughout the experiment. Indeed, treatment with Hyalistil SYNFO 
only produced sporadic and sparse events of transient and low-score 
conjunctival redness, i.e., a maximum score of 1 on a scale from 0 to 
20. There was no statistically significant difference between male and 
female rabbits, nor between right eyes treated with Hyalistil SYNFO and 
left eyes treated with the control (PBS) (Fig. 8). The resulting score 
remained extremely low during the whole study. 

Examination of the ocular surface, particularly of corneal area, 
corneal epithelial staining and iris hyperemia was performed with a slit 
lamp. Analysis of data by means of the McDonald-Shadduck’s scale 
showed no persisting or relevant ocular findings during the whole study 
in both treated (Hyalistil SYNFO) and contralateral eyes (PBS). Here we 
report a representative graph of the corneal epithelial staining (Fig. 9). 
Slit lamp examination also demonstrated that treatments with both 
Hyalistil SYNFO and PBS only produced a slight and transient 

Fig. 4. Morphological analysis by H&E staining at 40x magnification. Representative pictures of the injury site in SkinEthic™ HCE organotypic 3D tissue treated for 
24 h (A) and 48 h (B) with the following test items: untreated injured control (Inj Ctrl), Hyalistil SYNFO and Thealoz Duo. Morphological descriptors were evaluated 
in relevant areas for re-epithelialization at 24 h (red rectangles) and re-modelling at 48 h (green ellipse) as well as condensed nuclei (black arrows). Standard 
Morphology of Skinethic™ HCEs was reported as reference (C). Scale bar: 50 μm. 

Fig. 5. Antioxidant effect, in terms of cell viability (LDH assay), of 0.2% XNT 
(XNT) alone or in combination with 0.2% hyaluronic acid (XNT + HA) and 
0.1% glycine and 0.25% betaine as osmoprotectants (XNT + HA + GLY + BET) 
on HCE cells induced with GOx (5mU/mL). **p ≤ 0.01, ***p ≤ 0.001 vs. 
CTRL+. ##p ≤ 0.01 vs. XNT + HA + GLY + BET. Two-way ANOVA followed by 
Tukey’s post-hoc test. Data represent the mean ± S.E.M. of 3 different experi-
ments performed in triplicate. 
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fluorescein staining of the cornea confined to a small focus (score of 1 on 
a scale from 0 to 4 for both for the epithelial staining and the corneal 
area), similarly toPBS control eyes (Fig. 9). Statistical analysis showed 
no significant difference between male and female rabbits, nor between 
right eyes treated with Hyalistil SYNFO and left eyes treated with PBS. 
Under these experimental conditions, these results demonstrate that 

Hyalistil SYNFO administrated four times a day for 28 days is well 
tolerated, as is PBS. 

4. Discussion 

DED is an underdiagnosed and undertreated disease that occurs as 
part of ageing and impacts the quality of life of millions of affected in-
dividuals worldwide. The numbers of DED patients have dramatically 
increased in the past decades (up to 30–40% in some populations), 
which is likely to be predominantly caused by environmental changes 
(Tsubota et al., 2020). 

The core mechanism of DED is evaporation-induced tear hyper-
osmolarity, which is the hallmark of the disease. It damages the ocular 
surface both directly and by initiating inflammation. In DED, tear 
hyperosmolarity is considered to be the trigger for a cascade of signaling 
events within surface epithelial cells, which leads to the release of 

Fig. 6. Quantitative real-time PCR gene expression profile of pro-inflammatory mediators: (A) tumor necrosis factor-alpha (TNFα); (B) interleukin 1 beta (IL1β); (C) 
cyclooxygenase-2 (COX2) in Statens Seruminstitut Rabbit Cornea (SIRC) cells. SIRC cells were exposed for 4 h to i) FBS-free isosmolar medium (CTRL− , ≈300 
mOsM), ii) hyperosmolar medium (CTRL+, ≈500 mOsM) made of sodium chloride (NaCl, 124 mM), iii) 0.1% glycine (GLY), iv) 0.25% betaine (BET) alone or v) in 
combination (GLY + BET), all diluted in a hyperosmolar medium. #p ≤ 0.05, ###p ≤ 0.001 and ####p ≤ 0.0001 vs. CTRL+. **p ≤ 0.01 and ****p ≤ 0.0001 vs. 
CTRL− . One-way ANOVA followed by Sidak’s post-hoc test. 

Fig. 7. Quantitative real-time PCR gene expression profile of the pro- 
inflammatory mediator cyclooxygenase-2 (COX2) in human pulmonary 
adenocarcinoma (A549) cells. A549 cells were exposed for 2 h to 0.2% xanthan 
(XNT), 0.2% hyaluronic acid (HA) and to a combination of 0.2% XNT + 0.2% 
HA (XNT + HA) and then stimulated with 10 ng/mL of IL1β for 18 h. Cells 
exposed to FBS-free DMEM and stimulated with IL1β for 18 h in the absence of 
treatment represent the positive control (CTRL+). ##p ≤ 0.01 vs. CTRL+. 
****p ≤ 0.0001 vs. CTRL− . p ≤ 0.001 vs 0.2% HA. One-way ANOVA followed 
by Sidak’s post-hoc test. 

Fig. 8. Draize test scores for female and male rabbits and for the different 
treatments: right eye treated with Hyalistil SYNFO and left eye treated with the 
control (PBS) over 28 days in the ocular tolerability study. 
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inflammatory mediators and proteases. The net result is the character-
istic punctate epitheliopathy of DED and a tear film instability which 
leads at some point to early tear film breakup. This breakup exacerbates 
and amplifies tear hyperosmolarity and completes the vicious circle 
events that lead to ocular surface damage. Ultimately this is thought to 
lead to self-perpetuation of the disease (Craig et al., 2017). As a multi-
factorial disease, dry eye presents with a wide spectrum of ocular surface 
alterations that have various etiologies, as well as with many different 
clinical and symptomatic manifestations that are difficult to address 
with a single diagnostic test or course of treatments (Barabino et al., 
2021). Artificial tears are the mainstay of therapy for the treatment of 
DED. Only a few drugs are approved for DED-related inflammation, but 
given the heterogeneous nature of the disease and the limitations of 
current treatments, there is a growing demand for new therapeutic 
strategies that address the considerable unmet needs of the market 
(Gupta et al., 2020). Recently, a group of experts has proposed a new 
terminology for DED and, using a consensus-based method called 
nominal group technique (NGT), they attempted to classify eye drops in 
wetting agents, multiple-action tear substitutes and ocular surface 
modulators (Barabino et al., 2020). In particular, Barabino et al. asserted 
that an ideal therapeutic strategy should simultaneously restore the loss 
of homeostasis of the ocular surface, blocking the vicious circle of 
chronic inflammation and ocular damage. 

Therefore, a peculiar new matrix named Hyalistil SYNFO, based on a 
combination of two macromolecules, a linear polymer (sodium hyalur-
onate) and a branched one (xanthan gum), with the addition of osmo-
protectants (glycine and betaine) was designed and developed. On this 
premise, the efficacy of the matrix was evaluated by means of validated 
in vitro assays widely used to test re-epithelialization, regulation of os-
molarity, prevention of inflammation and antioxidant activity. More-
over, the ocular safety of Hyalistil SYNFO was evaluated in a 28-day 
ocular tolerability study in rabbits. 

Firstly, the effect of HA and XNT, alone or in combination (XNT +
HA), was investigated in corneal wound healing, a well-known physio-
logical process divided into a sequence of events that can be summarized 
in three main phases: i) lag phase, ii) migration/re-epithelialization, iii) 
proliferation, stratification, and differentiation (Liu and Kao, 2015). 
During re-epithelialization, the epithelial cells adjacent to the injury 
flatten and migrate to seal the margins of the wound; then, a first cell 
proliferation process is initiated to increase tissue thickness and 
re-establish the integrity of the corneal epithelium. In the in vitro scratch 
assay with HCE cell monolayers, the results demonstrated that, when 
used alone, XNT and HA failed to reach statistical significance at 24 h 
respect to negative control, but a relevant statistically difference was 

obtained versus HA + XNT (#p ≤ 0.05). Therefore polymers, which have 
no effect on the physiological tissue repair process when tested indi-
vidually, showed a synergistic effect on re-epithelialization when mixed 
together. 

In the re-epithelialization process, a pivotal role is played by integ-
rins, membrane proteins involved in cell-to-cell, cell-to-ECM anchoring. 
In physiological and homeostatic conditions, integrin β1 is only 
expressed in the basal layer of the corneal epithelium (McKay et al., 
2020), while in wounded tissues it is detected along the cell membrane 
at the edges of the injury as a consequence of the activation of the wound 
healing process based on cytoskeleton re-organization, to promote cell 
migration. An early expression of the protein therefore favors the 
establishment of a fast migration front and efficient re-epithelialization. 
In cells located on the edge of the injury, integrins are dissociated from 
the hemidesmosomes and desmosomes and distributed on the cellular 
surface of the migratory front, offering points for cell migration and 
anchorage for the apposition of fibers and matrix proteins (Carter, 
2009). During the subsequent re-modelling process, the re-organization 
of ECM and cell-to cell junctions allows the restoration of the cornea 
architecture. On these premises, ITGβ1 expression and localization were 
investigated by immunofluorescence and morphological modifications 
by H&E analysis in a corneal wound healing model. Using a SkinEthic™ 
HCE 3D-model, the effect of Hyalistil SYNFO was observed within an 
experimental window chosen to recapitulate the migratory phase (24 h 
post injury) and epithelial ECM remodeling (48 h post injury) compared 
to Thealoz Duo, a marketed reference product. It was found that the 
Hyalistil SYNFO mimics the timing of the physiological corneal 
re-epithelialization process and accelerates the proliferative phase, 
resulting in a more regular organization of cell layers and tissue archi-
tecture. On the contrary, Thealoz Duo shows a different action on the 
ITGβ1 protein characterized by a delayed kinetic of expression (no 
detection at 24 h and modulation at 48 h), despite promoting a good 
quality of the tissue compared to Inj Ctrl at 48 h. These results are also 
supported by the H&E morphology analysis, which suggest that Hyalistil 
SYNFO allows the physiological process of re-epithelialization by pro-
moting a conserved and regular re-organization of the tissue architec-
ture. Overall, these data suggest a difference in the mechanism of action 
of the two ophthalmic formulations, in particular: Hyalistil SYNFO is 
shorter acting (i.e., at 24 h) and reproduces the physiological process of 
re-epithelialization, while Thealoz Duo induces ITGβ1 expression with a 
delayed kinetic at 48 h. Moreover, each single component of the inno-
vative matrix, based on their peculiar properties, contributes to favoring 
a more rapid re-epithelialization. In particular, the synergy of the two 
polymers accelerated cell proliferation, whereas osmoprotectants have 
shown early efficacy in pushing the migratory phase and anticipating 
tissue remodeling (Supplementary data Figs. 1 and 2). 

Considering the central role of ROS in propagating the dry eye cycle 
(Seen and Tong, 2018), the antioxidant properties of the components of 
this peculiar matrix were investigated, alone and mixed together, in an 
in vitro model of HCE cells stressed with the GOx enzyme. The results 
showed a combined action of 0.2% HA and 0.2% XNT. It is also note-
worthy that this synergistic effect on the oxidative stress is more evident 
when both polymers are mixed with GLY and BET as osmoprotectants. 

Tear film osmolarity is an important causative factor in the patho-
genesis of DED. Tear hyperosmolarity resulting from decreased lacrimal 
flow contributes to ocular surface damage through a cascade of in-
flammatory events (Baudouin et al., 2016; Craig et al., 2017). Therefore, 
the osmoprotective effect of GLY and BET was assessed on the expression 
of three key inflammatory mediators (i.e., TNFα, IL1β and COX2) in SIRC 
cells exposed to hyperosmolar stress. Notably, the combination of the 
two osmoprotectants (GLY + BET) seemed to exhibit improved efficacy 
in reducing the expression of pro-inflammatory genes involved in 
hyperosmolar stress compared to the same single osmoprotectants or 
other osmoprotectants tested. In light of the crucial role of inflammation 
in the dry eye vicious circle (Menchicchi et al., 2015; Gupta et al., 2020; 
Tsubota et al., 2020; Rolando and Barabino, 2021), the effect of both 

Fig. 9. Corneal staining scores by means of the McDonald-Shadduck’s scale for 
female and male rabbits and for the different treatments: right eye treated with 
Hyalistil SYNFO and left eye treated with the control (PBS) over 28 days in the 
ocular tolerability study. 
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polymers XNT and HA, alone or in combination, in preventing inflam-
mation was assessed using an in vitro model of A549 cells stimulated 
with IL1β. Importantly, the pre-treatment of A549 cells with XNT prior 
to the inflammatory stimulus with IL1β was able to reduce COX2 mRNA 
expression both when tested alone and in association with HA. 

Finally, the Hyalistil SYNFO formulation also showed a good toler-
ability profile in NZW rabbits during a 28-day ocular tolerance study. No 
relevant ocular pathological findings were recorded following q.i.d. 
ocular topical administration for up to 28 days. 

Therefore, according to the results obtained and based on an updated 
tear substitute classification and considering the advantages provided by 
in vitro models (Barabino et al., 2020), the new product Hyalistil SYNFO 
could be classified as “ocular surface modulator” referring to polymers 
or combination of molecules with scientifically demonstrated capability 
to interact with and to influence the ocular surface components, with 
particular regard to the epithelial cells, promoting homeostasis and 
cellular well-functioning. 

5. Conclusion 

Altogether, these data suggest that the peculiar new matrix Hyalistil 
SYNFO has re-epithelializing and antioxidant activity, regulates osmo-
larity and prevents inflammation, besides having a good impact in terms 
of safety, warranting further clinical evaluation. 

As a result of a combination of sodium hyaluronate, xanthan gum 
and osmoprotectants, Hyalistil SYNFO may be able to hydrate, lubricate 
and contribute to repair the ocular surface imbalance in DED. Moreover, 
it contributes to restoring cell homeostasis and protecting the ocular 
surface from oxidative damage, thus behaving as a scavenger of ROS and 
eventually modulating the inflammatory process. 
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