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A B S T R A C T

Purpose: To develop and characterize a reproducible human corneal epithelial wound-healing model using 1-hep
tanol, and to investigate the healing potential of Bone Marrow-derived Mesenchymal Stromal Cell small Extra
cellular Vesicles (MSC-sEV) and the influence of donor characteristics on epithelial healing.
Methods: Eighty-eight (n = 88) human corneoscleral tissues unsuitable for transplantation were employed. 
Corneal epithelial damage was induced with 1-heptanol and monitored every 24 h up to 96 h using fluorescein 
and trypan blue staining. Histological assessment was performed on untreated and damaged tissues. Damaged 
areas were measured with FIJI software, and healing rates were calculated. MSC-sEV were isolated with size 
exclusion chromatography and characterized for their size, morphology and biomarkers. Their impact on healing 
was assessed in both in vitro scratch assays on cultured human corneal epithelial cells and on ex vivo 1-heptanol- 
damaged corneas.
Results: Histological analysis revealed detached corneal epithelium in the central area, while other layers 
remained unaffected. Healing rate peaked at 48 h post-damage. Trypan blue and Fluorescein staining correlated 
and the former highlighted a higher initial healing rate than the latter. Diabetic and heart-beating brain-deceased 
donors showed impaired healing rates. MSC-sEV (79.8 nm, spherical bilayer, positive for TSG101, CD9, CD63, 
and CD81) significantly improved epithelial wound healing in both in vitro and ex vivo models.
Conclusion: 1-heptanol effectively induces reproducible corneal epithelial damage, and the ex vivo organ-cultured 
human cornea heals the epithelium within 96 h. Diabetes and donation from heart-beating brain-deceased do
nors reduce healing capacity. MSC-sEV boost epithelial repair in damaged corneas.

1. Introduction

The corneal epithelium constitutes the outermost layer of the cornea, 
serving as a protective barrier that shields the eye from mechanical, 
chemical, and biological insults [1]. Numerous factors can compromise 
corneal epithelial integrity, including mechanical trauma, chemical in
sults (e.g. alkali burns), corneal dryness, neurotrophic keratitis, 

post-surgical changes, and limbal stem cell deficiencies, thereby 
increasing the risk of microbial infections, ulceration, and impaired 
vision. Prompt repair of the epithelium is therefore crucial for main
taining ocular homeostasis in cases of epithelial damage.

Various in vivo models have been employed to study corneal 
epithelial repair. The predominant technique for wound healing assays 
involves mechanical scraping to induce epithelial denudation [2]. While 
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effective, this method is subject to operator variability and can 
compromise the structural integrity of the underlying Bowman’s layer, 
which is non-regenerative [1], as well as cause damage to the anterior 
keratocytes into the stroma [2]. Another widely used experimental 
method is the alkali burn technique, which is highly invasive and results 
in deep stromal damage [3].

Increasing evidence highlights the limited predictability of animal 
testing for novel therapies in humans, prompting the scientific com
munity to develop alternatives [4,5]. Among these, 3D systems and 
human tissues currently demonstrate higher predictive potential [6].

1-Heptanol (chemical formula CH3(CH2)6OH) is an alkyl alcohol 
characterized by a hydroxyl group replacing a hydrogen atom in one of 
the methyl groups. It is highly hydrophobic and exhibits limited diffu
sion in aqueous solutions. Its recognized cytotoxicity makes 1-heptanol 
an appealing method for wound healing studies, offering improved 
reproducibility and standardization compared to mechanical scraping. 
Additionally, this approach preserves the integrity of the epithelial 
basement membrane [7].

First described by Cintron et al. [7], the 1-heptanol method has been 
adopted in several in vivo [8–12] and ex vivo [13] animal models to study 
corneal epithelial healing capacity. The approach was later utilized by 
Ljubimov and collaborators in human corneas from diabetic donors 
[14–16].

Long-term complications of ocular injury/inflammation include 
reduced or complete loss of vision, corneal scarring and dry eye [17] 
which also impacts on quality of life and health care budgets. Gold 
standard has been topical corticosteroids, however there are serious side 
effects associated with its application [18]. Therefore, novel therapies 
have to be developed. Mesenchymal stromal cells (MSC) and more 
recently their secreted extracellular vesicles (MSC-EVs) have been 
shown to have significant therapeutic efficacy in many disease condi
tions [19–21]. MSC-EVs are lipid bilayer particles which are classified 
depending on their size, such as small EV (sEV) having a diameter 
smaller than 200 nm [22]. MSC-EVs and are known to mediate tissue 
repair, regeneration, anti-inflammation, and immunomodulation effects 
[23–26]. MSC-EVs address safety challenges [19,27] associated with cell 
therapies [19,20], and may serve as the foundation for future cell-free 
therapies in a range of clinical applications, including ocular diseases 
[19,27,28]. Noteworthy a clinical trial is investigating the effects of 
exosomes in dry eye disease (ID: NCT04213248). MSC-sEV have shown 
significant potential to enhance corneal epithelial repair through 
intercellular communication [29–32]. They carry proteins, lipids, and 
nucleic acids, mediating therapeutic effects by interacting with recipient 
cells via endocytosis, membrane fusion, or receptor interaction [33–35].

Given this background, the primary goal of the present study was to 
establish and optimize a novel and reproducible epithelial wound 
healing model based on ex vivo 1-heptanol damage of research-grade 
donated human corneas. Corneas under organ-culture conditions at 
31 ◦C were included in the study as this kind of ex vivo preservation is 
designed to mimic in vivo conditions as closely as possible in order to 
sustain corneal metabolism. Fluorescein (FL) and Trypan Blue (TB) 
staining techniques were employed to monitor the healing progression 
over time.

After establishing the model, we investigated potential correlations 
between donor parameters and epithelial healing rates. This investiga
tion was motivated by the recognition that donor parameters of human 
corneas influence epithelial physiology during preservation in eye banks 
[36–38].

The second main aim of this study was to evaluate the effect of small 
extracellular vesicles derived from human bone marrow mesenchymal 
stromal cells (MSC-sEV) on our newly developed corneal epithelial 
damage model. Overall, our study presents a new, animal-free model for 
studying corneal epithelial repair and suggests MSC-sEV as a promising 
tool to enhance this process.

2. Materials and methods

2.1. Human tissues

Human corneoscleral tissues (n = 88) deemed unsuitable for trans
plantation were obtained from the Fondazione Banca degli Occhi del 
Veneto ETS (FBOV, Venice, Italy) with the donor’s next of kin consent for 
donation and in agreement with the Italian National Transplant Centre 
(Centro Nazionale Trapianti, Rome, Italy) guidelines. Donor data were 
obtained from FBOV database. The post-mortem time (i.e. the time in
terval -hours- between donor’s decease and the cornea procurement) 
ranged from 1 to 25 h. All the tissues underwent slit lamp examination 
immediately after retrieval to evaluate potential tissue defects. The tis
sues used for this study were transported from the procurement site to 
the eye bank within 48 h in cold storage medium “Coldix” (FBOV, 
Venice, Italy) and organ-cultured in “Storagix” medium (FBOV, Venice, 
Italy) upon arrival to the eye bank in an incubator at 31 ◦C for a 
maximum period of 28 days, before the beginning of the experiments. 
Storagix contains Eagle’s minimum essential medium (MEM) supple
mented with foetal bovine serum (FBS) and antimicrobials. This study 
complied with the guidelines in the Declaration of Helsinki for research 
involving human tissues.

2.2. Chemical epithelial damage and healing monitoring

The method design described here is also visually described in Fig. 1. 
Before damage induction, corneas were evaluated with fluorescein (FL) 
and Trypan Blue (TB) to confirm epithelial integrity prior to the 
experiment. Evaluation with both FL and TB was chosen because of their 
two different mechanisms of tissue penetration. Indeed, FL identifies 
lack of barrier function and epithelial permeability due to paracellular 
entry [39], while TB stains dead cells as it penetrates through a damaged 
plasma membrane [40,41].

In order to detect corneal epithelial damage and irregularities, a 
sterile ophthalmic fluorescein (FL) strip (I-DEW FLO, Madhu In
struments Pvt. Ltd. Okhla industrial area, New Delhi, India) was 
immersed into sterile PBS and applied on the corneal epithelium for 1 
min. Then corneas were rinsed by gentle immersion in PBS in order to 
remove FL excess. To visualize the FL fluorescence, corneas were placed 
on an UV transilluminator (Major Science Co., Ltd, Guoji Rd., Taoyuan 
Dist., Taoyuan City 33061, Taiwan).

To assess corneal epithelial viability, 400 μL of 0,25 % (w/V) Trypan 
blue (TB) solution (TB-S, AL.CHI.MI.A. S.R.L., Ponte San Nicolò, Italy) 
were pipetted into a concave, silicon cap. Corneas were then placed with 
the epithelium facing the bottom of the TB-filled container for 1 min. 
The tissues were then rinsed by gentle immersion in PBS to remove 
excess of dye and corneas were observed above a white background.

Only tissues exhibiting an intact and viable epithelium from both 
staining techniques were included in the study.

In order to perform a chemical damage at the corneal epithelium, 
sterile 6 mm diameter paper discs were soaked into 98 % 1-Heptanol 
(H2805, Sigma-Aldrich, St. Louis, MO, USA) and applied in the centre 
of the epithelium for 60 s. After that, the disc was removed and corneas 
were rinsed with PBS to remove excess of 1-heptanol. In order to 
monitor epithelial healing, pictures of both FL- and TB-stained corneas 
were captured immediately before as well as immediately after damage 
induction, and every 24 h up to 96 h, employing a mobile phone 
equipped with 12 MP, 3968x2976 pixel, aperture size F2.2 photo cam
era. At every time point each cornea was stained firstly with FL, then 
immediately with TB.

2.3. Healing rate calculation

In order to calculate the Healing Rate (HR) of human corneal 
epithelium following 1-heptanol damage, pictures at each time point, 
from both FL and TB staining, were processed using FIJI software 
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(Supplementary Fig. 1) [42]. Determination of area and perimeter of the 
wound were obtained by manually drawing a Region Of Interest (ROI) 
on the FL- (or TB-) stained epithelial perimeter, eventually obtaining 
values in pixels by FIJI quantification. The precision (repeatability) of 
manual drawing of ROIs was assessed by calculating coefficient of 
variation (CV%) of eight repeated ROIs into the same image, with CV% 
< 2 % being considered acceptable. Bias introduced by interoperator 
variability in the estimation of FL- and TB-stained epithelial areas 
(expressed in mm2) was assessed using the Bland-Altman method [43,
44] provided by SimplyAgree and blandr modules in jamovi computer 

software (Version 2.5, The jamovi project, 2024) on values obtained by 
two blinded operators performing the analytical procedure on the same, 
randomly chosen images (n = 20). The limits of agreement (LoA) were 
defined as the mean difference between parameters ± 1.96 × SD. The 
inner diameter of the 35-mm Petri dish containing the cornea was 
calculated as internal calibration reference. This allowed the conversion 
of data from pixels into square millimetres (mm2), through a proportion 
(Table 1, Equation (1)). The HR at each time point was calculated as 
described by Vidal and colleagues [45] (Table 1, Equation (2)) and the 
average HR (HRavg) was calculated as the arithmetical average of all HRs 

Fig. 1. Visual description of the chemical damage exerted at the corneal epithelium and damage visualization with Fluorescein (FL) and Trypan Blue (TB) staining. 
(A) A 6 mm diameter sterile paper disc is soaked into 1-heptanol. The soaked paper disc is then applied on the central area of corneal epithelium for 1 min in order to 
trigger chemical damage. The damage is kept confined to the application site as 1-heptanol displays low hydrophilicity and thus low dispersion in aqueous solution. 
The tissue is then rinsed by gentle immersion in PBS to remove 1-heptanol excess. (B) The corneal epithelium is stained with FL by application of PBS-soaked FL strips 
on the epithelium. After 1 min, the cornea is rinsed in PBS to remove FL excess. FL-stained epithelial areas can be observed under UV transilluminator light, revealing 
damaged epithelium. A picture is acquired for data analysis. (C) TB staining is performed on corneal epithelium for 1 min, then the cornea is rinsed in PBS to remove 
TB excess. TB-stained epithelial areas can be observed by the naked eye, revealing non-viable epithelial areas. A picture is acquired for data analysis. Created with 
biorender.com. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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calculated at every time point (Table 1, Equation (3)).
For each tissue HR was calculated separately on images following FL 

(HRFL) and as well as TB (HRTB) staining.

2.4. Analysis of healing rate in donor subgroups

To determine whether specific donor characteristics can influence 
the healing rate, we screened the following donor characteristics to 
investigate possible influence corneal healing rate: gender, septic con
dition (with a donor being considered septic when, before decease, had 
clinical symptoms or haematochemical evidence of systemic infection), 
post-mortem time (the time interval between donor’s decease and the 
cornea procurement), death to experiment start time, diabetic condition 
(diabetic/non-diabetic), stromal defects at procurement (yes/no), heart 
beating (HB) vs non heart beating (NHB) donor, fevery/non-fevery 
(fevery defined as a patient with body temperature higher than 
37 ◦C). These parameters are collected from the patient’s medical chart 
by a medical doctor according to the “Guide to the quality and safety of 
TISSUES AND CELLS for human application (EDQM 5th edition)”, Ital
ian National Guidelines and FBOV standard operating system and 
recorded for each donor through a digital management system. The 
selection of donor characteristics for the subgroup analysis was per
formed by a biostatistician (EF) from FBOV.

2.5. Histology analysis

For histological characterization of the damaged tissues, corneal 
epithelium was removed from five (n = 5) corneas as described above. 
Three (n = 3) healthy, undamaged tissues were used as a control. Three 
hours after damage induction, tissues were rinsed 3 times in PBS and 

fixed with 10 % neutral formaldehyde (Kaltek, Saonara, Italy). Corneas 
were then cut into four parts, with the first section passing along the 
diameter of the specimen. The sliced buttons were placed in a metal 
cassette with pores, that was then taken and emptied into an automatic 
tissue processor. Tissue embedding was performed in paraffin wax, then 
cut into 2- to 5-μm thick slices and stained with haematoxylin/eosin (H/ 
E) (Bio-Optica, Milano, Italy) as well as periodic acid-Schiff (PAS, Kal
tek, Saonara, Italy). Following preparation, tissues were examined with 
an optical microscope.

2.6. Bone marrow-derived mesenchymal stromal cells isolation and 
cultivation

Bone marrow-derived Mesenchymal Stromal Cells (BM-MSCs) were 
kindly provided by the hematology lab, medicine department of Poli
clinico G.B. Rossi (Verona), upon obtainment of informed consent, 
approved by Ethical Committee of Azienda Ospedaliera Universitaria 
Integrata Verona; (N. 1828, May 12, 2010 “Institution of cell and tissue 
collection for biomedical research in Onco-Hematology”). Cells were 
then characterized as previously reported [46–48], as per in Supple
mentary Fig. 2. BM-MSCs were cultured according to existing literature 
[24,49] in MEM-α (Ref: 32561–029, Gibco, Life Technologies), supple
mented with 10 % Fetal Bovine Serum (Ref: 10099–141, Gibco, Life 
Technologies), 1 % penicillin-streptomycin (Ref: 11528876, Gibco, Life 
Technologies) and FGF-β 1 ng/mL (Peprotech, Cat. n. 100-18B) with 
seeding density of 5000 cells/cm2.

2.7. Extracellular vesicles isolation and characterization

The MSC-sEV were isolated using size exclusion chromatography 
(SEC) method from BM-MSCs at passage five. Once cells were at 90 % 
confluence, the culture medium was removed and cells were rinsed with 
PBS, followed by starvation for 48 h using Foetal Bovine Serum (FBS)- 
free medium. The medium was then collected from all the flasks, and 
underwent a first 300×g centrifugation at 4 ◦C for 10 min and then a 
second 2000×g centrifugation at 4 ◦C for further 30 min to remove cell 
debris, smaller debris and apoptotic bodies, respectively. Amicon Ultra- 
15 centrifugal filter units with 100 kDa molecular weight cut-off (Merck) 
were then used to concentrate the medium by centrifugation at 3000×g 
for 30 min. The MSC-sEV were isolated from the concentrated medium 
using qEV-35 nm Original columns (iZON) following manufacturer’s 
instructions. The MSC-sEV were aliquoted in 0.2 μm-filtered PBS and 
stored at − 80 ◦C until further analysis.

The MSC-sEV then were characterized following MISEV guidelines 
[22]. The MSC-sEV and QC-100 nm beads as the control were diluted in 
0.1 μm filtered water (1:1000) and then were characterized for their size 
distribution and the concentration by Nanoparticle Tracking Analyser 
(NTA) using Nanosight NS300 (Malvern zetasizer, Worcestershire, UK).

The morphology of the MSC-sEV was examined by adsorbing 15 μL of 
the MSC-sEV to Formvar/carbon coated grids, staining by 2 % phos
photungstic acid (PTA) (Ref: HT152, Sigma-Aldrich), air drying, and 
examining by Hitachi 7500 transmission electron microscope (TEM) at 
an accelerating voltage of 75 kV.

For immunoblotting, the whole cell and MSC-sEV were lysed in 1x 
RIPA buffer in order to extract the total protein. The lysates were 
centrifuged at 4 ◦C and the protein assay kit (Pierce, Rockford, IL) was 
used to evaluate the protein concentrations; 40 μg of whole cell lysate 
and 20 μg of MSC-sEV protein were mixed with 4X NuPage Loading 
Buffer (Thermofisher) and 2-mercaptoethanol (Sigma-Aldrich, St. Louis, 
MO, USA), and heated to 95 ◦C for 5 min using a heat block (Eppendorf). 
The proteins were resolved on 4–10 % polyacrylamide sodium dodecyl 
sulphate (Sigma-Aldrich, St. Louis, MO, USA) gels (1 mm thickness), and 
run in Tris-Glycine (Sigma-Aldrich, St. Louis, MO, USA) running buffer 
at constant 200 V for 30 min. The resolved proteins were then trans
ferred to polyvinylidene difluoride membranes (Sigma-Aldrich, St. 
Louis, MO, USA) using a mini-Protean II blotting system (Biorad) at 

Table 1 
Equations employed to calculate Healing Rates (HR) of human corneal epithelia 
after damage with 1-heptanol on images taken after FL and TB stainings.

Equation 
1

D[px] : A[px] = D : A 

D =
D[px]*A

A[px]
=

D[px]*962.11 mm2

π
(

d[px]
2

)2

Where: 
D: Damaged area, expressed in mm2 

D[px]: Damaged area, expressed in pixels 
A: Total Petri dish area, corresponding to: π(35mm/2)2 = 962.11 mm2 

A[px]: Total Petri dish area, expressed in pixels d[px]: Petri dish diameter, 
expressed in pixels

Equation 
2 HR(tx :ty) =

ΔDamage area between tx and ty

average perimeter of damage between tx and ty* Δt
=

Dtx − Dty(
Ptx + Pty

)

2
*
(
tx − ty

)

Where: 
HR(tx:ty): Healing Rate between time point “x” and time point “y”, expressed 
in mm/day 
Dtx: Damaged area at time point “x”, expressed in mm2 

Dty: Damaged area at time point “y”, expressed in mm2 

Ptx: Perimeter of damaged area at time point “x”, expressed in mm 
Pty: Perimeter of damaged area at time point “y”, expressed in mm tx: time 
point “x”, expressed in day 
ty: time point “y”, expressed in day

Equation 
3

HRavg =
HR(tw :t1) + HR(t1 :t2) + HR(t2 :t3) + HR(t3 :t4)

4
Where: 
HRavg: Average Healing Rate during the wound/healing kinetics, expressed 
in mm/day tw: initial wounding time point 
t1,2,3,4: day 1, 2, 3 and 4 post wounding 
HR(tw:t1): Healing Rate between wounding time point and day 1 post 
wounding, expressed in mm/day 
HR(t1:t2): Healing Rate between day 1 and day 2 post wounding, expressed in 
mm/day 
HR(t2:t3): Healing Rate between day 2 and day 3 post wounding, expressed in 
mm/day 
HR(t3:t4): Healing Rate between day 2 and day 3 post wounding, expressed in 
mm/day
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constant 100 V for 90 min. Afterwards, the membranes were blocked for 
non-specific binding with 1X Tris-buffered saline (TBS) supplemented 
with 5 % (w/v) bovine serum albumin (Sigma-Aldrich, St. Louis, MO, 
USA) for 1 h at room temperature, followed by three washed for 10 min 
at 4 ◦C with 1X TBS-T (TBS + 0.1 % Tween-20 (Sigma-Aldrich, St. Louis, 
MO, USA)). The membranes were incubated overnight at 4 ◦C with 
primary antibodies, TSG101 (BioLegend, Cat. No. 934301, 1/500) and 
Calnexin (BioLegend, Cat. No. 699401, 1/1000) in 5 % BSA-TBS-T 
buffer. Then, the membranes were washed for 10 min at 4 ◦C three 
times with 1X TBS-T. The membranes were incubated for 1 h at room 
temperature in HRP goat anti-rat IgG (BioLegend, Cat. No. 405405, 1/ 
5000) in 5 % BSA-TBS-T buffer. The blots were washed twice with TBS-T 
for 10 min and once with TBS for 15 min at room temperature. The 
membranes were treated with 200 μL of SuperSignal™ West Pico HRP 
substrate (Thermofisher, USA) in order to develop the chem
iluminescence and then were scanned by Image Lab 6.1 software using 
Biorad Gel Doc system (BioRad, USA) to digitally visualize the protein 
bands.

The surface marker expression of the MSC-sEV was measured by flow 
cytometry using Northern Light 3000 (Cytek). 2.5e+8 MSC-sEV were 
stained by CD9 (Biotechne), CD63 (BD Phamaceutics), and CD81 (BD 
Phamaceutics) antibodies at concentration of 1:20 in 0.1 μm filtered PBS 
for 2 h at room temperature protected from light. Forward scatter (FSC) 
and side scatter (SSC) voltages were set using Apogee size calibration 
beads, to ensure size ranges from 100 nm to 1300 nm were resolved on 
the acquisition screen. Besides, 0.1 μm-filtered PBS was run to determine 
background noise in the buffer and machine.

2.8. Human corneal wound healing model

Human corneal epithelial cells (HCEpi) were a gift from Dr. Araki- 
Sasaki and colleagues [50]. The HCEpi cells were seeded at a density 
of 25,000 cells/cm2 in 12 well-plates. The HCEpi cells were cultured in 
low glucose (1 g/L) Dulbecco’s Modified Eagle Medium (DMEM), sup
plemented with 0.1 % FBS, and 1 % penicillin/streptomycin. The media 
were changed every 3 days until full confluence was achieved. Then the 
media were aspirated and a linear scratch in the middle of the well was 
applied using a sterile 200 μL pipette tip (Cruinn Diagnostics, Ireland). 
Afterwards, the cells were rinsed with PBS twice to remove all cell 
debris. One mL of regular medium as the control or 1 mL of regular 
medium supplemented with 1 × 108 MSC-sEV/mL as the low dose 
treatment or 1 × 109 MSC-sEV/mL as the high dose treatment was added 
into each well. The treatments were added only once after the scratch 
applied. The cells were then incubated at 37 ◦C, with 5 % CO₂. Bright 
field images were taken at 0 h, 18 h, 24 h, and 30 h time points 
post-scratch using an Olympus CKX53 inverted fluorescent microscope. 
Wound closure rates at different time points were evaluated according to 
the wound area calculated by the Olympus CellSens Standard 1.17 
software.

2.9. Evaluation of epithelial healing of MSC-sEV treated corneas

Six pairs (n = 12) of human corneoscleral tissues from six (n = 6) 
donors were used to investigate the influence of MSC-sEV on corneal 
epithelial healing. Once procured, each tissue pair underwent 1-hepta
nol epithelial damage as described above. Corneas were rinsed in PBS 
to remove excess 1-heptanol and then organ-cultured for 3 h in order to 
allow the complete detachment of the epithelial tissue. For each tissue 
pair, one tissue was randomly assigned to the untreated (control) group, 
while the paired cornea was assigned to the treatment group. The con
trol group received the vehicle solution without MSC-sEV, specifically 
phosphate-buffered saline solution (PBS). The treatment group received 
a suspension of PBS containing 1.5 × 109 MSC-sEV. On day 0, the day of 
damage induction, the suspension was applied in a single dose 3 h after 
damage induction. On days 1, 2, 3, and 4 following damage induction, 
MSC-sEV administration was divided into three doses of 5 × 108 MSC- 

sEV, each administered at intervals of 3 h. For the administration, the 
two suspensions were slowly dropped with a Gilson micropipette on top 
of the corneal epithelium.

2.10. Statistical analysis

Multiple t-tests were used to analyse the difference in healing rate 
between FL and TB staining at 24, 48, 72 and 96 h. Correlation followed 
by linear regression was used to correlate FL and TB staining. Two-tailed 
unpaired t-test was used to measure the difference between subgroups of 
donors. One-way ANOVA, following Tukey’s post hoc test, was applied 
to measure the difference between treated and control groups of HCEpi. 
Two-tailed paired t-test was employed to determine the statistical dif
ference in every pair of corneas (treated vs non-treated). A p value <
0.05 was considered statistically significant (confidence interval: 95 %). 
Results are presented as mean ± standard deviation (SD). All data was 
processed with GraphPad Prism software 8.0 (GraphPad Software, Inc., 
San Diego, CA, USA).

3. Results

3.1. Human cornea morphology following 1-heptanol damage

Corneoscleral tissues were fixed either healthy (n = 3) or after 1-hep
tanol damage induction (n = 5) to examine the corneal layers. Histo
logical analysis via H/E staining (Fig. 2) revealed the traditional, five- 
layered structure of the human cornea (Fig. 2A), with an epithelium 
made up by 4–5 layers of cells (Fig. 2B). The 1-heptanol-damaged cor
neas were instead denuded from the epithelium (Fig. 2C), and the 
stroma was no to mildly oedematous. Interestingly, although the corneal 
epithelium was detached, Bowman’s layer remained morphologically 
unaltered in both structure and thickness and a normal epithelial 
morphology was observed in the periphery not subjected to 1-heptanol 
damage (Fig. 2D). No significant alterations were observed in the 
Descemet membrane or in the endothelium (Fig. 2C).

3.2. Corneal epithelial healing kinetics

The healing kinetics of corneoscleral tissues following chemical 
damage were studied in 68 tissues. The repeatability of the quantifica
tion damaged epithelial area by manual drawing of the ROI on acquired 
images, expressed as CV%, was 1.02 % and 1.15 % for, respectively, FL 
and TB staining techniques. Supplementary Fig. 3 shows Bland-Altmann 
plots for determination of bias on HR values introduced by interoperator 
variability, both in FL (Supplementary Fig. 3A) and TB (Supplementary 
Fig. 3B) staining techniques. Bland-Altman plot gave a non-significant 
bias between operators both for FL (average bias: 0.26 mm2; 95 % 
confidence intervals: [− 0.32; 0.85]; p: 0.4) and for TB (average bias: 
0.36 mm2; 95 % confidence intervals: [− 0.34; 1.07]; p: 0.3) analysis. 
Fig. 3A shows a representative recovery pattern of a damaged tissue, 
both for after FL staining (upper panel) as well as for TB staining (lower 
panel), demonstrating considerable healing activity within the first 48 h. 
Fig. 3B depicts a graph with healing rates, with both the healing rates 
HRFL and HRTB peaking at 48 h after damage. Notably, TB staining in
dicates a higher HR compared to FL staining at 24 h (p = 0.0452, effect 
size = 0.3468), 48 h (p = 0.0025, effect size = 0.5291), and 72 h (p =
0.0498, effect size = 0.3394), whereas at 96 h, the healing rate levels off 
to similar values for both staining techniques. In terms of damaged area, 
TB staining initially marks a larger area than FL staining (p = 0.0013, 
effect size = 0.5648) on day 0, as soon the damage is exerted (Fig. 3C). 
While no differences are observed at 24 and 48 h, at 72 and 96 h FL 
staining reveals a larger damaged area compared to TB staining (p =
0.0143, effect size = − 0.4255; p = 0.0165, effect size = − 0.4163). 
Despite providing different insights due to their distinct structures, the 
two staining techniques showed a positive correlation (R2 = 0.3170; p <
0.0001), indicating coherent information regarding the healing process 
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Fig. 2. representative images of histological analysis after H/E staining on healthy and 1-heptanol damaged corneas in the central epithelial area. (A) Bright field 
image of the healthy cornea at 5x magnification with constituent layers labelled. (B) Bright field image showing a detailed magnification at 20x from (A). (C) Bright 
field image of the 1-heptanol damaged cornea at 5x magnification with constitutent layers labelled. (D) Bright field image showing a detailed magnification at 20x 
from (C).

Fig. 3. human corneal 1-heptanol wounding and repair kinetics monitored with fluorescein (FL) and trypan blue (TB) staining. (A) Kinetics images of a repre
sentative cornea, whose epithelium was wounded with 1-heptanol (Day 0 Post-wound), followed by healing in corneal culture at 31 ◦C up to 96 h of organ culture, 
assessed by FL (upper panel) and TB (lower panel) staining. The absence of epithelial damage and alteration prior to chemical damage (Day 0 Pre-wound) was also 
evaluated. (B) Graph illustrating the average ± standard deviation HR of corneas at each evaluated time point, measured with FL (HRFL, green line) and TB (HRTB, 
blue line) staining. (C) Graph depicting the average ± standard deviation size of the damaged area over time, measured with FL (green line) and TB (blue line) 
staining. (D) Correlation between the average healing rate (HRavg) measured with TB (y-axis) and HRavg measured with FL (x-axis). Graphs include data from a 
sample size of n = 68 corneas. *: p < 0.05; **: p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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(Fig. 3D).

3.3. Effect of donor characteristics on corneal epithelial repair

Although the majority of tissues exhibited a consistent recovery 
trend, some showed reduced healing capacity. To investigate this 
further, we examined the influence of donor characteristics on the 
healing potential of 1-heptanol damaged corneal epithelia.

Donor parameters such as gender, sepsis, fever, diabetes, post- 
mortem time, procurement to experiment start time, stromal defects at 
procurement did not show significant differences (Supplementary Ta
bles 1 and 2; Supplementary Fig. 4). However, two factors emerged that 
negatively impacted the healing process in specific patient subgroups. 
Fig. 4A and B and Supplementary Fig. 5A show the HRavg measured with 
FL and TB staining, respectively, in non-diabetic and diabetic donors. 
The recovery process was significantly slower in the diabetic subgroup, 
as measured by both staining techniques (p = 0.0340, effect size =
− 0.6914 FL; p = 0.0382, effect size = − 0.7195 TB), compared to non- 
diabetic donors.

Fig. 4C and D and Supplementary Fig. 5B present the HRavg measured 
with FL and TB staining, respectively, in non-heart-beating (NHB) versus 
heart-beating (HB) brain-deceased donors. FL staining revealed a slower 
healing rate in HB donors compared to NHB donors (p = 0.0499, effect 
size4 = − 0.6293), whereas TB staining did not show a statistically sig
nificant difference (p = 0.1556, effect size = − 0.4475).

3.4. MSC-sEV characterization

Small extracellular vesicles (sEV) were isolated from MSC condi
tioned medium with SEC. Characterization of MSC-sEV size distribution 
and concentration was analysed by NTA, and revealed a mode size of 
79.8 nm and a concentration of 2.5 x 10^10 particles/mL (Fig. 5A), 
which was validated by analysing QC-100 nm beads (Malvern) 
(Supplementary Fig. 6). TEM was employed to examine the morphology 
of the MSC-sEV, illustrating bilayer particles within the desired size 
range of 80 nm and spherical shape (Fig. 5B).

Western blot analysis was performed to characterize the MSC-sEV for 

TSG101 as a cytosolic marker and Calnexin as a negative marker. The 
cytosolic protein TSG101 (45 KDa) was detected and shown to be pos
itive for MSC-sEV samples. Calnexin (90 KDa) was negative for MSC-sEV 
group, but it was observed in the blot from whole cell sample (Fig. 5C).

Flow cytometry was conducted to characterize the surface bio
markers of the MSC-sEV. The gating strategy, side scatter and forward 
scatter voltage adjustment using Apogee beads (Apogee flow systems, 
UK), and dot plot analysis are shown in Supplementary Fig. 7. The 
surface biomarker expression of the MSC-sEV compared to the unstained 
MSC-sEV as the control group was 67.8 %, 83.8 %, and 77.3 % positive 
for CD9, CD63, and CD81, respectively.

3.5. MSC-sEV promote wound healing in vitro

To evaluate the effect of MSC-sEV on epithelial healing, a wound 
healing assay was conducted on human corneal epithelial cells (HCEpi). 
No significant differences were observed between the control group and 
the low dose (1 × 108 MSC-sEV/mL) and high dose (1 × 109 MSC-sEV/ 
mL) MSC-sEV groups at 18- and 24-h post-scratch induction 
(Supplementary Fig. 8). However, at 30 h post-scratch, the wounded 
area of the HCEpi receiving low dose MSC-sEV treatment was reduced to 
12 % ± 9 % of the original wound size. The HCEpi administered with 
high dose MSC-sEV showed a reduction to 3 % ± 3 % of the original 
wound size at 30 h post-scratch time, while the control group only 
healed up to 27 % ± 11 % of the initial wound size (Fig. 6A and C). A 
significant improvement in cell migration and reepithelialisation was 
observed in the group receiving the high dose of EVs compared to the 
control group (p = 0.0438) at 30 h post-scratch time point (Fig. 6B).

3.6. MSC-sEV administration enhance epithelial healing on human 
corneas

To investigate whether the positive effect in wound healing observed 
with MSC-sEV administration in vitro could be replicated in an ex vivo 
model, we conducted experiments exploiting the established damage 
model on human corneoscleral tissues. Twelve human corneas from six 
donors were divided into two groups, with one cornea assigned to the 

Fig. 4. Influence of donor cornea characteristics on epithelial repair after 1-heptanol damage. (A) and (B): scatter plots showing average ± standard deviation of 
average healing rate (HRavg) of corneas from non-diabetic (n = 13) and diabetic (n = 55) donors, obtained after FL (A) and TB (B) staining. (C) and (D): graphs 
showing average ± standard deviation of HRavg of corneas from Non-Heart Beating (NHB, n = 13) and Heart Beating (HB, n = 55) donors, obtained from FL (C) and 
TB (D) measurements. *: p < 0.05.
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control group and the other to the treatment group, thus mitigating 
donor-related variability. As shown in Fig. 7A, tissues treated with MSC- 
sEV exhibited a significantly higher HRavg compared to the untreated 
controls (p = 0.004, effect size = 1.097). Fig. 7B depicts representative 
images of the healing processes in both groups, monitored with FL 
staining.

Interestingly, this intergroup difference was not observed with TB 

staining. Specifically, Fig. 7C shows the healing rate between treated 
and untreated tissues, monitored with TB, with no significant differences 
highlighted among the two groups (p = 0.2071, effect size = 0.2755). 
This can be explained by the fact that MSC-sEV can stimulate tissue 
repair but not reverse cell death. Fig. 7D presents representative images 
of the healing process in both groups as visualized by TB staining.

Fig. 5. MSC-sEV characterization. (A) NTA analysis showing the size distribution of the MSC-sEV and their concentration. (B) TEM imaging with 120,000x and 
200,000x direct magnifications illustrating the spherical morphology of the MSC-sEV and their size. (C) Western blot analysis illustrating the presence of the TSG101 
as a positive cytosolic marker and Calnexin as a negative marker in MSC-sEV group, and the Calnexin presence in whole cell lysate. (D) Flow cytometry analysis of the 
MSC-sEV tetraspanin markers showing the expression of the CD9, CD63, and CD81 on the surface of the MSC-sEV compared to the unstained group.

Fig. 6. MSC-sEV effect on HCEpi cells scratch model. (A) measurement of wounded area healing for each group at 0, 18, 24 and 30 h post scratch. (B) Wound area 
measurement at 30 h post-scratch for MSC-sEV treated and control groups. (C) Wound images for each group of treatment: control, low dose, and high dose of MSC- 
sEV at 0 and 30 h post scratch. *: p < 0.05.
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4. Discussion

In the present study, we established an innovative model for studying 
ex vivo corneal epithelial repair using selective chemical damage with 1- 
heptanol. During the characterization of the model, we found that 
epithelial repair is achieved within 96 h in corneal organ culture at 31 ◦C 
and that the process is significantly slower in corneas from diabetic and 
heart-beating donors. We then investigated the healing potential of 
human bone marrow MSC-sEV, first in an in vitro setting on human 
corneal epithelial cells and subsequently ex vivo on the established 
model, proving its applicability for testing corneal epithelial repair.

Our work showed that corneal epithelial damage induced by a paper 
disc soaked in 1-heptanol precisely affects a circumscribed area, 
inducing cell death via necrosis. Indeed, the acute and overwhelming 
cytotoxic effects of pure 1-heptanol causes immediate and catastrophic 
damage to cellular structures, dissolving the lipid bilayer of cell mem
branes and leading to loss of integrity and uncontrolled leakage of 
cellular contents. Moreover, this approach does not compromise the 
integrity of Bowman’s layer, nor that of the other corneal layers. This is 
particularly important because other methods described in the litera
ture, such as scraping and alkali burns, may cause damage to the un
derlying corneal layers [2]. Although the function of Bowman’s layer is 
not yet fully understood, the most widely accepted hypothesis suggests 
its primary role is to mediate chemotactic communication between 
corneal epithelial cells and underlying keratocytes [51]. Therefore, for 
corneal epithelial repair studies, it is preferable to use a damage model 
that does not disrupt Bowman’s layer. Another advantage of the pre
sented model is the reproducibility of the damage. Due to the hydro
phobic properties of 1-heptanol and the use of a standard-sized paper 
disc it is possible to induce localized damage avoiding 
operator-dependent variability.

The use of 1-heptanol for studying corneal epithelial repair in human 
corneas ex vivo was previously described by Ljubimov and collaborators 
[14–16] showing that corneas from donors with diabetic retinopathy 
have impaired epithelial healing capacity. This adverse effect was found 
to be associated with dysfunctional diabetic pathways and alterations of 
adhesive molecules in the epithelial basement membrane [14–16]. 
However, in their studies, the healing rate was monitored through 
phase-contrast imaging and operator-dependent judgment. In our study, 
we provide, for the first time, a comprehensive characterization and 
kinetics of the healing rate of human corneoscleral tissues measured 
through the two vital dyes FL and TB. To make the analysis more 
objective and standardized, we adapted a previously reported analysis 
system to measure the wounded area [45]. Through this system, we 
converted the wounded area from pixels into mm2, obtaining a healing 
rate coefficient representative of the speed of wound closure. Our 
findings demonstrate that healing activity peaks around 48 h following 
damage induction and progresses towards full recovery after 96 h. 
Although showing a similar trend, TB staining revealed a higher healing 
rate in the first 72 h and a smaller damaged area at both 72 and 96 h 
compared to FL staining. We hypothesize that this is due to the different 
tissue penetration mechanisms of the two dyes. Indeed, the relatively 
high molecular weight TB (molecular formula C34H24N6Na4O14S4; 873 
Da) is exclusively internalized by injured or dead epithelial cells with a 
damaged plasma membrane [40,41], while the lower molecular weight 
FL (molecular formula C20H10Na2O5; 376 Da) can permeate via para
cellular entry through adjacent cells due to the lack of superficial gly
cocalyx and of fully functional tight junctions in a not completely healed 

epithelium [39]. Accordingly, significant differences in wounded areas 
detected by TB and FL staining were highlighted. This is consistent with 
the faster healing rate observed with TB than with FL, suggesting that 
the covering of denuded Bowman layer by epithelial cells precedes the 
complete establishment of epithelial barrier integrity, resulting in 
TB-negative and FL-positive zones. Noteworthy, while providing 
different information, both FL and TB staining were consistent in 
tracking the process of corneal epithelial repair.

Following the initial characterization of the healing process, we 
examined whether certain donor subpopulations exhibit different re
covery profiles. Screening multiple characteristics, we found that re
covery is slower in diabetic donors, consistent with previous literature 
[14–16,52–55]. Key contributing factors include the disruption of 
growth factor signalling [56,57], increased oxidative stress [57], altered 
protease activity [58], accumulation of advanced glycation 
end-products in the epithelium-basement membrane complex [57], 
impaired corneal innervation [59], and dysregulation of the immune 
response [60]. Additionally, we report for the first time that 
heart-beating (HB) brain-deceased donors also show a slower healing 
rate compared to non-heart-beating donors, as revealed by FL staining. 
Although we do not provide direct evidence, we speculate that the death 
of the HB donor’s central nervous system may negatively influence 
nervous tissue homeostasis, given that the cornea is the most innervated 
organ in the human body [61]. In addition, physiological instability [62,
63], increased inflammatory response [64,65] and organ’s microenvi
ronment alteration, disturbed cardiovascular activity [66], hormonal 
imbalances [67,68], metabolic alterations [67], coagulation abnormal
ities [67] and imbalanced body temperature [67] can lead to a signifi
cant loss of quality in procured tissues for transplant [69]. Our findings 
highlight the crucial importance of selecting the appropriate tissue for ex 
vivo research. We demonstrated that certain donor parameters signifi
cantly influence the outcome of epithelial recovery, potentially leading 
to biased results. Therefore, it is essential to consider the donor’s med
ical history when investigating corneal epithelial healing.

After fully characterizing our damage model, we aimed to demon
strate its usefulness for studying corneal epithelial repair. MSC-EVs have 
emerged over recent decades as powerful tools in regenerative medicine, 
playing active roles in tissue repair and modulating inflammation and 
immune response [23–26]. Their therapeutic activity is mediated by the 
release of their cargo, which includes proteins, mRNAs, miRNAs, DNA, 
lipids, growth factors and mitochondria upon fusion and intake by the 
recipient cell [46,47]. Recent applications in ophthalmology have 
shown that MSC-EVs accelerate wound healing in in-vitro and in-vivo 
corneal scratch models [32], in a cornea-on-a-chip model [70] and in 
murine models of corneal alkali burn [71,72].

In this work, we show that our MSC-sEV have a mode size of 79 nm, 
classifying them as small extracellular vesicles according to the latest 
MISEV guidelines [22]. We first tested MSC-sEV administration on in 
vitro cultured human corneal epithelial cells, showing that a low dose (1 
× 108 particles/mL) had no significant effect, while a high dose (1 × 109 

particles/mL) significantly enhanced wound closure at 30 h. This result 
obtained in a bidimensional model led us to further investigate the effect 
of the MSC-sEV administration on our established ex vivo model, in order 
to measure their effect on a more complex system closely mimicking an 
in vivo one. Our results show that MSC-sEV-treated corneas have a 
significantly higher healing rate as measured by FL staining but not by 
TB. This finding was expected, as MSC-sEV can enhance tissue repair, 
but not reverse cell death.

Fig. 7. Effect of MSC-sEV administration on tissues with chemically-induced epithelial damage. (A) Scatter plot depicting the average healing rate ± standard 
deviation, as measured by FL staining, in untreated (n = 6) versus treated (n = 6) corneoscleral tissues. (B) Representative images of the healing process in control 
and treated corneoscleral tissues at the time of damage induction and at 24, 48, 72, and 96 h post-damage induction as revealed by FL staining. (C) Scatter plot 
depicting the average healing rate ± standard deviation, as measured by TB staining, in untreated (n = 6) versus treated (n = 6) corneoscleral tissues. (D) 
Representative images of the healing process in control and treated corneoscleral tissues at the time of damage induction and at 24, 48, 72, and 96 h post-damage 
induction as revealed by TB staining. ***: p < 0.001.
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Our results support future new opportunities in the management of 
corneal epithelial diseases using MSC-sEV. Currently, corneal ulcers, 
neurotrophic ulcers, abrasions, and other diseases that disrupt the 
epithelial barrier (i.e. dry eye disease) are managed through the 
administration of eye drops containing different kinds of biologically 
active substances. These include amniotic membrane extract eye drops 
[73], serum eye drops [74], insulin eye drops [74,75] and Nerve Growth 
Factor (NGF) eye drops [76,77]. The use of extracellular vesicles for the 
management of ocular surface diseases has many advantages. First, 
Good Manufacturing Practice (GMP) manufacturing strategies for the 
production of BM-MSC-EVs for phase I and II clinical studies have 
already been established [20,78–80]. Therefore, a substantial body of 
literature witnesses the safety and biocompatibility of MSC-EVs. Addi
tionally, the role of MSC-EVs in regenerative medicine is under inves
tigation in multiple clinical trials. To the best of our knowledge, no 
clinical trials assessing the effect of MSC-sEV in corneal epithelial repair 
have been conducted to date. However, in a similar context, clinical 
trials are investigating the safety of topical MSC-EVs-based ointments on 
healthy subjects (ID: NCT05523011) and the role of MSC-EVs in 
epithelial wound healing in individuals affected by Dystrophic Epi
dermolysis Bullosa (ID: NCT04173650). The existing evidence in liter
ature and medical practice regarding the benefits of MSC-EVs 
administration strengthens their potential use in ophthalmology.

This study has a number of limitations that warrant discussion. 
Firstly, although the use of paired corneoscleral tissues from the same 
donor allowed for direct comparison between MSC-sEV-treated samples 
and their corresponding controls, the overall sample size was limited. 
This small sample size may impact the statistical power of our findings. 
Future studies with a larger cohort and careful titration of MSC-sEV 
dosages are necessary to validate and expand upon our results. Sec
ondly, the repeated administration of the MSC-sEV solution three times 
daily may have contributed to a cumulative effect, which could influ
ence the observed outcomes. Further investigations should explore 
different dosing regimens to clarify this aspect. Also, a more thorough 
dose/response study would allow to optimize the working concentra
tion. Finally, while our ex vivo model offers several advanta
ges—including adherence to the 3R principles, close resemblance to the 
in vivo environment, and the use of human tissues—it remains an ex vivo 
system. As such, it cannot fully replicate the complex dynamics of an in 
vivo setting, which may limit the generalizability of our findings.

In conclusion, our work provides a novel, animal-free ex vivo model 
for studying corneal epithelial repair. We characterized the recovery 
kinetics in the 96 h following damage induction using FL and TB to 
monitor barrier function and epithelial viability. We identified donor 
parameters influencing recovery speed and demonstrated the healing 
potential of the human bone marrow mesenchymal stromal cells derived 
extracellular vesicles in our ex vivo model, opening up perspectives for 
their use in managing corneal epithelial pathologies.
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