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Abstract

Introduction: The current treatment of corneal edema is limited
to hyperosmotic saline mixtures. Usually the therapy consists of
treatment with hypertonic 5% NaCl eye drops or 6% eye ointment.
However, these only remain on the cornea for a short time because
they are quickly removed by the tear film and blinking. This problem
is partly addressed by adding hyaluronic acid to some pharmaceuti-
cals. In this work, Sovermol as a carrier oil supplied with osmotically
active substances, honey, icing sugar, Substance C188 and Prevor®
substance X were investigated in an experimental setting as thera-
peutics for corneal edema.

Material and Methods: In the Ex vivo Eye irritation Test (EVEIT),
corneas can be examined under defined and stable biochemical
conditions without blinking. Corneal edema can be simulated and
examined using ultrasound pachymetry and Optical Coherence To-
mography (OCT). Thus, we investigated the deswelling effect of the
substances described above on 23 EVEIT corneas.

Results: The mixtures, examined in this study, showed a signifi-
cant reduction of corneal edema especially mixtures of Sovermol
with Substance C188 were very promising as a new approach to
treatment of corneal edema. As reference substance for corneal
edema treatment ODM5® was used. Other mixtures, especially
Honey and Prevor® substance X in DOL showed a sufficient reduc-
tion of corneal edema, while also damaging the corneal epithelium.
While the mixture of DOL and powder sugar showed an increased
corneal thickness and damaged Epithelium.

Conclusion: The therapy of corneal edema with osmotically ac-
tive substances as investigated here is a promising treatment for
corneal edema. However, further pharmacological development is
needed for application in patients.

Keywords: Cornea; Corneal edema; Fuchs’ endothelial dystro-
phy; Endothelial dysfunction

Key messages:

What is Known?:

- The cornea has different de-swelling mechanisms.
New Information:

- Medicinal de-swelling with suspensions of solids in oil is possible and
sensible.

- The substance C188 is most effective in removing water from the cor-
nea.
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Introduction

In everyday clinical practice, acute and chronical corneal ede-
ma are a common problem. These can cause visual impairment
and pain [1]. Acute corneal edema after phacoemulsification
can lead to patient dissatisfaction. This is caused by the expec-
tation of a quick Improvement in vision that is disappointed by
the quickly healing corneal edema [2]. Part of the early therapy
is to specifically remove water from the cornea to allow it to
clear. Of course, the disease causing the corneal edema must be
treated as casually as possible [3]. Especially in the treatment of
chronic corneal edema, such as in Fuchs’ endothelial dystrophy
or after endothelial trauma, we need therapeutic agents that
reduce the corneal edema. Corneal edema is mostly caused by
an imbalance between water inflow into the corneal stroma,
for example due to defective endothelial pumping function and
water loss by perspiration insensibilis. The therapeutic goal is to
establish an equilibrium where the cornea has a normal water
level and becomes transparent again [4].

In this work, known [5] and new substances and combina-
tions to increase the drainage of water from the cornea will be
investigated as a possible new therapy for corneal edema.

Hyperosmolar Therapeutics for the Treatment of Corneal
Edema

The consideration of treating corneal swelling with hyperos-
molar therapeutics is not new. It was used decades ago [6,7].
Therapy with 5% saline solution in form of drop or ointment
is currently the major therapeutical option [8]. There are few
systematic studies in this clinical context. In addition to the re-
cent work by [9] the deswelling of the corneal stroma has been
investigated primarily in the context of corneal culture. Specifi-
cally, dextran, HES [10] and chondroitin sulphate [11] have been
investigated as deswelling therapeutics for corneal grafting.
Dextranes, for example, are not suitable for the therapy of cor-
neal edema when used on living humans due to their allergenic
potential [12].

An essential characteristic of hyperosmolar saline solutions
(Ocusaline®, Omnisorb®) approved and used clinically as medi-
cal devices is their aqueous base. However, the application of an
aqueous solution places a heavy osmolar load on the epithelial
barrier and the back-diffusion of tears and isoosmol are fluids
becomes a problem after a typically short exposure time. This
is comparable to the damage mechanism in Dry Eye Syndrome
(DES) [13]. The ODM5® (TRB Chemedica AG, Feldkirchen Ger-
many) eye drop solution, which has also been used for some
years, takes this problem into account with a longer residence
time on the eye due to the addition of hyaluronic acid.

To minimize the problem of the aqueous phase, we inves-
tigated a mixture of osmolar active substance in a suspension
with a non-aqueous carrier substance. This pharmaceutical
form is based on comparable models such as Glycocortisone®
eye ointment (hydrocortisone, glucose, glycocortisone H eye
ointment, Novartis, Basel, Switzerland), which was withdrawn
from the market in 2002 due to production problems.

This solution contained a high osmolar medium, highly re-
fined sugar and cortisone, in a Vaseline ointment. In this work
we have experimentally evaluated similar suspensions, in a
clear and liquid form, for their deswelling effect.

Material and Experiment
Ex Vivo Eye Irritation Test (EVEIT)

For this study we used 23 corneas in a non-animal-use model
in which rabbit eyes (New Zealand white, slaughterhouse Lap-
inchen, Euskirchen) are enucleated 8 hours postmortem. These
are nourished with an artificial aqueous humour, an iso-osmo-
lar nutrient medium containing Earle’s salts and HEPES buffer
[Eagle Minimal Essential Medium (MEM), HEPES buffer 5.8 g/L:
both Biochrom GmbH, Berlin, Germany]. The initial thickness is
determined using a Thorlabs OCT (Base unit Ganymed with Soft-
ware Dev. Kit V3.0C software; Thorlabs, Dachau, Germany) or
ACCUTOME® pachypen handheld pachymeter (A24-51003222
Phoenixville Pike, Building #50, Malvern, PA 19355 USA). We
performed quality and vitality measurements as shown below.
Quality criterion for using a cornea in this work was, that 24
hours after incubation the outflow medium from the EVEIT
chamber showed a concentration of at least 2 mmol/L glucose
and more than 1.5 mmol/L lactate (measured with GOD-PAP
or LOD-PAP; Greiner Diagnostic GmbH, Bahlingen, Germany).
Furthermore, corneas were stained with sodium fluorescein
and illuminated with cobalt blue light to detect epithelia de-
fects. Only corneas that were fluorescein negative at the time
of quality control were included. To complete the initial quality
control all corneas were examined for complete transparency
using fluoroscopy on the examination loupe. The vital and fully
epithelialized corneas could then be cultured under stable hy-
drostatic pressure (6 cm water column) with MEM at 32°C and
100% humidity. This guaranteed an optimal culture condition
for several days. This procedure has already been published
[14].

EVEIT Corneas in the Deficiency Culture to Produce Corneal
Edema

To simulate a corneal edema the culture medium was re-
placed with a hypoosmolare culture medium after quality con-
trol. The hypoosmolare medium consists of a mix of the stand-
ard medium, MEM, with 0.3% saline solution in a ratio of 1:4,
resulting in an osmolality of 148 mOsm/kg. The corneas cul-
tured in the EVEIT system were then cultured in an incubator
at 32°C and 100% humidity [15]. This resulted in a homogenous
increase in the thickness of all corneas. Daily vitality testing of
the corneas using glucose-lactate quantification and fluorescein
staining was performed as described above.

Osmolality of the test Substances Used

We prepared suspensions of the following substances: Bee
Honey (Honig Flotte Biene, Langnese Honig GmbH & Co. KG®,
Hammoorer Weg 25, Bargteheide); Powder sugar (Pfeiffer Lan-
gen GmbH & Co. KG®, Aachener Str. 1042a, Koln, Germany);
Substance C188 (BASF®, Carl-Bosch-Str. 38, Ludwigshafen, Ger-
many); Prevor® Substance X (Prevor® Von-Werth-Strale 37,
KoIn, Germany). The experimental and theoretical osmolality
of the different substances was determined via dilution series
in distilled water and mathematical extrapolation. For this pur-
pose, the substances were measured in a dilution series with
Aqua-bidest using the crystallisation depression point method
in the Gonotec® Osmomat (Osmomat 3000, Gonotec GmbH,
Berlin). From these data, the osmotic effectiveness of the indi-
vidual substances was extrapolated by means of linear correla-
tion analysis for fully dissociated substances: substance X, icing
sugar. A polynomial correlation analysis was used for extrapola-
tion for micelle formers or not fully dissociated substances. By
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means of the mixing ratios in the suspensions, balanced osmo-
capacities were attempted to be achieved. Since the therapeu-
tics tested here do not mix with the oily amphiphilic suspension
base, the substance (Sovermol) DOL (BASF® Carl-Bosch-Str. 38,
Ludwigshafen, Germany), suspensions were prepared. The un-
preserved ODM5® solution from TRB-Chemedica was used as
reference substance.

From the resulting functional equations (Figure 1), theoreti-
cal osmolalities (tOsmol) of the individual substances were de-
termined at a defined concentration of 1g/1g substance. This
results in an osmolality of the individual substances (1-n) in the
suspension in their weight fractions [g] as the sum divided by
the total weight [g(total)] (amphiphilic solvent + osmotically
active substances). As a calculation example for the entries in
Table 1 for S1, the formula is given here:

Calculated Osmolality of Suspension S1, Table 1:

(tOsmol (honey)*2.5g + tOsmol (substance C188) * 0.2g) /
g(total) = (10,681.4 mOsmol * 2.5g + 11,777.4 mOsmol * 0.2g) /
12.7g = 2,2881 mOsmol

Table 1: Suspension compositions in [g] of the respective substances.

Results

All corneas showed the swelling of the corneas as described
by Dutescu et al. In this study, the corneas swelled from an
average original thickness of 429 um (+/- 29 um) (n=24) to a
thickness of 563 um (+/- 28 um) (n=24) after 20 hours in a hy-
poosmolare deficiency medium (minute -50 to O in (Figures 2,
3 and 6).

Osmolality used
er gram of
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Figure 2: shows the course of the thickness during the short-term
experiment. The value -50 minutes corresponds to the time before
the addition of the deficiency medium.
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Figure 1: shows the osmolality of the different substances with in-
creasing concentration in Aqua-bidest.

$9 Pure DOL 0 2 Figure 3: shows the thickness of the corneas in the long-term ex-
S10 ODM5® 2 periments over 2 days. The initial thickness of the corneas was de-
termined at time point -50.
table 1
2000
-@-honey
1500 y=64162x . 7

Figure 4: shows on the top left a rabbit cornea after 3-day coating
with S2) icing sugar. This was photographed here under cobalt blue
light after fluorescein staining. At the top right we see a rabbit cor-
nea after 3-day coating with S4) Prevor® substance X. Both show
clear epithelial damage. In the lower left picture, we see a cornea
after 3-day coating with ODM5® under cobalt blue light after fluo-
rescein staining with intact epithelium. Below right is the histologi-
cal section of an EVEIT cornea, in haematoxylin-eosin staining, after
3-day treatment with DOL with intact epithelium and endothelium
with a light focal edema.
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Figure 5: shows the decrease in corneal thickness averaged over the
day/total amount of corneal thickness increased.
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Figure 6: Corneal thickness curve of the EVEIT corneas in the long-
term experiment with the mixtures S5—8 and S12.

EVEIT Short-Term Experiments

The EVEIT short-term experiments showed a generally effi-
cient deswelling effect of all substances (Figure 2). S1) honey,
S3) substance C188 and S10) ODM5® caused a decrease in
thickness to corneal thickness below the initial thickness of the
EVEIT corneas. The most successful was the use of substance
No. 10) ODM5® and S3) substance C188. The least pronounced
was the deswelling caused by S2) icing sugar. After 90 minutes,
a return of corneal edema was observed, with the thickness in-
creasing again to 585 pum (+/- 31 um), after 14 hours (rebound
effect).

EVEIT Long-Term Experiments

The EVEIT long-term experiments showed different efficacy
profiles of the substances. S1) Honey showed a quite effective
deswelling of the corneas over both days. As shown in Figure 5,
there was a decrease in corneal edema of almost 48% (see dis-
cussion). S2) icing sugar caused an exceptionally large increase
in corneal edema in some cases and also caused epithelial dam-
age seen in (Figure 4). Figure 4 shows that, on average, icing
sugar was less effective at deswelling than the non-suspended
pure DOL. Deswelling was particularly strong with S3) substance
C188, which brought the corneas below the initial thickness of
the corneas and maintained this deswelling throughout the day.
In addition, the overnight rebound effect was less pronounced
in these corneas. With S4) Prevor® substance X, there are
strong fluctuations in corneal thickness. The coating of the cor-
neas does not seem to be sufficient to allow effective prolonged
deswelling beyond 2 hours. In addition, the epithelial damage
shown in Figure 4 occurs. S2) and S4) only remove about as
much of the edema as pure DOL over the entire period (Figure
5). The use of S$10) ODM5® was successful in treating the model
of epithelium-sparing corneal deswelling used here.

Further Mixtures in Long-Term Experiments

Based on these results, we conducted further EVEIT experi-
ments with significantly lower concentrations of substance
C188 in DOL, namely S5-7). We also tested the effect of a
suspension of substance C188 which had previously been pre-
swollen with distilled water in a defined manner (S8). Figure
6 shows an effective deswelling over the day with the tested
substances. Together with the concentration of substance C 188
the deswelling effect of the suspensions tested decreases. The
addition of distilled water to the suspension of substance C188
S8 showed an improvement in the deswelling properties of the
suspension, although the theoretical osmolality of 1845 mOs-
mol for S6 drops to 1039 mOsmol for S9 due to the addition
of waterWe also saw swelling effects in corneas treated with
DOL (S9), the carrier substance. At the same time we observed
a deswelling effect on some parts of the same corneas. This sug-
gests that unforeseen influences, for example evaporation, had
an additional effect during the experiment [16]. The corneas
treated with pure DOL S9) showed a very irregular surface in the
histological examination (Figure 4) as well as in the OCT. These
irregularities were also seen in many other corneas treated with
substances S1-8.

Glucose Lactate Test

Figure 7 shows a clear decrease in the glucose and lactate
concentrations after the hypoosmolare medium was added,
due to the corresponding dilution of this medium. Only a slight
increase in lactate is noticeable in the corneas treated with
honey.
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Figure 7: Concentration curve of lactate (left) and glucose (right) in
the medium from the artificial anterior chamber over the experi-

mental days during treatment with S1 honey, S2) icing sugar, S3)
substance C188 and S4 Prevor® substance X.

time in days

Discussion

In the following, the deswelling effect of the therapeu-
tics on corneal edema will be discussed with special focus on
their osmotic properties and on the influence of the measur-
ing methods. All rabbit corneas examined here experienced an
average increase in thickness of 133.6 um during the swelling
phase after addition of the deficiency medium. With a corneal
diameter of approximately 12 mm [17], this results in an in-
crease in corneal volume of approximately 0.025 ml. To move
this additional amount of water out of the cornea, the amount
of osmotically active particles, on the other side of the semi-
permeable membrane of the corneal epithelium, that dissolve
in this 0.025 ml must be high enough to reach an osmolality
of approximately 320 mOsmol/L, equal to the osmolality of a
healthy cornea [18]. Without considering the osmolarity of the
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tear film or other influencing variables, an amount of 0.0105
mOsmol must be applied to the semipermeable membrane
of the corneal epithelium to remove the water from the cor-
nea. According to the calculations in (Table 1), we have safely
achieved these quantities in all experimental groups. However,
the contact to the corneal surface due to internal convection or
mixing of the suspension is decisive for the deswelling effect. In
absence of eyelid blink, this is only incompletely represented in
the EVEIT model. The sedimentation speed of suspensions can-
not be used as a model because of the thin layer thickness of
the applied suspensions. An artificial blink was not yet available
in the EVEIT model at that time.

Measuring Technique

In the first experiments, the thickness was measured using
ultrasound pachymetry. It was advantageous that the corneas
could remain in the incubator and did not dry out due to sig-
nificantly lower temperature and humidity [19]. The disadvan-
tage, however, was that this measurement did not work reliably
and the epithelium, which was under osmotic stress, developed
undesirable epithelial defects due to the contact of the probe
with the cornea. For this reason, we continued the experi-
ments using noncontact measurements, particularly the OCT.
This way we avoided epithelial defects caused by the measure-
ment method and were able to make more reliable statements
about the epithelial damage caused by the tested substances.
However, due to the OCT measurement, a certain drying of the
corneas is a source of error that should not be neglected. To
examine the corneas on the OCT, they must be taken out of the
incubator and examined at room temperature for about 2 min-
utes. This disturbance was particularly evident in the corneas
treated with S9), the pure DOL. Some of them became thinner
(Figure 6), although DOL has no osmotic properties. In the ar-
ticle on perspiratio insensibilis [19] we were able to show that
this was probably due to long contact with the cold and dry
laboratory air. Unfortunately, this could not be avoided due to
the measurement method (OCT). Since, according to this find-
ing, the error is the same for all corneas due to uniformly short
processing times, a systematic falsification of the results can be
safely ruled out.

Model Discussion: Suitability

The model used here is suitable for simulating corneal
edema because it allows a constant influx of water into the
cornea while it is constantly nourished [20]. In preliminary ex-
periments, full reversibility had already been shown when the
original culture conditions were restored [15]. The homoge-
neity of suspensions and thus the fineness of distribution is a
pharmaceutical-technical problem that we did not have fully
under control. Homogenisation steps with mechanical stirring,
ultrasonic bath and slight heating produced optically homoge-
neous suspensions. However, the homogeneity could not be
measured with the methods available to us. We interpret fo-
cal differences in thickness, which we saw in some corneas, as
caused by such in homogeneities in the suspensions.

EVEIT Short-Term Experiments

The short-term experiments showed quite impressively that
the therapeutics we used were capable of moving sufficient
water from the cornea across the epithelium so that the swol-
len corneas became thinner than baseline in some cases. It was
also clear that the mixture in which we used Substance C188
in S3) was comparable to the effect of ODM5®. It was particu-

larly striking that, unlike in the study by Zander et al. (2021)
[9] where a decrease in corneal thickness by ODM5® after two
drops led to a decrease in corneal thickness of only -10.5 pm,
ODMS5® in our study led to a decrease of 196 um after one hour.
Admittedly, we used 4 drops, and in the EVEIT model, as de-
scribed above, no blink could be simulated, as shown in the
study of Zander et al. This naturally leads to significantly longer
exposure times. We would therefore attribute the decrease in
thickness described by Zander et al. less to ODM5€® than to per-
spiratio insensibilis.

EVEIT Long-Term Experiments

Although S1) honey showed a good deswelling effect, it also
damaged the corneal epithelium due to the composition used
here, which is why we are neglecting honey from the further
planning of the tests for the time being. The S2) approach with
icing sugar had a partial de-swelling effect but after some time
even a swelling effect on the EVEIT corneas tested here. We as-
sume that this could be due to the penetration of the glucose
into the cornea. In case of the S3) Substance C188 approach, an
overdose of the osmotic agent can be suspected, as the corneas
also shrank below the initial thickness before swelling over most
of the day. This can also explain small epithelial defects. Overall,
at lower concentrations of substance C188, there is significantly
less corneal damage. At the concentration of S4) used here, the
deswelling effect does not seem to be sufficiently dosed by the
individual components to achieve proper deswelling. In particu-
lar, the deswelling was not sustainable.

Potential Increase in Osmolality

Concerning the osmolalities of the tested substances in aqg-
ua-bidest the osmolality of especially substance C188, honey
and perhaps also icing sugar does not increase linearly with ris-
ing amounts of water (Figure 1). This observation is also found
in Busmann et al. (2020) [21] for substance C188 HS15 where a
plateau phase of the osmolality is described. Similar observa-
tions have been made for other surfactant molecules. By heat-
ing, these molecules can be converted into a gel state, whereby
this property is lost (Tacey et al. 1998) [22]. Biochemically, it is
known that strongly hygroscopic polymers show steric inhibi-
tion of their water uptake during the transition from the dry
to the wet phase. This also explains stronger hydration of the
osmotically active molecules of the substance C188 at higher
concentrations of water.

Epithelial Damage due to Osmotic Stress

In an in vitro study, it was shown that cultured corneas toler-
ate osmolarities of up to 350 mOsm/L before cytotoxic effects
occur (Kang et al. 2014) [23]. However, since eye drops are rap-
idly removed from the surface, it is difficult to establish exact
limits for these toxic thresholds. In clinical studies, patients
tolerate the 6-fold application of eye drops with an osmolar-
ity of 380 mOsm/L without toxic effects. Patients with Dry Eye
Syndrome (DES) who wear hypertonic contact lenses also show
no toxic changes (Thulasi et al. 2017) [24]. Patients also report
preferential use of 280 mOsm/L eye drops as they were found
to be less uncomfortable [25]. The use of highly hypertonic oph-
thalmic rinses after eye burns also does not lead to eye damage
[26]. The frequent application of unpreserved iso- and hyper-
osmolar eye drops leads to surface changes of the epithelia
in the expression of the microvilli [27]. The long-term use of
hyperosmolar aqueous eye drops in the context of Fuchs' en-
dothelial dystrophy with ODM5®, Ocusaline® and Omnisorb®
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are clinically common. The low ocular irritation with these eye
drops, which are usually between 1200 and 1400 [28] to 1900
[15] mOsmol/kg, can be explained by tearing and blinking and
the constant production of tear fluid, which removes the hyper-
osmolar eye drop from the ocular surface relatively quickly.
Since neither blinking nor tear production are present in the
EVEIT, this appears to be a cause for the considerable epithelial
damage caused by strongly de-swelling substances in the long-
term EVEIT experiment. However, the clinically used substance
ODMS5® did not show any epithelial damage in our trials. It
was particularly striking that a mixture of substance C188 with
water and then with DOL had a positive effect on the deswell-
ing of the corneas. Overall, it can be shown that the medicinal
deswelling of the corneas based on an amphiphilic carrier such
as DOL is promising, and further studies based on these results
are necessary to develop appropriate therapeutics.
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