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Abstract: Restoring the anatomical and functional characteristics of the cornea using various bioma-
terials is especially relevant in the context of a global shortage of donor tissue. Such biomaterials
must be biocompatible, strong, and transparent. Here, we report a Viscoll collagen membrane with
mechanical and optical properties suitable for replacing damaged stromal tissue. After removing a
portion of the stroma, a Viscoll collagen membrane was implanted into the corneas of rabbits. After
6 months, the active migration of host cells into Viscoll collagen membranes was noted, with the
preservation of corneal transparency in all experimental animals. Effective integration of the Viscoll
collagen membrane with corneal tissue promoted nerve regeneration in vivo, as confirmed by in vivo
confocal microscopy. We also demonstrated the safety and efficacy of the Viscoll collagen membrane
for corneal stroma regeneration. Thus, in combination with the proposed packaging format that
provides long-term storage of up to 10 months, this material has great potential for replacing and
regenerating damaged stromal tissues.

Keywords: viscoll collagen membrane; cornea regeneration; stromal replacement; tissue engineering

1. Introduction

Throughout human life, the cornea is constantly in contact with its surrounding en-
vironment in a way that is harmful to the delicate tissue. The immediate environment
includes high and low temperatures, air pollution and toxic substances, ultraviolet radia-
tion, and other types of radiation. However, owing to its complex structure, which includes
the unique nature of trophism, innervation, and a type of cellular regeneration, it remains
transparent and is the main refractive lens of the eye [1].

Any damage or disease of the cornea can lead to a complete or partial loss of its
properties; in particular, the loss of transparency leads to a significant decrease in visual
acuity. The most common diseases include keratoconus, dystrophies of various origins,
ulcers, and corneal injury [2].

Donor cornea transplantation is the most common method of surgical treatment for
most diseases of the cornea; however, the global shortage of donor tissue significantly
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complicates its use. Thus, the development of alternative approaches based on tissue
engineering and regenerative medicine is necessary to solve this problem [3].

Thus far, advances in the field of tissue engineering have shifted the therapeutic
focus to creating an artificial cornea that produces the conditions for restoring specific
layers through cellular regeneration [3]. This shift has become possible owing to the
development of new, less invasive surgical techniques, including anterior and posterior
lamellar keratoplasty, in which only the damaged area of the cornea is replaced, while
leaving the surrounding healthy tissue intact [4]. These techniques can improve outcomes
in terms of graft survival and the number of postoperative complications compared with
penetrating keratoplasty, in which the entire cornea is replaced.

In our previous work, we demonstrated the safety and biocompatibility of a Viscoll
collagen membrane based on medical-grade Viscoll collagen [5]. Implantation of this
Viscoll collagen membrane resulted in an increased overall thickness of the cornea and its
strength characteristics, as well as the maintenance of transparency for up to six months
postoperatively. Importantly, the cornea is highly innervated, and nerve regeneration after
injury plays a critical role in the restoration of normal function [6,7]. Therefore, it is essential
to investigate the regeneration of the replaced corneal tissue and the innervation of the
restored area.

The primary aim of this study is to conduct a comprehensive assessment of the
suitability of the Viscoll collagen membrane as an artificial analogue of the corneal stroma
for the regeneration of its defects. A feature of our manufacturing process of the collagen
membrane was increasing the concentration of collagen instead of the standard chemical
crosslinking protocols to improve the biomechanical characteristics of the final product. The
specific objectives of the current work include the study of the biomechanical characteristics
and transparency of the Viscoll collagen membrane in comparison with the stroma from
the human cornea; toxicological studies of the Viscoll collagen membrane; and evaluation
of the effectiveness of the Viscoll collagen membrane for corneal regeneration during its
implantation in the cornea of rabbits, in which a section of the stroma was surgically
removed.

2. Materials and Methods
2.1. Animal Experiments

All experiments were carried out in compliance with Directive 2010/63/EU and the
Research Institute of Eye Diseases Animal Care and Use Committee guidelines, and the
study was approved by the aforementioned institution’s review board (№763, date of
approval 11 May 2021). The experimental studies involved 10 male Chinchilla rabbits,
aged 12–16 weeks and weighing 3.0–3.5 kg. All animals were allowed to adapt to their
environment for 2 weeks before surgery. The rabbits received general and local anesthesia
before and during surgery. General anesthesia was administered via intramuscular injection
of ketamine (50 mg/kg) and xylazine (15 mg/kg). After the surgery, the animals were
maintained under controlled conditions: temperature, 22 ± 1 ◦C; relative humidity, 45%;
10 air changes per hour; and a 12 h light/dark cycle. The rabbits had free access to water
and standard compound feed. The surgeries were performed under general anesthesia.
The rabbits were euthanized under deep anesthesia (100 mg/kg ketamine and 4 mg/kg
xylazine) with 80 mg/kg pentobarbital.

2.2. Collagen Membrane Preparation

The production of Viscoll collagen membrane was certified according to ISO 13485
(Quality System for Medical Devices). Viscoll Collagen Membrane was obtained sterile
from initially sterile components as a result of an aseptic manufacturing process (according
to ISO 13408) in ISO 5 and ISO 7 class cleanrooms (according to ISO 14644-1) and did not
require final sterilization.

The Viscoll collagen membrane was prepared using a previously published method [5]
consisting of two stages: gelation and vitrification at constant pressure.
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2.2.1. Gelation

Briefly, 0.5 mL of a sterile 30 mg/mL solution of medical grade native porcine collagen
type I (Viscoll®; Imtek Ltd., Moscow, Russia) was added to each well of a 24-well plate. To
remove air bubbles from the collagen solution, the plates were centrifuged for 30 min using
an Avanti J-26XP centrifuge (oscillating bucket rotor JS-5.2; Beckman Coulter, Inc., Brea,
CA, USA) at 3200 rpm and 4 ◦C. To induce collagen gelation, the plates were incubated in
an atmosphere of ammonia vapor for 12 h at 20 ◦C. After incubation, collagen hydrogels
were collected, immersed in water for injection (Solopharm, Saint-Petersburg, Russia), and
incubated for 24 h at 20 ◦C.

2.2.2. Plastic Compression and Vitrification

At this stage, collagen hydrogels were placed between two teflon plates, one of which
was subjected to a constant load of 3 kg until complete vitrification.

2.2.3. Packaging

For long-term storage, the resulting material was rehydrated in water for injection
(Solopharm) for 5 min. Then, the collagen membrane was placed on a square Teflon plate
and hermetically packed in sterile primary packaging that met the requirements of ISO
11607-1 (Clinipak®, Klinipak LLC, Moscow, Russia). The material in the primary package
was hermetically packed under vacuum into a secondary vacuum package (Figure 1). The
obtained material was stored at 4–10 ◦C for 10 months before use.
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Figure 1. (a) Viscoll collagen membrane in vacuum packaging; (b) Viscoll collagen membrane in
primary packaging; (c,d) views of the Viscoll collagen membrane ready for use.
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2.3. Human Corneal Stroma Samples Preparation

Sections of the human corneal stroma were obtained using a Moria Evolution 3E
microkeratome (Moria, Antony, France). The human corneoscleral disc from healthy
donors was placed in a chamber with connected irrigation and securely fixed. First, the
surface layer of the cornea was removed, including the Bowman’s membrane, and then a
stromal section of a given thickness was performed directly using a 150 µm microkeratome
head. An ultrasonic pachymeter was used to measure the thickness of the central part
of the cornea before and after the incision. As a result, stromal samples with an average
thickness of 300 ± 20 µm were obtained.

2.4. Optical Properties of Collagen Membranes and Human Cornea

Light transmission through five Viscoll collagen membranes and five human corneal
stroma samples were measured in the 380–780 nm wavelength range using a UV-VIS
spectrophotometer (PE-5400UV, Ecroskhim, Saint-Petersburg, Russia). All samples were
about 300 µm thick. Samples were immersed in 150 mM NaCl before measurement. During
the measurement, samples were placed on one side of an empty transparent cuvette. An
identical empty cuvette served as a reference.

2.5. Toxicology

Toxicological tests of the Viscoll collagen membrane were performed according to ISO
10993 standards by an independently certified testing laboratory center (IMBIIT, Moscow,
Russia). Viscoll collagen membranes were tested according to the following protocols:

• ISO 10993-5: In vitro cytotoxicity. Direct effect of extracts from membranes on L929
mouse fibroblasts.

• ISO 10993-6: Implantation. The study is intended to evaluate the biocompatibility of
the test material and tissue within the eye by surgical implantation of the material into
the eye of a rabbit for an appropriate period of time. The reverse tolerance of the test
material and eye tissues after implantation is evaluated.

• ISO 10993-10: Irritating effect. In vivo. Ocular irritation in rabbits.
• ISO 10993-10: Irritating effect. In vivo. Skin sensitization in guinea pigs.
• ISO 10993-11: Acute systemic toxicity test in rabbits.
• GPM.1.2.4.0005.15: Pyrogenicity. The test is based on the measurement of body

temperature in rabbits before and after the injection of membrane extracts.

2.6. Ex Vivo Sewing Test

The cadaveric eye was fixed in a special holder. Non-penetrating trepanation of the
cornea was performed at 2/3 of its depth, after which the upper layers of the stroma were
removed, and a collagen graft was placed in the formed trepanation bed and fixed with
a continuous 10-0 nylon suture. The detailed technique is presented in Supplementary
Information (Video S1).

2.7. Surgery

The rabbits received general and local anesthesia before and during surgery. General
anesthesia was administered via intramuscular injection of ketamine (50 mg/kg) and
xylazine (15 mg/kg). The local anesthesia (2% (w/v) lidocaine eye drops) was administered
to the right eye of each rabbit. A mark was made on the cornea using an 8 mm-diameter
trephine, and an approximately 3 mm-long incision was made along the marking line at
1/3 of the depth, with a disposable blade. An intrastromal pocket was formed through
the formed access. To do this, a tunnel was formed along the notch line using a spatula,
which was cut with scissors concentrically to the markup. Thus, intraoperative access was
expanded by 1

2 of the circumference, and then, using a stratifier, we formed an intracorneal
pocket. Repeated stratification was performed in the formed pocket, thereby highlighting
the layer of the underlying stroma that was then removed. In one group of animals, a
collagen membrane was implanted into the area where the stroma was excised (first group—
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surgery and implantation of membranes). In another group (second group—only surgery),
consisting of two rabbits, implantation of the collagen membrane was not performed after
the removal of the stroma, and the wound was sutured using 10-0 nylon sutures (MANI
Inc., Utsunomiya, Japan). Eye drops containing 0.3% (w/v) gentamicin were applied daily
for the first 3 days. The detailed technique is presented in Supplementary Information
(Video S2).

2.8. Postoperative Observation

Clinical evaluations of the corneas were performed on days 30, 90, and 180 post
surgery using slit-lamp microscopy. On days 30, 90, and 180, anterior segment optical
coherence tomography (OCT) and in vivo confocal microscopy (IVCM) were performed on
the eight rabbits from the first group. The contralateral intact eyes served as the reference.

2.9. Histological and Immunohistological Study

The rabbits were sacrificed on the 180th day after surgery. Corneal samples were
excised from four rabbits, fixed in 10% (v/v) neutral buffered formalin, dehydrated, and
embedded in paraffin wax. Sections of dehydrated, paraffin-embedded samples (5 µm
thick) were stained with hematoxylin and eosin using standard techniques and observed
under an optical microscope.

For the immunohistochemistry analysis, fixed corneal samples from four rabbits in the
first group and two rabbits in the second group and the contralateral intact eyes from both
groups were washed in PBS and transferred to 30% (w/v) sucrose in PBS. Sections (14 µm
thick) were obtained using a cryostat (CM1900, Leica, Weltzar, Germany). The sections
were incubated for 1 h at 20–25 ◦C in blocking solution: 5% (v/v) normal goat serum
(Sigma-Aldrich, St. Louis, MO, USA), 0.3% (v/v) Triton X-100, and 0.01 M PBS (pH 7.4).
This was followed by incubation with mouse anti-alpha SMA (1:200; BioLegend, San Diego,
CA, USA) in the blocking solution at 4 ◦C overnight. Thereafter, the sections were washed
and incubated for 2 h with goat anti-mouse IgG (AlexaFluor488, 1:600; Abcam, Cambridge,
UK) in 0.3% (v/v) Triton X-100 and 0.01 M PBS (pH 7.4). Sections were then washed in
PBS, and nuclei were stained with DAPI solution (2 µg/mL; Sigma, St. Louis, MI, USA).
Histological images were obtained using a BZ-9000E fluorescence microscope (Keyence,
Osaka, Japan).

2.10. Mechanical Testing

The tensile strengths of the five collagen membranes were measured using an Instron
Universal Testing Instrument (model 5982; Illinois Tool Works, Inc., Glenview, IL, USA)
and a 2530-series load cell (model 2530-50N; Illinois Tool Works, Inc.). Mechanical trials
were conducted in compliance with the ASTM D5748 standard. This testing method was
designed to provide the conditions for biaxial deformation with a constant crosshead speed
(1 mm/min). The specimen holder has a diameter of 5 mm. The loading element tip radius
was 1.25 mm. During mechanical testing, all the samples were kept in Ringer’s solution
at 20 ◦C. During the test, we considered the test samples as conical surfaces of variable
height. The obtained experimental dependences in the load-displacement coordinates were
recalculated into stress–strain curves using the following formulas.

Sample deformation:
ε = ((Stek − S0)/S0) × 100%, (1)

where S0 is the initial area of the sample and Stek is the current area of the sample, calculated
by the following formula:

Stek = πR (R2 + ∆l2)1/2, (2)

where R is the sample radius and ∆l is the displacement of the loading element.
The stress was calculated by the following formula:

σ = P/Stek, (3)
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where P is the current load on the sample.
Based on the stress–strain curves (Figure 2b), the fracture strain (at the maximum

load) and the elastic modulus (in the section of the curve with the maximum slope) were
calculated. All calculations were carried out using Instron Bluehill 2 Universal software
(Illinois Tool Works, Inc.).
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2.11. Statistical Analysis

The basic summary statistics are presented as the mean ± standard deviation. All
statistical analyses were performed using Excel 16.4 (Microsoft, Inc., Redmond, DC, USA).

3. Results
3.1. Optical and Physical Properties

Figure 2a shows the mean of light transmission of five samples of membranes and
five samples of human cornea stroma as a function of wavelength in the 380–780 nm range.
The Viscoll collagen membrane can transmit visible light similar to the human cornea;
however, the mechanical properties of the human cornea surpass those of the Viscoll
collagen membrane by about six-fold. Still, the mechanical properties of the Viscoll collagen
are sufficient for its manipulation and fixation with a surgical suture. This is discussed in
more detail below. Table 1 summarizes the optical and mechanical properties of collagen
membranes prepared from 3% (w/v) Viscoll collagen solution and stroma of the human
cornea.

Table 1. Optical and mechanical properties of Viscoll collagen membrane made from 3% (w/v)
collagen solution and stroma of the human cornea.

Sample Thickness (mm) Transparency (%) Young Modulus
(kPa)

Stress at
Rupture (kPa)

Elongation at
Rupture (%)

Viscoll Collagen
membrane 0.3 83.3–93.3 (at λ

from 380–780 nm) 467 ± 30 137 ± 11 41 ± 5

Stroma of human
cornea 0.3 67.0–91.1 (at λ

from 380–780 nm) 2859 ± 30 836 ± 6 41 ± 2

3.2. Suturability of the Membranes

To assess the suitability of the membranes for surgical practice, it was necessary
to test them under ex vivo conditions during keratoplasty of the cadaveric eye. It was
demonstrated that the Viscoll collagen membrane can be fixed with both interrupted
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and continuous sutures without macroscopic damage to the material (Supplementary
Information Video S1). Suture and fixation of the material are possible using standard
surgical instruments but require more careful handling; it is not recommended to exert
strong pressure on the material when grasping with tweezers, as this can lead to damage.

3.3. Toxicology

Viscoll collagen membranes successfully passed all the necessary toxicological tests.
When L929 mouse fibroblasts were cultured with extracts from Viscoll membrane samples,
no cytotoxic effects were detected. This sensitizing effect was also studied in sexually
mature albino guinea pigs using a method to maximize the sensitizing effect. None of
the animals exhibited hypersensitive reactions. When the solution was instilled into the
conjunctival sac of rabbits, no irritating effect on the cornea, iris, or conjunctiva was detected.
In addition, no chemoses or pathological secretions were observed. Under the conditions
of implantation of the collagen membrane samples, no general toxic effects were detected
and there were no observable effects on the tissues surrounding the implant compared to
those in the controls.

Extracts prepared in a sterile solution of 0.9% sodium chloride for injection did not
show pyrogenic reactions when administered intravenously to rabbits. The total tempera-
ture increase did not exceed the permissible value (∑∆t) of ≤1.2 ◦C.

3.4. Clinical Results

Clinical pictures were recorded daily during the first stage of the study. In the early
postoperative period, slight corneal oedema was observed in all 10 cases, which was most
pronounced in the area of the surgical suture. There were no signs of inflammation, the
moisture in the anterior chamber was transparent, and the iris actively reacted to light;
2 weeks after the operation, oedema had largely regressed. The subsequent clinical state
was stable; the cornea remained transparent and no signs of inflammation were observed
(Figure 3a). However, by the end of the 6th month of observation, against the background
of sagging suture material, four rabbits showed signs of corneal neovascularization in the
form of superficial “tassels” of newly formed vessels, stretching from the limbus to the
operation area and into the suture area. After the removal of the sutures, the vascular
reaction stopped and the newly formed vessels quickly became empty (Figure 4). In the
second group, the clinical picture was similar, with slight oedema in the postoperative
period associated with surgical trauma and subsequent stabilization. In rabbits from the
second group, after 6 months of observation, a vascular reaction to the suture material was
also noted, but was less pronounced.
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Figure 3. (a) Representative photographs of collagen membranes implanted in the stroma at different
follow-up times. (b) Representative OCT images of rabbit corneas at different follow-up times. Scale
bar = 250 µm.
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Figure 4. The role of sutures in corneal neovascularization. (a) Rabbit cornea with implanted
membrane 6 months after surgery (before suture removal); (b) same cornea after removal of the
sutures (1 week later).

3.5. OCT and In Vivo Confocal Microscopy Results

According to the OCT data, the collagen membrane was in close contact with the
corneal stroma throughout the observation period (Figure 3b). One month after the op-
eration, the average thickness of the central region of the cornea in the first group was
365 ± 23 µm, and the boundaries of the implant were visible, making it possible to estimate
its thickness, which was 190 ± 15 µm. At 3 and 6 months after surgery, the boundaries of
the implant and stroma were indistinct, which indicates good integration of the collagen
membrane with the surrounding tissue. Compared to the first month, the average thickness
of the central region of the cornea after 3 and 6 months decreased by 316 ± 19 µm and
305 ± 20 µm, respectively. The mean central corneal thickness of the non-operated corneas
of the contralateral eye was 230 ± 20 µm.

IVCM was performed to evaluate the anatomical layers of the cornea and the mem-
brane at the cellular level [8]. The surface epithelium and endothelium remained un-
changed throughout the experiment and were comparable to those of non-operated corneas
(Figure 5). After 6 months, the presence of sub-basal nerves was noted under the epithe-
lium and in the central region of the cornea, indicating regeneration of the sub-basal nerve
plexus. Two rabbits were noted to have slightly more macrophages than the other rabbits,
with a clear trend towards a decrease by 6 months. The presence of linear structures, which
appear due to apoptosis of the stromal cells [9], was observed at 1 and 3 months after the
operation; by 6 months, their number had significantly decreased.

3.6. Histological Results

At 6 months after the surgery, the cornea was preserved throughout and was of
uniform thickness. The cornea’s substantia propria had no visible changes throughout its
thickness, and the anterior epithelium and border (Bowman) membranes did not change.
The posterior (Descemet’s) membrane, as well as the adjacent stromal layer (Dua’s layer)
were preserved, as was the posterior epithelium (endothelium). The implant was well
traced along its entire length; it was not defibrillated and was fully integrated into the
corneal stroma. At the border of the cornea with the limbus, there was scant inflammatory
infiltration (predominantly perivascular) and slight hyalinosis along this side of the implant.
In addition, host cell migration within the material was observed in the samples (Figure 6),
which is in agreement with our previous results [5]. The results of immunohistochemical
staining of corneal samples 6 months after surgery revealed single stromal cells expressing
α-SMA in both groups (Figure 7).
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Figure 5. In vivo confocal microscope images of rabbit corneas implanted with the collagen mem-
brane at different observation times. Arrows indicate nerves.
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Figure 6. Hematoxylin and eosin staining of a cornea 180 days after the implantation of the collagen
membrane: (a–f) first group, (g,h) intact cornea. Arrows indicate the migration of host cells into the
membrane. Scale bar = 100 µm.
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Figure 7. Representative photographs of rabbit eyes and their immunohistochemical analysis
6 months after surgery. (a) Second group (only surgery); (b) first group (surgery with collagen
membrane implantation); (c) contralateral control eye. In both groups, the presence of α-SMA-
positive fibroblasts was noted. Blue—DAPI staining (nuclei), green—α-SMA staining.
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4. Discussion

Given that more than 90% of the human cornea is in the stroma, the solution of creating
a fully functional and biocompatible stromal replacement is key to both artificial cornea
technology and the ability to restore a healthy stroma in patients with corneal blindness [3].
Therefore, active practical research is being conducted in this direction, among which
corneal stroma tissue engineering with cell-free collagen hydrogels [10,11] is a promising
approach with potential clinical application. The pioneers in this field are the Griffith
et al. group, who were the first to conduct clinical trials of collagen hydrogels, which
were prepared from recombinant type III collagen chemically cross-linked with EDC/N-
hydroxysuccinimide to impart mechanical strength to the material [12]. Although this
work demonstrated the safety of this approach and even the restoration of innervation,
in subsequent studies from the same group, the absence of host cell migration into such
material was noted four years after surgery in humans [13]; therefore, complete regeneration
of the cornea has not been achieved thus far. There may be several reasons for this, but it is
most likely that the chemical cross-linking of the collagen material significantly impedes
the migration of cells into the implant and, as a result, complete regeneration of the corneal
stroma is unattainable.

Many years of experience with collagen experimentation have shown that native
highly purified collagen has extremely low antigenic properties and low inflammatory
potential [14], leading to the adoption of collagen biomaterials in clinical practice. Therefore,
when developing new collagen biomaterials, it is necessary to be guided by the following
principle: the fewer structural and property changes to collagen during the process, the
more likely it is to obtain an ideal collagen biomaterial. This principle is especially important
if the goal of this study is to achieve the clinical application of the biomaterial.

Our approach to the creation of an artificial cornea is to reject the use of any chemical
cross-links, as they can impair the biocompatibility of the entire implant [15] and hinder
the process of host cell migration into the implant [16], or, in some cases, completely block
it [13]. Therefore, to enhance the biomechanical characteristics of the implant, a solution
of concentrated medical-grade Viscoll collagen I was used. In contrast to our previous
work [5], we used a higher concentration of collagen to manufacture the membrane. This
made it possible to increase the mechanical properties of the membrane compared to
our previous work [5], but this was not enough to achieve the mechanical properties of
the human cornea. It should be noted that this is not a critical disadvantage since the
properties of the Viscoll collagen membrane are sufficient for its fixation with a classic
surgical suture. At the same time, we had previously shown that its mechanical properties
after implantation into the stroma of the cornea will inevitably increase due to the natural
process of adaptation of the collagen membrane with the surrounding tissues [5]. Moreover,
cells can also enhance the mechanical strength of collagen hydrogels [17]. Thus, the success
of the regeneration of the damaged cornea will depend on how effectively the corneal cells
will interact with the collagen membrane in vivo.

An important result obtained in this study was that active cell migration was observed
in all implanted collagen membranes after 6 months. This is consistent with our previous
in vitro results, which demonstrated that collagen hydrogels prepared from a concentrated
collagen solution maintained a high survival rate of encapsulated cells, maintained their
morphology and functional activity for at least 28 days, and did not interfere with cellular
movement [17]. Our cellular migration results were also consistent with earlier in vivo
work by our group [5]. These results are in stark contrast with those from the cross-linked
recombinant human collagen membrane, where host cell migration into the hydrogel
was not observed up to 4 years post operation [13], as well as with the data obtained for
cross-linked porcine collagen in a rabbit study, in which only sparse cell migration into
the hydrogel was observed at 6 months post surgery [10]. This may be evidence that the
chemical cross-linking of collagen hydrogels impairs cell permeability in vivo.
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In the study of corneal tissue regeneration, it is extremely important to investigate the
issue of innervation of the restored area because nerve regeneration after corneal injury
plays a decisive role in restoring normal function.

A study of the micromorphology of the cornea using laser confocal microscopy re-
vealed that the removal of a portion of the stroma during anterior lamellar keratoplasty
leads to the initial loss of nerves; however, in all experimental animals, nerve regeneration
was confirmed at 6 months after the operation. Similar results were obtained during the
implantation of chemically cross-linked collagen membranes into the corneal stroma of
animals [10,11,18] and humans [13]. It is worth noting here that the process of reinnervation
of implanted donor corneas in humans is very slow, lasting from one to several years [6,19].
The results obtained in this study may indicate that the Viscoll collagen membrane supports,
or at least does not interfere with, the process of nerve repair in the cornea after layered
keratoplasty.

According to our OCT data, after implantation, there was no migration or displace-
ment of the collagen membrane implant; it took its position and fixed itself within the
surrounding tissues. This behavior was also confirmed by histological examination, which
showed that the collagen fibers of the stroma were closely intertwined with those of the
implant, indicating a good survival rate.

Corneal neovascularization in the peripheral implanted zone was noted in four rabbits
in the first group and two rabbits in the second group. Neovascularization is associated
with sagging of the suture material due to the gradual integration of collagen with the
corneal stroma; this involves natural cross-linking and strengthening of the biomechanics,
which significantly weakens the sutures and causes sagging [20]. In such cases, the timely
removal of the sutures completely resolves the problem and, according to the results of our
study, this should be done 4–5 months after the operation.

Immunohistochemical staining of cryosectioned cornea samples revealed the presence
of single α-SMA-positive stromal cells in both groups, whereas none were found in the
intact cornea samples. Notably, the presence of these cells did not affect the transparency of
the corneas. The presence of α-SMA-positive cells in the corneal stroma was likely induced
by the operation itself, during which a part of the stroma was removed. The results provide
evidence that the Viscoll collagen membrane does not have an irritating effect on the corneal
tissue, which is also consistent with the results of the toxicological tests performed.

Our work has several limitations. (1) The experiments were carried out on a healthy
cornea, in which a section of healthy stroma was surgically removed and a collagen
membrane was implanted in its place. There is no doubt that the processes of tissue
regeneration in various pathologies of the cornea, especially in case of chemical burns,
will proceed differently. However, our results strongly suggest that the Viscoll collagen
membrane may also be effective in the treatment of pathological conditions of the cornea.
It should be noted that in this case, it may be necessary to develop new approaches for the
treatment of various corneal pathologies using the Viscoll collagen membrane. (2) Short-
term observation: Ideally, for a clear understanding of the reparative processes occurring
in the damaged cornea during implantation of the Viscoll collagen membrane, a four-
year follow-up is required. At the same time, it is extremely difficult to monitor rabbits
that have undergone a full course of anesthesia for more than 6 months. At the same
time, the processes of regeneration of the cornea in rabbits proceed faster than in humans.
Therefore, to a certain extent, the results could be extrapolated to the regeneration of the
human cornea.

Considering the proven safety of the Viscoll collagen membrane and its possible
potential for the treatment of various corneal pathologies, especially under the conditions
of a global shortage of donor tissue, our results can serve as the basis for future clinical trials.

5. Conclusions

In this study, a Viscoll collagen membrane prepared from a concentrated collagen
solution was presented. Viscoll collagen membrane manufacturing technology can be easily
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scaled up to 5000 units, and the proposed packaging format allows for the maintenance of
its key properties for at least 12 months. In addition to its excellent optical and mechanical
properties, the Viscoll collagen membrane promotes active cell migration and can be
implanted into the corneal stroma using tools and techniques that mimic those used in
human corneal keratoplasty. From the aggregate of the presented data, it can be concluded
that the Viscoll collagen membrane has the potential to solve the global problem of limited
donor tissue for the treatment of corneal blindness. In addition to this study, we have
demonstrated good biochemical properties of the Viscoll collagen membrane and the
ability of suture fixation; therefore, the next step in our work will be deep anterior lamellar
keratoplasty with the Viscoll collagen membrane.

Supplementary Materials: The following supporting information can be downloaded at https:
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Video S2: Surgery.

Author Contributions: Conceptualization, E.O.O. and A.Y.A.; methodology, E.O.O., A.Y.A., S.E.A.,
G.V.V., Z.V.S., A.V.Z., T.E.G., S.V.K., K.K.S. and O.V.Z.; investigation, E.O.O. and A.Y.A.; validation,
S.E.A., T.E.G. and S.P.D.; formal analysis, S.E.A., G.V.V., Z.V.S., A.V.Z., T.E.G., S.V.K., K.K.S. and
O.V.Z.; resources, E.O.O.; writing—original draft preparation, E.O.O. and A.Y.A.; writing—review
and editing, S.P.D.; visualization, E.O.O. and A.Y.A.; project administration, E.O.O. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All experiments were carried out in compliance with Di-
rective 2010/63/EU and the Research Institute of Eye Diseases Animal Care and Use Committee
guidelines, and the study was approved by the aforementioned institution’s review board (№763,
date of approval: 11 May 2021).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: Egor Osidak is a CTO and chief scientist at Imtek Ltd., which produces medical
grade collagen Viscoll and Viscoll collagen membrane. Viscoll collagen membrane is undergoing
preparation for clinical translation in Russia. The other authors have no competing interests.

References
1. Meek, K.M.; Knupp, C. Corneal Structure and Transparency. Prog. Retin. Eye Res. 2015, 49, 1–16. [CrossRef] [PubMed]
2. Mahdavi, S.S.; Abdekhodaie, M.J.; Mashayekhan, S.; Baradaran-Rafii, A.; Djalilian, A.R. Bioengineering Approaches for Corneal

Regenerative Medicine. Tissue Eng. Regen. Med. 2020, 17, 567–593. [CrossRef] [PubMed]
3. Matthyssen, S.; Van den Bogerd, B.; Dhubhghaill, S.N.; Koppen, C.; Zakaria, N. Corneal Regeneration: A Review of Stromal

Replacements. Acta Biomater. 2018, 69, 31–41. [CrossRef] [PubMed]
4. Reinhart, W.J.; Musch, D.C.; Jacobs, D.S.; Lee, W.B.; Kaufman, S.C.; Shtein, R.M. Deep Anterior Lamellar Keratoplasty as an

Alternative to Penetrating Keratoplasty a Report by the American Academy of Ophthalmology. Ophthalmology 2011, 118, 209–218.
[CrossRef] [PubMed]

5. Andreev, A.Y.; Osidak, E.O.; Grigoriev, T.E.; Krasheninnikov, S.V.; Zaharov, V.D.; Zaraitianc, O.V.; Borzenok, S.A.; Domogatsky,
S.P. A New Collagen Scaffold for the Improvement of Corneal Biomechanical Properties in a Rabbit Model. Exp. Eye Res. 2021,
207, 108580. [CrossRef] [PubMed]

6. Al-Aqaba, M.A.A.; Dhillon, V.K.; Mohammed, I.; Said, D.G.; Dua, H.S. Corneal Nerves in Health and Disease. Prog. Retin. Eye
Res. 2019, 73, 100762. [CrossRef] [PubMed]

7. Shaheen, B.S.; Bakir, M.; Jain, S. Corneal Nerves in Health and Disease. Surv. Ophthalmol. 2014, 59, 263–285. [CrossRef] [PubMed]
8. Kocaba, V.; Colica, C.; Rabilloud, M.; Burillon, C. Predicting Corneal Graft Rejection by Confocal Microscopy. Cornea 2015, 34

(Suppl. 10), S61–S64. [CrossRef] [PubMed]
9. Lagali, N.; Bourghardt, B.; Germundsson, J.; Eden, U.; Danyali, R.; Rinaldo, M.; Fagerholm, P. Confocal Laser Microscopy—Principles

and Applications in Medicine, Biology, and the Food Sciences; IntechOpen: London, UK, 2013. [CrossRef]
10. Xeroudaki, M.; Thangavelu, M.; Lennikov, A.; Ratnayake, A.; Bisevac, J.; Petrovski, G.; Fagerholm, P.; Rafat, M.; Lagali, N. A

Porous Collagen-Based Hydrogel and Implantation Method for Corneal Stromal Regeneration and Sustained Local Drug Delivery.
Sci. Rep. 2020, 10, 16936. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/polym14194017/s1
https://www.mdpi.com/article/10.3390/polym14194017/s1
http://doi.org/10.1016/j.preteyeres.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26145225
http://doi.org/10.1007/s13770-020-00262-8
http://www.ncbi.nlm.nih.gov/pubmed/32696417
http://doi.org/10.1016/j.actbio.2018.01.023
http://www.ncbi.nlm.nih.gov/pubmed/29374600
http://doi.org/10.1016/j.ophtha.2010.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21199711
http://doi.org/10.1016/j.exer.2021.108580
http://www.ncbi.nlm.nih.gov/pubmed/33872673
http://doi.org/10.1016/j.preteyeres.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31075321
http://doi.org/10.1016/j.survophthal.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24461367
http://doi.org/10.1097/ICO.0000000000000540
http://www.ncbi.nlm.nih.gov/pubmed/26252743
http://doi.org/10.5772/50821
http://doi.org/10.1038/s41598-020-73730-9
http://www.ncbi.nlm.nih.gov/pubmed/33037282


Polymers 2022, 14, 4017 15 of 15

11. Haagdorens, M.; Edin, E.; Fagerholm, P.; Groleau, M.; Shtein, Z.; Ulčinas, A.; Yaari, A.; Samanta, A.; Cepla, V.; Liszka, A.; et al.
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