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1. Research hypothesis and aim of the study  

Corneal blindness is responsible for approximately 10% of the cases of blindness 

worldwide (Lamm V et al. 2014). More importantly, in most developing countries corneal 

diseases represent the second leading cause of blindness (Oliva MS et al. 2012). Corneal 

transplantation (keratoplasty) is the only effective treatment for most of the disorders 

leading to irreversible corneal damage and eventually to corneal blindness. A major 

limitation of this exciting therapeutic modality is, however, the shortage of human donor 

corneas. For this reason, the appropriate storage and the preservation of the quality of 

donor corneal grafts are of paramount importance. 

For the storage of donor corneoscleral disks three methods are today available: 

hypothermia (cold storage), organ culture and cryopreservation. Since cryopreservation 

(preservation in extremely low temperatures ranging from -80
0
C   to -196

0
C) is only 

rarely used (Brunette I et al. 2001), hypothermic storage at 2-6
0
C and organ culture 

preservation at 37
0
C are the main methods used for eye banking worldwide. Hypothermic 

(cold) storage is rather simple and inexpensive but the preservation period is limited to 7-

10 days (Powers RM et al. 2016). On the other hand, organ culture is technically more 

demanding and more expensive but it extends the storage period up to 4-6 weeks (Pels E 

and Schuchard Y 1983).                                                                                                       

Since both corneal storage and preservation methods have specific advantages and 

disadvantages – none of them is superior to the other – a method which unifies the 

advantages and avoids the disadvantages of both cold storage and organ culture is highly 

desirable. Tiprotec (Dr F Köhler Chemie, Bensheim, Germany) is a potassium-enriched, 

N-acetylhistidine buffered and amino acid-fortified preservation solution augmented with 

the iron chelators deferoxamine and 3,4- dimethoxy-N-methyl-benzohydroxamic acid. It 

has been exclusively used until now as a medium for the storage of vascular grafts. In 

experimental settings it has shown excellent performance in the preservation of pig and 

rat aorta, as well as rat mesenteric artery. Endothelial integrity in particular, as assessed by 

the degree of endothelial-dependent and endothelial-independent relaxation, seems to be 

maintained in cold storage from 4 to 14 days (Wille T et al. 2008, Zatschler B et al. 2009, 

Veres G et al. 2016).  A hypothermic storage solution based on Tiprotec has shown a 

protective effect to other type of cells (hepatocytes) (Pless-Petig G et al. 2012). These 

findings have been further confirmed in human tissue. Garbe et al. showed that Tiprotec 

was superior to the traditionally used media histidine-tryptophan-ketoglutarate, 0.9% 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Veres%2520G%255BAuthor%255D&cauthor=true&cauthor_uid=26219206
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NaCl and phosphate-buffered saline solution for the hypothermic storage of isolated rings 

of human internal mammary artery for up to 2 weeks (Garbe S et al. 2011). In accordance 

to the above findings, Wilbring et al
 
reported that after 96 hours of cold storage 

endothelial dependent relaxation of intraoperative isolated saphenous vein segments was 

largely preserved if they were stored in a Tiprotec solution (Wilbring M et al. 2013). More 

recently, Tiprotec demonstrated protection of endothelial integrity even under deep 

freezing (up to -80
0
C) conditions (Von Bomhard A et al. 2016). A favorable effect in the 

preservation of human hepatocytes was also recently confirmed by Pless-Petig et al who 

reported a significant improvement in the rate of cell attachment and in the degree of 

metabolic activity after hypothermic storage with the use of a modified Tiprotec solution. 

(Pless-Petig et al. 2016).   

In this experimental study, we used for the first time Tiprotec as a solution for corneal 

preservation and hypothermic storage of porcine corneal grafts. We compared the 

resultant endothelial cell morphology and viability with this obtained after preservation of 

the ex-vivo corneas with both standard techniques: conventional cold storage (using 

Eusol-C) and organ culture (using culture medium II [K II]).              

2. Introduction  

     2.1. A brief history of corneal transplantation 

The initial concept of corneal transplantation or keratoplasty should be attributed to the 

Greek physician Galen (130-200 AD) who first proposed abrasion corneae, a form of 

superficial keratotomy, as a method to restore transparency in ulcerated and scarred 

corneas (Moffat SL et al. 2005). 

Several centuries later, after the first microscopic observation of the cornea from the 

Dutch microbiologist Antonie van Leeuwenhoek became available (Moffat SL et al. 

2005), the idea of replacing the opaque cornea with a transparent material became 

popular. The French surgeon Guillaume Pellier der Quengsy (1750-1835) was the first to 

describe the method of  keratoprosthesis in 1789 during the French Revolution (Chirila 

TV et al. 1999), while in 1796 Erasmus Darwin, the grandfather of Charles, suggested the 

trephination as a method to remove the opaque cornea with the expectation that it will 

heal later with a transparent scar ((Darwin E 1796). 

Experimentation with corneal transplantation started however much later, in the beginning 

of the 19
th

 century. The German physician Karl Himley (1772-1837) from Göttingen was 
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the first to suggest in 1813 that opaque animal corneas could be replaced from corneas of 

other animals (Crawford AZ et al. 2013), while his student Franz Reisinger (1768-1855) 

performed hundreds of unsuccessful experimental corneal transplantations in rabbits and 

chickens (Reisinger F 1814). Despite repeated failures, the hope that the procedure is 

feasible was revived in 1837 by the Irish surgeon Samuel Bigger who, during his captivity 

by Bedouins in Egypt, performed the first reported successful transplantation of an 

allogeneic cornea into the blind eye of a pet gazelle (Bigger SLL 1837). This achievement 

inspired the American ophthalmologist Richard Kissam who performed the first recorded 

therapeutic corneal xenograft on a human in 1838. The recipient was a young Irishman 

and the donor was a 6-month-old pig. The graft remained transparent for a couple of 

weeks (Kissam R 1844). 

The first successful human allograft was finally reported in 1905. It was performed by the 

private practice ophthalmologist Eduard Zirm (1887-1948) in Olmutz near Prague (Zirm 

EK 1906). The recipient was a 45-year-old farm laborer who had sustained severe 

bilateral alkali burns and the living donor was an 11-year-old boy whose eye was 

enucleated due to penetrating injury to the sclera. Although the graft on the right eye 

failed, the graft on the left eye survived and lead to a significant improvement in the 

patient’s visual acuity. This was a significant milestone, since the cornea became the first 

solid tissue ever to be transplanted successfully. It was also the first case of full-thickness 

corneal grafting known today as ``penetrating keratoplasty`` (PKP). Based on Zirm´s 

technique several ophthalmologists performed full-thickness corneal grafting with the use 

of corneas from enucleated eyes of living donors over the subsequent 30 years.  Three of 

them deserve special mention. The Russian ophthalmologist Vladimir Filatov (1875-

1956) who first reported that cadaver corneas stored in a moist chamber at 4 C° could 

successfully be used as donor material (Filatov VP 1937), the American ophthalmologist 

Richard Paton (1902-1984) who, based on Filatov’s idea, established the first eye bank in 

1944 (Payne JW 1980) and the Spanish Ramon Castroviejo (1904-1989) who innovated 

several surgical instruments and improved this way the graft technique (DeVoe AG 1987).  

Additionally, achievements in other fields especially in microbiology, in immunology and 

in surgical techniques offered further support for the development and the final 

establishment of this exciting treatment modality (Medawar PB 1948, Billingham RE et 

al. 1956). 
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    2.2. The indications of corneal transplantation 

The indications of keratoplasty have substantially changed since the era of the first 

corneal transplantation in 1905. The initial indication was the treatment of irreversible 

corneal scaring and haziness as a consequence of various infectious insults: bacterial, 

fungal, trachomal and viral (herpes simplex).  In many countries of the developing world 

these infectious diseases remain indeed one of the most important reasons for corneal 

blindness and subsequent keratoplasty (Whitcher HP et al. 2001). In the western world, 

however, these initial indications have substantially subsided thanks to the development 

of preventive hygiene measures, and due to the new antibiotic therapies with drops and 

ointments (Thomas PA and Geraldine P 2007). They have been largely replaced by the 

bullous keratopathy and the graft failure after previous transplantation attempts (Arentsen 

JJ et al 1976). 

New indications, like keratoconus and Fuchs’ endothelial dystrophy have also emerged in 

the more recent years, especially after 2000. These diseases are now the main indications 

for corneal transplantation, in Germany, as well as in other developed countries. Finally, 

other corneal diseases such as xerophthalmia, the iridocorneal endothelial syndrome, 

ocular trauma, corneal ulcer and other corneal dystrophies are indeed rarer but important 

indications for a   corneal transplantation (Damji KF 1990, Kang PC 2005, Pahor D et al. 

2007, Wang J et al. 2013, Le R 2016). 

 

    2.3.    The preservation of human conreas 

    2.3.1. The importance of corneal endothelium in corneal transplantation  

The human cornea is a transparent avascular structure covering the front part of the eye 

globe. Its main function is to transmit and focus the light to the retina to generate vision. 

Its transparency needs to be maintained for optimal vision. The cornea is structured into 

well-organized layers, and each layer has its own importance in maintaining the viability 

and transparency of the tissue. From the anterior to the posterior cornea, the human 

corneal tissue consists of a stratified epithelium, Bowman’s layer, the stroma, Descemet’s 

membrane, and a mosaic-like patterned monolayer of hexagonal endothelial cells (Nishida 

T 2005) (Figure 1).  The epithelium is a self-renewing layer and harbors a resident stem 

cell population at its periphery. However, the stroma and endothelium are usually 

quiescent and so far have not been considered to regenerate (Polisetti N et al. 2013). The 

corneal endothelium that lines the posterior corneal surface is derived from the neural 

crest during embryologic development (Bahn CF et al. 1984). Human endothelial cell 
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density is approximately 6000 cells/mm² during the first month of life (Bahn CF et al. 

1986) but decreases to about 3500 cells / mm² by the age of five years (Nucci P et al. 

1990). A further decrease at a slower pace continues throughout life so that at the age of 

85 the mean cell density is 2300 cells/mm² (Yee RW et al. 1985). There is evidence that 

the endothelial cells possess proliferative capacity, since in tissue culture they can be 

induced to divide. In vivo, however, they are arrested in the G1 phase of the cell cycle 

constructing this way a non-replicable monolayer (Joyce NC 2003).  

 

 

Figure 1. The human cornea 

 

The Descemet membrane is formed from collagen secreted form the endothelial cells. At 

the time of birth, the Descemet membrane is approximately 3 μ thick and consists of 

collagen in a banded pattern. Throughout life, endothelial cells continue to secrete 

collagen added to the Descemet membrane but in a non-banded pattern. Nevertheless, if 

the endothelial cells are stressed or damaged, they may secrete collagen added to the 

posterior part of the Descemet membrane in a banded fashion (Johnson DH et al. 1982).  

The transparency of the cornea is mainly the result of the ultrathin structure, the 

crystalline organization and the restriction in the range of distances between adjacent 

stromal collagen fibrils. These particular properties of the stromal collagen in combination 
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with the extreme thickness of the other corneal layers prevents almost completely light 

scattering. However, if the cornea swells, disruptions of the spacing among the collagen 

fibrils ensues with a consequent significant scattering of the light and lose of corneal 

transparency (Meek K and  Knupp C 2015). The corneal endothelium plays a critical role 

in the regulation of stromal hydration by behaving as a semi-permeable barrier to the 

movement of fluids and nutrients. This property is due to the presence of intercellular gap 

junctions and tight junctions at the apical membrane of endothelial cells. Therefore, fluids 

and nutrients can leak in the para-cellular space and enter the stroma. On the other hand, 

endothelial cells prevent excessive fluid entrance in the stroma and subsequent corneal 

swelling by actively pumping ions and drawing this way osmotically water from the 

stroma to the aqueous humor. Endothelial cell loss or endothelial dysfunction has as a 

consequence the inability to efficiently pump fluid out of the stroma, resulting in stromal 

and epithelial edema and eventually in loss of corneal clarity and visual acuity (Bourne 

WM  2003, Mergler S et al. 2007). 

Since endothelial cells cannot actively divide in vivo, the only way to preserve the proper 

corneal function, despite the normal age-related or the accelerated disease- or trauma-

related endothelial loss, is by expansion of the existing cells. In the case of age associated 

decline, the remaining endothelial cells are usually enough to maintain a sufficient barrier 

and pump function. However, if the density falls below a critical value of 500 to 1000 

cells/mm², then the function of corneal endothelium becomes compromised and stromal 

edema ensues (Peh GS et al. 2011). 

Given the unique role of endothelium in the maintenance of corneal function, it is not 

surprising that the main goal of corneal graft preservation is to minimize corneal 

endothelial loss, which independent of the method of preservation reaches 10-30%. This 

renders up to 40% of preserved donor corneas eventually unsuitable for transplantation, 

aggravating further the problem of graft shortage (Mergler S and Pleyer U 2007).  This 

decline in endothelial cell density of the donor corneas is directly related to the length of 

storage time (Pels E and Schuchard Y 1983, Bourne WM et al. 2001), and has been 

mainly attributed to apoptosis (Albon J et al. 2001). After transplantation, endothelial loss 

of corneal grafts continues at a pace faster than that of normal corneas to the point that by 

3 years 53% of the preoperative endothelial cell density is lost (Bourne WM et al. 1994). 

This process can end up to a condition called late endothelial failure, characterized by 

graft swelling and haziness unresponsive to the treatment with corticosteroids. Late 

endothelial failure accounts for the majority of late graft failures (Ing JJ et al. 1998). It has 
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been shown, that the initial postoperative endothelial cell density is inversely related to 

late endothelial failure (Nishimura JK et al. 1999), suggesting that preservation methods, 

by minimizing initial endothelial loss, may have a very significant contribution to a 

favorable long term outcome of keratoplasty. 

 

     2.3.2. Methods of corneal preservation 

Since cornea is an avascular structure, selection criteria for corneal donors are less 

restrictive than for vascularized tissues. Nevertheless, several infectious diseases have 

been transmitted through corneal grafts (Eastlund T 1995, Armitage WJ et al. 2009), 

underlying thus the importance of careful testing the donors according to the medical 

standards guidelines issued from the European Eye Bank Association (EEBA 2016) and 

the Eye Bank Association of America (EBAA 2015). The same guidelines define also the 

methods the eye banks should use to assess the quality of donor corneas. The most 

important component of this quality control is the assessment of endothelial cell density 

and viability. This is performed with the use of specular or confocal light microscopy 

(Price M and Price F 2012). Regarding the age of the donor, although most eye banks in 

America prefer donors 65 years old or younger, this is recently changing given the results 

of the Cornea Donor Study which has shown that the five years success rate of corneal 

transplantation was not lower if the donors were 65-75 years old (Mannis MJ et al. 2013). 

On the other hand, European eye banks tend to accept grafts form donors even older than 

75 years. The minimum acceptable endothelial cell density also varies among eye banks. 

According to the 2010 European Eye Bank Association Report, 70% of the eye banks 

accept as minimum density 2000 cells / mm² while the others have a minimum ranging 

from 2100 to 2500  cells / mm² (Claerhout I et al. 2010). In general, a cornea with an 

endothelial density of 2.200 cells / mm² should include a sufficient number of viable cells 

in order to retain its transparency for the next 25 years (Armitage WJ et al. 2003). 

Nevertheless, the long term surviving of the graft is also dependent form several other 

factors like the allograft rejection and the recipient diagnosis (Patel SV 2011).   

The initial method of corneal preservation was the storage of the whole globe in the 

“moist chamber”, a moistened pot at 2-6 C° as prescribed by Filatov in 1935 (Filatov VP 

1937). This type of storage was however limited by the availability of metabolic 

substrates and buildup of metabolic waste products in the aqueous humor. It was, for this 

reason, replaced by the storage of corneas excised from the eye along with a rim of sclera 

(a corneoscleral disk or button). The storage of grafts in serum was introduced in the 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mannis%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=24246825
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1960s and the serum was soon replaced by a synthetic solution whose composition 

mimicked that of aqueous humor. A revolutionary turn followed in early 1970s when 

McCarey and Kaufman reported the development of a modified tissue medium (McCarey-

Kaufman [M-K] medium) in which human corneas with viable endothelium could be 

preserved at 4°C for at least 4 days (McCarey BE and  Kaufman HE 1974). M-K medium 

contained TC199, Earle's salts, HEPES buffer and gentamicin, and remained the standard 

corneal preservation medium for some 15 years. The application of this method gave the 

opportunity to keratoplasty to become a scheduled surgery. As underlined by Wilson and 

Bourne in their 1989 major review on corneal preservation, “this allowed the patient to 

better plan for the transplant and for the surgery to be performed when a well-trained 

regular team of operating personnel was available to assist a well-trained surgeon.” 

(Wilson SE and Bourne WM 1989). Corneas stored at 4°C in M-K medium remained thin 

and clear and could be transported in polystyrene containers with ice. This solution was 

subsequently superseded by other commercial preparations, such as KSol and Optisol, 

containing osmotic agents to limit corneal tissue swelling, and offering extended 

preservation times of a week or ten days. Nevertheless, MK-medium is still in use in the 

developing countries due to its low cost and simplicity of production (Armitage WJ 

2008). 

For the storage and preservation of corneoscleral disks three methods are today available: 

hypothermia (cold storage), organ culture and cryopreservation. Of these, only 

cryopreservation permits the storage of ocular tissue indefinitely. Indeed, cryopreserved 

corneas have been successfully transplanted in several occasions in the past (McCarey BE 

and  Kaufman HE 1974, Ehlers N 1982, Kaufmann HE et al. 1996, Brunette I et al. 2001). 

More recently, they have been used in Deep Lamellar Endothelial Keratoplasty (Chen W 

et al. 2010) and as a tectonic graft for perforated corneas (Jang JH and Chang SD 2011). 

Cryopreservation, however, has been associated with variable and unpredictable rates of 

endothelial loss (Halberstadt M et al. 2003). As a result, cryopreserved corneas are been 

currently used only occasionally in emergency situations, when the aim is to save the eye 

(Brunette I et al. 2001). 

 

    2.3.2.1. The hypothermic (cold) storage 

Hypothermic (cold) storage is the most common method of corneal preservation in the 

USA and in most Asian countries (Powers RM et al. 2016). It is based on the principle 

that cold reduces metabolic cellular demand. On the other hand, cooling has also 
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deleterious effects on cells, such as the suppression of active transport of ions across cell 

membranes leading to water influx and cellular edema, and the disruption of calcium 

homeostasis and proton exchange leading to acidosis (Armitage WJ 2011). As a 

consequence, the storage time is limited to a maximum of 10-14 days. This time span has 

been claimed by the manufacturers of the newer storage solutions which have largely 

replaced the first hypothermic solution, the M-K medium which permitted a maximum 

storage of only 4 days. These are:  the modified M-K medium, the K-Sol, the Dexol, the 

Liquorol, the Optisol (GS and plus), the Chen medium, the Eusol-C (Al.Chi.mia, Padova, 

Italy), the Cornisol (Aurolab, Madurai, India) and the newest Life 4
0
C (Numedis Inc. 

Minnesota, USA). It should be noted that, despite the extended time limits offered by the 

manufacturers, most eye banks prefer to keep corneas no more than 7-10 days in 

hypothermic conditions, due also to the fact that corneal epithelium is less well than 

endothelium preserved, and the extend of epithelial defects after transplantation increases 

with storage time (Armitage WJ 2008).  

The technique of hypothermic storage is rather simple and inexpensive. The corneas are 

stored in vials and refrigerated at 2-6
0
 C. The vials may allow inspection of corneal 

endothelium with specular microscopy. During the storage period the corneas remain thin 

and they are readily available for surgical use. All the hypothermic storage media consist 

of a tissue culture medium supplemented with deturgescent agents like dextran and 

chondroitin sulfate to prevent corneal swelling. Chondroitin sulfate is considered the most 

crucial ingredient, since it presumably plays an important role in the intracellular redox 

system as an antioxidant and as a membrane stabilizer. It was the addition of chondroitin 

sulfate to tissue culture media which lead from the M-K medium to the development of 

the newer solutions. Other additives include antibiotics, energy sources, antioxidants, 

membrane stabilizers and growth factors. All storage solutions are commercially available 

and ready for use (Pels E et al. 2008).  

From all the above storage media, Optisol GS (from Chiron Ophthalmics Irvin, CA, until 

1997 and after that form Bausch & Lomb Inc., Rochester, NY, USA) remains the most 

popular. It was introduced in 1991 as a hybrid of K-Sol, Dexol and CSM (culture storage 

medium). It contains: 2.5% chondroitin sulfate, 1% dextran, Fe, 14 vitamins, amino acids, 

cell metabolites, antioxidants   and precursors of adenosine triphosphate (Szafilk J et al. 

2000). Studies have repeatedly shown a high percentage of clear grafts and a low 

percentage of endothelial loss after corneal transplantation (Lindstrom RL et al. 1992, 

Wagoner MD et al. 2005). Moreover, other commercially available hypothermic storage 
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media (Cornisol, Life 4
0
C and Eusol-C) have shown no superiority against Optisol-GS in 

comparative studies (Soni NG et al. 2015, Kanavi MR et al. 2015, Basak S et al. 2016).  

Since the donor’s eye is usually contaminated, decontamination of the corneal graft is an 

essential part of the storage process. Antibiotics (mainly gentamycin) are for this reason 

added in all storage solutions. However, antibiotics are more effective when the bacteria 

are more metabolically active, which certainly does not happen under hypothermic 

conditions. Nevertheless, preoperative warming of the donor corneas enhances the 

decontaminating effect of the antibiotics which have been stored in the tissue during the 

hypothermic storage period (Pels E et al. 2008). On the other hand, hypothermic storage 

solutions do not routinely contain antifungal agents even though most postkeratoplasty 

endophthalmitis and keratitis cases are of fungal origin. Recent studies suggest that the 

addition of the antifungal agent amphotericin B in Optisol GS significantly improves the 

activity against the contamination with Candida species albeit with the expense of 

increased toxicity against the corneal endothelial cells (Layer N et al. 2014).  

The main advantages of hypothermic storage are the simplicity of the technique and the 

low cost due to minimal equipment requirements and minimal handling. The storage 

solutions are readily available and easy to transport to procurement sites making possible 

the recovery of corneas from donors even in remote areas. As a consequence, the 

availability of corneas is dramatically increased, while the eye bank processing can be 

performed without sophisticated infrastructure and with minimal training of the personnel.  

 

    2.3.2.2. The storage in organ culture medium 

Summerlin and colleagues were the first to report the preservation of corneas in organ 

culture medium at 37
0
 C for 4 weeks (Summerlin WT et al. 1973). This was shortly 

followed by the successful transplantation of organ cultured corneas by Doughman and 

colleagues (Doughman DJ et al. 1976). This preservation method, although pioneered by 

American ophthalmologists, predominates now days in Europe and in Australia. Of the 62 

eye banks included in the 2010 European Eye Bank Association Directory, 47 used organ 

culture, 9 used hypothermic storage and 6 used both methods (Mannis MJ et al. 2013). 

Organ culture allows a significantly longer period of preservation which is typically 4 

weeks (Pels E and Schuchard Y 1983), although successful transplantations with the use 

of corneas preserved even for 7 weeks have also been reported (Ehlers H et al. 1999). The 

extended storage period comes, however, at a cost of a more complicated technique in 

comparison to hypothermia.  The corneas are stored in an incubator at 30-37
0
C. The 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mannis%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=24246825
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storage solution consists of tissue culture medium (most commonly Eagle’s essential 

medium), supplemented with 2-10% fetal or newborn calf serum, antibiotics (mostly 

penicillin and streptomycin) and antifungal agents (amphotericin B) (Armitage WJ 2008). 

The presence of calf serum has raised concerns about possible transmission of 

Creutzfeldt-Jacobs prion protein during the periods of disease outbreak, and alternative 

animal product-free solutions have been successfully tested (Bednarz J et al. 2001, Smith 

VA and Johnson T 2010, Hempel B et al. 2011). Nevertheless, the common practice of 

including calf serum in the organ culture medium has not been substantially changed. The 

majority of the eye banks change the culture medium every 1-2 weeks while the rest keep 

the same solution for the whole storage period. Since dehydration macromolecules are 

ingested from corneal cells at these storage temperatures, they are not added in the 

solution. Therefore, the cornea swells to about twice its normal thickness. The corneal 

swelling has to be reversed before its use for transplantation. The corneal grafts are placed 

for this reason in a solution containing dextran. The same solution is used for the transport 

of the cornea. The extend of deswelling depends on the dextran concentration which 

varies between 4-8% in the different banks and the time varies also from less to one up to 

seven days. All the above minor differences in handling techniques are nevertheless 

associated with similar results in terms of graft outcomes (Armitage WJ 2008). The 

possible toxic effect of dextran due to unexpected penetration into the graft tissue along 

with the difficulty to prepare the solution has triggered recently the search for an 

alternative macromolecule (Smith V and Johnson T 2012).  Despite the initial 

encouraging results, the use of dextran solution remains the standard method for the 

reversal of corneal swelling prior to transplantation. The inspection of corneal 

endothelium under specular microscopy is not feasible with organ culture. Therefore 

phase contrast or bright field light microscopy is necessary. To visualize the endothelial 

cells, swelling of the intercellular space with a hypotonic solution is required and it should 

be performed under aseptic conditions (Sperling S 1986). The swelling is very transient, 

lasting only a few minutes and is dependent on the storage time and on the particular 

composition of the storage medium (Thuret G et al. 2004). The whole process is 

technically demanding and requires experienced observers for the interpretation of the 

images. Regarding microbiological safety, organ culture appears superior to hypothermic 

storage since the antibiotics and antifungal agents included in the storage solution are far 

more effective at 30-37
0
C. In addition, contaminated tissue will be easily recognized since 

the micro-organisms will grow rapidly in this temperature.  Screening through the 
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examination of a sample of the medium normally takes place after 7 days in culture and 

just before the transplantation. So the risk of transplanting contaminated tissue is 

minimized since up to 3.5% of the corneas in organic culture have been reported to be 

discarded due to contamination (Pels L 1997). These corneas would probably have been 

distributed for transplantation if they had been stored under hypothermic conditions. The 

incidence of endophthalmits has been reported as low as 0.1% after storage in organ 

culture medium (Armitage WJ 2008).  The main advantage of organ culture is the length 

of storage period. This 4 week period permits the implementation of microbiological 

testing for safety, as well as, a more thorough evaluation of the corneal endothelium also 

after vital staining such as with tryphan blue for the more accurate recognition of necrotic 

cells. Given the great variability regarding endothelial loss among stored corneas, organ 

culture is considered a ``stress test`` for the recognition of those graft with irreversibly 

affected vitality (Böhnke M 1991).  This way the most suitable corneas for each 

procedure can be selected. Moreover, the capacity of corneal endothelium for self-repair 

is maintained only with organ culture (Nejepinska J et al. 2010). On the other hand, 

maintenance in organ culture medium it is definitely a more complicated preservation 

method with a higher cost compared to the hypothermic storage (Table 1). Nevertheless, 

despite their differences, the few studies which have compared the two methods in terms 

of clinical outcome and of post-operative decline in endothelial cell density have 

demonstrated similar results showing this way no definite superiority of one method 

against the other (Rijneveld WJ et al. 1992, Rijneveld WJ et al.2008).   

 

Table 1. Hypothermic storage versus Storage in Organ Culture Medium 

Hypothermic Storage (2-6
0
C) Storage in Organ Culture Medium  

(30-37
0
C) 

Most common storage method in USA and in 

Asia 

Most common storage method in Europe and in 

Australia 

Storage period: 7-10 days Storage period: 4-6 weeks 

Offers thin grafts ready to use Pre-operative deswelling of the graft is neces-

sary 

Minimal bacterial growth in low temperatures. At 30-37
0
C the graft contamination becomes 
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Antibiotics added provide coverage after intra-

operative warming. 

Antifungal agents are not added in the solution 

more obvious and the antibiotics and the anti-

mycotics are more effective. 

The risk of transplanting contaminated tissue is 

reduced 

 

The more easily transported hypothermic medi-

um to procurement sites facilitates getting more 

donor corneas from remote areas. 

More thorough evaluation of the stored corneas 

permits the selection of the most suitable cor-

nea for each procedure 

Simplicity in equipment, no need for sophisti-

cated staff training,  lower cost 

Technical complexity, need for qualified staff,  

higher cost 

 

3. Material and methods 

3.1. Experimental design                                                                                 

This prospective, in vitro, 3-armed parallel study was performed with the use of 90 

porcine corneas (examined for their endothelial quality and transparency) randomly 

selected for preservation with the 3 storage methods (30 corneas pro method): organ 

culture (in K II-medium), cold storage (in Eusol-C) and cold storage (in Tiprotec; all 

solutions supplemented with dextran). After 10 and 30 days of cultivation/storage, the 

corneas were examined for their sterility, endothelial quality and transparency and then 

returned to their respective cultivation/storage medium. After 30 days, the experiment 

ended for 20 randomly selected corneas per group (of these, 3 corneas from each group 

were submitted to histological and imuunohistochemical analyses). The remaining 

corneas (10 from the Tiprotec and 10 from the Eusol-C group) were submitted to organ 

culture in K II for 10 more days to test the corneas for their regenerative capacity at 

favorable conditions (aiming to “simulate” their transplantation). The remaining 10 

corneas from the organ culture group served as controls and were also further cultured in 

K II for 10 days. After that, a final examination of sterility, endothelial quality and 

transparency was performed. Moreover, one randomly selected cornea pre group was 

submitted to histological and immunohistochemical analysis). The experimental design is 

depicted in Figure 2; all methods mentioned above are described below in detail. 
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Figure 2:  The experimental design 

 

   3.2.  Storage solutions. 

Three storage solutions were tested in this study: Culture medium K II, Eusol-C and 

Tiprotec. Tiprotec (Dr F Köhler Chemie, Bensheim, Germany) is a potassium-enriched, 

N-acetylhistidine buffered solution, containing amino acids (L-asparagine acid, L-

tryptophane, glycine, alanine and a-ketoglutaric acid) and iron-chelators (deferoxamine 

mesilate and N-hydroxy-3,4-dimethoxy-N-methyl-benzohydroxamic acid). The three 

main components of Tiprotec are: the basic solution (containing all the above mentioned 

ingredients), the glucose solution and the lyophilisate. Prior to the distribution to the 

corneal chambers, the glucose solution was mixed with the lyophylisate and the mixture 

was subsequently injected into the basic solution.  The final storage medium was prepared 

by mixing 3g of dextran 500 powder   with 50ml of the Tiprotec solution (Table 2).  
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Table 2. Composition of  Tiprotec 

Ingredient 
Concentration 

(mg/l) 

NaCl 850 

KCl 5640 

MgCl2.6H2O 1690 

Na2HPO4 150 

CaCl2.2 H2O 10 

N-acetylhistidine. H2O 6710 

Tryptophane 420 

a-ketoglutaric acid 300 

L-asparaginic acid 690 

Glycine 780 

Alanine 460 

Deforxamine mesilate 53 

3,4 Dimethoxy-N-methylbenzhydroxic acid 3,5 

Glucose.H2O 1980 

 

Eusol-C, a solution developed from the Company ALCHIMIA (Ponte S. Nicolo, Italy) for 

the hypothermic storage of corneas, contains dextran, sodium pyruvate, glucose, amino 

acids, mineral salts, vitamins, gentamicin, HEPES buffer solution, bicarbonate and phenol 

red. Phenol red acts as a pH-Indicator  (Table 3).  
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Table 3. Composition of  Eusol-C 

Ingredient 
Concentration 

(mg/l) 

NaCl 6800 

KCl 400 

MgCl2.7H2O 200 

Na2HPO4.H2O 140 

CaCl2 200 

NaHCO3 2200 

D-glucose 1000 

Phenol red 10 

L-histidine. HCl.H2O 42 

L-tryptophane 10 

L-arginine.HCl 126 

L-cystine 24 

L-glutamine 292 

L-isoleucine 52 

L-leucine 52 

L-lysine.HCl 73 

L-methionine 15 

L-phenylalanine 32 

L-threonine 48 

L-tryptophane 10 

L-tyrosine 36 

L-valine 46 

Folic acid 1 
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Cholin.Cl 1 

Nicotinamide  1 

D-Ca-pantothenate 1 

Pyridoxal.HCl 1 

Thiamine.HCl 1 

Riboflabin 0,1 

Myo-inositol 2 

 

Organic culture medium K II (Biochrom GmbH, Berlin, Germany), the storage solution 

currently used in most corneal banks in Germany, is a base solution containing Minimal 

Essential Medium (which contains more than 20 amino acids) and Earle’s Salts (Table 4). 

50 ml of Culture Medium K II had to be mixed with 1,6 ml filtered fetal calf serum before 

been distributed into the corneal chambers. 

 

Table 4. Composition of Culture Medium K II 

Ingredient 
Concentration 

(mg/l) 

NaCl 6800 

KCl 400 

MgCl2.7H2O 200 

Na2HPO4.H2O 140 

CaCl2 200 

NaHCO3 2200 

D-glucose 1000 

Phenol red 10 

L-histidine. HCl.H2O 42 

L-tryptophane 10 



22 

 

L-arginine.HCl 126 

L-cystine 24 

L-glutamine 292 

L-isoleucine 52 

L-leucine 52 

L-lysine.HCl 73 

L-methionine 15 

L-phenylalanine 32 

L-threonine 48 

L-tryptophane 10 

L-tyrosine 36 

L-valine 46 

Folic acid 1 

Cholin.Cl 1 

Nicotinamide  1 

D-Ca-pantothenate 1 

Pyridoxal.HCl 1 

Thiamine.HCl 1 

Riboflabin 0,1 

Myo-inositol 2 

 

    3.3.  Procedure of obtaining and preserving the corneal grafts. 

The first step was the excision of the corneoscleral buttons from enucleated porcine eyes 

in vitro (Figure 3). This was done manually under sterile conditions after the preparation 

of the bulbous for excision with Betaisodona solution (100ml of Betaisodona solution 

contain 10g of Povidon-Iodine while other ingredients include: glycerole, nonoxinole 9, 

dinatriumhydrogenphosphate, citric acid, sodium hydroxide and potassium iodine)  and 

washing afterwards with NaCl 0,09% solution. The excision of the button was then 
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performed with a 17mm-trephine. After the final preparation of the storage solutions, 

every three randomly selected corneoscleral buttons were placed in the special containers 

filled with K II (for organ culture), in the containers with Eusol-C (for conventional cold-

storage) and in the containers filled with Tiprotec (for Tiprotec cold-storage). The 

containers with K II were placed in an incubator at 36 °C whereas the containers with 

Tiprotec and Eusol-C were placed in the refrigerator at 4°C. This procedure was repeated 

10 times, leading to a final sample of  90 corneoscleral discs stored up to a maximum of 

30 days while a subset of corneas of the three storage groups was submitted to organ-

culture (in KII-media) for further 10 days (as described in experimental design). 

 

 

Figure 3:  The excision of the corneoscleral button from the enucleated porcine eye 

 

    3.4.  Optical macro- and microscopic evaluation of corneal tissue quality 

The following parameters of corneal tissue quality were assessed by one dedicated 

examiner:  

1. Corneal transparency  
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2. Corneal endothelial density.  

3. Additional endothelial morphometric parameters (i.e. the number of hexagonal or 

pentagonal cells and  the presence of intracellular vacuoles) 

  

Prior to storage each corneal button was examined as follows:  The endothelium was 

made visible after osmotic preparation with balanced salt solution (BSS) and then 

inspected.  The transparency of each cornea was assessed by laying the tissue on top of 

each consecutive circle of a specific self-developed and previously validated visual scale 

(Figure 4). The transparency of the particular corneal graft was graded (and expressed as 

percentage) according to the visibility of lower gray semicircles of the scale.  

 

Figure 4:  The scale used for the assessment of corneal transparency 

 

This initial assessment was followed by a detailed examination of the corneas under a 

binocular inverted phase-contrast microscope (Leitz Fluvert FU - Phasenkontrast-

Mikroskop, Leica Microsystems, Wetzlar, Germany), at a magnification of x 200. To 

determine the endothelial cell density, cell counting was performed in the middle of the 
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graft according to the following method: The endothelium was photographed with the use 

of a digital camera (3CCD, Color Vision Camera, Donpisha/Sony, Berlin, Germany) and 

of a printer (P91 Thermodrucker, Mitsubishi Electric Europe B.V., Barcelona, Spain) 

attached to the microscope. Endothelial cells were then counted in a 0,01 m
2
 area 

(Schroeter J and Rieck P 2009) and extrapolated to the dimensional unit   „cells per mm
2
”. 

This procedure was repeated three times, and the mean of the three measurements was 

used as a measure of the endothelial cellular density of the particular cornea. The 

additional qualitative assessment of corneal endothelium was based on cell morphology 

and the presence of vacuoles. A randomly selected 9 mm
2
 area was defined in each 

picture.  Twenty endothelial cells out of this particular area were assessed regarding their 

shape (pentagonal and hexagonal cells). The percentage of cells containing vacuoles was 

also defined. Finally, microbiological testing and discard of the contaminated cornea was 

performed after their extraction from the bulbi.   

Ten days later the corneoscleral buttons where taken out of their containers under sterile 

conditions, were placed in BSS and all the above described thorough evaluation of 

corneal endothelial integrity was repeated. Microbiological screening was carried out 

once again. After this evaluation the corneoscleral buttons from the K II group were 

stored in new containers with freshly prepared K II, since this is the procedure regularly 

followed in most of the corneal banks when using organic culture as their preferred 

storage method. The corneoscleral discs from the other two groups were placed in their 

old containers.  This procedure was repeated once again on the 30
th

 day of storage. After 

the last microbiological screening, 10 corneoscleral discs from each group were randomly 

selected and submitted to organ-culture (in K II-media) for further 10 days (as described 

in experimental design) and submitted subsequently to a last examination as described 

above. After their final examination, all corneas were placed in flasks filled with 

paraformaldehyde.  

 

   3.5. Histological analysis of corneal tissue 

Histological studies were performed in 12 randomly selected corneas. Three corneas of 

each group from the pool of grafts preserved for 30 days and one cornea of each group 

from the pool of grafts preserved for 40 days were examined. Three freshly excised 

corneal grafts were used as controls. The analysis was performed by an independent 

experienced observer blinded to the mode of preservation of each cornea.  
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3.5.1. Tissue preparation, staining and light microscopy 

Each corneal button submitted to histological analysis was fixed in 4% formaldehyde and 

embedded in paraffin. The paraffin blocks were frozen at -11
0
C for at least 10 min and 

subsequently were cut in consecutive 3μm sections with the use of a microtome. These 

tissue sections were subsequently placed on glass slides which were dried in an incubator 

at 60
0
C.  

Haematoxylin and eosin staining of the slides was performed according to the following 

procedure:  

1. Deparaffinization and rehydration with graded alcohol series: The slide was 

immersed in xylol solution (3 times for 5 minutes each time). After that it was 

transferred for 2 minutes to ethanol 100%, then through 96% and 80% ethanol 

respectively for 2 minutes each.  

2. Haematoxylin-eosin staining. After the initial preparation the slide was in 

haematoxylin immersed and left for 10 minutes. Subsequently, it was washed 

under tap water for 10 minutes and then was incubated for 10 more minutes with 

eosin. Finally, it was again washed and dehydrated with graded alcohol series: 

Immersion twice in 80% ethanol for 30 seconds, then twice in ethanol 96% for 30 

seconds and finally three times in ethanol 100% for 30 seconds. At the end, the 

specimen was left three times in xulol solution for one minute. 

The evaluation of the stained tissue slides was performed microscopically applying 

histopathologic standard procedures.  

The following parameters of corneal quality were examined: 

1. The degree of epithelial dissociation 

2. The degree of epithelial thickness  

3. The degree of basal cell contact 

4. The overall endothelial quality  

5. The overall corneal quality 

The assessment of the above parameters was done semi-quantitatively with the use of 

arbitrary defined ordinal scales (0-3 or 1-3 grades) used routinely in our laboratory.   

 

3.5.2.  Immunohistochemistry 

Four corneas of each study group were subjected to immunohistochemical staining aiming 

to the detection of epithelial cells expressing Ki-67 antigen, a nuclear protein indicating 

cell proliferation, according to the following procedure: 
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1. Deparaffinization and rehydration with graded alcohol series: The slide was 

immersed in xylol solution (3 times for 5 minutes each time). After that it was 

immersed consecutively  for 2 minutes in ethanol 100%, then in ethanol 96% and 

finally in ethanol 80% 

2. Antigen retrieval to unmask the antigenic epitope: The slide was incubated with 

Tris/EDTA/Citrate-Basis buffer at three different PH values: 6 / 7.8 / 9 at 1210C 

for 5 minutes. After that it was rinsed twice with distilled water and finally with 

TBST-buffer solution (a mixture of tris-buffered saline and  polysorbate 20)  for 5 

minutes 

3. Block of endogenous peroxidase activity which can lead to high background 

staining: The slide was incubated in the humidified chamber with “ready to use” 

peroxidase-blocking solution for 10 minutes. After that it was rinsed with TBST-

buffer solution two times for 5 minutes each.  

4. Staining: To demonstrate Ki-67 antigen, a nuclear protein preferentially expressed 

during the active phases of the cell cycle, the slide was incubated with the 

Monoclonal Mouse Anti-Human Ki-67 Antigen, Clone MIB-1 antibody (Dako 

Denmark AS, Glostrup, Denmark) at a dilution 1:100 at 37
0
C for 1 hour. It was 

rinsed, subsequently, with TBST-buffer solution two times for 5 minutes each. 

This initial step was followed by incubation with the Dako REAL EnVision/HRP, 

Rabbit/Mouse (ENV) reagent at 37
0
C for 30 minutes. This reagent is a peroxidase-

conjugated polymer, which also carries antibodies to rabbit and mouse 

immunoglobulins. This step was followed again by rinsing with TBST-buffer 

solution two times for 5 minutes each. The reaction was finally made visible by 

loading the slide onto a Dako instrument and staining with the use of the dedicated 

template/protocol for Dako REAL EnVision Detection System, Peroxidase/DAB+, 

Rabbit/Mouse , code K5007. After monitoring for 10 minutes, a time span usually 

enough to obtain an acceptable staining intensity, the slide was immersed once in 

distilled water. Counterstaining of the nucleus was at the end accomplished after 

immersion in haemalum (a mixture of haematoxylin –Dako S2020 1:5 with 

distilled water) for 3 minutes and rinsing for 5 minutes afterwards with tap water. 

This final procedure stains the cell nuclei blue, which provides a contrast to the 

brown color of the DAB chromogen for better visualization of tissue morphology. 

5. Dehydration and mounting: The slide was placed twice for 30 seconds in ethanol 

80%, then twice for 30 seconds in ethanol 96%, after that three times for 30 
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seconds in ethanol 100% and afterwards three times for 1 minute in xylol solution. 

Finally the slide was mounted with coverslip und viewed on microscope. The 

extend of Ki67 staining was recorded using a 3-grade system, based on the 

percentage of positively stained nuclei.   

 

4. Statistical analysis 

The analysis was performed separately in the data for the samples preserved for 30 days 

as well as in those from the samples whose storage was extended up to 40 days.  The later 

represent a separate analysis for simulated – transplanted Tiprotec and Eusol-C preserved 

corneas (compared to the organ-cultured corneas). The data from histological evaluation 

were also separately analyzed.  Numeric data are presented as mean values ± their 

standard errors (SEM). Categorical variables are presented as percentages (%). All 

numeric variables were tested for normality with the Shapiro-Wilk test. Given the fact that 

some variables did not demonstrate normal distribution, further analysis was performed 

with the use of non-parametric tests. To compare percentages we had to transform them 

according to the arcsine transformation which is commonly used for proportions. This 

consists of taking the arcsine of the square root of each proportion. After this arcsine 

transformation further analysis was as above performed with the use of non-parametric 

tests. Differences within the same group at subsequent time points were tested with the 

Friedman’s test while differences between the three different preservation media groups 

were tested with the Kruskal-Wallis H test. Additional comparisons were performed, 

when necessary, between two variables from different media groups with the use of 

Mann-Whitney test and between paired variables (belonging to the same media group) 

with the use of Wilcoxon test. A p-value < 0.05 was considered statistically significant. 

Data analysis was performed with the use of the statistical software SPSS-version 19.0 

(SPSS Inc, Chicago, Ill). 
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   5. Results 

 
Five samples (16,6%) from the group of Tiprotec had to be discarded due to 

contamination detected at the first evaluation (i.e after 10 days of storage). No further 

contamination was noted in the rest of the corneal buttons during the whole storage 

period. 

 

5.1. Quality of corneas after 30 days of storage. 

The degree of endothelial transparency was significantly reduced over time with all 

preservation media, without any significant difference among the three media groups at 

any point of time. More specifically, a mean transparency loss of 2.65% for the corneas 

preserved in Tiprotec was observed as compared to 2.36% for those in Eusol-C und 

2.73%  in K II after the first 10 days of storage. These percentages were increased to 

5.14% for Tiprotec, 4.31% for Eusol-C und  4.71% for K II after 30 days (Figure 5).  

 

p*: statistical significance calculated with Friedman test after arcsin transformation of the percentages 

p**: statistical significance calculated with Kruskal-Wallis H test after arcsin transformation of the 

percentages 

Figure 5: The degree of corneal transparency (%) after 30 days of storage 
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A significant reduction in endothelial cell density was also observed with all three 

preservation media after 30 days of storage. Nevertheless, the differences in the number 

of viable cells among the three preservation media groups were not found significant on 

the 10
th

 or on the 30
th

 day of preservation (Figure 6). 

 
                 
p*: statistical significance calculated with Friedman test 

p**: statistical significance calculated with Kruskal-Wallis H test 

 

Figure 6.  Endothelial cell density (cells/mm
2
) after 30 days of storage 

 

 

The number of hexagonal and pentagonal cells was also significantly reduced overtime in 

all media groups. Of note, the number of hexagonal and pentagonal cells on the 10
th

 and 

at the 30
th

 day was found significantly higher in the K II group in comparison to both the 

Tiprotec (p:0.027 and p:0.007 respectively)  and the Eusol-C groups (p:0.000 and p:0.000 

respectively)  (Figure 7).  
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p*: statistical significance calculated with Friedman test 

p**: statistical significance calculated with Kruskal-Wallis H test 

 

Figure 7.  Number of hexagonal and pentagonal cells / mm
2
 after 30 days of storage 

 

As expected, a significant increase in the number of cells of other types was noted in all 

three media groups overtime. In accordance to the previous findings about the hexagonal 

and the pentagonal cells, the number of cells without hexagonal or pentagonal 

morphology was significantly lower in the K II group both at the 10
th

 and at the 30
th

 day 

of preservation in comparison to the Tiprotec (p:0.027 and p:0.007 respectively)  and the 

Eusol-C groups (p:0.000 and p:0.000 respectively)  (Figure 8). 
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p*: statistical significance calculated with Shapiro-Wilk test 

p**: statistical significance calculated with Kruskal-Wallis H test 

 

Figure 8.  Number of non-hexagonal / pentagonal cells / mm
2
 after 30 days of storage 

 
 

Finally, the percentage of vacuoles containing cells was significantly increased overtime 

in all media groups, although   in the K II group this trend was significantly lower both at 

the 10
th

 and at the 30
th

 day of preservation in comparison to the Tiprotec (p:0.000 and 

p:0.000 respectively)  and the Eusol-C groups (p:0.000 and p:0.000 respectively)  (Figure 

9).  

Of note no difference was found between the Tiprotec and the Eusol-C groups both at the 

10
th

 (p:0.343) and at the 30
th

 (p:0.213) preservation day.  
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p*: statistical significance calculated with Friedman test after arcsin transformation of the percentages 

p**: statistical significance calculated with Kruskal-Wallis H test after arcsin transformation of the 

percentages 

 

Figure 9. The percentage of endothelial cells containing vacuoles after 30 days of 

storage 

 

5.2. Quality of corneas of regenerative capacity testing subset (after 10 further 

days in organ culture)  

After the submission of 10 corneas from the Tiprotec and the Eusol groups respectively to 

organ culture in K II (transit to conditions more favorable to the cellular biology ``simu-

lating`` corneal transplantation; see also figure 1), the degree of transparency of these cor-

neas showed the same significant decline over time. More specifically, a transparency loss 

of 2.58% for the corneas preserved in Tiprotec was observed as compared to 2.01% for 

those in Eusol-C und 2.5% in K II after the first 10 days of storage. These percentages 

were increased to 3.35% for Tiprotec, 3.61% for Eusol-C and 3.4% for K II after 30 days. 
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Finally after 40 days of storage loss of transparency reached 7.23% in the Tiptrotec group, 

5.2% in the Eusol-C group and 5.85% in the K II group  (Figure 10). 

 

 

 

p*: statistical significance calculated with Friedman test after arcsin transformation of the percentages 

p**: statistical significance calculated with Kruskal-Wallis H test after arcsin transformation of the 

percentages 

 

Figure 10. The degree of corneal transparency (%) after 40 days of storage  

 

Regarding endothelial density, a significant overtime reduction was observed only in the groups of 

Tiprotec and Eusol-C. Nevertheless, the differences in the number of  endothelial cells among the 

three storage media groups were in accordance to the previous findings  not significant after 10 , 

30 or 40 days of preservation (Figure 11). 
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p*: statistical significance calculated with Friedman test 

p**: statistical significance calculated with Kruskal-Wallis H test 

 

Figure 11.  Endothelial cell density (cells / mm
2
) after 40 days of storage 

 

 

A significant decline in the number of hexagonal and pentagonal cells was again observed 

in all media groups. Contrary to the previous results the differences among the three 

media groups did not reach statistically significance at the 10
th

, 30
th

 or 40
th

 day of storage. 

(Figure 12). 
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p*: statistical significance calculated with Friedman test 

p**: statistical significance calculated with Kruskal-Wallis H test 

 

Figure 12.  Number of hexagonal and pentagonal cells / mm
2
 after 40 days of storage 

 

A significant increase in the number of cells with non-hexagonal or non-pentagonal shape 

was also noted in all three groups overtime.  The differences among the groups were not 

significant at any point of time (Figure 13).  
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p*: statistical significance calculated with Friedman test 

p**: statistical significance calculated with Kruskal-Wallis H test 

 

Figure 13.  Number of non-hexagonal / pentagonal cells / mm
2
 after 40 days of 

storage 

 

Finally, the percentage of vacuoles containing cells was significantly increased overtime 

in all media groups (p:0.000 for Tiprotec, p:0.000 for Eusol-C and p:0.0016 for K II 

respectively).  In the K II group this trend was again significantly lower at the 10
th

, at the 

30
th

 and at the 40
th

 day of preservation in comparison to the Tiprotec and the Eusol-C 

groups (p:0.000, p:0.000 and p:0.0012  respectively)  (Figure 14). No differences   were 

found again between the Tiprotec and the Eusol-C groups both at the 10
th

 (p:0.408) ,30
th

 

(p:0.879) or 40
th

 (p:0.237) preservation day. Interestingly, the comparison between the 
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30
th

 and 40
th

 day of presentation revealed a significant reduction in the percentage of 

vacuoles both for Tiprotec (p: 0.012) and Eusol-C (p:0.005) groups.  

 

 
 

 
p*: statistical significance calculated with Friedman test 

p**: statistical significance calculated with Kruskal-Wallis H test 

 

Figure 14. The mean percentage of endothelial cells containing vacuoles after 40 days 

of storage 

 

    5.3. Results of histological analysis 

In comparison to the control corneas, the preserved ones showed a significantly higher 

degree of epithelial dissociation (p: 0.041) and a significantly lower degree of epithelial 

thickness (p: 0.049). On the other hand, the parameters of endothelial quality were not 

found significantly different among the control and the preserved corneas (Table 5, 

Figures 15-16). Of note, none of the above parameters were found significantly different 

when the comparison was restricted only among the three media groups whether 

including (Table 6) or not (Table 7) the regenerative capacity subset of samples (i.e. the 

samples preserved for 40 days). 
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Table 5. Comparison of data from histological analysis including the control corneas 

 
 Epithelial 

Dissociation 

(Scale:0-3) 

Basal Cell 

Contact 

(Scale:0-3) 

Epithelial 

Thickness 

(Scale:0-3) 

Enothelial 

Quality 

(Scale:0-3) 

Ki 67 Rate 

 

(Scale:0-3) 

Cornea Quality 

(Scale:1-3) 

Control 0,0±0,0 3,0±0,0 3,0±0,0 3,0±0,0 3,0±0,0 1,0±0,0 

Tiprotec 2,25±0,95 1,5±1,29 1,5±1 2,0±1,41 1,5±1,73 2,25±0,5 

Eusol-C 1,75±1,25 2,25±0,95 2,0±0,81 2,0±0,0 2,25±1,5 2,0±0,81 

KII 1,0±0,0 3,0±0,0 1,25±0,5 2,0±0,0  0,87±0,48 2,25±0,5 

p* 0,041 0,084 0,049 0,067 0,227 0,065 

 

p*: statistical significance calculated with Kruskal-Wallis H test 

 

 

 

 
Table 6. Comparison of data from histological analysis among the corneas stored in the 3 

different media (control corneas not included).  

 
 Epithelial 

Dissociation 

Basal Cell 

Contact 

Epithelial 

Thickness 

Enothelial 

Quality 

Ki 67 

Rate 

Cornea 

Quality 

Tiprotec 2,25±0,95 1,5±1,29 1,5±1 2,0±1,41 1,5±1,73 2,25±0,5 

Eusol-C 1,75±1,25 2,25±0,95 2,0±0,81 2,0±0,0 2,25±1,5 2,0±0,81 

KII 1,0±0,0 3,0±0,0 1,25±0,5 2,0±0,0  0,87±0,48 2,25±0,5 

p* 0,167 0,111 0,352 0,670 0,554 0,829 

 

 

p*: statistical significance calculated with  Kruskal-Wallis H test 

 
Table 7. Comparison of data from histological analysis among the corneas stored in the 3 

different media up to 30 days (control corneas not included).  

 
 Epithelial 

Dissociation 

Basal Cell 

Contact 

Epithelial 

Thickness 

Enothelial 

Quality 

Ki 67 

Rate 

Cornea 

Quality 

Tiprotec 2,00±1,00 2,00±1,00 2,00±0,00 2,66±0,57 2,00±1,73 2,00±0,00 

Eusol-C 2,33±0,57 2,00±1,00 2,33±0,57 2,00±0,00 3,00±0,00 2,00±1,00 

KII 1,00±0,00 3,00±0,00 1,33±0,57 2,00±0,00  0,66±0,28 2,33±0,57 

p* 0,100 0,230 0,110 0,102 0,144 0,740 

 

p*: statistical significance calculated with  Kruskal-Wallis H test 
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Figure 15. Various degrees of epithelial dissociation (scale: 0-3) and of Ki67 

staining of epithelial cells (scale: 0-3) in samples preserved for 30 days in the 

three storage media 
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Figure 16.  Slightly reduced quality of corneal endothelium as shown by the 

intermittent loss of endothelial continuity (arrows) in samples preserved for 

30 days in the three storage media (scale: 0-3). 

 

    6.  Discussion  

In the present experimental study, the hypothermic storage with both solutions 

demonstrated a mild inferiority regarding the preservation of endothelial integrity in 

comparison to the storage in organ culture medium K II at 36
0
C. Although some corneas 

stored in Tiprotec (a storage solution we used extrapolating its known beneficial effect in 

the preservation of vascular endothelium) tended to display slightly poorer endothelial 

quality parameters compared to Eusol-C stored corneas (especially at extended storage for 

30 days), these differences were not significant. Hence, Tirpotec appears to be similarly 

effective as the commercially available and widely used solution Eusol-C for the 

hypothermic storage of porcine corneal grafts at 4
0
C, perhaps even for an extended 
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storage period. Nevertheless, a progressive decline in both endothelial viability and 

quality was observed with all preservation media as expected (see below).  

To our knowledge this was the first study to assess the effectiveness of Tiprotec as a 

storage solution for the hypothermic preservation of corneal tissue. Tiprotec has been 

exclusively used until now as a medium for the storage of vascular grafts. Several 

components of the Tiprotec solution have been associated with its cytoprotective effect. 

The potassium it contains terminates the resting potential of the cell membranes leading to 

decreased O2 consumption and accordingly to decreased metabolic demands of the cell 

(Preusse CJ et al, 1981). In addition, the high extracellular potassium levels it creates 

prevent the potassium outflow from the cells and the resultant apoptosis (D'Alessandro 

AM et al. 1994, Lang F et al. 2005). 

Moreover, to prevent the iron-dependent formation of reactive oxygen species, which 

have been implicated in cold induced injury, the iron-chelators deferoxamine and LK-614 

have been also included in the Tiprotec solution (Wu S et al. 2009). Glucose is also part of 

the solution and it acts as a substrate for the glycolytically highly active endothelial cells 

(Mertens S et al. 1990). Glycine, alanine, aspartate and a-ketoglutarate have been 

associated with the prevention of pore formation in the cellular membrane induced by 

hypoxia and resulting in sodium influx and cellular edema (Wu S et al. 2009). Finally its 

mildly acidotic pH has also demonstrated protective properties against cellular injury 

(Nishimura Y et al. 1998). 

We observed a constant over time decline in endothelial cell density: after 30 days, 15.7% 

of the endothelial cells were lost at organ culture, while cold-storage corneas displayed 

moderately higher endothelial losses (21.9% for Tiprotec and 18.6% for Eusol-C). These 

observations are congruent with findings reported by other investigators. In an older 

study, Nelson et al. compared Optisol-GS with Chen medium for the hypothermic 

preservation of 3 pairs of donor corneas. A median endothelial loss of 11% after 14 days 

of storage in Optisol-GS was reported (Nelson LR et al. 2000). In a more recent study, 

Basak et al who compared the storage media Optisol-GS with Cornisol in the hypothermic 

preservation of human corneas, reported a 13.5% vs 14.5 % decline in corneal endothelial 

cell density after 10 days of storage (Basak S and Prajna NV 2016). Consistent are also 

the findings of Parekh et al who found an endothelial loss at 7 days 9.4% vs. 8.0% and at 

14 days 6.45% vs. 8% when they compared Optisol-GS with Cornea Cold as hypothermic 

preservation media of donor corneas (Parekh M et al. 2014). On the other hand, Kanavi et 

al, demonstrated a significantly lower percentage of endothelial loss after 7 days of 
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hypothermic storage (3.04% with Optisol-GS und 2.82% with Eusol-C) (Kanavi MR et al. 

2015) while Sibayan et al   reported an extraordinary high percentage of endothelial loss 

(25.84%) after 10 days of hypothermic storage in Optisol-GS albeit in a small sample of 

21 human corneas (Sibayan ASB et al. 2015). Similar results have been reported not only 

for the hypothermic storage but also for the organ culture. After 21 days of storage, 

human endothelial cells isolated from one organ cultured cornea demonstrated a 26.7% 

decline in cell density as shown by Bednarz et al (Bednarz J et al. 2001).  A decrease of 

endothelial density of about 20% within the first 2 weeks of storage in organ culture 

medium was also reported by Hempel et al (Hempel B et al. 2001). A high rate of decline 

in endothelial density after 5 weeks of storage of donor corneas in organ culture was also 

shown by Smith et al (Smith VA and Johnson T, 2010). These corneas however, had been 

already stored for a mean time of 10 days before their culture and this could have affected 

their initial density and the subsequent viability of their endothelium. More recently, 

Parekh et al showed also a higher degree of endothelial loss (35%) after 30 days of 

storage with the organ culture method (Parekh M et al. 2015). Nevertheless, their study 

had two unique features: the use of cadaveric and not suitable for transplantation corneas 

together with the combination of endothelial cell density and cell mortality in one 

variable. On the other hand, a similar to our findings 10% decay of endothelial density 

after a mean storage period of 9 days was reported by Acquart et al in a large series of 

human corneal grafts organ cultured in 31
0
C (Acquart S et al. 2010).  

Beyond the general agreement about the progressive endothelial decay with either storage 

strategy, the variation in the degree of endothelial loss reported can be explained not only 

from differences in the technical details of storage (Thuret G et al. 2004) and in the 

materials selected for preservation, but also form diversities in counting methods. The 

later appears to be a real problem in the everyday practice of eye banking since its can 

affect the reproducibility and the accuracy of endothelial cell density determination 

(Thuret G et al. 2003, Lass JH et al. 2005). Finally, additional sources of variation could 

have been the intra- and inter-observer variability which, according to Benetz et al can 

also be attributed to factors unique to the donor corneas such as the cause of death, death 

to preservation time, state of the epithelium, degree of striae in the Descemet membrane 

and tissue temperature at the time of imaging (Benetz BA et al. 2006). Our controlled 

experimental setting have compensated for most but not all of the above sources of error. 

In any case, our counting method has been repeatedly validated and is currently the 

standard practice in our research laboratory.  
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In addition to endothelial cell density, several morphometric characteristics of endothelial 

cells have been associated with the quality of corneal grafts. In our study, two of these 

parameters were examined: the degree of pleomorphism (i.e. deviation of hexagonal or 

pentagonal shape) together with the percentage of vacuolization. We found a small but 

significant increase in pleomorphism over time in all cornea groups. This degree of 

deviation from normal shape was lower for the organ cultured group at least for the 

corneas preserved up to 30 days.  

Similar morphometric changes have been reported by several other investigators. A 

significant decrease in the percentage of hexagonal cells of organic cultured corneas after 

a mean storage period of 9 days was found in the study of Acquart et al (Aquart S et al. 

2015). On the other hand, Kanavi et al reported a non-significant decrease in hexagonal 

cells after 7 days of hypothermic storage (Kavani MR et al. 2015). A similar decrease in 

hexagonality after 14 days of hypothermic storage was demonstrated in the study of 

Basak et al (Basak S and Prajna NV 2016). Others have used these particular 

morphological characteristics as components of more complex morphometric variables 

and arbitrary constructed quality scales. In the previously mentioned study by Parekh et 

al, for example, a progressive deterioration in endothelial morphology after a 4 week 

hypothermic storage was found. For the assessment of morphology the authors used a 

scoring system including several variables such as changes or disappearance of 

intercellular margins, changes in cellular shape and size and dystrophic cellular changes 

(Parekh et al. 2014).  

The smaller sample size of the corneas of the regeneration capacity subgroup (corneas put 

in organ culture for additional 10 days after 30 days in cold storage and controls let in 

parallel prolonged organ culture for 40 days respectively) might have not allowed the 

morphometric changes to reach statistically significant levels in this group.  

 While vacuolization of endothelial cells was clearly lower in organ cultured corneas both 

after 30 and 40 days of storage, the reduction in the number of cells with vacuoles of the 

Tiprotec and the Eusol-C groups after their organ-cultivation could obviously be 

attributed to their recovery after the submission to the more favorable environment. It is 

well known that endothelial recovery is possible only in organ cultured grafts (Nejepinska 

J et al. 2010). Our finding may indicate that this can also happen even if the organic 

cultured corneas have been previously preserved under hypothermic conditions. Similar 

findings were reported several years ago by Camposampiero et al who showed a 

significant improvement in several parameters of endothelial integrity in human corneas 
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cultured for a mean of 19 days after a 7-10 days hypothermic storage (Camposampiero D 

et al. 2003). Nevertheless, more evidence about the effect of such a dual storage 

procedure upon endothelial integrity is still lacking, while reports about the self-repairing 

potential of transplanted endothelium are increasingly appearing in the literature (De 

Bogert DV et al. 2018).   

Regarding vacuoles, a general agreement exists that their presence is associated with 

poorer endothelial quality (Figure 17).  The pathogenic mechanism underlying their 

formation is unclear. It has been suggested that they are associated with a phagocytic 

remodeling intracellular response to cells stress (Pels E and  Schuchard Y 1984), while 

more recently they have been characterized as indicators of apoptotic cascades leading to 

cellular death (Armitage WJ 2011). An approximately doubling of significant 

vacuolization after 7 days of hypothermic storage was also reported by Kanavi et al 

(Kavani MR et al. 2011). In another more recent study, Hermel et al demonstrated a 

significant positive correlation between vacuolization and endothelial loss in organ 

cultured human donor corneas (Hermel M et al. 2017). Interestingly, despite the obvious 

importance of vacuoles in every day practice of eye banking, vacuolization has not been 

systematically included in the studies about corneal graft preservation, may be due to 

uncertainties about their pathogenic role and the lack of a typical reference image to 

facilitate their recognition.  
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Figure 17.  Corneal endothelial cells from a specimen preserved in Eusol-C. The 

arrowhead indicates the formation of a vacuole after 30 days of storage. 

 

The degree of corneal transparency is another, more global index of corneal quality. High 

degree of transparency is essential to maintain clear vision. The corneal stroma with its 

particular structural organization of collagen fibers plays a pivotal role in the maintenance 

of corneal transparency. In addition, the intact endothelium preserves corneal stromal 

dehydration through a sodium-potassium pump (Na
+
-K

+
-ATPase), preventing this way 

corneal swelling and maintaining corneal transparency (Bonanno JA 2012). A minimal 

loss of transparency, independent from the storage medium used, was observed in our 

study even in the regenerative capacity subgroup after 40 days of storage. Parekh et al, 

however, reported a more significant transparency loss, up to approximately 20%, in their 

donor corneas preserved in the hypothermic storage solutions Optisol-GS and Corld-

Cornea for up to 30 days (Parekh M et al. 2014).  This significant decline in transparency 

happened despite the presence of dextran which as a major dehydrating agent preserves 

endothelial transparency in both solutions. Dextran was also included in our storage 

solutions, so that the discrepancy with our findings can be explained only from 
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differences in the material (human corneas unsuitable for transplantation with an initial 

transparency of approximately 70% vs our porcine corneas) and in the method of 

measurement they used. A higher degree of transparency loss (6-10%) compared to our 

findings was reported by the same authors after 30 days of corneal storage in organ 

culture media (Parekh M et al. 2015). Due to differences in methodology their data are not 

quantitatively comparable to ours. It is important at this point to underline the complexity 

in the molecular structure and the physical properties of human cornea associated with its 

high degree of transparency and the consequent gross diversity in the methods used to 

assess it both in vivo and ex vivo (Meek KM and Knupp C 2015). The later poses 

difficulties in the eye banks worldwide, so that the development of a simple standardized 

method for transparency measurements remains highly demanded (Parekh M et al. 2014). 

The only moderate (and mostly insignificant) difference among the three storage media 

was further confirmed by the results of the histological analysis. Beyond the general 

impression of endothelial or overall corneal quality, the percentage of epithelial cell nuclei 

positively stained with the proliferation marker Ki67 was not found different among the 

three media. Corneal epithelium plays a very important role in graft survival after 

transplantation (Jeng BH 2006). Unfortunately, the effect of storage upon its viability has 

attracted significantly less attention compared to endothelium. Although the primary aim 

of this study was the evaluation of corneal endothelium under three different storage 

conditions, histological analysis offered some additional hints about the effect of storage 

upon epithelial and basal cells. A significant increase in the dissociation of epithelial cells 

and a significant decrease in the thickness of corneal epithelium in comparison to control 

corneas were found in all media groups. These findings are in agreement with those of 

previous reports. In a study conducted by Soni et al a significant increase in epithelial 

defects of corneal grafts preserved for 17 days in hypothermic storage was demonstrated 

(Soni NG et al. 2015),. A very meticulous assessment of changes in corneal epithelium of 

donor corneas after initial hypothermic storage and subsequent transfer to organ culture 

was performed by Haug et al (Haug K et al. 2013). They described a loss of superficial 

layers of the epithelium along with detachment of basal cells. Of note, a tendency for 

epithelial regeneration was observed in the corneas transferred form the hypothermic 

storage to organic culture. Former studies had shown a significantly higher degree of 

epithelial loss.  Greenbaum et al reported a near complete loss of all epithelial layers of 

human corneas after 4 days of storage in Optisol GS or in Dexsol (Greenbaum 2004), 

while Spelsberg et al  found a 57% epithelial loss after 4 days of storage in organ culture 
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medium (Spelsberg H et al. 2002). Their findings however, could not be confirmed by our 

data and by the above mentioned more recent studies.  

The major limitation of our study is the unblinded macro- and microscopic assessment of 

the corneas from a single examiner. The inherent inter-observer variability in 

morphometric studies has led to the development of specific semiquantitative methods or 

computer algorithms (Saad HA et al. 2008) for the counting and qualitative assessment of 

corneal endothelial cells. The use of one of these methods from two blinded observers 

could potentially have increased the validity of our results. It should be noted however, 

that even the automatic software programs remain problematic and their superiority 

against manual counting has not been proved (Hirneiss C et al. 2007, Huang J et al 2018).  

On the other hand, our histological analysis was performed in a totally blinded manner 

and although only a subgroup of corneas was examined, the findings supported those of 

the macro- und microscopic assessment of the whole sample.  

The staining with tryphan blue is a common practice in many eye banks using organ 

culture as the preferred storage method. Dying endothelial cells with permeable 

membranes are strongly stained by tryphan blue. We used instead the presence of 

vacuoles, an acceptable but more subjectively and less commonly assessed index of 

endothelial cell viability. Our method could have, this way, led to an underestimation of 

endothelial loss due to inclusion of several necrotic cells in the calculation or endothelial 

density. However, overestimation of endothelial cell density occurs even after the staining 

with tryphan blue an as shown by Pipparelli et al (Pipparelli et al. 2011) who proposed a 

combination of cell labeling and image analysis to determine the pool of viable 

endothelial cells. Nevertheless, an uneven distribution of this potential measurement bias 

among our three study groups is highly unlikely, so that it has most probably not affected 

the comparisons among them.  

Finally, any extrapolation of our experimental findings to humans should not be done 

unless they are confirmed by further studies in human corneas.  

The reason for the high rate of contamination detected in the early phase of storage only 

in the Tirpotec group should be attributed to the lack of antibiotics in this storage solution 

in contrast to the other media. Since the rich composition of storage fluids in nutrients 

favors their contamination by bacteria and fungi, the addition of antibiotics is of 

paramount importance and has shown to effectively prevent the development of bacterial 

endophthalmitis in graft recipients (Hassan SS et al. 2005). The use of Tiprotec as a new 
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corneal graft storage medium should be considered only after the addition of antibiotics 

offering a broad-spectrum antimicrobial coverage.  

In conclusion, we showed in this experimental study that the cryopreservation medium 

Tiprotec, used until now for the preservation of vascular grafts, was only mildly inferior 

to the medium Eusol-C for the hypothermic storage of corneal tissue for an extended 

period of time up to 30 days. In comparison to organ culture with culture medium K II, 

both Tiprotec and Eusol-C were found less effective in preserving both endothelial cell 

quality, as assessed by the morphometric analysis, and endothelial viability, as assessed by 

the degree of vacuolization at least up to the 30
th

 day of storage. However, both Tiprotec- 

and Eusol-C-preserved corneas demonstrated a certain capacity to recover after their 

submission in organ culture. In addition, Tiprotec was not inferior in preserving corneal 

epithelium in comparison to both Eusol-C and organ culture medium K II. Since this is 

the first report about the potential use of Tiprotec as a medium for the hypothermic 

storage of porcine corneas, further studies in human corneas will be needed to confirm our 

findings and to support its use as an alternative solution in the everyday practice  of eye 

banking.  

 

    7.  Abstract 

 

Introduction: Corneal transplantation (keratoplasty) is the only effective treatment for 

most of the disorders leading to irreversible corneal damage and eventually to corneal 

blindness. For the storage and preservation of donor corneoscleral disks three methods are 

today available: hypothermia (cold storage), organ culture and cryopreservation. Since 

cryopreservation is only rarely used, hypothermic storage at 4
0
C and organ culture with 

preservation at 37
0
C are the main methods used for eye banking worldwide.  

Aim of the study: Both corneal storage and preservation methods have specific 

advantages and disadvantages – none of them is superior to the other. A method which 

could demonstrate all the advantages and avoid the disadvantages of both cold storage and 

organ culture would be thus highly desirable. We performed an experimental study in 

porcine corneas to assess the use of Tiprotec, a new storage solution for corneal 

preservation and cold storage. We compared the resultant endothelial cell morphology and 

viability with this obtained after preservation of the ex-vivo corneas with both standard 
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techniques: conventional cold storage (using Eusol-C) and organ culture (using culture 

medium II [K II]). 

Methods: Ninety porcine corneas were randomly selected for preservation with the 3 

storage methods (30 corneas pro method): organ culture (in K II-medium), cold storage 

(in Eusol-C) and cold storage (in Tiprotec; all solutions supplemented with dextran).  

Endothelial quality and transparency were examined microscopically on the 1
st
, 10

th
 and 

30
th

 day of storage. A subset of 30 corneas (10 corneas from each group) was further 

submitted to organ culture for 10 more days to test the corneas for their regenerative 

capacity at favorable conditions (aiming to “simulate” their transplantation). At the end of 

the experiment 12 randomly selected corneas were submitted to histological and 

immunohistochemical analysis.  

Results: After 30 days of storage both endothelial transparency and endothelial cell 

density were significantly reduced with all preservation media without any significant 

differences among them. Similarly, a significant decrease was observed in the number of 

hexagonal and pentagonal cells along with a significant increase in the number of other 

types of endothelial cells. Of note, these changes were of lower magnitude in the organ 

cultured corneas.  Finally, the percentage of vacuoles containing cells was significantly 

increased overtime in all media groups, although   in the organ culture group this trend 

was significantly lower both at the 10
th

 and at the 30
th

 day of preservation in comparison 

to the Tiprotec (p:0.000 and p:0.000 respectively)  and the Eusol-C group (p:0.000 and 

p:0.000 respectively).  Similar were the findings in the subset of corneas submitted in 

organ culture for 10 more days. However, the endothelial cell density remained relatively 

stable in the organ culture group and the corneas stored in Eusol-C seemed to be 

stabilized after their transition into organ culture. Interestingly, the comparison of cold 

storage corneas before and after their subjection to organ culture revealed a significant 

reduction in the percentage of vacuoles both for Tiprotec (p: 0.012) and Eusol-C (p:0.005) 

groups. Finally, in the small subset of corneas submitted to histological analysis no 

significant differences were found among the three groups regarding both their 

endothelial and epithelial quality.  

Conclusions: The cryopreservation medium Tiprotec, used until now for the preservation 

of vascular grafts, was found only mildly inferior to the medium Eusol-C for the 

hypothermic storage of corneal tissue for an extended period of time up to 30 days. In 

comparison to organic culture with culture medium KII, both Tiprotec and Eusol-C were 
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found less effective in preserving endothelial cell quality, as assessed by the 

morphometric analysis, and endothelial cell viability, as assessed by the degree of 

vacuolization at least up to the 30
th

 day of storage. However, both Tiprotec- and Eusol-C-

preserved corneas demonstrated a certain capacity to recover after their submission in 

organ culture.  In addition, Tiprotec was not inferior in preserving corneal epithelium in 

comparison to both Eusol-C and organic culture medium K II. Since this is the first report 

about the potential use of Tiprotec as a hypothermic storage medium, further studies in 

human corneas will be needed to confirm our findings and to support its use as an 

alternative solution in the everyday praxis of eye banking.  

   

            8.  Zusammenfassung 

 

Einleitung: Hornhauttransplantation, auch als Keratoplastik benannt, ist die einzige 

wirksame  Behandlung für die meisten Krankheiten, die irreversiblen Hornhautschäden 

verursachen und schließlich zu Hornhautblindheit führen. Zur Lagerung und 

Konservierung von Spenderhornhautscheiben stehen heute drei Methoden zur Verfügung: 

Hypothermie (Kühllagerung), Organkultur und Kryokonservierung. Da die 

Kryokonservierung nur selten angewendet wird, sind die Kühllagerung bei 4
0 

C sowie die 

Organkultur bei 37
0 

C die wichtigsten Methoden, die weltweit für den Augenbanking 

eingesetzt werden.  

Ziel der Studie:  Beide Methoden der Hornhautkonservierung haben konkrete Vor- sowie 

Nachteile – keine ist der anderen überlegen. Eine Methode, die alle die Vorteile hätte und 

die Nachteile sowohl der Kühllagerung als auch der Organkultur vermeiden könnte, wäre 

daher erwünschst.  

Wir führten eine experimentelle Studie an Schweine-Hornhäuten durch, um die 

Verwendung von Tiprotec, eines neuen Kryopräservationsmedium zu untersuchen. 

Zu diesem Zweck wurden die Morphologie sowie die Lebensfähigkeit der Endothelzellen 

der in Tiprotec gelagerten Hornhäute mit der von Hornhäuten die mit zwei 

Standardtechniken d.h. konventionelle Kühllagerung in Eusol-C  sowie  Organkultur in 

Kulturmedium K II erhalten wurden verglichen. 

Methoden: Neunzig Schweinehornhäuten wurden nach dem Zufallsprinzip zur 

Konservierung mit den drei Speichern Methoden ausgewählt (30 Hornhäute pro 

Methode): Organkultur (in Kulturmedium K II), Kühllagerung (in Eusol-C) und  
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Kühllagerung (in Tiprotec; Dextran wurde in alle Lösungen hinzugefügt). Die 

endotheliale Qualität und Transparenz wurden am 1., 10., und 30. Lagerungstag 

mikroskopisch untersucht. Eine Untergruppe von 30 Hornhäuten (10 Hornhäute pro 

Gruppe) wurde für 10 weitere Tage der Organkultur unterzogen, um die Hornhäute auf 

ihre Regenerationsfähigkeit unter günstigen Bedingungen (mit dem Ziel, ihre 

Transplantation zu simulieren) zu testen. Am Ende des Experiments wurden 12 zufällig 

ausgewählte Hornhäute einer histologischen und immunohistochemischen Analyse 

unterzogen. 

Ergebnisse: Nach 30 Tagen von Lagerung waren sowohl die Endotheltransparenz als 

auch die Endothelzellendichte in allen Konstervierungsgruppen  signifikant reduziert, 

ohne dass es signifikante Unterschiede zwischen ihnen gab. In ähnlicher Weise wurde 

eine signifikante Abnahme der Anzahl von hexagonalen und pentagonalen Zellen 

zusammen mit einer signifikanten Zunahme der Anzahl von Endothelzellen anderer 

Morphologie beobachtet. Bemerkungswerteweise waren diese Veränderungen für die 

organkulturierte Hornhäute signifikant niedriger. Schließlich waren die vakuolenhaltige 

Zellen in allen Mediengruppen über  die Zeit signifikant vermehrt, obwohl dieser Trend in 

der Organkulturgruppe sowohl am 10. als auch am 30. Tag der Konservierung im 

Vergleich zur Tiprotec (p:0.000 und p:0.000 beziehungsweise)  und Eusol-C (p:0.000 und 

p:0.000 beziehungweise)  deutlich geringer ausfiel. Ähnlich waren die Befunde in der 

Hornhaut-Untergruppe, die in der Organkultur für 10 weitere Tage eingereicht wurde. Die 

Endothelzellendichte blieb jedoch in der Organkulturgroup relativ stabil und die in Eusol-

C gespeicherten Hornhäute schienen nach ihrem Übergang in die Organkultur stabilisiert 

zu sein. Interessanteweise zeigte der Vergleich von Kühllagerungshornhäuten vor und 

nach der Organkultivierung eine signifikante Reduktion des Vakuolenanteils sowohl bei 

Tiptotec (p: 0.012) als auch bei Eusol-C (p:0.005) Gruppen. In den Hornhäuten, die einer 

histologischen Analyse unterzogen wurden, wurde schließlich keine signifikante 

Unterschied zwischen den drei Gruppen hinsichtlich ihrer endothelialen sowie 

epithelialen Qualität gefunden. 

Zusammenfassung: Das bisher zur Konservierung von Gefäßgewebe verwendete 

Kühllagerungsmedium Tiprotec wurde für die hypothermische Lagerung von 

Hornahautgewebe über einen längeren Zeitraum bis zu 30 Tagen nur geringfügig weniger 

effektiv als  Esuol-C gefunden. Im Vergleich zur Organklultur mit dem Kulturmedium K 

II erwiesen sich sowohl Tiprotec als auch Eusol-C als weniger wirksam bei der Erhaltung 

der endothelialen Zellqualität, wie durch die morphometirsche Analyse beurteilt wurde, 
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sowie bei der Endothelzellvitalität als Grad der Vakuolisierung mindestens bis zu der 30. 

Tag der Lagerung gemessen wurde. Jedoch zeigten sowohl Tiprotec- als auch Eusol-C-

konservierte Hornhäute eine bestimmte Fähigkeit, sich nach ihrer Verabreichung in der 

Organkultur zu erholen.  Darüber hinaus war Tirpotec sowohl dem Eusol-C als auch dem 

organischem Kulutrmedium K II beim Erhalt des Hornhautepithels nicht unterlegen. Da 

dies der erste Bericht über die mögliche Verwendung von Tiprotec als hypothermisches 

Speichermedium ist, werden weitere Studien erforderlich sein, um unsere Ergebnisse zu 

bestätigen und die Verwendung von Tiprotec als eine alternative Lösung in der täglichen 

Praxis des Augenbankwesens zu unterstützen.  
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       Figure 2:  The experimental design 
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       Figure 3:  The excision of the corneoscleral button from the enucleated porcine  

       eye 

       Figure 4:  The scale used for the assessment of corneal transparency 

       Figure 5:  The degree of corneal transparency (%) after 30 days of storage 

       Figure 6:  Endothelial cell density (cells/mm
2
) after 30 days of storage 

       Figure 7:  Number of hexagonal and pentagonal cells / mm
2
 after 30 days of  

       storage 

       Figure 8:  Number of non-hexagonal / pentagonal cells / mm
2
 after 30 days of  

       storage 

       Figure 9:  The percentage of endothelial cells containing vacuoles after 30 days  

       of storage 

       Figure 10:  The degree of corneal transparency (%) after 40 days of storage 

       Figure 11:  Endothelial cell density (cells / mm
2
) after 40 days of storage  

       Figure 12:  Number of hexagonal and pentagonal cells / mm
2
 after 40 days of  

       storage 

       Figure 13:  Number of non-hexagonal / pentagonal cells / mm
2
 after 40 days of  

        storage 

       Figure 14:  The mean percentage of endothelial cells containing vacuoles after 40  

       days of  storage 

 Figure 15:  Various degrees of epithelial dissociation (scale: 0-3) and of Ki67   

 staining of    epithelial cells (scale: 0-3) in samples preserved for 30 days in the   

 three storage media 

       Figure 16:   Slightly reduced quality of corneal endothelium as shown by the  

       intermittent loss of endothelial continuity (arrows) in samples preserved for   

       30 days in the three storage media (scale: 0-3) 

       Figure 17:   Corneal endothelial cells from a specimen preserved in Eusol-C.  

       The arrowhead indicates the formation of a vacuole after 30 days of storage. 
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