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Abstract The disadvantages of human amniotic mem-

brane (hAM), used for ocular surface reconstruction,

necessitate the development of standardized alternatives.

Keratin-derived-films (KF) have been indicated as trans-

ferable substrate for cell cultivation and tissue engineering.

The impact of different sterilization procedures on KF and

surgical feasibility were investigated. Human hair KF were

prepared and sterilized; optical, biomechanical properties, in

vitro cell seeding efficiency and proliferation of human

corneal epithelial cells were studied and compared with

hAM. Surgical feasibility was tested on enucleated porcine

eye. Sterilized KF showed higher light transmission and

significantly higher E-modulus than hAM; cell-seeding-

efficiency and proliferation rate were not affected. Although

KF could be surgically handled, suture placement was more

difficult compared to hAM. Plasma treatment seems the best

sterilization method for KF; it does not affect cell biology or

optical and biomechanical properties. However material

modifications are requested before KF may represent a

feasible alternative for ocular surface reconstruction.

1 Introduction

Cornea-related blindness affects millions of people world-

wide. Congenital, degenerative, nutrient, neoplastic and

immunological disorders, as well as trauma, can lead to

ocular surface breakdown, resulting in temporary discom-

fort, superficial punctate keratopathy and permanent loss of

corneal transparency and vision. Primary ocular surface

diseases (OSD) include Stevens Johnson syndrome, ocular

mucous membrane pemphigoid, graft versus host disease

and chemical burns. Secondary OSD can result from lid

anomalies, severe dry eye or neurotrophic disease. Since

medical therapy often fails, surgical methods, such as

corneal or human amniotic membrane (hAM) transplanta-

tion, are currently used to stabilize the ocular surface [1]. In

particular, hAM transplantation has been found to be

effective in the treatment of corneal ulcers [2–8] and as a

substrate to expand limbal epithelial cells and transfer them

as a graft to restore the ocular surface in cases of limbal

stem cell deficiency [9–11]. Transmission of systemic

disease with graft material is in principle possible although

rare. In fact—to the best of our knowledge—no such

transmission has been reported for transplantation of stored

hAM so far. Such tissue routinely undergoes quality con-

trols including HIV, hepatitis B, C and HTLV tests of

donor serum at the time of harvesting the membrane and

often 6 months later again to exclude late seroconversion

of donors. However, as reported by Eberle et al. [12]

samples of fresh donor material, in this case a single

droplet of serum, can transmit serious disease such as HIV

and fresh unpreserved hAM is also used quite commonly in

the developing world and is certainly associated with a

higher risk of disease transmission [13–15]. Unfortunately,

preservation processes have been also responsible for hAM

morphology and biochemical composition change.
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Cryopreserved hAM presents epithelial vacuolar degener-

ation and stromal edema [16, 17], while lyophilized hAM

is thinner but also shows epithelial vacuolar degeneration

and flattening of the epithelial surface [18]. It is well

known that hAM has limited transparency, reduced bio-

mechanical resistance [19] and carries a risk of infection.

Moreover, its characteristics, such as thickness and com-

position, have interdonor and intradonor variations [14, 18,

20–23].

Keratins belong to the group of structural proteins that

are formed in the epithelial cells of higher vertebrates.

These cysteine-rich proteins can be found in hard or fila-

mentous structures, such as hair, nails, horns, hoofs or

feathers. They exhibit high mechanical strength due to a

large number of disulfide bonds and are water-insoluble. In

general, chemical reduction of the disulfide bonds is nee-

ded to obtain water-soluble proteins that can be used

directly or after further chemical modifications, such as

methylation or oxidation, which results in variable product

properties [24, 25]. Although other groups have reported

human hair keratin (KF) as an option for regenerative

medicine [26–31] its successful use as a transferable sub-

strate for corneal epithelial cells has been recently reported

by our group [32]. These films were made by mixing

aqueous keratin dialysate, which contains keratinous

nanoparticles, and alkaline keratin dialysate. The trans-

parent KF possessed a higher light transmission than hAM

and showed similar substrate properties to human corneal

epithelial cells, as compared to hAM. The biomechanical

properties of KF could be adjusted and optimized by

varying process parameters, such as keratin dialysate

composition, content of the softening agent (glycerol) and

curing temperature and duration.

Prior to bringing the KF from the in vitro state to animal

testing, a standardized sterilization procedure is required,

as well as an understanding of their suturability using

routine ophthalmological surgical suture material. The aim

of this study was to investigate the impacts of various

sterilization methods on the optical and biomechanical

properties of the KF as well as the cell proliferation

behavior. In addition, the feasibility of suturing KF was

studied in a porcine ex vivo model to find the optimized KF

for subsequent animal studies.

2 Methods

2.1 Materials

Sodium dodecyl sulfate (SDS), urea, thiourea, 2-amino-

2-hydroxymethyl-propane-1,3-diol (Tris), sodium hydrox-

ide and 2-mercaptoethanol were purchased from Roth

(Karlsruhe, Germany). Dulbecco’s modified Eagle’s medium

(DMEM), Ham’s F12 medium, fetal calf serum (FCS),

insulin, and epidermal growth factor (EGF) were obtained

from Biochrom (Berlin, Germany). Phosphate-buffered

saline (PBS) was purchased from MP Biomedicals (Solon,

US). Dimethyl sulfoxide (DMSO) and glycerol were

obtained from Sigma (Deisenhofen, Germany). The tryp-

sin–EDTA, an antibiotic/antimycotic solution and Myco-

Trace kit were obtained from PAA (Linz, Austria). Spectra/

Por� 1 dialysis membrane (MWCO 6–8,000 Da) was

purchased from Spectrum (Rancho Dominguez, US). Tis-

sue culture flasks and polystyrene 24-well cell culture

plates were obtained from TPP (Trasadingen, Switzerland).

Vivaspin� was purchased from Sartorius (Goettingen,

Germany), and polyethylene terephthalate (PET) foil was

obtained from LTS Lohmann (Andernach, Germany).

PureVisionTM soft contact lenses were obtained from

Bausch&Lomb (Rochester, New York, US), and Preci-

sionUV� soft contact lenses were obtained from CIBA

Vision (Duluth, Minnesota, US). Monofil 10–0 polyamide

suture material EthilonTM (EthiconTM) was purchased from

Johnson & Johnson (Norderstedt, Germany). All other

chemicals were of analytical grade. All solutions were

formulated using double-distilled water.

The method for securing human tissue was performed

according to the tenets of the Declaration of Helsinki.

Samples of human amniotic membrane were obtained at

the time of an elective caesarean section. Intact amnion

was stripped from the chorion by blunt dissection and

sutured onto 7.5 9 7.5 cm sterile sponge sheets (Katena,

New Jersey, US). All operations were performed under

sterile conditions. The hAM was cryopreserved at -80 �C

in a mixture of 50 % DMEM and 50 % glycerol [7]. This

method of preservation is reported in almost 95 % of the

current literature on utilizing hAM for ocular surface

reconstruction [33] and, based on the results of recent

studies, it has been demonstrated that long-term storage of

hAM in cell culture media with 50 % glycerol does not

significantly impair its sterility, histology, or biological

properties [34] and that it is preferable over lyophilization

which seems to cause greater reduction in total protein

amount and growth factor concentration [18]. Porcine eyes

were obtained from a local slaughterhouse. They were

removed within 30 min of death, transported in physiologic

sodium chloride solution and used within 24 h for the

suture studies.

2.2 Keratin film preparation

Human hair keratin was extracted as described by

Nakamura et al. [35], and the KF were prepared according

to a method previously reported by Reichl et al. [32].

Briefly, hair was mixed with an extraction medium, which

is an aqueous solution (pH 8.5) containing 25 mM Tris,
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2.6 M thiourea, 5 M urea and 5 % 2-mercaptoethanol, and

was incubated at 50 �C for 72 h. The mixture was centri-

fuged and the supernatant was filtered using filter paper

with a pore size of 2.5 lm. The filtrate, termed ‘‘Shindai

extract’’, was immediately used or stored at -20 �C and

thawed prior to use. The Shindai extract was exhaustively

dialyzed against water using a MWCO 6–8,000 Da cellu-

lose membrane at 20 �C. The keratin dialysate, termed

‘‘aqueous keratin dialysate,’’ was centrifuged to remove

coarse aggregates and immediately used to prepare the KF.

In another phase of dialysis, the same amount of Shindai

extract was dialyzed against 0.25 M sodium hydroxide

solution in the same manner as described above, at 4 �C.

This dialysate was concentrated via ultrafiltration using

Vivaspin� 20 concentrators with a MWCO of 5,000 Da.

The filtrates were discarded and the supernatant was dilu-

ted several times with 0.05 lM NaOH to generate the

alkaline keratin dialysate.

KF were prepared by mixing the aqueous keratin dial-

ysate with portions of alkaline keratin dialysate (at ratios of

100, 90/10 and 80/20, respectively; e.g., a 90/10 film

consists of 90 % aqueous and 10 % alkaline keratin dial-

ysate). Glycerol was added at a concentration of 1 % as a

softening agent. Thereafter, the keratin dialysate mixture

was cast on hydrophobic coated PET sheets and allowed to

dry overnight in air. Biomechanically stable films were

achieved by performing a subsequent curing procedure that

involves dry heat. By varying the curing temperature, the

mechanical properties of the film can be adjusted. In gen-

eral, the films were cured at 110 �C for 2 h. All film

preparation steps were performed under aseptic conditions.

2.3 Sterilization methods

To study the possible influence of sterilization on the

material properties, KF were treated by three different

sterilization procedures. For these experiments, KF 100

cured at 110 �C for 2 h were used. KF were sterilized by

incubation in 70 % ethanol for 2 h, by steam sterilization

in PBS at 121 �C for 15 min or by plasma sterilization of

dry KF using H2O2 in a Sterrad� 100S plasma sterilizer

(ASP, Irvine, California, US). The success of these meth-

ods was evaluated by sterility testing.

2.4 In vitro assessment of sterilized keratin films

2.4.1 Light transmission

Total light transmission of KF 100 samples (untreated;

70 % ethanol-treated, plasma-sterilized and autoclaved)

was measured using a spectrophotometer (UV multi-plate

reader Powerwave XS, Biotek) with a wavelength rage

from 300 to 800 nm. After 24 h of water equilibration, the

specimens were clamped within a self-constructed two-ring

arrangement of suitable size in order to fix the films during

the experiment and provide a standardized area

(0.332 cm2) of exposure (Fig. 1). The samples were posi-

tioned in a 24-well plate containing 1 mL of water per

well. The extinction was measured and the light trans-

mission was calculated. The measurements were performed

with a resolution of 1 nm and a blank correction. Two

types of therapeutic soft contact lenses (Bausch&Lomb

PureVisionTM BC 8.6 PWR 0.00 and Ciba Vision Preci-

sionUV� BC 8.7 PWR 0.00) and hAM samples served as

references.

2.4.2 Tensile testing

The biomechanical properties of KF both untreated and

after sterilization, were examined by means of a Zwicki-

Line Z 0.5 static material testing machine (Zwick, Ulm,

Germany) with a 10 N load. KF 100 and 90/10 samples

were incubated in water for 24 h and punched out using an

S3 film cutting device (Zwick) to yield standardized

(35 mm) dumbbell specimens. The measurements were

conducted with a test speed of 1 mm/min for E-modulus

(Young’s modulus) determination and 5 mm/min for ten-

sile strength testing. Both, E-Modulus (EM) and ultimate

strength (US) values were calculated from the stress–strain

curves obtained using the testXpert� II software.

2.4.3 Cell culture

The SV40-immortalized human corneal epithelial cell line

HCE-T was obtained from the RIKEN cell bank (Tsukuba,

Japan) and used to study the substrate properties of steril-

ized KF. This cell line was introduced by Araki-Sasaki

et al. [36]. The cells were cultivated in 1:1 DMEM/Ham’s

F12 medium supplemented with 5 % FCS, 5 lg/mL insu-

lin, 10 ng/mL EGF, 0.5 % DMSO and 1 % antibiotic/

antimycotic solution in 25 cm2 tissue culture flasks at

Fig. 1 AM (a) and KF (b) clamped within the ring device used in

light transmission and cell culture experiments. AM possesses a lower

transparency than KF 100, as indicated by the clarity of the ‘‘A’’

beneath each substrate
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37 �C in a humidified atmosphere containing 5 % CO2 as

recommend by the providing cell bank. The growth med-

ium was replaced three times per week. The absence of

mycoplasma contamination was confirmed by PCR

(MycoTrace). Before starting the cell culture experiments,

the KF were intensively washed in sterile water, which was

replaced twice daily for seven days. An even growth area

and fixation of the substrate on the bottom of the cell

culture well were achieved by punching out KF in circles

(diameter 11 mm) and clamping of the circles within the

same two-ring arrangement as described in 2.4.1 (Fig. 1).

Before cell seeding, the KF were equilibrated in growth

medium for 6 h.

2.4.4 Seeding efficiency

In order to evaluate the seeding efficiency, the cells

(150,000 cells/cm2) were seeded and incubated for 10 h.

After rinsing with PBS and detaching the cells by a tryp-

sin–EDTA-procedure, the cells were counted using a Z2

Coulter counter (Beckman Coulter, Krefeld, Germany).

The seeding efficiency was calculated by dividing the

number of cells attached by the number of cells that were

seeded. The measurements were performed in triplicate.

2.4.5 Proliferation studies

Proliferation studies were performed in polystyrene 24-well

plates using HCE-T cells. Cells were seeded at a density of

30,000 cells/cm2 and incubated for 14 days. At fixed time

intervals, cells were detached using trypsin–EDTA and

counted as described above. The number of cells (mean ±

standard deviation; n = 3 wells) was semi-log plotted against

culture time. The culture growth parameters (lag time, popu-

lation doubling time (PDT), saturation density) were calcu-

lated from the sigmoidal proliferation curves.

2.5 Suture experiments

2.5.1 In vitro suture tear-out

The material testing machine described in 2.4.2 was used

for the in vitro suture tear-out experiments. In this set-up,

KF and hAM were punched in standard 12 mm diameter

disc specimens and equilibrated in water for 24 h. A 10–0

polyamide suture with a tape pointed needle was passed

through the geometrical center of the samples. The test

material was clamped with the lower third of the sample in

the lower clamping jaw, while the suture was fixed in the

upper clamping jaw. The test speed for suture tear-out

force testing was set at 5 mm/min. The maximum force

(Fmax) that was required to pull out the suture from the

center to the periphery was determined. Six samples each

of unsterilized KF 100 and 90/10 containing 1 % glycerol

and cured for 2 h at temperatures ranging from 70 to

110 �C were tested to assess the impact of curing tem-

perature on film stability during the suture procedure.

Furthermore, KF 100, which was prepared under standard

conditions (110 �C, 2 h), was tested as an untreated sample

as well as after sterilization.

2.5.2 Ex vivo surgical assessment

The surgical feasibility of KF was assessed by seven sur-

geons, who were asked to suture the films onto enucleated

porcine eyes. All procedures were performed under a

microscope (Zeiss, Oberkochen, Germany). Porcine eyes

were placed on a specially designed, self-constructed

plastic material support, and intraocular pressure set to

20 mm Hg by connecting the globe via a cannula with a

bottle of saline solution placed at a 100 cm height from the

working plane. The ocular surface and KF were kept wet

with a second cannula fixed 15 cm above the globe and

delivery of three drops of saline solution per minute.

A 7.5 mm diameter superficial keratectomy of approxi-

mately 100–200 lm in depth was manually performed on

all eyes by the same surgeon before the remaining partic-

ipating surgeons sutured the 8 mm diameter implants into

the defects with 8 radial single polyamide 10–0 sutures.

Each surgeon first sutured one human amniotic mem-

brane specimen and then seven samples of KF 90/10 cured at

100 �C for 2 h. This composition of film was chosen

because films containing a higher content of alkaline dial-

ysate were found to be too soft and unable to be sutured or

handled during the suture tear-out force measurements and

KF 100 was found be too stiff and to break easily. Once each

transplant had been fixed with eight sutures, digital photo-

graphs were taken through the microscope using a standard

setting. The percentage of tight sutures, ‘‘small tears’’, which

were defined as a small linear break within the implant,

‘‘tears including margin’’, which were defined as large linear

breaks extending to the margin of the implant, ‘‘small

breaks’’, which were defined as\1/4 of the implant missing

and the percentage of ‘‘large breaks’’, which were defined as

C1/4 of implant missing, were registered. Furthermore, the

time per KF needed for suturing was determined.

A subgroup of three surgeons repeated the experiment in

similar settings by suturing KF 90/10 (100 �C, 2 h) that

had undergone different methods of sterilization. For each

subgroup of films, the surgeon was requested to suture five

samples.

2.6 Statistical analysis

All experimental data were evaluated using MS Excel

2007. The ANOVA test was used to test for a significant
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difference within the subgroups, while a t test with Bon-

ferroni correction was used to test for a significant differ-

ence between subgroups. Values of P \ 0.05 were

considered statistically significant.

3 Results

3.1 In vitro studies

KF exhibit distinctly higher transparency than the amniotic

membrane as shown in Fig. 1. The optical impression was

confirmed by the results of light transmission experiments,

which are shown in Fig. 2. As expected, light transmission

was nearly 100 % between 400 and 800 nm for both

therapeutic contact lenses. On the contrary, hAM trans-

mitted only approximately 35 % of the light at 400 nm and

approximately 70 % of the light at 800 nm. The light

transmission for untreated KF 100 samples was consider-

ably higher, with values at approximately 80 % at 400 nm,

90 % at 500 nm and 97 % at 800 nm. The sterilization

methods showed only small influences on KF light trans-

mission. After ethanol treatment, light transmission was

only marginally altered compared to untreated films, and

autoclaving reduced the light transmission slightly, most

notably in the wavelength range of 300–600 nm. In con-

trast, plasma-sterilized films showed higher light trans-

mission than untreated films at wavelengths between 300

and 700 nm, while light transmission at wavelengths

between 700 and 800 nm was comparable for plasma-

sterilized films and untreated KF.

The impact of sterilization on the biomechanical prop-

erties (i.e., ultimate strength (US) and E-modulus (EM)) of

KF 100 and 90/10 was tested in comparison to untreated

films and hAM (Figs. 3 and 4). As observed in a previous

study of untreated KF [32], the values for EM and US

decreased with an increasing level of alkaline dialysate.

This effect can also be detected with sterilized films. No

significant changes of US were observed for sterilized KF

compared to untreated films in either KF 100 or KF 90. A

trend towards higher tensile strength of KF after ethanol

treatment was detected (P = 0.19), whereas plasma-ster-

ilized and autoclaved films remained unaffected (P = 0.14

and P = 0.29, respectively). Compared to hAM, the US of

KF 100 untreated or sterilized and KF 90/10 ethanol-

treated were in the same range, while KF 90/10 untreated

and plasma or autoclaved showed reduced US values. The

E-modulus of KF was affected by the sterilization proce-

dures. While the autoclaving process influenced EM only

marginally, the ethanol treatment resulted in higher values

and made the films stiffer. On the other hand, plasma

sterilization reduced the EM compared to untreated films,

resulting in softer films. Compared to hAM, KF 100,

untreated or sterilized, exhibited considerably higher EM

values. However, KF 90/10 especially when plasma ster-

ilized, had an EM values which were in the range of hAM.

The seeding efficiency of HCE-T cells on untreated KF

100 was found to be 63.8 % [32] (Table 1). Ethanol

treatment and autoclaving did not alter the seeding effi-

ciency significantly (P = 0.93 and P = 0.55, respectively).

After plasma sterilization seeding efficiency was 86 %

which was not different as with hAM [32] (P = 0.9). HCE-T

cells exhibited a slightly extended lag-phase after seeding

on keratin substrates in comparison to hAM, especially in

the case of ethanol-treated KF, whereas the lag-phase of

autoclaved and plasma-sterilized KF did not differ from

untreated films. The population doubling times of HCE-T

cells on KF were in the same range as reported for hAM

[32], only autoclaved films showed a prolonged PDT.

Fig. 2 The percent light transmission spectrum of KF 100, untreated

and having undergone different sterilization methods, amniotic

membrane and contact lenses. All experiments were performed in

triplicate

Fig. 3 Ultimate strength of KF 100 and 90/10, respectively, untreated

and having undergone ethanol treatment, plasma and steam steriliza-

tion (autoclaving) as well as amniotic membrane, mean ± SD,

n = 8–13. * From Ref. [32]
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Autoclaving and plasma sterilization did not affect the

saturation density of HCE-T cells on the substrates. Only

ethanol treatment resulted in a threefold decrease of satu-

ration density compared to untreated KF or hAM.

3.2 Suture experiments

The impact of the curing temperature (70–110 �C, 2 h) on

KF material properties, regarding the resistance against

suture tear-out, was tested in vitro and compared with the

hAM to evaluate the best KF for further ex vivo and animal

studies (Fig. 5). The mean tear-out force (Fmax) measured

for hAM was 0.26 N. At different curing temperatures,

Fmax values ranged between 0.02 N (70 �C) and 0.33 N

(110 �C) for KF 100 and between 0.02 N and 0.1 N for KF

90/10. In KF 100, an increase in curing temperature was

associated with an increase in suture tear-out force, while

KF 90/10 showed no relationship between Fmax and curing

temperature. In general, KF obtained at 70 �C appeared to

be too soft for both KF 90/10 and KF 100. The statistical

analysis showed a significant difference within both KF

100 and KF 90/10 groups for various curing temperature.

In addition, statistically significant differences were found

between KF 100 cured at 70 �C and KF 100 cured at

temperatures between 80 and 110 �C (P \ 0.005) and

between KF 90/10 cured at 70 and 100 �C (P \ 0.005).

Compared with hAM, KF 90/10 showed significantly lower

resistance against tear-out over the entire temperature

range (P \ 0.005). KF 100 were significantly weaker than

the hAM at 70 �C (P \ 0.005). Figure 6 depicts the suture

tear-out experiment, including sterilized specimens. The

Fig. 4 E-Modulus of KF 100 and 90/10, respectively, untreated or

having undergone ethanol treatment or plasma and steam sterilization

(autoclaving) as well as amniotic membrane, mean ± SD, n = 8–13.

* From ref. [32]

Table 1 Values for the seeding efficiency of HCE-T cells on untreated KF 100, sterilized KF and amniotic membrane, mean ± SD

Keratin film 100

untreated*

Keratin film 100

ethanol-treated

Keratin film 100

plasma-sterilized

Keratin film 100

autoclaved

Amniotic

membrane*

Seeding efficiency (%) 63.8 ± 15.3 62.7 ± 12.5 86.2 ± 16.6 56.4 ± 12.1 87.8 ± 12.4

Lag-phase (day) 3.5 4.2 3.6 3.6 2.0

PDT (day) 1.2 1.4 1.2 2.2 1.1

Saturation density (cells/cm2) 880,000 305,000 985,000 970,000 960,000

* From Ref. [32]

Fig. 5 Suture tear-out forces (Fmax) measured for KF 100 and 90/10,

respectively, and cured at different temperatures for 2 h in compar-

ison to amniotic membrane, mean ± SD, n = 6

Fig. 6 Comparison of suture tear-out force (Fmax) of KF 100 that was

untreated or had undergone ethanol treatment or plasma and steam

sterilization (autoclaving) as well as amniotic membrane,

mean ± SD, n = 6
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average Fmax values of ethanol-treated and autoclaved

KF 100 samples were marginally reduced compared to

untreated films, and were in the same range as those of the

hAM. Only the plasma-sterilized KF exhibited a significant

reduction in Fmax.

KF 100 seemed to be the material of choice for further

ex vivo suturing experiments, however when fitting the

films to the corneal surface of porcine eyes we invariably

found that KF 100 did not mould into shape with the

recipient but showed stiff, wave like dehiscence in its

peripheral circumference. In contrast KF 90/10 could easily

fit the recipient corneal curvature.

Hence the latter construct was used for further surgical

assessment of KF in particular we choose sample cured at

100 �C for 2 h. In all cases, the surgeons were able to

place eight single sutures as requested (Fig. 7). The mean

time needed to suture a KF (16.7 ± 1.3 min) was not

significantly longer than the time needed to suture an

amniotic membrane (13.7 ± 3.5 min) (P = 0.27). There

was a trend for shorter surgical time from the first

(20.3 ± 6.7 min) to the final KF (16.1 ± 3.7 min), which

was not significant (P = 0.15) (Fig. 7a). More impor-

tantly, the percentage of tight sutures securing the implant

to the corneal tissue was invariably and substantially

higher for hAM (100 ± 0 %) compared to KF (58 ±

28 %; P = 0.0002; Fig. 7b). Again, the percentage of

tight sutures tended to improve from the first (48.2 %) to

the seventh KF (62.5 %); however, this difference did not

reach statistical significance (P = 0.44). Finally, we did

not detect any small tears or tears including the margin

within hAM. On KF, these defects were encountered in

65 % (P = 0.002 compared to hAM) and 12 % (P = 0.2

compared to hAM) of the cases, respectively (Fig. 7c, d).

Neither small nor large breaks were detected for hAM or

KF, respectively. None of the KF sterilization methods

used in this study significantly altered the results of fixa-

tion with interrupted sutures (P = 0.8, data not shown),

although the surgeons subjectively described plasma-ster-

ilized films as softer and ethanol-treated films as harder

than untreated KF.

Fig. 7 Ex vivo surgical assessment of KF relative to AM. The

experiments were performed by seven different surgeons on seven

independent KF samples (KF 90/10 cured at 100 �C for 2 h) and

amniotic membrane, mean ± SD. a The average time needed to

suture the AM and KF onto an enucleated porcine eye. The time

registered to suture the AM was shorter than that needed for the other

KF, but the difference was statistically significant only when

comparing the AM to the first KF (P = 0.02). b The percentage of

tight sutures on the AM and KF; the difference between AM and KF

was statistically significant. c, d The percentages of small tears and

tears including margin, respectively, occurring on both the AM and

KF. Small tears were registered statistically significantly more often

on KF than on AM. On the contrary, tears including margin, even if

more recurrent on KF than on AM, were not statistically higher

compared to AM
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4 Discussion

Over the last decade, some films and scaffolds based on

keratin have been proposed as a new biomaterial for cell

culture and tissue engineering applications [26, 37–42].

A novel technology allowed for the preparation of stable

and transparent films that represent an excellent growth

substrate for corneal epithelial cells [32]. Due to the light

transmission of KF being comparable to that of contact

lenses, the tensile strength of KF being potentially higher

than that of hAM and the possibility to cultivate corneal

epithelial cells on KF, it was suggested as an alternative to

amniotic membrane for ocular surface reconstruction [32].

The presented study evaluated appropriate sterilization

methods and their impact on optical, biomechanical and

cell culture properties in comparison to untreated films and

hAM, as a further step towards the use of KF in animal

studies and clinical application of KF. In addition, it

includes the first ex vivo experiments investigating the

surgical feasibility of this material. One limitation of our

study is the limited number of samples available for testing

of tear-out (n = 6) and the surgical feasibility (n = 7) that

together with tissue variation is likely to result in the

substantial standard deviation.

Clinically, the most important limitation to hAM trans-

plantation is the membrane’s poor transparency, although it

has been established that the amniotic sac distal to the

placenta offers the greatest transparency [43]. Freeze-dried

and rehydrated hAM provides an increased level of trans-

parency over a freeze–thaw method of preservation. For

clinically applied cryopreserved hAM, light transmission

values are 60–70 % for wavelengths in the range of

400–700 nm [43 42]. These values are similar to our data

for hAM and are distinctly lower than those measured for

untreated or sterilized KF 100. The KF showed light

transmission values ranging between 65 and 97 % at

400–700 nm, indicating that these films are considerably

more transparent than hAM. The ethanol treatment and

plasma sterilization methods seem to have only a marginal

effect on light transmission, likely because they work at

low temperatures, and they did not result in ultrastructural

changes of the film. On the other hand, autoclaving led to

decreased transparency, which could be explained by the

higher temperature and possible subsequent protein dena-

turation, which would reduce light transmission. However,

even after steam sterilization, light transmission is still

considerably higher than for hAM. In contrast, the bio-

mechanical properties of KF remained unaffected by steam

sterilization. Ethanol treatment resulted in stiffening and

reduced elasticity of the films. A similar effect has been

reported for silk protein films [44]. This finding is not

surprising given that ethanol leads to structural protein

alteration by dehydration, making it widely used in tissue

fixation procedures for histological studies. Plasma steril-

ization resulted in a slight but insignificant decrease in

tensile strength and a more pronounced decrease in the

E-modulus. Plasma sterilization is able to chemically

modify protein, which could reduce some of the bonding

forces within the KF, making the material more elastic.

Compared to hAM, KF 100 showed an equal ultimate

strength and KF 90/10 showed a reduced ultimate strength.

The EM of KF was markedly higher than that detected for

hAM, with the exception of plasma-sterilized KF 90/10,

which was found to have similar elasticity as hAM after

plasma sterilization.

Our results obtained with an immortalized corneal epi-

thelial cell line (HCE-T) demonstrate that the sterilization

methods did not significantly alter the cell seeding effi-

ciency. While ethanol-treated and autoclaved KF showed

the same seeding efficiency as untreated KF, which is

lower than that detected for hAM [32], plasma sterilization

resulted in an improved seeding efficiency of KF, which

was similar to that of hAM. Plasma treatment led to

enhanced epithelial cell attachment to the keratin surface,

which can be explained by surface modification through

enhanced surface hydrophilicity and roughness. The same

effect has been observed by Rafat et al. [45]. The investi-

gators detected improved attachment of corneal epithelial

cells on an argon plasma-treated collagen-based artificial

cornea in comparison to untreated substrate [45]. Regard-

ing corneal cell proliferation, plasma-sterilized KF pos-

sessed the same behavior as untreated films, while ethanol

treatment and steam sterilization resulted in some altera-

tions. Moreover, the HCE-T cells exhibited markedly

reduced proliferation on ethanol-treated KF. In summary,

the in vitro experiments indicate that plasma treatment is

the best sterilization method for KF because it did not

negatively impact light transmission, cell attachment

or proliferation. The decreased ultimate strength and

E-modulus observed for plasma-sterilized KF were within

acceptable ranges. On the contrary, autoclaving and etha-

nol treatment slightly reduced the light transmission or

increased the film stiffness and reduced cell proliferation.

The in vitro suture experiments confirmed the previous

results of tensile strength testing [32], which indicated that

tensile strength and stiffness are dependent upon the con-

tent of alkaline dialysate in the KF and the curing tem-

perature. Hence, KF 90/10 exhibited a low tear-out force

(Fmax), even with an increasing curing temperature, when

compared to KF 100 and hAM. However, a partial alkaline

keratin dialysate composition seemed to provide the KF

with more elasticity [32]. The ex vivo pilot use of KF 100

confirmed that it did not adapt well to the corneal curvature

because of its inherent stiffness. KF 80/20 was better

adapted to the corneal curvature, but it was too soft to be

suitable for sutures, which is in agreement with the low
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Fmax values. Therefore, an ex vivo surgical feasibility

assessment was conducted with KF 90/10 cured at 100 �C

for 2 h. The surgical assessment showed that the KF can be

sutured into a corneal defect by surgeons with variable

experience in a time that was clinically but not statistically

different from hAM. The use of a pointed needle rather

than a spatula needle tears KF more easily than it tears

hAM, and hence it seems to be less elastic. The high rate of

loose sutures in KF should be of concern given that loose

sutures in vivo would result in poor adaptation of the

membrane to the surface and may cause irritation and

corneal neovascularization. Hence, material modification

to increase elasticity or alternative surgical techniques,

such as suture-free implantation, should be considered for

further in vivo evaluations.

5 Conclusion

Keratin films from human hair have been reported to support

the growth of corneal epithelial cells in vitro. Our data show

that this material can be plasma sterilized with no negative

impact on light transmission, cell attachment or prolifera-

tion. The decreased ultimate strength and E-modulus

observed for plasma-sterilized KF were within acceptable

ranges. However the difficulties observed with suture

placement and surgical tissues adaptation could in vivo lead

to irritation and corneal neovascularization. If these could be

overcome by material modifications KF could offer a

promising alternative for ocular surface reconstruction.
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