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Abstract: To overcome the drawbacks associated with limited cross-linking efficiency of carbo-

diimide modified amniotic membrane, this study investigated the use of l-lysine as an additional 

amino acid bridge to enhance the stability of a nanofibrous tissue matrix for a limbal epithelial 

cell culture platform. Results of ninhydrin assays and zeta potential measurements showed that 

the amount of positively charged amino acid residues incorporated into the tissue collagen chains 

is highly correlated with the l-lysine-pretreated concentration. The cross-linked structure and 

hydrophilicity of amniotic membrane scaffolding materials affected by the lysine molecular bridg-

ing effects were determined. With an increase in the l-lysine-pretreated concentration from 1 to 

30 mM, the cross-linking density was significantly increased and water content was markedly 

decreased. The variations in resistance to thermal denaturation and enzymatic degradation were 

in accordance with the number of cross-links per unit mass of amniotic membrane, indicating 

l-lysine-modulated stabilization of collagen molecules. It was also noteworthy that the carbodiim-

ide cross-linked tissue samples prepared using a relatively high l-lysine-pretreated concentration 

(ie, 30 mM) appeared to have decreased light transmittance and biocompatibility, probably due 

to the influence of a large nanofiber size and a high charge density. The rise in stemness gene 

and protein expression levels was dependent on improved cross-link formation, suggesting the 

crucial role of amino acid bridges in constructing suitable scaffolds to preserve limbal progeni-

tor cells. It is concluded that mild to moderate pretreatment conditions (ie, 3–10 mM l-lysine) 

can provide a useful strategy to assist in the development of carbodiimide cross-linked amniotic 

membrane as a stable stem cell niche for corneal epithelial tissue engineering.

Keywords: amniotic membrane, l-lysine-pretreated concentration, collagen nanofiber stabiliza-

tion, limbal progenitor cell preservation, corneal epithelial tissue engineering

Introduction
It has long been recognized that the extracellular matrix is an important component 

providing a framework for cell-to-cell communication and cellular organization.1 The 

human amniotic membrane (AM) is known to be one of the most prevalent natural 

matrices with potential applications in corneal regenerative medicine.2 A recent review 

paper by Mamede et al has emphasized that the unique structural and functional fea-

tures of AM materials are being utilized for the development of clinically successful 

therapeutic strategies, particularly for ocular surface reconstruction.3 Cultivation and 

transplantation of limbal epithelial cells (LECs) on AM carriers has proven to be 

effective in treating patients with unilateral corneal stem cell deficiency.4 However, 

given that the collagen nanofibers constitute the architectural framework of the AM, 
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this biological tissue material may exhibit progressive 

degradation in vivo after its exposure to endogenous matrix 

metalloproteinases (MMPs). In certain corneal diseases with 

increased tissue collagenase activity,5 disintegration of AM 

transplants at the ocular surface can be accelerated, depend-

ing on the level of inflammation. It has been documented 

that poor biostability of an AM graft contributes to its early 

detachment during wound healing.6 Therefore, surgical fail-

ure is probably caused by excessive proteolytic degradation 

of the AM matrices.

To circumvent these drawbacks, there are obvious incen-

tives to develop a powerful strategy with special emphasis on 

improved molecular stability of AM. In order to serve as a 

limbal stem cell niche, the AM collagen was modified to con-

struct a cross-linked molecular biopolymer chain network. 

Glutaraldehyde is a commonly used chemical cross-linker 

that has high efficiency in the stabilization of collagenous 

biomaterials. Fujisato et al have shown that AM matrices 

cross-linked with glutaraldehyde are resistant to digestion 

by collagenase.7 More recently, we also studied the effect 

of glutaraldehyde cross-linking on the nanostructure of AM 

materials and found that the cross-linking chemistry-mediated 

alteration in fibrillar collagen is critical to determining the 

performance of biological tissue scaffolds for maintenance of 

stemness in LECs.8 The enhanced collagen molecular stabil-

ity of glutaraldehyde-treated AM is positively correlated with 

the amount of cross-linkers in the reaction system.9 Never-

theless, a method involving chemical modification of AM 

with glutaraldehyde probably raises risk of safety, especially 

when the extent of cross-linking exceeds a critical value.8,9 

In comparison with a non-zero-length cross-linker such as 

glutaraldehyde, 1-ethyl-3-(3-dimethyl aminopropyl) carbo-

diimide hydrochloride (EDC) is a zero-length cross-linker 

that activates carboxylic acid groups and then forms peptide 

linkages with the amino groups of proteinaceous matrices.10,11 

Since the modification with carbodiimide does not introduce 

foreign structures into the biomaterial network, this cross-

linking technique is considered more biocompatible.12 In 

our laboratory, the EDC/N-hydroxysuccinimide (NHS) has 

been previously used for the development of chemically 

cross-linked AM materials.13 However, with carbodiimide 

treatment for a longer duration (ie, 4 hours), the AM samples 

showed significant weight loss after 4 weeks of incubation in 

MMPs, suggesting low cross-linking efficiency of biological 

tissues.14

It is highly desirable to generate cross-links sufficient to 

provide protective barriers shielding the proteinaceous matrix 

from enzymatic attack while maintaining its biocompatibility. 

In the research field of chemical modification of collagen, 

amino acids have been investigated as cross-linking bridges 

to improve the biological stability of materials. Ma et al have 

shown that the presence of lysine (ie, a basic amino acid) 

is able to assist the carbodiimide cross-linking of porous 

collagen scaffolds, leading to enhancement of resistance 

to cleavage by protease.15 In contrast, addition of glycine  

(ie, a neutral amino acid) or glutamic acid (ie, an acidic amino 

acid) into the cross-linking reaction system has no significant 

and negative influence on collagen stability, respectively, 

indicating the crucial role of amino acid type in modulation of 

the physicochemical properties of carbodiimide cross-linked 

collagenous biomaterials. Recently, Usha et al demonstrated 

that incorporation of l-lysine in EDC/NHS cross-linking is a 

very effective way to favor the molecular and phase structure 

and self-assembly process of collagen nanofibrils.16 The pos-

sibility of induction of cross-links in the presence of l-lysine 

can be attributed to the closer proximity of the collagen mol-

ecules, exposing sufficient reactive groups. In light of these 

earlier studies, it would be interesting to determine whether 

pretreatment of AM collagen molecules with l-lysine affects 

the properties of chemically cross-linked biological tissue 

scaffolds for LEC cultivation. To the best of our knowledge, 

the effects of the l-lysine-pretreated concentration on EDC/

NHS cross-linking of AM collagenous biomaterials have not 

been reported to date.

The purpose of this investigation was to enhance the col-

lagen nanofiber stability of an AM matrix and to improve its 

ability to serve as a limbal stem cell niche. The AM materials 

were subjected to l-lysine pretreatment and carbodiimide 

chemistry to increase the formation of cross-links between 

polypeptide chains in the fiber. Biological tissue samples 

were incubated with l-lysine at varying concentrations and 

were evaluated by ninhydrin assays in order to study changes 

in free amino group content. The zeta potential was also mea-

sured as a function of the l-lysine-pretreated concentration. 

After further chemical modification of the l-lysine-pretreated 

AM with EDC/NHS, cross-linking density and water content 

measurements were performed to examine how pretreatment 

with l-lysine might affect the extent of cross-linking. In addi-

tion, the stability of collagen nanofibers exposed to thermal 

denaturation and enzymatic digestion was determined by dif-

ferential scanning calorimetry and in vitro degradation tests, 

respectively. Light transmittance measurements were used to 

assess the optical properties of the chemically modified col-

lagenous tissues. After exposure of human corneal epithelial 

cell cultures to the biological test materials, the pattern of 

cell growth was monitored by phase-contrast microscopy 
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and detection of mitochondrial dehydrogenase activity. 

Quantitative real-time reverse transcription polymerase chain 

reaction and Western blot analyses were conducted on the 

LEC cultures to explore cell stemness associations with col-

lagen nanofiber stability for the l-lysine-pretreated and EDC/

NHS cross-linked AM substrates. A profound understanding 

of cell-material interactions is imperative to gain insight 

into the cross-linking effects via amino acid bridges on the 

biocompatibility and cell culture performance of chemically 

modified AM matrices.

Materials and methods
Materials
This work followed the tenets of the Declaration of Helsinki 

involving human subjects and received approval from our 

institutional review board. Human AM tissue (ie, the inner-

most layer of the placental membrane) was obtained with 

informed consent at the time of elective cesarean section 

from mothers when human immunodeficiency virus, syphilis, 

and hepatitis B and C had been excluded by serological tests. 

Separation of the AM was performed by cutting the tissue 

samples approximately 2 cm from the placental disc. The 

average thickness of the AM samples was about 100 μm. 

EDC, l-lysine, ninhydrin reagent, MMP-1 (EC 3.4.24.7), and 

MMP-9 (EC 3.4.24.35) were obtained from Sigma-Aldrich 

(St Louis, MO, USA). N-hydroxysuccinimide (NHS) was 

supplied by Acros Organics (Geel, Belgium). Balanced 

salt solution (BSS, pH 7.4) was purchased from Alcon 

Laboratories (Fort Worth, TX, USA). Dulbecco’s Modified 

Eagle’s Medium and TRIzol reagent were purchased from 

Gibco-BRL (Grand Island, NY, USA). The 24-well tissue 

culture polystyrene plates (Falcon 353047) and cell culture 

inserts (Falcon 3095) were purchased from Becton Dickinson 

Labware (Franklin Lakes, NJ, USA). All other chemicals 

were of reagent grade and were used as received without 

further purification.

Preparation of chemically cross-linked 
amniotic membranes
The AM samples were aseptically obtained and stored 

at -80°C in Dulbecco’s Modified Eagle’s Medium containing 

50% glycerol.17 After incubation with 0.02% ethylenedi-

aminetetraacetic acid at 37°C, the AM was scraped to remove 

the amniotic epithelial cells. Prior to chemical cross-linking, 

500 mg of AM material was immersed in 30 mL of MES 

buffer containing 0–30 mM l-lysine for 6 hours. In this work, 

biological tissue pretreated with a l-lysine concentration of 

30 mM was designated as Lys30.

The ninhydrin assay was used as described previously 

to determine the amount of free amino groups in each AM 

sample.18 After reaction of the AM samples with ninhydrin 

reagent, the optical absorbance of the test solution was 

recorded using an ultraviolet-visible spectrophotometer 

(Thermo Scientific, Waltham, MA, USA) at 570 nm. Glycine 

at various known concentrations was used as the standard. 

The amount of free amino groups in the AM is proportional to 

the optical absorbance of the solution. The free amino group 

content of the sample is expressed as the number of amine 

groups present per 1,000 amino acid residues. The results 

were the average of four independent measurements. In this 

study, the free amino group content of AM collagen was 

around 34 per 1,000 amino acid residues prior to pretreatment 

with l-lysine and carbodiimide cross-linking.

The zeta potential of various test samples was quantified 

with the streaming potential method.19 An electrokinetic ana-

lyzer (BI-EKA; Anton Paar, Austria) located at the Center 

for Emerging Material and Advanced Devices at National 

Taiwan University (Taipei, Taiwan) was utilized to determine 

the charge on the membrane surface. After equilibrating AM 

in 1 mM KCl for 2 hours, the zeta potential measurements 

were carried out using 1 mM KCl as the electrolyte solution. 

The pH of the solution was adjusted to 7.4. The results were 

averaged on four independent runs.

After pretreatment of AM collagen with l-lysine, EDC 

and NHS were added to this buffer solution simultaneously 

to catalyze the formation of zero-length covalent cross-links 

between protein molecules. During the cross-linking process, 

the cross-linker concentration was fixed at 0.05 mmol EDC/

mg AM and the EDC to NHS molar ratio was 5:1. After 

allowing the cross-linking reaction to proceed at 25°C for 

3 hours, the membrane samples were thoroughly washed 

with deionized water to remove excess EDC and urea 

byproduct.

Cross-linking density measurements
The cross-linked structure of the chemically modified AM 

was analyzed in order to study the degree of cross-linking and 

the average molecular weight of the polymer chains between 

two consecutive junctions.20 In brief, after immersion of the 

membrane samples in deionized water for 12 hours at 25°C, 

the mechanical properties were determined using an Instron 

Mini 44 universal testing machine (Canton, MA, USA). 

The density of test specimens was then determined by the 

specific gravity bottle method. A graph of σ against (α-α -2) 

would be a straight line with the slope giving RTρV1/3/M
c
, 

where σ is the force per unit area of the swollen unstretched 
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sample; α is the extension ratio; R is the gas constant; T is 

the absolute temperature; ρ is the density of the sample; V is 

the volume fraction; and M
c
 is the average molecular weight 

of the chains between cross-links. The number of cross-links 

per unit mass was (2M
c
)-1. The results are the average of five 

independent measurements.

Water content measurements
Before testing, the AM samples were first dried to a con-

stant weight (W
i
) in vacuo. After 6 hours of immersion in 

deionized water at 37°C with reciprocal shaking (50 rpm) in 

a thermostatically controlled water bath, the swollen mem-

branes were weighed (W
s
). The equilibrium water content 

(%) of the test sample was defined by ((W
s
-W

i
)/W

s
) ×100 

as described previously.21 The results are averaged on five 

independent runs.

Differential scanning calorimetry
The shrinkage temperature of the chemically modified AM 

was investigated using a DSC 2010 differential scanning 

calorimeter (TA Instruments, New Castle, DE, USA).13 

Programmed heating was carried out at 5°C per minute in 

the temperature range of room temperature to 110°C with 

an empty aluminum pan as the reference probe. Resistance 

against thermal denaturation (ie, shrinkage temperature) was 

measured as the onset value of the occurring endothermic 

peak. The results are averaged on four independent runs.

In vitro degradation tests
Each test AM (1×1 cm2) was first dried to a constant weight 

(W
i
) in vacuo. The extent of degradation was measured by 

immersing the material samples in 1 mL of BSS containing 

12 μg of MMP-1 or MMP-9. During 4 weeks of incubation 

at 37°C with reciprocal shaking (50 rpm) in a thermostati-

cally controlled water bath, the degradation medium was 

replaced weekly with fresh buffer solution containing the 

same concentration of enzyme. The dry weight (W
d
) of the 

degraded samples was determined following further drying 

in vacuo. The percentage of weight remaining was calculated 

as (W
d
/W

i
) ×100, as described previously.22 The results are 

the average of four independent measurements.

Light transmittance measurements
The average optical transmittance of the AM samples fol-

lowing equilibrium swelling in BSS was measured using an 

ultraviolet-visible spectrophotometer (Thermo Scientific) 

as described previously.23 The spectral range was chosen 

between 400 nm and 700 nm. During operation, the reference 

sample is the AM holder only, and the test sample consists 

of the holder with the AM in place. Results are the average 

of three independent measurements.

cell viability assays
An HCE-2 cell line (ATCC CRL-11135) was obtained 

from the American Type Culture Collection (Manassas, 

VA, USA). The cells were cultured according to a method 

described previously.14 The HCE-2 cells were plated at a 

density of 5×104 cells/well in 24-well plates. Each well of 

the 24-well plate was then divided into two compartments 

using cell culture inserts.24 A sterilized AM sample (0.2 g) 

was placed into the inserts to examine the corneal epithelial 

cultures. After 3 days of incubation, the inserts and mem-

branes were removed to determine cell growth. Cells not in 

contact with the material samples served as controls.

Cell morphology was observed by phase-contrast micros-

copy (Nikon, Melville, NY, USA), as described previously.25 

Cell viability was estimated using the CellTiter 96 Aqueous 

Non-Radioactive Cell Proliferation MTS Assay (Promega, 

Madison, WI, USA), in which MTS tetrazolium compound 

is bioreduced by cells into a colored formazan.26 Data for 

absorbance readings at 490 nm were then measured using a 

Multiskan Spectrum Microplate spectrophotometer (Thermo 

Lab Systems, Vantaa, Finland). All experiments were per-

formed in quadruplicate. The results are expressed as relative 

MTS activity as compared with control groups.

stemness gene and protein 
expression analyses
The rabbit LECs were isolated and cultured according 

to a method described previously.8 Cells with a density 

of 5×104 cells/well were seeded into 24-well tissue cul-

ture polystyrene plates and maintained in regular growth 

medium served as control groups. After incubation with 

various sterilized AM samples at 37°C for 5 days, total 

RNA was isolated from the cells using TRIzol reagent 

as described elsewhere.27 Reverse transcription of the 

extracted RNA (1 μg) was carried out using ImProm-II 

(Promega) and Oligo(dT)
15

 primers (Promega). The prim-

ers used to amplify the rabbit p63 complementary DNA 

were 5′-TCTGGACTATTTCACGACCCAG-3′ (sense) 

and 5′-AGATGGGGAGGTGAGGAAAAG-3′ (anti-

sense), and those used to amplify the rabbit ABCG2 were 

5′-GAGAGCTGGGTCTGGAAAAAGT-3′ (sense) and 

5′-ATTCTTTTCAGGAGCAGAAGGA-3′ (antisense). The 

sequences of the primer pair used to amplify the internal 

control complementary DNA, glyceraldehyde-3-phosphate 
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dehydrogenase, were 5′-TTGCCCTCAATGACCACTTTG-3′ 
(sense) and 5′-TTACTCCTTGGAGGCCATGTG-3′ (anti-

sense). Quantitative real-time reverse transcription poly-

merase chain reaction was performed on a Light-Cycler 

instrument (Roche Diagnostics, Indianapolis, IN, USA) 

with FastStart DNA Master SYBR Green I reagent (Roche 

Diagnostics). Each sample was determined in quadruplicate. 

The gene expression results were normalized to the level of 

glyceraldehyde-3-phosphate dehydrogenase mRNA.

For Western blot analyses, the cells from each group 

were lysed as described previously.28 Proteins (50 μg of 

protein per lane) was separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis in 10% polyacrylamide 

gel. The gels were then transferred to polyvinylidene difluo-

ride membranes and incubated with anti-ABCG2 (1:1,000; 

Santa Cruz Biotechnology, Santa Cruz, CA, USA) primary 

antibodies and secondary antibodies conjugated to horserad-

ish peroxidase (1:5,000; Chemicon International, Temecula, 

CA, USA) as described elsewhere.14 SuperSignal West Pico 

chemiluminescent substrate (Pierce, Rockford, IL, USA) 

was used for detection. Incubation with anti-alpha-tubulin 

(1:2,000; Abcam, Cambridge, MA, USA) was used for the 

loading controls. ABCG2 protein bands were analyzed by 

densitometry using ImageJ software. Results are the average 

of four independent measurements.

statistical analysis
The results are expressed as the mean ± standard devia-

tion. Comparative studies of means were performed using 

one-way analysis of variance. Statistical significance was 

accepted at P,0.05.

Results and discussion
Preparation of chemically cross-linked 
amniotic membranes
In clinical surgery, AM is an important graft material and 

has been widely used for healing of skin wounds, vaginal 

reconstruction, and pericardial closure.29 A review paper by 

Niknejad et al has summarized the research on the properties 

of AM and its potential use in tissue engineering.30 However, 

due to their insufficient biostability, AM matrices should be 

reinforced by chemical cross-linking. Our previous research 

has shown that the corneal surface can be reconstructed 

by ex vivo expanded autologous rabbit LECs cultured on 

carbodiimide cross-linked AM.13 The ability of chemically 

modified biological tissues to preserve keratinocyte pro-

genitor cells is confirmed by immunoconfocal microscopy. 

More recently, LEC cultures on EDC/NHS-treated AM 

with a greater extent of cross-linking were found to exhibit 

enhanced stemness.14 These encouraging results motivated 

us to produce more stabilized AM matrices in this work.

As reported in the literature, l-lysine (a natural substance 

of the building blocks of protein molecules) has been studied 

for a variety of applications. Jezova et al demonstrated that 

treatment with l-lysine and l-arginine may have modulatory 

and anxiolytic effects on neuroendocrine activation during 

psychosocial stress in humans.31 Fujiwara et al have shown 

that cross-linked chitosan resin chemically modified with 

l-lysine can be used for adsorption of precious metal 

ions, such as gold, palladium, and platinum, from aqueous 

solutions.32 Li et al examined the feasibility of using lysine 

as a cross-linker to induce self-assembly of gold nanopar-

ticles on indium tin oxide glass and found that the molecular 

bridging effect of lysine and zwitterion-mediated interactions 

may occur at different acidic pH values.33 In our laboratory, 

collagen nanofiber-based AM materials have been chemically 

cross-linked by exogenous carbodiimide.8,13,14 However, a 

technique involving use of EDC/NHS to catalyze the for-

mation of zero-length covalent cross-links between protein 

molecules allows only limited cross-linking. Herein, we 

investigated further use of lysine as a cross-linking bridge 

to enhance the EDC/NHS cross-linking efficiency of AM 

collagen while maintaining its biocompatibility. It was 

hypothesized that this would improve the formation of cova-

lent cross-linkages imposed by l-lysine, thereby facilitating 

the stability of this cross-linked biological tissue scaffold 

as an LEC culture platform. Prior to their modification with 

carbodiimide chemistry, the AM matrices were incubated in 

buffer containing l-lysine for 6 hours.

Determination of free amino group 
content
Figure 1A shows the results for ninhydrin assays in various 

AM samples. In the groups without l-lysine pretreatment, 

the free amino group content was determined to be 33.8±1.0 

per 1,000 amino acid residues. This finding supports the 

report by Olde Damink et al who demonstrated that the free 

amino group content of dermal sheep collagen was 34 per 

1,000 amino acid residues.34 On increasing the l-lysine-

pretreated concentration from 1 to 30 mM, the amount of 

free amino groups in the AM collagen increased (P,0.05) 

significantly. It has been documented that treatment of tendon 

collagen fibers with l-lysine prior to chemical cross-linking 

allows incorporation of additional amino groups into the 

biomaterials.16 The present data are compatible with earlier 

observations, and further suggest that l-lysine concentration 
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plays an important role in the free amino group content of 

tissue collagen. During the pretreatment process, a large 

amount of l-lysine molecules may have an enhanced abil-

ity to become incorporated into AM collagen nanofibers, 

probably due to the increased collision frequency between 

tropocollagen molecules and foreign amino acid residues.

Zeta potential measurements
Given that lysine carries a positive charge, zeta potential 

measurements are also performed to confirm the success of 

l-lysine pretreatment of tissue collagen. Figure 1B shows 

the zeta potential results for various AM samples quantified 

by the streaming potential method. In the groups without 

l-lysine pretreatment, the zeta potential was 0.3±0.9 mV. 

AM is known to be composed of collagen molecules that 

have an isoelectric point of about 7.8.35 Given that this pro-

tein carries a net positive charge at a pH below its isoelectric 

point, native AM samples may have a slightly positive zeta 

potentials in a neutral buffer with pH 7.4 (ie, physiological 

pH). After incorporation of additional amino groups into 

the AM collagen nanofibers, all the l-lysine-pretreated bio-

logical tissue membranes remained positively charged. In 

the Lys1 groups, the zeta potential was 1.0±0.7 mV, which 

was significantly lower than that of the Lys3 (4.6±1.2 mV), 

Lys10 (10.5±1.3 mV), and Lys30 (15.4±1.9 mV) groups 

(P,0.05). It was also noted that an increased zeta potential 

value was positively correlated with the l-lysine-pretreated 

concentration. Our results indicate that the presence of a 

large amount of positively charged amino acid residues 

can enhance the surface charge density of the AM scaffold, 

verifying high-level incorporation of amino groups into the 

tissue collagen.

Cross-linking density measurements
According to our recent observations, chemical cross-linker-

mediated alteration in the nanofibrous structure of AM scaf-

folds may be linked to the formation of cross-links between 

or within the collagen molecules.9 Therefore, this study paid 

attention to the analysis and understanding of the cross-linked 

structure of AM materials modified with carbodiimide. The 

effects of lysine-assisted EDC/NHS cross-linking of AM on 

its cross-linking density have yet to be reported in the litera-

ture. Here, the cross-linking density is expressed as number 

of cross-links/mol wt 105. The number of cross-links per unit 

mass of AM as a function of l-lysine-pretreated concentra-

tion is shown in Figure 2A. In the Lys0 groups, the number 

of cross-links per unit mass of EDC/NHS-modified tissue 

collagen matrix was 8.34±0.25. This was not significantly dif-

ferent from those of the Lys1 (8.81±0.29) groups (P.0.05), 

indicating that the amount of amino groups incorporated 

into the AM scaffolds was insufficient to build up the rein-

forced cross-linked structure. However, when the l-lysine-

pretreated concentration was increased to 3 mM, the number 

of cross-links per unit mass of EDC/NHS-modified tissue 

collagen matrix was 10.24±0.17. Furthermore, in the range 

of 3–30 mM, the cross-linking density values significantly 

increased with increasing l-lysine-pretreated concentration 

(P,0.05). These findings suggest that the amount of cross-

links formed between the AM collagen chains is greatly 

affected by the presence of additional amino groups in the 

nanofibrous tissue matrices.

Water content measurements
Water content is another useful parameter for evaluation 

of the extent of cross-linking of protein-based biomaterials 

Figure 1 (A) Free amino group content and (B) zeta potential of amniotic membrane as a function of l-lysine-pretreated concentration. Values are shown as the mean ± 
standard deviation (n=4).
Notes: *P,0.05 versus all groups; ^P,0.05 versus all groups except 1 mM; +P,0.05 versus all groups except 0 mM.
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because of their high water absorption and retention 

capacity.23,36 Here, the role played by amino acid bridges 

in the determination of EDC/NHS cross-linking efficiency 

of AM collagen nanofibers was analyzed. Figure 2B shows 

the equilibrium water content of AM samples as a func-

tion of l-lysine-pretreated concentration. After immersion 

in deionized water at 37°C for 6 hours, the carbodiimide 

cross-linked biological tissues from the Lys0 groups had 

an equilibrium water content of 73.0%±1.4%. It has been 

reported that carbodiimide cross-linking is a process that 

can chemically link biopolymer chains and reduce the water 

uptake capacity of these materials.37 We have demonstrated 

that at the same cross-linker concentration (ie, 0.05 mmol 

EDC/mg AM), 2–4 hours of cross-linking treatment yields 

AM scaffolds with an equilibrium water content ranging from 

75.9% to 67.5%.14 This finding supports those of the present 

study, ie, that the level of hydration of collagen fibers in the 

biological materials is reasonable after cross-linking with 

carbodiimide for 3 hours. The equilibrium water content 

in the Lys3, Lys10, and Lys30 groups was 69.1%±1.0%, 

64.8%±1.2%, and 62.2%±1.0%, respectively. These values 

showed statistically significant differences (P,0.05), sug-

gesting that pretreatment with a large amount of l-lysine 

molecules may increase the hydrophobicity of chemically 

modified AM collagen.

Differential scanning calorimetry
Collagen consists of triple-helical tropocollagen molecules 

that are stabilized mainly by hydrogen bonding and van der 

Waals interactions.38 After glutaraldehyde cross-linking of 

AM scaffolds, the formation of cross-links within the tissue 

collagen matrix is able to prevent thermal denaturation, 

which is a phenomenon of transformation of the well-

defined folded protein structure.9 We have also determined 

that the increment in shrinkage temperature associated with 

improved resistance against thermal denaturation is several 

degrees, sufficient to enhance the hydrothermal stability of 

carbodiimide cross-linked AM materials.13 In this study, the 

thermal transitions of lysine-assisted EDC/NHS-cross-linked 

AM were investigated by differential scanning calorimetry 

(Figure 3). In the Lys0 groups, the shrinkage temperature 

was 71.3°C±1.2°C, and not significantly different from that 

of the Lys1 groups (72.8°C±1.6°C; P.0.05), but was signifi-

cantly lower than those of the Lys3 (76.1°C±0.9°C), Lys10 

(84.5°C±1.4°C), and Lys30 (87.8°C±1.6°C) groups (P,0.05). 

Figure 2 (A) Number of cross-links per unit mass and (B) equilibrium water content of amniotic membrane as a function of l-lysine-pretreated concentration. Values are 
shown as the mean ± standard deviation (n=5).
Notes: *P,0.05 versus all groups; ^P,0.05 versus all groups except 1 mM; +P,0.05 versus all groups except 0 mM.
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Figure 3 Shrinkage temperature of various amniotic membrane samples. Values are 
shown as the mean ± standard deviation (n=4).
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These results indicate that a relatively low l-lysine-pretreated 

concentration does not affect the shrinkage behavior of 

nanofibrous collagen matrices. In addition, the variation in 

shrinkage temperature is in accordance with the results for 

the number of cross-links per unit mass of AM. In a previ-

ous report on the temperature-dependent kinetics of fibril 

formation, introduction of l-lysine along with the cross-

linker among collagen fibers may lead to an increase in 

thermal stability.16 This may explain why a large amount of 

additional amino acid residue present in the AM is involved 

in the high shrinkage temperature of EDC/NHS-modified 

tissue collagen.

In vitro degradation tests
The AM collagen is susceptible to cleavage by collagenolytic 

enzymes, which are capable of causing scission of peptide 

bonds within the characteristic poly-l-proline type of helical 

regions in the molecules.39 It has been documented that both 

MMP-1 and MMP-9 play an essential role in degradation of 

the matrix in various inflammatory corneal diseases.40 There-

fore, the residual mass percentage of various AM samples 

after 4 weeks of incubation in BSS containing these MMPs 

was recorded to evaluate the biological stability of the tis-

sue collagen matrix. Figure 4 shows the in vitro enzymatic 

degradability of EDC/NHS-modified AM materials as a 

function of l-lysine-pretreated concentration. In the Lys0, 

Lys1, and Lys3 groups, the remaining weight of the biologi-

cal tissue membranes was significantly lower in the presence 

of MMP-1 than in the presence of MMP-9 (P,0.05). Given 

that each of these enzymes is reactive to a specific collagen 

type, the differences in tissue matrix degradation found here 

may be due to varied interactions between different MMPs 

and the structural components of AM collagen. Interestingly, 

when the l-lysine-pretreated concentration was increased to 

10 mM, the remaining weight of the test samples did not show 

any significant difference between the MMP-1 (96.5%±3.1%) 

and MMP-9 (98.8%±1.7%) groups (P.0.05). In addition, 

there was almost no weight loss in the Lys30 group, irrespec-

tive of enzyme type. The findings of the current study suggest 

that the cross-linked structure of AM scaffolds constructed by 

a large amount of additional amino acid bridges seems to be 

sufficient to prevent the breakdown of protein molecules and 

degradation of the collagen network. The l-lysine pretreat-

ment and the carbodiimide cross-linking-mediated change 

in enzyme-substrate binding may hinder attack by MMPs, 

thereby contributing to biological stabilization of nanofibrous 

tissue matrices for at least 4 weeks.

Light transmittance measurements
Transparency is a prerequisite for the development of useful 

ophthalmic biomaterials. Investigators have reported that 

the presence of AM grafts postoperatively may decrease 

optical transparency since these biological materials are 

thin, semi-transparent membranes.41 It is very important 

to determine the light transmission characteristics of AM 

scaffolds modified by l-lysine pretreatment and carbodi-

imide cross-linking. Figure 5 shows the results for optical 

transmittance measurements of various AM samples after 

incubation in BSS at 37°C for 6 hours. In the Lys0 groups, 

Figure 4 Weight remaining in various amniotic membrane samples after incubation 
at 37°C for 4 weeks in balanced salt solution containing MMP-1 or MMP-9. Values 
are shown as the mean ± standard deviation (n=4).
Notes: *P,0.05 versus all groups; ^P,0.05 versus all groups except 1 mM; +P,0.05 
versus all groups except 0 mM; ~P,0.05 versus all groups except 30 mM; &P,0.05 
versus all groups except 10 mM (compared only within MMP-1 or MMP-9 groups). 
#P,0.05 indicates a statistically significant difference from the MMP-1 group 
(compared only within each lysine concentration group).
Abbreviation: MMP, matrix metalloproteinase.
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the average light transmittance of EDC/NHS-cross-linked 

biological tissue membranes was 48.6%±1.5% in the 

wavelength range of 400–700 nm. With increasing l-lysine-

pretreated concentration from 1 to 10 mM, the transmittance 

values significantly increased (P,0.05). However, samples 

from the Lys30 groups had a reduced average transmit-

tance of 16.0%±1.8%, which was even lower than that 

observed for fresh AM tissue.13 The results indicate that 

mild to moderate l-lysine pretreatment conditions facilitate 

light transmission through the carbodiimide cross-linked 

biological materials.

Since there is regional variability in the characteristics 

of donor AM, we collect the sample materials by cutting the 

biological tissues approximately 2 cm from the placental disc. 

Here, the test sample is approximately 100 μm thick to avoid 

interference by tissue thickness in the light transmission mea-

surements. For nanofibrous tissue scaffolds, the transparency 

is highly correlated with fiber size.42 Our previous study has 

shown that with increasing cross-linker concentration from 

0.01 to 0.05 mmol EDC/mg AM, cross-link formation leads 

to aggregation of collagen microfibrils and enlargement of 

interfibrillar spaces, thereby facilitating penetration of light 

into the AM.13 Surprisingly, when the cross-linker concen-

tration is 0.25 mmol EDC/mg AM, the chemically modified 

biological tissues exhibit poor optical properties. One pos-

sible explanation for these observations is that although the 

interfibrillar region becomes more pronounced, the assembled 

collagen fiber bundles are in the range of 1–2 μm in diameter, 

which exceeds the longest wavelength of visible light (ie,  

700 nm). This interference factor may considerably decrease 

the optical transmittance. Therefore, to further investigate 

the effects of l-lysine pretreatment on the optical properties 

of EDC/NHS-cross-linked biological tissue membranes, the 

AM materials were characterized by transmission electron 

microscopy. As shown in Figure S1, the fiber diameter in 

the Lys0 and Lys1 groups was 424±39 nm and 458±45 nm, 

respectively, with no significant difference (P.0.05). For 

the scaffold samples modified by a large amount of l-lysine 

molecules, the increased number of cross-links per unit mass 

of AM led to more aggregation and formation of larger-sized 

nanofibers. In the Lys10 groups, the fiber diameter was still 

below the threshold for the longest wavelength of visible 

light. Nevertheless, the tissue membranes from the Lys30 

groups had an average fiber diameter above 700 nm, thereby 

contributing to opacity. These findings indicate that light 

scattering by collagenous tissue materials is sensitive to the 

fibrillar ultrastructure. The results of this study provide the 

first evidence of a relationship between matrix transparency 

and nanofiber size controlled by lysine-assisted EDC/NHS 

cross-linking of AM.

cell viability assays
Although cross-linking is able to improve the molecular 

stability of collagen, this process simultaneously leads to 

a change in the characteristics of biological materials and 

their consequent biocompatibility. By using HCE-2 cells 

(ie, a human corneal epithelial cell line), we investigated 

the cytocompatibility of lysine-assisted EDC/NHS-cross-

linked AM. Figure 6 shows representative phase-contrast 

micrographs of HCE-2 cell cultures after incubation with 

various AM samples for 3 days. In the control and Lys0 

groups, the cells presented similar growth patterns, indicat-

ing that exposure to carbodiimide cross-linked AM without 

l-lysine pretreatment does not damage human corneal 

epithelial cells. In the Lys1, Lys3, and Lys10 groups, the 

cultures also displayed a cobblestone-like morphology 

typical of normal corneal epithelial cells. However, in 

the Lys30 groups, a large percentage of surviving human 

corneal epithelial cells was observed, with noticeable cell 

death occurring. This result was also confirmed by live/

dead assays (Figure S2).

Figure 7 shows the results of a proliferation assay of human 

corneal epithelial cell cultures after a 3-day exposure to various 

AM samples. In the control groups, the mitochondrial dehy-

drogenase activity of cells in regular growth medium without 

contacting test materials was set to 100%. No significant dif-

ference in activity levels was observed between the control and 

Lys0 groups (P.0.05). In addition, upon exposure of HCE-2 

cells to the AM scaffolds modified by l-lysine pretreatment 

and carbodiimide cross-linking, no significant reduction of 

MTS activity was detected in the Lys1 (98.7%±0.8%), Lys3 

(98.4%±1.4%), and Lys10 (96.9%±1.7%) groups (P.0.05). 

In contrast, the measured activity level in the Lys30 groups 

was 91.3%±1.0%, which was significantly lower than that of 

the other groups (P,0.05).

The findings of the current study suggest that in the pres-

ence of chemically cross-linked AM materials pretreated 

with varying concentrations of l-lysine (0–10 mM), cul-

tured HCE-2 cells exhibit corneal epithelial morphological 

characteristics with a normal proliferative capacity. These 

mild to moderate l-lysine pretreatment conditions do not 

affect in vitro biocompatibility of EDC/NHS cross-linked 

AM matrices. Nevertheless, the HCE-2 cells exposed to the 

biological tissue membranes are less metabolically active 

when the l-lysine-pretreated concentration is increased to 

a sufficiently high level (ie, 30 mM). We have previously 
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explored the relationship between the charge density of 

biomaterials and the proliferative capacity of various ocular 

cells, such as iris pigment epithelial cells,26 retinal pigment 

epithelial cells,38 corneal stromal cells,19 and corneal endothe-

lial cells.43 For the test samples carrying either a positive or 

negative charge, the inhibition cell proliferation and decrease 

in cell viability are correlated with the relatively high charge 

density. As demonstrated by the aforementioned ninhydrin 

assays and zeta potential measurements, the presence of a 

large amount of positively charged amino acid residues in 

the AM pretreated with 30 mM l-lysine causes reduction in 

cell survival over a period of 3 days, which indicates that 

these biological tissue membranes may not be well tolerated 

in human corneal epithelial cultures.

stemness gene and protein 
expression analyses
In the field of corneal epithelial regenerative medicine 

research, the AM has been used as a niche that allows self-

renewal of limbal stem cells.44 To clarify the factors involv-

ing in the progenitor cell-preserving mechanism, our group 

has performed proteomic analysis and identified 13 proteins 

overexpressed by LECs cultured on AM substrates.45 After 

exposure to sublethal ultraviolet B irradiation or hydro-

gen peroxide, an increased apoptosis index and increased 

cleaved poly(ADP-ribose) polymerase formation are noted 

in heat shock protein 70-1-silenced, but not normal LECs, 

indicating the role of heat shock protein 70-1 in promoting 

LEC survival. Here, the effects of lysine-assisted EDC/NHS 

Figure 6 Phase-contrast micrographs of human corneal epithelial cell cultures.
Notes: The pattern of cell growth in (A) controls (without materials) after a 3-day exposure to various amniotic membrane samples. (B) lys0, (C) lys1, (D) lys3, (E) lys10, 
and (F) lys30. Dead cells (arrows) are presented in (F). scale bars: 50 μm.
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cross-linking on the ability of AM to maintain the undifferen-

tiated precursor cell phenotype were investigated. Both p63 

and ABCG2 have been used as stem cell markers in limbal 

epithelium.13,14 Figure 8 presents the results for detection 

of stemness gene expression in rabbit LECs after 5 days 

of cultivation on various AM samples. Using quantitative 

real-time reverse transcription polymerase chain reaction, 

the measured transcript levels for p63 and the ABCG2 

marker in the control groups (ie, cultures on tissue culture 

polystyrene in the absence of AM materials) were defined 

as 100%. In the Lys0 groups, p63 gene expression was 

507.1%±18.4%, which was significantly lower than those 

of the Lys3 (608.6%±13.7%), Lys10 (787.5%±21.2%), and 

Lys30 (934.3%±16.9%) groups (P,0.05). On the other 

hand, there was no significant difference in ABCG2 gene 

expression between the Lys0 (672.4%±20.5%) and Lys1 

(710.6%±26.8%) groups (P.0.05). With increasing l-lysine-

pretreated concentration from 1 to 30 mM, levels of this 

marker increased significantly (P,0.05). The findings of 

the current study suggest that AM scaffolds pretreated with 

a higher concentration of l-lysine may enhance the stemness 

of LECs during cultivation on carbodiimide cross-linked 

tissue collagen matrices.

Western blotting was also carried out to examine the 

correlation between stemness gene expression and protein 

expression. Figure 9A shows the results for detection of 

ABCG2 protein expression in rabbit LECs after 5 days of 

cultivation on various AM samples. Western blot analysis 

with an antibody for ABCG2 demonstrated a 70 kDa band 

in these cell lysates. The protein expression patterns were 

similar in both the Lys0 and Lys1 groups. In contrast, 

the protein bands in the Lys3, Lys10, and Lys30 groups 

were more intense when compared with those of the other 

groups, indicating alteration of the stemness protein level 

in LECs grown on the EDC/NHS cross-linked AM scaf-

folds pretreated with a higher concentration of l-lysine. 
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Figure 7 Cell proliferation assay of human corneal epithelial cell cultures after a 
3-day exposure to various amniotic membrane samples. results are expressed as 
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cells grown on various amniotic membrane samples for 5 days, measured by real-
time reverse transcription polymerase chain reaction. Normalization was done 
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Abbreviation: aBcg2, aTP binding cassette, subfamily g, member 2.
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Figure 9 (A) Western blot analysis of ABCG2 expression in rabbit limbal epithelial 
cells grown on various amniotic membrane samples for 5 days. lane 1, lys0; lane 2, 
lys1; lane 3, lys3; lane 4, lys10; lane 5, lys30. (B) Intensity of aBcg2 relative to 
total protein measured by densitometry using ImageJ software. Values are shown as 
the mean ± standard deviation (n=4).
Notes: *P,0.05 versus all groups; ^P,0.05 versus all groups except lys1; +P,0.05 
versus all groups except lys0.
Abbreviation: aBcg2, aTP binding cassette, subfamily g, member 2.
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Further quantitative analysis of protein signal intensity 

was performed by densitometry using ImageJ software 

(Figure 9B). The y axis reflects arbitrary density units. 

In the range of 1–30 mM, the ABCG2 expression level 

increased significantly with increasing l-lysine-pretreated 

concentration (P,0.05). Our data demonstrate that the 

protein expression of ABCG2 on lysine-assisted carbodi-

imide cross-linked AM substrates follows the same trend 

as stemness gene expression.

The increased stemness gene and protein expression seen 

in this study indicates that AM substrates with more cross-

linking can have a strong ability to maintain the undifferenti-

ated precursor cell phenotype. Successful preservation of LEC 

progenitors depends directly on the stem cell niche. Levis 

et al have developed a simple one-step method to rapidly and 

reproducibly create bioengineered corneal limbal crypts in 

collagen hydrogel constructs, which are suitable for the growth 

of human LECs expressing a putative stem cell marker (ie, 

p63).46 In our study, the AM materials modified by l-lysine 

pretreatment and carbodiimide cross-linking are used to serve 

as stable stem cell niches for cultivation of LECs. For the first 

time, the regulation of stemness gene and protein expression 

in rabbit LECs was found to be dependent on the cross-linked 

structure of nanofibrous collagen matrices constructed by the 

incorporation of additional amino groups into AM scaffolds. 

With increasing l-lysine-pretreated concentration, the increase 

in the amount of amino acid bridges in these biological mate-

rials may promote cross-link formation and create a suitable 

microenvironment for preservation of progenitor LECs.

Conclusion
Stability and biocompatibility are both important factors that 

need to be taken into consideration when studying biomate-

rial cross-linking and its applications. Using l-lysine as an 

additional amino acid bridge, we investigated the stabiliza-

tion of an EDC/NHS cross-linked AM collagen matrix for 

potential use as a limbal stem cell niche. Our results show 

that the amount of positively charged amino acid residues 

incorporated into the tissue collagen nanofibers is highly 

correlated with the l-lysine-pretreated concentration, thereby 

determining the cross-linked structure and hydrophilicity 

of scaffolding materials. The variations in thermal and 

biological stability are in accordance with the number of 

cross-links per unit mass of AM. It is noteworthy that the 

samples prepared using a relatively high l-lysine-pretreated 

concentration (ie, 30 mM) appear to have decreased light 

transmittance and cell viability, probably due to the effects 

of a large nanofiber size and high charge density. In the range 

of 1–30 mM, the stemness gene and protein expression in 

LECs is upregulated with an increasing amount of amino 

acid bridges in the chemically cross-linked AM scaffolds. 

In summary, mild to moderate l-lysine pretreatment is a 

useful strategy to assist in the development of EDC/NHS 

cross-linked AM as a stable limbal stem cell niche.
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Supplementary materials
Materials and methods
Transmission electron microscopy
For transmission electron microscopy (TEM) studies, the AM 

samples were fixed in osmium tetroxide and dehydrated in 

a graded series of ethanol solutions. After infiltration with 

Spurr’s resin, the tissue specimens were cut into blocks 

with a width of 1 mm, placed in flat embedding molds, and 

polymerized at 70°C overnight. Ultrathin sections were cut 

using a diamond knife on a Reichert Ultracut S microtome 

(Leica Microsystems, Wetzlar, Germany), stained with 

2% uranyl acetate, and visualized using a JEM-1230 TEM 

(Jeol, Tokyo, Japan). For each tissue sample, five randomly 

chosen fields were counted at 30,000× magnification and 

Figure S2 Cell viability of human corneal epithelial cell cultures was determined 
by staining with a live/dead viability/cytotoxicity kit in which the live cells fluoresce 
green and the dead cells fluoresce red. Fluorescence image of cells after a 3-day 
exposure to aM sample lys30. scale bars: 50 μm.
Abbreviation: aM, amniotic membrane.
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Figure S1 Fiber diameter of various aM samples. Values are mean ± standard 
deviation (n=3).
Notes: *P,0.05 vs all groups; ^P,0.05 vs all groups except 1 mM; +P,0.05 vs all 
groups except 0 mM.
Abbreviation: aM, amniotic membrane.

the diameter of 200 collagen fibrils was measured with the 

microscope. Results were the average of three independent 

experiments.

Live/dead assays
Cytotoxicity was determined using a membrane integrity 

assay, the live/dead viability/cytotoxicity kit (Molecular 

Probes, Eugene, OR, USA) which contains calcein acetoxym-

ethyl and ethidium homodimer-1. At 3 days of incubation with 

AM samples from Lys30 groups, the cultures were stained 

with a working solution consisting of 2 μL of ethidium 

homodimer-1, 1 mL of PBS, and 0.5 μL of calcein acetoxym-

ethyl, and viewed under fluorescence microscopy (Axiovert 

200M; Carl Zeiss, Oberkochen, Germany).
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