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ABSTRACT

In trying to assess the structural integrity of electrospun type II collagen scaffolds, a modified but new
technique for cross-linking collagen has been developed. Carbodiimides have been previously used to
cross-link collagen in gels and in lyophilized native tissue specimens but had not been used for electrospun
mats until recently. This cross-linking agent, and in particular 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride (EDC), is of extreme interest, especially for tissue-engineered scaffolds composed
specifically of native polymers (e.g., collagen), because it is a zero-length cross-linking agent that has not
been shown to cause any cytotoxic reactions. The unique aspect of the cross-linking protocol in this study
involves the use of ethanol as the solvent for the cross-linking agent, because the pure collagen electrospun
mats immediately disintegrate when placed in an aqueous solution. This study examines 2 concentrations of
EDC with and without the addition of N-hydroxysuccinimide to the reaction (which has been shown to
result in higher cross-linking yields in aqueous solutions) to test the hypothesis that the use of EDC in a
nonaqueous solution will cross-link electrospun type II collagen fibrous matrices in a comparable manner
to typical glutaraldehyde fixation protocols. The use of EDC is compared with the cross-linking effects of
glutaraldehyde via mechanical testing (uniaxial tensile testing) and biochemical testing (analysis of the
percentage of free amino groups). The stress-strain curves of the cross-linked samples demonstrated
uniaxial tensile behavior more characteristic of native tissue than do the dry, untreated samples. The
heated, 50% glutaraldehyde cross-linking protocol resulted in a mean peak stress of 0.76MPa, a mean
strain at break of 127.30%, and a mean tangential modulus of 0.89MPa; mean values for the samples
treated with the EDC protocols ranged from 0.35 to 0.60MPa for peak stress, from 111.83 to 159.23% for
strain at break, and from 0.57 to 0.92MPa for tangential modulus. Low and high concentrations (20mM
and 200mM, respectively) of EDC alone were comparable in extent of cross-linking (29% and 29%,
respectively) to the heated 50% glutaraldehyde cross-linking protocol (30% cross-linked).

INTRODUCTION

COLLAGENOUS SCAFFOLDS (of various types of collagen)

are of particular interest in tissue engineering, because

these scaffolds mimic the biochemical and ultrastructural

properties of the native extracellular matrix (ECM) of tis-

sues, which is known to influence cell behavior.1,2 Type II

collagen is the predominant collagenous component of ar-

ticular cartilage, and it is of interest for use in scaffolds for

tissue engineering articular cartilage, a field in which the use
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of collagen matrices has already been investigated.3–5 As

with the other collagenous scaffolds, which have been fabri-

cated in numerous ways, particularly as gels and sponges,6–9

freeze-dried solutions of collagen10,11 and more recently as

electrospun fibrous mats,12–19 the type II collagen scaffolds

lack substantial strength upon hydration. Thus, the structures

must be treated or fixed in some capacity to render sufficient

antigenicity and mechanical integrity to the scaffolds.20

Cross-linking can be used to tailor degradation rate and

biomechanical characteristics (typically to match those char-

acteristics of the tissue designated for regeneration), but it

may compromise biocompatibility. The requirement for tis-

sue engineering scaffolds to not cause any prolonged im-

mune responses has led to research and development of

fixation techniques that may prove more biocompatible than

popular chemical cross-linking agents, including glutaral-

dehyde, formaldehyde, and epoxy compounds, which have

been shown to be cytotoxic because of the reactive moieties

that are covalently coupled between neighboring collagen

fibrils.20–23 Glutaraldehyde, in particular, offers the advan-

tages of being less expensive, reacting relatively quickly,

cross-linking over varying distances, and reacting with a

larger number of amino groups present in a protein mole-

cule.21 It is the most commonly used and accepted agent for

the cross-linking of biological tissues, but it has also been

implicated in the development of calcification.21,24,25

Our laboratory has previously shown that the electro-

spinning process facilitates the assembly of collagen mole-

cules into fibrils that demonstrate the 67-nm characteristic

D-period repeat pattern.12 Unfortunately, the native intra-

molecular and intermolecular cross-links do not form to a

significant degree, if at all, between the electrospun fibers.

Herein lie several critical problems involved in the cross-

linking of electrospun collagen. Upon hydration in any aque-

ous solution, the electrospun collagenous mats immediately

shrink and disintegrate such that the scaffold breaks itself

apart but does not dissolve. Thus, cross-linking is a necessity

in order to maintain the structural integrity of the scaffold.

However, typical protocols for cross-linking electrospun

collagen have used glutaraldehyde, but even then, the scaf-

folds tend to gel (unless more-severe cross-linking protocols

are followed) and lose their nanofibrous morphology, which

is one of the most important features of the scaffold to begin

with. To avoid this, our laboratory has previously electro-

spun blends of collagen with synthetic polymers,26 which

has proven successful in initial cell studies, but it is desirable

to be able to work with collagen-only electrospun scaffolds

for such applications as cartilage tissue engineering. Thus, a

complementary, exogenous cross-linking agent is required if

pure collagen electrospun scaffolds are to be used as tissue-

engineering scaffolds.

Choice of cross-linking agent requires knowledge of the

reactive group(s) present, typically an amino acid side chain,

and appropriate ambient conditions (e.g., pH, temperature,

solvent,) that do not negatively affect the protein.20 In choos-

ing a cross-linking agent for collagen, heterobifunctional

agents, which contain 2 different reactive groups that are able

to directly link 2 different amino acid side chains,27 are of

interest in maximizing the extent of cross-linking. The great

interest in heterobifunctional carbodiimides, in particular 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride

(EDC), is that these are zero-length cross-linking agents (i.e.,

the agent itself is not incorporated into the macromolecule).

The protonated carbodiimide reacts with the carboxylic func-

tional groups of aspartic and glutamic amino acids and forms

the intermediate O-isoacylurea, which then undergoes nucle-

ophilic attack by the amine functional groups of lysine and

hydroxylysine amino acids on adjacent collagen fibrils. The

cross-link, an iso-peptidebond(thatmimics thenatural peptide

bonds in proteins), is formed, thereby bridging neighboring

polypeptide chains, and a urea derivative is released that can

be removed via rinsing.23,28 By modifying the ratio of EDC to

collagen, the extent of cross-linking can be controlled.20 The

addition of N-hydroxysuccinimide (NHS) to the reaction with

EDC has been shown to result in more efficient cross-linking

by minimizing any rearrangement of the reaction intermedi-

ate.20,29 EDC has been used to cross-link reconstituted col-

lagen fibrils (i.e., collagen molecules removed from tissues

via acid or enzyme extraction that spontaneously form fi-

brils),30–32 insoluble collagen, and collagen fibers from intact

tissues.20,28,33–35 EDC is suited for use with type II collagen

from bovine cartilage because each of the 3 a1(II) chains that
constitute the triple helical structure consists of 15 lysine,

23 hydroxylysine, 43 aspartic acid, and 87 glutamic acid res-

idues per thousand residues per chain.36

The present article describes a method of cross-linking

electrospun type II collagen (highly purified) scaffolds us-

ing carbodiimide in an ethanol solution to effectively cross-

link the collagen by creating iso-peptide interfibrillar bonds

while inhibiting or minimizing the shrinkage of the collag-

enous mats. The hypothesis being tested is that the use of

EDC in a nonaqueous solution will cross-link electrospun

type II collagen fibrous matrices in a manner comparable

with that of typical glutaraldehyde fixation protocols. The

electrospinning fabrication technique (described in detail

elsewhere12,37,38) enables the creation of nonwovenmatrices

composed of fibers on the nano-scale level that more closely

mimic native ECM. Thus, it is desirable to maintain this fiber

morphology while preventing shrinkage and gelation. Eth-

anol has been used previously with collagenous materials

without report of deleterious effects such as denaturation.

Pieper et al. have investigated the cross-linking of lyophi-

lized collagen matrices (extracted from bovine Achilles

tendon) in the presence of 40% v/v ethanol to preserve the

porosity of the collagen matrix; these matrices resulted in

tensile strengths comparable with that of matrices cross-

linked in aqueous EDC alone.30,31 Buttafoco et al. used EDC

and NHS in a 2-morpho-linoethane sulfonic acid buffer in

70% v/v ethanol/water for cross-linking electrospun type I

collagen (electrospun from hydrochloric acid with poly

(ethylene oxide) and sodium chloride added). Ethanol has

been used with glutaraldehyde in the treatment of aortic
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cusps to minimize the effects of calcification.39 Among the

variety of techniques used to determine the effect of the

cross-linkingstrategies,20,40,41morphologicalcharacteristics,

uniaxial tensile testing, and biochemical analysis were all

investigated in this study to compare the effect of the EDC

cross-linking method with that of glutaraldehyde cross-

linking.

MATERIALS AND METHODS

Collagen preparation

Collagen type II was extracted from articular cartilage

removed from all joints of fetal calf legs.42 Unless other-

wise stated, all procedures were performed at 48C. Guani-
dine (2.5M final concentration) and Tris (0.025M final

concentration), pH 7.4, were added to a slurry of homoge-

nized cartilage and stirred overnight. After 4 rinses with cold

deionized water, the cartilaginous tissue was suspended in

0.5M acetic acid, pH 2.8. Pepsin (2�, Sigma-Aldrich, St.

Louis, MO) was added to the mixture at 1 g/L of solution and

incubated overnight. The viscous supernatant containing sol-

ubilized collagen was adjusted to pH 7.4, and sodium chlo-

ride was added to a final concentration of 5M while stirring

slowly. The solution was incubated overnight at room tem-

perature, after which the collagen precipitate was dissolved

in 0.05M Tris/0.2M sodium chloride, pH 7.4. This solution

was dialyzed (Spectrum Spectra/Por 4 RC Dialysis Mem-

brane Tubing 12000–14000 MWCO, Fisher Scientific, Inc.,

Pittsburgh, PA) against a buffer solution containing 0.05M

Tris/0.2M sodium chloride buffer, pH 7.4, and allowed to

equilibrate overnight; this was repeated 2 additional times.

Anion exchange microgranular diethylaminoethyl cellulose

separation media, DE-52 (Whatman, Fisher Scientific, Inc.),

was added to the collagen solution (at 100 g/L of solution)

and incubated overnight. Sodium chloride (0.8M final con-

centration) and acetic acid (0.1M final concentration) were

added to the supernatant and stirred overnight. The precip-

itated collagen was dissolved in 0.1M acetic acid, and the

resulting solution was dialyzed against a solution contain-

ing 0.01M acetic acid overnight with stirring; this was re-

peated 6 additional times. Finally, the purified collagen

solution was frozen and lyophilized until dry product was

obtained.

Collagen purity and apparent molecular weight

Isolated (lyophilized) and electrospun collagen type II

were dissolved in 50mM of acetic acid solution at a con-

centration of 4mg/mL. These solutions were analyzed using

sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) under denaturing conditions for purity and

apparent molecular weight determination. Briefly, 40 mg of

purified or electrospun collagen was prepared by adding 1�
SDS sample buffer and boiled for 3min. The samples were

resolved using an 8% to 16% gradient SDS-PAGE (Criterion

precast gel, Bio-Rad, Hercules, CA) and visualized using

GelCode blue stain reagent (Pierce, Rockford, IL).

Electrospinning

The lyophilized collagen was dissolved in 1,1,1,3,3,3

hexafluoro-2-propanol (TCI America, Portland, OR) at a

concentration of 60mg/mLat room temperature. The collagen

solution was electrospun to create randomly oriented, non-

woven, fibrous mats. Figure 1 illustrates the electrospinning

process. The apparatus used included a syringe pump (KD

Scientific,Holliston,MA), a highvoltagepower supply (Spell-

man CZE1000R, Spellman High Voltage Electronics Corp.,

Hauppauge, NY), a syringe (Becton Dickinson, plastic, Fran-

klin Lakes, NJ) as the reservoir for the polymer solution to

which was attached an 18-gauge blunt-end needle, and a 303

stainless steelmandrel (2.0 cm�7.6 cm�0.5 cm) as the collec-

0.5 cm) as the collection target. All electrospinning parame-

ters were kept constant, including applied voltage (22 kV),

distance between the needle and groundedmandrel (12.7 cm),

solution dispensing rate (2mL/h), translational speed (2 cm/s

over a 7.3-cm distance), and rotational speed (500 rpm for

random fiber orientation). Three mL of solution was electro-

spun for each mat.

Dry scaffold (untreated) characterization

Fiber morphology of the dry electrospun mat was viewed

using scanning electron microscopy using a JEOL JSM-820

JE electron microscope ( Japanese Electron Optical Ltd.,

Tokyo, Japan). A micrograph was taken and digitized using

a Scanjet 5550c flatbed scanner (Hewlett-Packard Company,

Palo Alto, CA) and then examined using UTHSCSA Im-

ageTool 3.0 imaging software (NIH shareware, University

of Texas Health Science Center at San Antonio) to measure

fiber diameter. Means and standard deviations were deter-

mined from 60 fiber diameter measurements; calibration for

FIG. 1. Schematic of the electrospinning process to illustrate the

basic phenomena and process components. Color images available

online at www.liebertpub.com/ten.
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each micrograph was made with the scale bar on the micro-

graph.

Mechanical properties of the mat were measured in the dry

state to show handling properties. Uniaxial tensile testing of

the mat on a MTS Bionix 200 mechanical testing system

(MTS Systems Corp., Eden Prairie, MN), incorporating a

50N load cell with an extension rate of 10.0mm/min to fail-

ure,wasperformedon3 ‘‘dogbone’’ shapedsamples (2.67mm

wide at their narrowest width and a gage length of 7.49mm)

punched from the dry, untreated mat. The mechanical prop-

erties recorded include tangential modulus, peak stress, and

strain at failure, which were calculated using the software

TestWorks 4.0 (MTS Systems Corp., Eden Prairie, MN).

Cross-linking of collagen scaffolds

There were 6 cross-linking protocols compared in this

study. Based on the apparent molecular weight of 150 kDa

(which is consistent with the standard supplied by the Uni-

versity of Tennessee, Rheumatic Diseases Research Core

Center, Collagen Core Center), as assessed using SDS-

PAGE and shown in Figure 2, the molarity of the electrospun

collagen solution was determined to be 0.4mM. All of the

carbodiimide cross-linking solutions were prepared by dis-

solving the solid cross-linking agent in pure ethanol (Fisher

Scientific, Inc.) to the desired concentration. The first set

of cross-linking reactions involved the treatment of EDC

(Sigma-Aldrich Chemical Co.) alone at 50- or 500-fold

molar excess (20mM and 200mM EDC, respectively). Two

additional reactions were conducted that involved a com-

bination of EDC and N-hydroxysuccinimide (NHS, Sigma-

Aldrich Chemical Co.) cross-linking agents. The mats were

treated with a constant 1:1 molar ratio of EDC to NHS, and

similar to treatment with EDC alone, these reactions were

performed with 50- or 500-fold molar excess cross-linking

compound. The remaining 2 cross-linking protocols (see

below) involved the use of glutaraldehyde solution (Fisher

Scientific, Inc.), a cross-linking agent commonly used in our

laboratory.13,14

For samples used in mechanical testing, 10mL each of 20-

mM EDC, 200-mM EDC, 20-mM EDC/20-mM NHS, and

200-mM EDC/NHS were prepared fresh. Electrospun mats

of approximately 40mg (with dimensions 4 cm length�2 cm

width�0.02 cm thickness) were submerged in the EDC-only

and EDC/NHS solutions and incubated with shaking for 18 h

and 4 h, respectively. After cross-linking, the samples were

placed in 0.1M of sodium phosphate for 2 h to hydrolyze any

unreacted O-isoacylurea intermediates. Finally, all samples

were rinsed and soaked in sterile phosphate buffered saline

(PBS) for 2 h until mechanical testing was performed.

For the glutaraldehyde cross-linked samples to be used

in mechanical testing, the 2 protocols used vapor fixation.

Electrospun mats, approximately 40mg in mass, were ar-

ranged in chambers in which glutaraldehyde solutions were

placed such that the solutions would not contact the mats.

For one mat, 300 mL of 50% w/w glutaraldehyde was heated

to 1008C, and the mat was exposed to the vapors for 30min.

The other mat was exposed to vapors of 3mL of 3% w/w

glutaraldehyde at room temperature for 18 h. Both samples

were rinsed and soaked in sterile PBS for approximately 2 h

until mechanical testing was performed.

Cross-linked, hydrated scaffold characterization

Environmental scanning electron microscopy (ESEM) was

used to take images of the cross-linked mats in the hydrated

state. Samples from all 6 cross-linking methods were imaged,

as was a sample soaked in ethanol for 18 h (and then placed

in water) and a dry sample with no treatment. The microscope

used was a Philips XL30 ESEM TMP (FEI Company, Hills-

boro, OR) purchased under National Science Foundation

Award DBI-0098534 at the Scanning Electron Microscopy

Laboartory, Department of Biology, Duke University. For

improved image quality, the hydrated samples were blotted

slightly to remove excess water such that the sample could

be fixed to the sample holder. The grayscale of the digital

images taken with the ESEM was inverted to allow for im-

proved viewing of the topography of the mat surface.

Mechanical properties of the cross-linked mats were

measured in the hydrated state (soaked in PBS for approxi-

mately 2 h at room temperature) to show behavior under

approximate physiological conditions. Uniaxial tensile test-

ing of these mats was performed as described above.

Degree of cross-linking of collagen scaffolds

To investigate the degree of cross-linking within the

collagen mats, 2,4,6-trinitrobenzenesulfonic acid solu-

tion (TNBS-10% w/v in water, Research Organics, Inc.,

Cleveland, OH) was used to measure the percentage of free

amino groups in a scaffold sample.43,44 Three circular discs

FIG. 2. Sodium dodecyl sulfate polyacrylamide gel electropho-

resis analysis of the purified collagen from 2 different extractions

(Ext 1 and Ext 2) and of electrospun collagen (Espun) was con-

ducted to determine the apparent molecular weight and purity.

The 150-kDa bands of Ext 1, Ext 2, and Espun are consistent with

the molecular weight of the collagen type II standard (C II) and

appear to be homogeneous. Color images available online at www

.liebertpub.com/ten.
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of 8.6mm, each with a mass of approximately 1.3mg, were

punched from an electrospun mat from each cross-linking

treatment and from the untreated scaffold; a total of 21 discs

were prepared. The cross-linking treatments were performed

as described above with the following exception; only 1mL

of EDC-containing solution was used for each disc. Each

disc was then placed in a solution of 1.0mL 4% (w/v) so-

dium bicarbonate and 1.0mL freshly prepared 0.5% (v/v)

TNBS in deionized water for 2 h at 408C, after which 3.0mL

of 6-MHCl was added, and the temperature was increased to

608C. After 1.5 h, the collagen samples solubilized, and the

solution was diluted with 5.0mL of deionized water. Three

aliquots of 300 mL of each solution were placed in reservoirs

of a 96-well plate, and absorbance (Abs) measurements at

345 nm were recorded using a SPECTRAmax PLUS384

microplate spectrophotometer (Molecular Devices Corp.,

Sunnyvale, CA); thus, 3 measurements for each disc were

recorded, so there were a total of 9 measurements for each

cross-linking treatment. The degree of cross-linking was ex-

pressed as percentage loss in free amino groups after cross-

linking and was calculated as follows:

%Cross-linked ¼ 1 � Absc

massc

�
Absnc

massnc

where c is the cross-linked sample and nc is the non-cross-

linked sample.

Statistics

Unless otherwise stated, all statistical analysis was based

on a Kruskal–Wallis one-way analysis of variance on ranks

and a Tukey-Kramer pair-wise multiple comparison pro-

cedure (a¼ 0.05) performed with the JMPIN 4.0.3 statisti-

cal software package (SAS Institute, Inc., Cary, NC).

RESULTS

Type II collagen was extracted from fetal calf legs and

purified for use in this study. Figure 2 gives the results of the

SDS-PAGE; the apparent molecular weight, determined to

be 150 kDa, and the purity of the collagen samples are con-

sistent with the type II collagen standard supplied by the

University of Tennessee, Rheumatic Diseases Research Core

Center, Collagen Core Center. The stained band for the elec-

trospun sample is a result of a more-dilute solution loaded

into the gel.

Figure 3 depicts the dry electrospun mat of type II colla-

gen used in this study. The mean fiber diameter was deter-

mined to be 180� 69 nm. The handling characteristics of the

electrospun mat, immediately removed from the mandrel,

were such that the mat could be gently manipulated by hand

without permanent deformation to the structure.

An electrospun type II collagen mat, when placed in an

aqueous solution (after fabrication and before any fixation

treatments), immediately hydrates, shrinks, and disintegrates

or pulls itself apart into fragments, although the mats do not

appear to dissolve. This fragmentation presented a problem

when attempting to cross-link the collagen mat, because EDC

is typically used in an aqueous buffer at pH 5.5. In an attempt

to prevent the shrinking and disintegration, several options

involving alcohol solutions were investigated. Un-cross-

linkedmats first soaked in 70% isopropanol still shrank in size

but did not disintegrate; when placed in a subsequent aqueous

solution (not containing alcohol), themat gelled and remained

flat. In addition, a minimally glutaraldehyde vapor-fixed mat

gelledwhen rinsed in an aqueous solution. An un-cross-linked

mat can be placed in ethanol without any visible shrinkage

of the mat, but when it was placed in a subsequent aque-

ous solution, the mat again gelled. Thus, EDC was dissolved

in ethanol for the cross-linking protocols requiring EDC.

There appeared to be some shrinkage of the mats cross-linked

in EDC and EDC/NHS (particularly at the higher concen-

trations), as well as in 3% glutaraldehyde, but not to the extent

of the 70% isopropanol.

Micrographs were taken of all cross-linked samples using

an ESEM to visualize the morphology of the hydrated mat

(fibrous versus gel). These micrographs are shown in Fig-

ure 4. For comparison, an electrospun type II collagen mat

was soaked in ethanol for 18 h and then placed in water; this

immediately gelled and appears as a smooth surface in the

micrograph in Figure 4. The 20-mM EDC/NHS cross-linked

sample showed a smoother, bunched appearance—not fi-

brous at all. All of the other cross-linked samples displayed

a fibrous texture, although the sample cross-linked with 3%

glutaraldehyde at room temperature for 18 h displayed a

mixture of fibrous and gel characteristics.

Uniaxial tensile testing performed on the dry and cross-

linked samples of electrospun mats indicated that a

FIG. 3. Scanning electron micrograph of the dry type II colla-

gen mat electrospun from 1,1,1,3,3,3 hexafluoro-2-propanol at a

concentration of 60mg/mL; mean fiber diameter is 180� 69 nm

(scale bar is 1 mm).
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statistically significant difference existed between the dry

(no treatment) samples and all of the cross-linked samples

for peak stress, strain at break, and tangential modulus. The

mat soaked in ethanol for 18 h did not have sufficient me-

chanical strength to undergo tensile testing. Representative

plots of the stress-strain relationships of the dry samples and

2 cross-linked samples (1 in 20-mM EDC and 1 in heated

50% glutaraldehyde) are shown in Figure 5. The hydrated,

cross-linked samples demonstrated uniaxial tensile behavior

more characteristic of native tissue than did the dry samples.

FIG. 4. Scanning electron microscopy micrographs: samples cross-linked with (A) 20-mM 1-ethyl-3-(3-dimethylaminopropyl)carbodi-

imide hydrochloride (EDC) (B) 200-mM EDC (C) 20-mM EDC/N-hydroxysuccinimide (NHS) (D) 200-mM EDC/NHS (E) 3% glutaral-

dehyde (room temperature), (F) 50% glutaraldehyde (heated), (G) 100% ethanol-soaked, and (H) no treatment (dry); scale bar is 10mm.
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Figures 6 and 7 show the results of peak stress and strain at

break, respectively, for the dry (no treatment) and cross-

linked mats. Table 1 lists the values of the mechanical prop-

erties (means and standard deviations) for each cross-linking

treatment. The statistical analysis of the mechanical data is

presented in Table 2; there are several relationships that

should be noted. The samples cross-linked in heated 50%

glutaraldehyde (for 30min) demonstrated the greatest mean

peak stress—this value was not significantly different from

the mean peak stress values of the EDC-only cross-linked

samples but was significantly different from those values of

the samples from the other 3 cross-linking techniques. The

samples cross-linked in 3% glutaraldehyde at room temper-

ature (for 18 h) showed the lowest mean peak stress, which

was significantly different from all other values for mean

peak stress of the samples from other cross-linking tech-

niques except the 200-mM EDC/NHS treatment. For strain

at break, the 20-mM EDC groups had the greatest mean

strain, which was significantly greater than all other values

for mean strain at break of the samples from other cross-

linking groups except the 20-mM EDC/NHS treatment. The

samples cross-linked in 3% glutaraldehyde at room tem-

perature (for 18 h) also showed the lowest mean strain at

break, which was significantly different from all other values

for samples from all of the other cross-linking techniques.

There were no significant differences between any of the

values of tangential modulus for any of the cross-linked

samples; thus, this plot is not shown, but the values are given

in Table 1.

Also given in Table 1 are the results of the percentage

cross-linking as determined according to the TNBS assay

used to measure the percentage of free amino groups in the

electrospun mat samples. Table 2 shows the statistical anal-

ysis for this assay (in the fourth subcolumn of each treatment

heading). Of noteworthiness is the lack of significant dif-

ference between the heated 50% glutaraldehyde treatment
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and either of the EDC-only treatments, as well as the 200-

mM EDC/NHS treatment. Additionally, the room tempera-

ture 3% glutaraldehyde treatment was significantly different

from the other cross-linking techniques except those with

NHS. The 200-mM EDC/NHS treated samples were not

significantly different from any of the other cross-linking

treatments. Finally, the 20-mM EDC and the 200-mM EDC

treatments were not significantly different from each other,

and the 20-mM EDC/NHS and 3% glutaraldehyde treat-

ments were not significantly different from the control (no

treatment).

DISCUSSION

Electrospun collagen fibers consist of reconstituted col-

lagen fibrils (i.e., acid soluble collagen extracted from fetal

calf cartilage) that are formed using the electrospinning

fabrication process and possibly via the spontaneous orga-

nization of collagen molecules.45 These electrospun colla-

gen fibers are identical in ultrastructure to native collagen;

however, the fibers are fragile, possibly due to a lack of

native cross-links, resulting in weakly bonded fragments of

collagen molecules. Thus, the electrospun structures need

further treatment to stabilize the material. Further cross-

linking, beyond what little weak bonding may have spon-

taneously occurred, is necessary to work with an electrospun

collagen scaffold in a hydrated state for tissue-engineering

applications. The heterobifunctional reagent EDC, used with

and without NHS, was used to introduce synthetic cross-

links that form a bridge between 2 amino acids without

imparting any other chemistry to the collagen molecule.

Within the triple helical structure of collagen, there are a

large number of opportunities for lysine interactions with

aspartic acid and with glutamic acid residues; thus, cross-

links created using EDC can be formed within an a chain,

between a chains, between collagen molecules, or between

collagen fibrils.35 The unique aspect of the cross-linking

protocol in this study involves the use of ethanol as the

solvent for the cross-linking agent, because the pure colla-
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FIG. 7. Strain at break measurements for dry (no treatment) and cross-linked, hydrated, electrospun type II collagen mats.

TABLE 1. MECHANICAL PROPERTIES (GIVEN AS MEAN� STANDARD DEVIATION) AND EXTENT OF CROSS-LINKING OF

THE UNTREATED AND CROSS-LINKED MATS

Cross-linking Technique

Peak Stress

(MPa)

Strain at Break

(%)

Tangential Modulus

(MPa) % Cross-linked

Dry (No Treatment) 2.39� 0.03 9.53� 1.00 51.45� 1.65 0.0

20mM EDC 0.60� 0.06 159.23� 9.35 0.73� 0.08 29� 5.2

200mM EDC 0.57� 0.02 128.27� 12.46 0.92� 0.07 29� 11

20mM EDC/NHS 0.54� 0.14 131.80� 13.44 0.75� 0.14 11� 8.4

200mM EDC/NHS 0.35� 0.07 111.83� 11.75 0.57� 0.07 21� 14

3% Glut. (Room Temp.) 0.30� 0.08 78.27� 10.24 0.51� 0.09 11� 9.2

50% Glut. (Heated) 0.76� 0.01 127.30� 8.15 0.89� 0.06 30� 9.6
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gen electrospun mats immediately disintegrate when placed

in an aqueous solution.

This is the first study that investigates the cross-linking

of type II collagen-only electrospun mats using EDC as the

cross-linking agent (i.e., the electrospun mats consisted

only of type II collagen before and after the cross-linking

procedures). Buttafoco et al. tested EDC and NHS in the

cross-linking of electrospun type I collagen (electrospun

from hydrochloric acid with poly(ethylene oxide) (PEO)

and sodium chloride added). EDC and NHS in a 2-morpho-

linoethane sulfonic acid buffer in 70% v/v ethanol/water

were used for cross-linking, and it was shown that the

amount of free amino groups after cross-linking was re-

duced to approximately 30% of the original value and that

the denaturation temperature increased.15 The cross-linking

process resulted in the leaching of PEO from the fibers, and

there were no longer any sodium chloride crystals, thereby

leaving a collagen-only scaffold; Buttafoco et al. make the

comment that the morphology of the fibers after cross-

linking was not modified. However, scaffold morphology

must have been modified because PEO had been added (at a

weight ratio of collagen to PEO of 1:1) for the electro-

spinning to occur. No data or results were published, and no

visual confirmation of the fibrous morphology of the cross-

linked mats was performed in the hydrated state.

To avoid the disintegration or fragmentation of the elec-

trospun structures, ethanol was used as the cross-linking sol-

vent and the proton donor for the EDC reaction instead of a

buffered solution. Ethanol molecules in concentrated solu-

tions associate via hydrogen bonding, the energy of which

is comparable with that of the hydrogen bonding of water.46

Furthermore, the ethanol molecule has little steric hindrance

and can interact with and hydrogen bond to chemical groups

in tissues, including carbonyl oxygen, amine, and amide

nitrogen (i.e., the O and N atoms in peptide bonds).46,47

Additionally, solvents of a lower dielectric constant (35 for

ethanol, compared with 81 for water) reduce the dipolar

forces, resulting in a change in the bonding; the salt bridges

(due to oppositely charged groups) of fibrous proteins in an

aqueous solution will be converted to hydrogen bonds when

immersed in alcohol solutions,46,47 which may be advanta-

geous in maintaining the electrospun collagen mat structure.

Further support for the better performance of the electrospun

collagen mats immersed in ethanol than that of water is that

ethanol molecules in concentrated solutions hydrogen bond

to one another and can form polymeric chains,46 which may

help stabilize the electrospun collagenous structure. Also,

the ethyl group of the solvent could interact through hydro-

phobic interactions with the collagen surface;48,49 the hy-

droxyl group is then available to interact with other ethanol

molecules or other residues in the protein to again stabilize

the electrospun collagenous mat structure. The critical issue

involved in this study was not to provide better reactivity

of groups but to provide the condition that maintained the

proper structure of the mat. Ethanol provided that condition

because it was not possible to use a buffered solution. EDC is

carboxyl-reactive at a range of pH values from 4.7 to 6.0 in

aqueous buffers; the intermediate then reacts with amine

groups.28,31–35,50 However, for ethanol, a water-miscible

nonaqueous solvent, the pH scale would be different (in fact,

the scale is 19.1 units long and ranges from�4.2 to 14.9 with

neutral pH at 9.55 using the water-based scale).51 Although

the pH scales are not equivalent, measurements were taken

of the ethanol solutions for comparison. Using a standard pH

meter (with 4M of potassium chloride saturated with silver

chloride as the electrolyte), the measured ‘‘pH’’ of the EDC/

ethanol solutions was about 6.4, and applying the error due

to the liquid junction potential in ethanol solutions,51 the

adjusted ‘‘pH’’ is approximately 7.6, which is considered

acidic in ethanol and is consistent with a buffered pH to

allow groups to react.

Glutaraldehyde reacts predominantly with primary ami-

nes in proteins.20 As previously described, EDC reacts with

the carboxyl groups of aspartic acid and glutamic acid and,

TABLE 2. STATISTICALLY SIGNIFICANT DIFFERENCES BETWEEN CROSS-LINK TREATMENT GROUPS DETERMINED FOR MECHANICAL

PROPERTIES AND EXTENT OF CROSS-LINKING

Dry

(No Treatment)

20mM

EDC

200mM

EDC

20mM

EDC/NHS

200mM

EDC/NHS

3% Glut.

(Room Temp.)

50% Glut.

(Heated)

Dry (No Treatment) PS SB TM %C PS SB TM %C PS SB TM PS SB TM %C PS SB TM PS SB TM %C

20mM EDC PS SB TM %C SB %C PS SB PS SB %C SB

200mM EDC PS SB TM %C SB %C PS PS SB %C

20mM EDC/NHS PS SB TM %C %C PS SB PS %C

200mM EDC/NHS PS SB TM %C PS SB PS SB PS

3%Glut. (Room Temp.) PS SB TM PS SB %C PS SB %C PS SB SB PS SB %C

50% Glut. (Heated) PS SB TM %C SB PS %C PS PS SB %C

The Table is Arranged as an Array of the Seven Cross-Linking Treatments; Each Treatment (Listed in the Top Row) has 4 Sub-Columns Under the

Heading: PS is Peak Stress, SB is Strain at Break, TM is Tangential Modulus, and %C is Percent Cross-Linked. A Significant Difference is Indicated by

an Entry in a Box.
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in turn, can interact with primary amines of lysine residues

to form iso-peptide bonds. Thus, the TNBS biochemical

assay is satisfactory in comparing the cross-linking tech-

niques because it measures free amino groups. The results

reveal that the samples cross-linked in EDC alone (at both

concentrations) are as effective as the stronger concentra-

tion of glutaraldehyde in cross-linking the available amino

groups. The 20-mM EDC/NHS cross-linked samples and

the 3% glutaraldehyde cross-linked samples showed the

least extent of cross-linking, with the 20-mM EDC/NHS

cross-linked samples showing no statistical difference from

the untreated samples.

Some shrinkage in overall dimensions of the electrospun

mats was observed with the cross-linking treatments using

the EDC and EDC/NHS systems. This shrinkage (12–33%

decrease in dimensions) was more apparent with the higher

concentrations of the cross-linking agents. This is probably

due to the absorption of moisture by the agents during mea-

surement of the solids before cross-linking and the subse-

quent reaction of the fibrous collagen to slight hydration.

Data from electronmicroscopy and the TNBS assay (extent

of cross-linking) are supportive of one another and of the

mechanical data for the cross-linked samples. Samples with

greater fibrous texture and greater values of extent of cross-

linking had greater values of peak stress, strain at break, and

tangential modulus. There was one exception—the 20-mM

EDC/NHS cross-linked samples. The lack of cross-linking, as

measured using the TNBS assay, supports the gel-like ap-

pearance of the mat cross-linked with 20-mM EDC/NHS. To

our surprise though, the mechanical data for these cross-

linked samples demonstrated high peak stress, strain at break,

and tangential modulus values. This event raises the question

of why we did not see the expected relationship between

lower cross-linking and lower mechanical strength. It has

been reported that the use of NHS improves the efficiency of

cross-linking collagen in conjunction with EDC and thus

improves the cross-link yields when used in aqueous solu-

tions.29,35,52 The use of ethanol as a solvent may have in-

hibited this efficiency. A shorter time period of incubation

(the EDC/NHS system was allowed to react for only 4 h) may

significantly reduce cross-linking extent at lower concentra-

tions of NHS. In aqueous solutions, a cross-linking depen-

dency on the ratio of EDC to NHS has been shown.28,35

Additionally, there must be a critical ratio of EDC to protein

thatmust be attained for cross-linking to proceed efficiently.28

Both ratios play critical roles in the cross-linking perfor-

mance, which ismost likely dependent on the combined effect

of these ratios. At the 20-mM EDC/NHS concentration, the

threshold may not have been reached for cross-linking to

proceed efficiently at an incubation time of 4 h. However, at

the 200-mM EDC/NHS concentration, although the EDC-to-

NHS ratio is the same, the EDC-to-protein ratio is greater,

thereby meeting or exceeding the threshold. Furthermore, at

the lower ratio, the NHS is not working to create a more stable

bond. This could indicate that a molecule of ethanol under-

goes esterification (possible but probably infrequent) or

transesterification with collagen, thereby acting as a nucleo-

phile, attacking the carboxyl groups of aspartate and gluta-

mate; the amino acid side chain is modified, and in turn, the

mechanical properties may be altered (Fig. 8). It is possible

FIG. 8. Reactions of a carboxyl group on a collagen molecule with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride to

result in esterification (possible but probably infrequent), transesterification, or a stable amide bond with another collagen molecule.

This figure was adapted from 50.
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that stable NHS esters are created that do not proceed to the

formation of amide bonds. After the reaction of EDC with

glutamic or aspartic acids, the binding of NHS may sterically

hinder the primary amines from reaching the necessary site

within the microenvironment, thereby resulting in a cova-

lently modified protein that will alter the mechanical prop-

erties. Several explanations have been proposed here, but

further investigation is required.

The 2 EDC-only protocols resulted in structures compar-

able in morphology, extent of cross-linking, and mechanical

properties with the higher-concentration, glutaraldehyde

cross-linked structure. In an aqueous environment, the O-

isoacylurea intermediate quickly undergoes hydrolysis; thus,

as mentioned, NHS is added to stabilize the intermediate

(prevent hydrolysis) and allow reaction with an amine group.

However, the use of ethanol as the solvent may reduce or

eliminate the hydrolysis of carbodiimide-activated deriva-

tives, thereby improving the cross-link yields.

After cross-linking and hydration, all electrospun mats

displayed behavior under uniaxial tension more like that of

native tissue, namely articular cartilage. In native tissue, at

small extensions, there is a nonlinear toe region in which

collagen fibers are realigning, and at larger extensions, the

aligned collagen fibers are stretched collectively, thereby

contributing to the stiffness observed in the curve.53 The

same phenomenon occurs in the electrospun, nonwoven

mats, in which the randomly oriented collagen fibers first

align themselves at small extensions and are collectively

strained at larger extensions. The stiffness of the structure as

a whole depends on fiber diameter and orientation, number

of fibers, and the strength of covalent cross-links and

noncovalent bonds (i.e., type and amount). In healthy hyaline

cartilage (the tissue as a whole including collagen fibers in

the hydrated state), the tensile modulus ranges from 5 to

25Mpa,53–55 peak stress has been determined to be between

1.3 and 4.4Mpa,55 and strain at break ranges between 9.2%

and 25.9%.55 All of the cross-linked, electrospun mats tested

in this study demonstrated values of peak stress and modu-

lus at least an order of magnitude less than those reported

for cartilage tissue, and the strain at break values of the

specimens tested were greater than that of cartilage tissue.

Although these differences reflect variances between a sim-

ulated ECM alone versus whole tissue, it bodes well for the

use of electrospun type II collagen mats in the tissue engi-

neering of cartilage that, during tissue regeneration in vitro,

the stiffness of the electrospun scaffold will not inhibit

chondrocyte mobility, and the electrospun fibers will be free

to be moved by the cells themselves.17 This will be inves-

tigated further in future work.

CONCLUSIONS

The major concerns in developing a protocol for the

cross-linking of electrospun type II collagen mats for use in

tissue-engineering applications (particularly cartilage tissue

engineering) are preventing any cytotoxic effects, imparting

desirable mechanical properties, and maintaining the nano-

fibrous structure (rather than creating a gel). The desire for a

pure collagen scaffold is to mimic the biochemical and ultra-

structural properties of the native ECM of tissues, which

is known to influence cell behavior. Additionally, a degrad-

able scaffold may allow the cells to replace it with their own

ECM, thereby allowing the mechanical strength of the re-

generating tissue to take over as the device degrades in the

body. In deciding what is most biomedically relevant for

the collagenous electrospun structures to be used as tissue-

engineering scaffolds, the use of EDC alone in an ethanol

solvent, at a concentration of 20mM, provided sufficiently

greater cross-linking and mechanical strength than those of

the typical glutaraldehyde protocols currently in practice that

further investigation into this protocol is warranted. Future

work will focus on degradation characteristics of and cellular

interactions with these cross-linked electrospun scaffolds.
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