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a b s t r a c t

Collagen-based tissue mimics are important in clinical research because collagen is the

main structural element in tendons. The current study aimed to improve the mechanical

strength of Electronically Aligned Collagen (ELAC) threads by optimizing several cross-

linking parameters. The results indicated that elevating the concentration of genipin to 2%

and the solvent to 90% ethanol significantly enhanced the wet ultimate tensile stress of

ELAC threads to 109 MPa with a crosslinking degree of 65%. Furthermore, significantly

higher adhesion and proliferation of hMSCs was observed in ELAC threads crosslinked with

2% genipin in 90% ethanol compared to 0.625% genipin in 1X PBS. In conclusion, ELAC

threads with mechanical strength on par with native tendon have significant potential to

be used as scaffolds in tendon tissue engineering applications.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Tendon is a load-bearing tissue which transmits the forces

generated by the muscles to bones. To efficiently reconstruct

damaged tendon, it is preferable to develop a biomaterial that

matches native tendon’s mechanical strength. Collagen-

based biomaterials are of singular importance due to their

superior biocompatibility, bioactivity and because they pre-

sent a natural environment to the cells. The weak mechanical

properties of randomly oriented collagen-based materials

severely limit their application. Several methods have been

developed to synthesize aligned collagen matrices which are

then subjected to various crosslinking schemes to improve the

mechanical properties of collagen-based materials. Aligned

collagen assemblies have been achieved using magnetic fields

(Torbet and Ronziere, 1984), microfluidic/extrusion forces (Lee

et al., 2006; Wang et al., 1994b), and electrospinning techniques

(Matthews et al., 2002; Zeugolis et al., 2008a; Zhong et al., 2006).

1751-6161/$ - see front matter & 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jmbbm.2012.06.012

Abbreviations: ELAC, Electronically aligned collagen; TNBS, 2,4,6, trinitrobenzenesulfonic acidh; MSC, Human mesenchymal stem

cell; PBS, Phosphate buffered saline.
nCorrespondence to: Department of Mechanical and Aerospace Engineering, Case Western Reserve University, 10900 Euclid Avenue,

Glennan 615, Cleveland, OH 44106-7222, United States of America. Tel.: þ1 216 368 4175; fax: þ1 216 368 6445.
E-mail addresses: juquilla@purdue.edu (J. Alfredo Uquillas), vxk138@case.edu (V. Kishore), ozan.akkus@case.edu (O. Akkus).

j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 1 5 ( 2 0 1 2 ) 1 7 6 – 1 8 9



Author's personal copy

The small diamagnetic susceptibility of type-I collagen mole-

cules requires tesla order magnets. Electrospun collagen is

demonstrated to be denatured (Zeugolis et al., 2008a). Micro-

fluidic alignment is one of the most successful ones; however,

alignment efficiency of threads is reduced with increasing

channel width. Recently, (Caves et al., 2010) demonstrated only

a partial alignment following syringe extrusion and that a

mechanical stretch is needed in addition to syringe extrusion

to obtain full alignment.

Previously, we developed a method to synthesize a mechani-

cally robust collagen-based biomaterial where collagen mole-

cules in solution are aligned and condensed under the effect of

electric current applied to the solution (Cheng et al., 2008;

Gurkan et al., 2010; Kishore et al., 2012; Kishore et al., 2011a;

Kishore et al., 2011b; Uquillas and Akkus, 2012; Uquillas et al.,

2011). This form of densely packed and oriented collagen is

termed as the electrochemically aligned collagen (ELAC) (Cheng

et al., 2008). Aligning collagen by electrochemical means pre-

sents advantages such as processing in aqueous environment

(Cheng et al., 2008), low cost of components and maintaining of

collagen in native states as demonstrated by the presence of D-

banding in electrochemically treated fibers treated in PBS

(Uquillas et al., 2011). Furthermore, the method allows for

fabrication of sheets and potentially other geometries by chan-

ging electrode geometry (Abu-Rub et al., 2011; Gendron et al.,

2012). Results from our earlier studies showed that ELAC’s

uniaxial tensile strength (�40 MPa) was far superior compared

to randomly oriented collagen-based fibers (Cheng et al., 2008)

(�1.65 MPa); however, it was more than two-fold lower com-

pared to the mechanical strength of native tendons (�100 MPa).

Since ELAC was more uniformly aligned (Cheng et al., 2008) and

as dense (Uquillas et al., 2011) as tendon, the lack of strength of

ELAC relative to tendon in previous studies may have resulted

from inadequate crosslinking. Therefore, improving the cross-

linking conditions may help enhance the mechanical properties

of ELAC threads to a level that is comparable to the native

tendon. A highly aligned dense collagen-based biomaterial with

tissue level mechanical properties bears significant potential to

repair/replace damaged tendons.

In the recent past, genipin, a crosslinking agent extracted

from the fruits of Gardenia jasminoides Ellis and Genipa amer-

icana, has gained considerable interest as an alternative

crosslinking agent for improving the mechanical properties

of bioengineered tissues. It has been shown to crosslink

cellular and acellular tissues, as well as biomaterials includ-

ing gelatin microspheres (Liang et al., 2003), gelatin films (Bigi

et al., 2002), alginate–chitosan composites (Chen et al., 2004),

and poly(ethylene)-glycol hydrogels (Moffat and Marra, 2004).

Additionally, results indicate that genipin is cell-compatible

(Sung et al., 1998). Genipin is usually dissolved in an aqueous

environment of phosphate buffered solutions (Huang et al.,

1998). However, experience in our laboratory has shown that

ELAC threads crosslinked with genipin in aqueous solutions

exhibit low mechanical properties. This is, in part, due to

limited solubility of genipin in PBS. (Nam et al., 2008) cross-

linked collagen gels via reactions between carbodiimide and

succinimide groups using a series of ethanol/water co-sol-

vents. They showed that the increased hydrophobicity in the

crosslinking reaction improved the rate of collagen micro-

fibril crosslinking, as well as showing that ethanol did not

denature the helical structure of collagen. The current study

aimed to enhance the mechanical properties of ELAC threads

by identifying a set of optimal conditions for ethanol/water

solvent concentration, genipin concentration and incubation

time. Enhancement of mechanical properties is fundamental

for successful scaffolds to withstand suturing related forces

as well as repetitive physiological loads in cases of massive

injury when a large volume of tendon tissue is damaged. The

biomaterial to be used as a replacement needs to match the

mechanical properties of native tendon to allow earlier

mobilization of the joint, facilitate expedited repair and

reduce the risk of re-tears.

2. Materials and methods

2.1. ELAC fabrication

ELAC threads were synthesized as we described previously

with slight modifications (Cheng et al., 2008; Gurkan et al.,

2010; Kishore et al., 2012; Kishore et al., 2011a; Kishore et al.,

2011b; Uquillas et al., 2011). The stock collagen solution

(bovine collagen, pepsin extracted, 499.9% pure, Nutragen,

Advanced Biomatrix, San Diego, CA) was diluted 2-fold in

ultrapure water (DNAse, RNAse free water—Invitrogen, Carls-

bad, CA). The diluted collagen was then mixed with 1 N NaOH

to raise the pH of the stock material from 3 to 9. The resulting

collagen solution was dialyzed for 18 h against ultrapure

water at 12–14 1C. After dialysis, the collagen solution was

subjected to isoelectric focusing in a 10 cm long electroche-

mical cell. Collagen alignment along the isoelectric point

occurred after supplying 20 VDC to the electrochemical cell

equipped with a 1 megaohm resistor. Immediately after

alignment, aligned collagen threads were incubated at 37 1C

in 50 mL of 1X PBS (Uquillas et al., 2011) (Sigma-Aldrich, St.

Louis, MO) for 6 h. After phosphate incubation, the aligned

collagen threads were immersed in 20 mL of pure isopropyl

alcohol (Zeugolis et al., 2008b) for 6 h. The threads were then

washed with copious amounts of ultrapure water for 20 min.

The isopropyl alcohol-free threads were laid over a non-

sticking surface and fixed at both ends with tape. The threads

were left to dry at room temperature for an hour and then

introduced in a desiccator overnight at room temperature.

The dried threads were then subjected to different cross-

linking treatments at 37 1C and used for cross-sectional area

assessment, mechanical testing, crosslinking degree estima-

tion, and in vitro cell studies. The resultant ELAC threads

were 7–8 cm long and 50–100 mm in diameter.

2.2. Crosslinking treatments

The genipin stock had 98.0% chemical purity (Wako Chemi-

cals, Japan). ELAC crosslinking conditions were varied

sequentially by modulating the ethanol concentration (0, 70,

80, 90, and 100 vol%), genipin concentration (0, 0.1, 0.625, 2.00,

and 6.00 wt. to vol%), and incubation time (6, 12, 24, and 72 h).

ELAC threads incubated in 0% ethanol imply that the solvent

was 1X PBS. In the groups where the ethanol solvent concen-

tration varied, the genipin concentration was fixed at 0.625%

(wt. to vol%) and the incubation time was fixed at 72 h.
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Additionally, in the groups where the genipin concentration

varied, the ethanol/water solvent was fixed at 80% ethanol and

the incubation time was fixed at 72 h. In the groups where the

incubation time varied, the ethanol/water solvent was fixed at

80% and the genipin concentration fixed at 0.625% (wt. to vol%).

Uncrosslinked ELAC threads were incubated in ultrapure water

under the same conditions (at 37 1C for 72 h) as the crosslinked

samples. Lastly, a final group of ELAC threads were produced

using the most optimal combination of ethanol/water solvent,

genipin concentration, and incubation time as identified by the

aforementioned studies.

2.3. Cross-sectional area of ELAC threads

The cross-sectional area of ELAC threads was reconstructed

digitally using a confocal laser scanning microscope (Olym-

pus Fluoview FV1000, Melville, NY). The cross-sectional areas

were calculated and reported for dehydrated (dry) and

hydrated (wet) ELAC threads. Each ELAC thread was scanned

digitally in its dry state while being stretched and fixed onto a

glass slide. Immediately after, the thread was hydrated with

ultrapure DNAse, RNAse-free water (Invitrogen, Carlsbad, CA)

for 30 min and its cross-sectional area measured in the same

way as the dehydrated thread (Uquillas et al., 2011). The

cross-sectional area was calculated as the average of nine

measurements along every 2 cm long ELAC thread to be

mechanically tested. Quantification of ELAC cross-sectional

areas was done using ImageJ (Rasband, W.S., ImageJ, US

National Institutes of Health, Bethesda, MD).

2.4. Monotonic mechanical testing

ELAC threads were tested under monotonic tension until failure

in strain-control (ARES, TA Instruments, New Castle, DE). All

ELAC threads were hydrated in ultrapure DNAse, RNAse-free

water (Invitrogen, Carlsbad, CA) for 30 min prior to testing. The

ends of the ELAC thread were carefully and quickly dried, and

fixed on aluminum fixtures controlled to maintain a nominal

gage length of 6–8 mm. Immediately before testing the samples

were pre-loaded to 2 g to provide them with baseline tautness.

ELAC threads were tested using a strain rate of 10 mm/min

(Cheng et al., 2008; Uquillas et al., 2011). Load was measured with

a 250 g load cell, and load values were normalized with the dry or

wet cross-sectional area to obtain dry or wet ultimate tensile

stress. Gage extension was normalized by initial gage-length at

pre-load to obtain the strain. Dry ultimate tensile stress (DUTS),

wet ultimate tensile stress (WUTS), ultimate failure strain (UFS),

dry Young’s modulus (DYM), and wet Young’s modulus (WYM)

were calculated from stress–strain curves. To calculate DUTS and

WUTS, load-displacement data was normalized by the dry and

wet cross-sectional area, respectively, to obtain dry stress–strain

and wet stress–strain curves. DYM and WYM were calculated at

the steepest region of the dry/wet stress–strain curves.

2.5. Swelling ratio

Swelling ratio was calculated as the percent increase in cross-

sectional area between dry and wet ELAC threads.

2.6. Characterization of the degree of crosslinking in ELAC
threads

2,4,6-trinitrobenzenesulfonic (TNBS) acid solution was used

to measure the percentage of free amino groups remaining in

the samples after crosslinking treatments(Barnes et al., 2007;

Nagai et al., 2004; Sheu et al., 2001). From each group, 1–2 mg

of ELAC thread sample was dried in a desiccator overnight.

Following this, samples were immersed in 1.0 mL of 4% (w/v)

sodium bicarbonate solution (Sigma-Aldrich, St. Louis, MO)

and 1.0 mL of freshly prepared 0.5% (v/v) TNBS solution

(Sigma-Aldrich, St. Louis, MO). The solvent of the TNBS

solution was ultrapure water. The ELAC samples were incu-

bated for 2 h at 40 1C, after which 3.0 mL of 6 N hydrochloric

acid were added and the temperature was increased to 60 1C.

The ELAC threads solubilized completely after 2 h and the

final solution was diluted 2-fold with ultrapure water. Five

300 mL aliquots of each group were placed in a 96-well plate,

and the absorbance was measured at 345 nm (SpectraMax

190 microplate spectrophotometer, Molecular Devices Corp.,

Sunnyvale, CA). The degree of crosslinking was expressed as

the percentage of amino groups crosslinked during genipin

treatment using the following formula (Barnes et al., 2007)

%Crosslinked¼ 1�
AbsC=MassC

AbsNC=MassNC

� �
ð1Þ

Here the subindex C corresponds to the crosslinked ELAC

sample, and the subindex NC corresponds to that of uncros-

slinked ELAC sample.

2.7. Adhesion, proliferation, and morphology of human
mesenchymal stem cells on ELAC threads

ELAC threads fabricated using different crosslinking treat-

ments (uncrosslinked ELAC threads, threads crosslinked in

0.625% genipin in 1X PBS for 72 h, threads crosslinked in

0.625% genipin in 90% ethanol for 72 h, and threads cross-

linked in 2% genipin in 90% ethanol for 72 h) were cut into

1 cm long threads, sterilized overnight in 70% ethanol,

washed with 1X PBS and placed into ultralow attachment

24 well plate (Corning, Lowell, MA). Each well consisted of five

1 cm long ELAC threads treated with a specific crosslinking

procedure. To evaluate the effect of crosslinking on cell

adhesion and proliferation, passage-5 human mesenchymal

stem cells (hMSCs) (Lonza, Allendale, NJ) were seeded onto

ELAC threads at a density of 10,000 cells/cm2 based on the

area of the well. The culture medium was composed of alpha-

MEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal

bovine serum (MSC-Qualified, Invitrogen, Carlsbad, CA) and

1% penicillin/streptomycin. 4 h after seeding, the unattached

cells were removed by replacing the culture medium. The

cells attached onto the ELAC threads were cultured for 12

days. At periodic intervals, cell proliferation was quantified

using alamar blue assay (Invitrogen, Carlsbad, CA) by follow-

ing the manufacturer’s instructions. Briefly, 0.5 mL of alamar

blue mix (culture mediumþ10% alamar blue) was added to

each well and incubated for 2.5 h at 37 1C. Then, 100 mL of

alamar blue mix from each well was transferred to a 96 well

plate in triplicate and the absorbance was recorded at 570

and 600 nm. Cell number was quantified by calculating the
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percentage reduction in alamar blue and comparing the

values to a standard curve generated using known cell

numbers. Cell adhesion was determined as the ratio of the

number of cells calculated using alamar blue assay four

hours after seeding to the initial seeding density.

To visually examine the hMSC morphology, the cells were

fixed with 3% formaldehyde (with 0.1% TritonX-100) for

10 min and washed with 1X PBS. The actin filaments were

stained with AlexaFluor Phalloidin (Invitrogen, Carlsbad, CA)

at 37 1C for 20 min at day 1. The stain was thoroughly washed

with 1X PBS and high quality images were taken using a

confocal microscope (Olympus FV1000, Melville, NY).

2.8. Statistical analysis

The results of the quantification of cross-sectional areas,

swelling ratio, mechanical properties, percentage of cross-

linked amino groups, and cell proliferation and adhesion

were analyzed with a parametric one-way ANOVA for

repeated measures with Tukey post-hoc comparisons. The

three major variables analyzed mechanically had the follow-

ing sample size: (A) Ethanol variable, 0.625% genipin and 72 h

of incubation: 0% ethanol N¼12, 70% ethanol N¼15, 80%

ethanol N¼15, 90% ethanol N¼15, and 100% ethanol N¼15.

(B) Genipin variable, 80% ethanol and 72 h of incubation: 0%

genipin N¼13, 0.1% genipin N¼14, 0.625% genipin N¼15,

2.0% genipin N¼15, and 6.0% genipin N¼15. (C) Incubation

variable, 80% ethanol, and 0.625% genipin: 6 h N¼13, 12 h

N¼13, 24 h N¼13, and 72 h N¼15. An ANOVA power analysis

indicated that this sample size at observed variation was

sufficient to attain 80% power. Difference between paired

groups (i.e. dry and wet ultimate tensile stress of ELAC

threads at a particular level) was assessed using a 2-sample

t-test. For all tests, the level of significance was set at po0.05

and tests were performed using Minitab-16 (College

Station, PA).

3. Results

3.1. Effect of ethanol concentration on the cross-sectional
area and swelling ratio of ELAC threads

Regardless of the ethanol concentration, the cross-sectional

area of wet threads was significantly higher than that of dry

threads (Fig. 1A). The swelling ratio of ELAC threads treated

by genipin in 70%, 80%, 90%, and 100% ethanol were statis-

tically similar (Fig. 1A). Only the ELAC threads treated by 1X

PBS exhibited a statistically higher swelling ratio of E300%

when compared to the other ethanol concentration levels.

3.2. Effect of genipin concentration on cross-sectional area
and swelling ratio of ELAC threads

At all genipin concentrations, the cross-sectional area of

hydrated threads was significantly higher than the cross-

sectional area of dehydrated threads (Fig. 1B). The swelling

ratio of ELAC threads produced using 0.1%, 0.625%, 2%,

and 6% genipin were not statistically different among each

other. Only the ELAC threads produced using 0% genipin

(i.e. samples crosslinked only by the effect of the solvent,

which was 80% ethanol) exhibited a statistically higher

swelling ratio of �72% when compared to the other levels.

Fig. 1 – (A) Cross-sectional area and swelling ratio of ELAC

threads produced at different ethanol concentrations. The

bars indicate significant differences between dry and wet

cross-sectional area. (�) Swelling ratio at 0% ethanol

concentration is the greatest among all groups. (B) Cross-

sectional area and swelling ratio of ELAC threads produced

at different genipin concentrations. The bars indicate

significant differences between dry and wet cross-sectional

area. (�) Swelling ratio at 0% genipin concentration is the

greatest among all groups. (C) Cross-sectional area and

swelling ratio of ELAC threads produced at different genipin

incubation times. The bars indicate significant differences

between dry and wet cross-sectional area. (�) Swelling ratio

at 72 h incubation time is the greatest among all groups.
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3.3. Effect of genipin incubation time on cross-sectional
area and swelling ratio of ELAC threads

The dry and wet cross-sectional area of ELAC threads incu-

bated for 24 and 72 h were statistically different (Fig. 1C). The

swelling ratio of ELAC threads incubated for 6, 12, and 24 h

were not statistically different among each other. Only the

ELAC threads incubated for 72 h exhibited a statistically

higher swelling ratio of �39% when compared to the other

levels.

3.4. Effect of ethanol concentration on the mechanical
properties of ELAC threads

A comparison between the DUTS and WUTS of ELAC threads

crosslinked with 0.625% genipin at different ethanol concen-

trations for 72 h indicated that at all ethanol levels, the

differences were significant (Fig. 2A). The maximum WUTS

was achieved when 90% ethanol was used (40 MPa). Also, at

0%, 80%, and 90% ethanol, the dry modulus was significantly

greater than the wet modulus (Fig. 2A). The maximum WYM

(600 MPa) was achieved when 80% ethanol was used. The UFS

reached a maximum (�10%) when ELAC threads were pro-

duced with 90% ethanol (Fig. 2B). The UFS increased signifi-

cantly as the ethanol concentration increased (Fig. 2B).

3.5. Effect of genipin concentration on the mechanical
properties of ELAC threads

The DUTS and WUTS of ELAC threads crosslinked with

different genipin concentrations in 80% ethanol for 72 h

indicated that at all genipin levels, but 0.1% genipin, the

differences were significantly different (Fig. 2C). The max-

imum WUTS was achieved when 2% and 6% genipin were

used (60 MPa). Also, a comparison between the DYM and

WYM of ELAC threads produced at different genipin concen-

trations indicated that in none of the genipin levels the

differences were significant (Fig. 2C). The maximum WYM

(�800 MPa) was achieved when 6% genipin was used. How-

ever, the differences between the WYMs of 0.625%, 2%, and

6% genipin were not significantly different among them. The

UFS reached a maximum when ELAC threads were produced

in 0% genipin (Fig. 2D). The UFS decreased significantly as the

genipin concentration increased from 0% to 0.1% (Fig. 2D) and

the UFS did not change from 0.1% to 6% genipin (Fig. 2D).

3.6. Effect of incubation time on the mechanical properties
of ELAC threads

The DUTS and WUTS of ELAC threads crosslinked in 0.625%

genipin in 80% ethanol for different incubation times indi-

cated that at all incubation times, the differences were

significant (Fig. 2E). A comparison between the DYM and

WYM of ELAC threads produced at different incubation time

indicated that in none of the incubation time levels the

differences were significant (Fig. 2E). The maximum WYM

(�620 MPa) was achieved when ELAC threads were incubated

for 72 h. However, the differences between the WYMs when

the ELAC threads were incubated for more than 12 h were not

significantly different. The UFS reached a maximum when

ELAC threads were incubated for 6 h (Fig. 2F). However, for all

incubation time groups the difference was not significantly

different (Fig. 2F).

3.7. Mechanical properties of ELAC threads produced
using optimal crosslinking conditions

Optimal crosslinking conditions were obtained by putting

together the best combination from the results presented

above to obtain the strongest and stiffest ELAC threads. The

optimal combination was: 90% ethanol as genipin solvent,

0.625% or 2% as the genipin concentration, and 72 h as the

incubation time. Six percent genipin was not chosen due to

the considerable amount required of this reagent to crosslink

ELAC threads. Fig. 3A showed that ELAC threads produced

using 90% ethanol, 0.625% genipin, and 72 h of incubation

time significantly increased the WUTS to �80 MPa. Further-

more, increasing the genipin concentration to 2% signifi-

cantly increased the WUTS to 109 MPa. Additionally, using

in combination ethanol concentrations at 90% and genipin

concentrations above 0.625%, significantly increased the

WYM to 600–900 MPa. Similarly, using genipin concentrations

above 0.625% for 72 h in ethanol solvent at 90%, significantly

increased the UFS when compared to ELAC threads cross-

linked in 1X PBS at 0.625% genipin concentration and 72 h of

incubation time (Fig. 3B). In general, the use of 1X PBS as

genipin solvent significantly decreased the WUTS and WYM

when compared to WUTS and WYM values of ELAC threads

produced in ethanol/water co-solvent solutions. Fig. 4

showed a representative stress–strain curve of the two

strongest groups in this study.

3.8. Effect of different treatments on the crosslinking
degree of ELAC threads

The TNBS assay results validated the optimization results

presented above. By definition, Eq. (1) dictated that uncros-

slinked ELAC threads exhibited 0% of their available amino

groups crosslinked. The use of ethanol at 90% significantly

increased the percentage of amino groups crosslinked almost

2.5-fold when compared to the amount of crosslinked amino

groups in ELAC threads crosslinked in 1X PBS (Fig. 5). Between

60–64% of the available amino groups were crosslinked when

ethanol at 90% was used as genipin solvent. Increasing the

genipin concentration from 0.625% to 2% significantly

increased the crosslinked amino groups. However, the

increase was only marginal (4%) although the genipin con-

centration was increased from 0.625% to 2%. Fig. 6 shows the

two-step crosslinking reaction of genipin and type-I collagen.

Fig. 7 represents a correlation between mechanical testing

results and crosslinking degree.

3.9. Effect of different crosslinking treatments of ELAC
threads on cell proliferation, adhesion, and morphology

Cell proliferation results (Fig. 8A) are represented in terms of

fold increase with respect to the number of hMSCs attached

at day 0. The results indicated that higher rates of prolifera-

tion were observed on uncrosslinked ELAC threads compared

to the crosslinked ones. The cell number on uncrosslinked
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ELAC threads reached a plateau after day 9 indicating that the

cells became confluent. When comparing the crosslinked

groups, cell proliferation on ELAC threads crosslinked with

0.625% genipin in 90% ethanol and 2% genipin in 90% ethanol

was comparable at all-time points (Fig. 8A). Cell proliferation

on ELAC threads crosslinked with 0.625% genipin in 1X PBS

was the lowest amongst the four groups tested. Together,

these results indicate that suboptimal crosslinking in phos-

phate buffered solutions adversely affects cell proliferation.

Cell adhesion results showed that on all groups tested

�30% of the hMSCs attached onto the threads four hours

after seeding (Fig. 8B). Although the number of cells attached

on ELAC threads crosslinked using 0.625% genipin in 90%

ethanol was statistically lower than the number on threads

crosslinked in 2% genipin in 90% ethanol, the difference was

marginal from a practical point of view. These results suggest

that ELAC threads produced using any of the treatments were

amenable to cell attachment.

Fig. 2 – (A) Stress and Young’s modulus of ELAC threads produced at different ethanol concentrations. The horizontal bars

indicate important significant differences between wet stress values at different ethanol concentrations. (B) Strain of ELAC

threads produced at different ethanol concentrations. The horizontal bars indicate significant differences between failure

strain values at different ethanol concentrations. (C) Stress and Young’s modulus of ELAC threads produced at different

genipin concentrations. The horizontal bars indicate important significant differences between wet stress values at different

genipin concentrations. (D) Strain of ELAC threads produced at different genipin concentrations. The horizontal bars indicate

significant differences between failure strain values at different genipin concentrations. (E) Stress and Young’s modulus of

ELAC threads produced at different incubation times. (F) Strain of ELAC threads produced at different incubation times.
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Finally, the fluorescence microscopy image revealed the

representative morphology of hMSCs adhered to ELAC

threads crosslinked in 90% ethanol and 2% genipin for 72 h

at days 1 and 14 during cell culture (Fig. 9). The objective was

to visualize the morphology of hMSCs in very stiff matrices.

Qualitatively, hMSCs populating the surface of ELAC threads

proliferate throughout the entire thread, covering its total

surface after 14 days of culture.

4. Discussion

Electrochemically aligned collagen threads consist of col-

lagen microfibrils (Uquillas et al., 2011) which are packed as

densely as native tendons (Cheng et al., 2008; Uquillas et al.,

2011). While the mechanical properties of ELAC were

substantially improved from those of randomly oriented

collagen, the crosslinking parameters needed to be enhanced

to generate threads with mechanical properties similar to

those of tendons.

In vivo, tissues are crosslinked enzymatically (Casey and

MacDonald, 1997; Nurminskaya et al., 2002; Piacentini et al.,

2000; Quaglino et al., 1993). However, use of these enzymes in

cultured tissue mimics is expensive. Chemical agents like

glutaraledehyde (GA) have been widely used to stabilize

collagenous matrices (Sung et al., 1999b); yet, toxicity is a

real concern (Bhrany et al., 2008; Chang et al., 2002; Sung

et al., 1999a). Irradiation with ultraviolet (UV) light has been

used to crosslink collagen (Cornwell et al., 2007; Dong et al.,

2005; Menter et al., 2001), but it has limited use to crosslink

cellular tissues and tissue equivalents because of the poten-

tial of UV-mediated DNA degradation. Also, UV light may not

Fig. 3 – (A) Wet ultimate stress of ELAC threads produced under different treatments. The horizontal bars indicate important

significant differences between wet stress values at different treatments. ELAC threads produced using optimal conditions

(90% ethanol, 2% genipin concentration, and 72 h of incubation time) were the strongest threads. (B) Wet ultimate strain of

ELAC threads produced under different treatments. The horizontal bars indicate important significant differences between

failure strains at different treatments.
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crosslink thicker tissues (4500 mm) uniformly. UV crosslink-

ing also caused degradation of collagen fibers which influ-

enced attachment, migration, and proliferation of cells

populating the fibers (Weadock et al., 1995). Dehydrothermal

(DHT) crosslinking used to crosslink extruded collagen fibers

increased their wet ultimate tensile strength upto 50 MPa

(Weadock et al., 1995). Nonetheless, DHT crosslinking treat-

ments decreased the denaturation temperature of DHT-cross-

linked fibers significantly (Weadock et al., 1996), which limits

their usage in load-bearing implants (Weadock et al., 1996).

Therefore, there is a need for crosslinking strategies which

will provide cell attachment/proliferation while improving

the mechanics of the scaffold.

Genipin was introduced more than 10 years ago to fix

tissues and biomaterials composed mainly by type-I collagen

(Sung et al., 2000, 2001, 2003). Genipin has been shown to be

less cytotoxic than glutaraldehyde (Tsai et al., 2000) and is

known to covalently crosslink proteins containing residues

with primary amine groups. The mechanism of the cross-

linking reaction between biopolymers containing primary

amine groups (such as type-I collagen) and genipin is believed

to occur via two reactions (Butler et al., 2003) (Fig. 6). The

fastest reaction is the nucleophilic attack of the genipin C3

carbon atom to a primary amine group to form an inter-

mediate aldehyde group (Fig. 6, scheme 1). This step leads to

the formation of a heterocyclic compound linking genipin to

the basic residues of collagen. The slowest second reaction is

the nucleophilic substitution of the ester group in genipin to

form methanol and a secondary amide link to type-I collagen

(Fig. 6, scheme 2).

The distinctive aspect of the crosslinking protocol pre-

sented in this study is the use of ethanol as genipin solvent.

This is the first study that systematically studied the effect of

ethanol, genipin concentration, and genipin incubation time

on the mechanical and cellular compatibility properties of

densely packed type-I collagen biomaterials such as ELAC

threads. Ethanol molecules in concentrated solutions associ-

ate via hydrogen bonding among each other. Additionally, the

size of the ethanol molecule presents little steric hindrance

to the hydrogen bond between ethanol itself and chemical

groups (carbonyl oxygen, amine, and amide nitrogen) in

tissues and biomaterials (Gustavson, 1956; Puchtler et al.,

1968). Ethanol, being a solvent with low dielectric constant

(35 compared to 80 for water) reduces the dipolar moment,

and introduces a charge in the bonding. Thus, in an aqueous

environment, the existing salt bridges that form due to

oppositely charged groups in fibrous proteins will become

hydrogen bonds when immersed in alcohol solutions

(Gustavson, 1956; Puchtler et al., 1968). Additional number

of hydrogen bonds in the type-I collagen matrix may con-

tribute to its increased stability and strength. For example,

the WUTS, WYM, and percent of crosslinked primary amines

of ELAC threads produced using 90% ethanol, 0.625% genipin,

and 72 h of incubation time are 70 MPa, 600 MPa, and 60%

respectively (Figs. 3A, 4 and 5). When compared to ELAC

threads produced in 1X PBS under the same genipin

Fig. 5 – TNBS assay results of ELAC threads produced under different treatments. Asterisks indicate that each point is

significantly different from all others.

Fig. 4 – Representative stress–strain curves of the two

strongest treatment groups.
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concentration and incubation time, the PBS-treated threads

exhibited significantly lower WUTS, WYM, and percent

of crosslinked primary amines (5 MPa, 20 MPa, and 25%

respectively). It is possible that the crosslinking mechanism

provided (Fig. 6) between genipin and the primary amines

in collagen might be assisted both by the increased number

of hydrogen bonding between type-I collagen molecules,

and the increased hydrophobicity of the crosslinking

solution.

Mechanical testing and TNBS data were supportive with

one another in the range of 0–60% crosslinking. Samples with

greater strength (wet ultimate stress and stiffness) exhibited

higher crosslinking degree. ELAC threads made with 2%

genipin and 90% ethanol were the strongest and stiffest

samples with �65% of the available primary amino groups

crosslinked. ELAC threads made with 0.625% genipin and 90%

ethanol were substantially stronger, stiffer, and exhibited

60% of their primary amine groups crosslinked. Those

Fig. 7 – (A) Correlation between the percent of crosslinked amine groups and wet stress of ELAC threads produced under

different treatments. (B) Correlation between the percent of crosslinked amine groups and Young’s modulus of ELAC threads

produced under different treatments.

Fig. 6 – Crosslinking reactions involving genipin (adopted with permission from (Butler et al., 2003)).
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threads crosslinked in 0.625% genipin in 1X phosphate

buffered saline exhibited only 26% of the primary amines

crosslinked (Figs. 3A and 5). It has been reported that gelatin

films crosslinked with genipin exhibit high extent of cross-

linking but limited ultimate failure stresses when crosslinked

in a solution of 2% genipin dissolved in phosphate buffer (Bigi

et al., 2002). The low strength of the gelatin films, despite the

high genipin concentration in the crosslinking solution, may

be due to the inherent low packing density of molecules in

the films which in turn reduced the intermolecular and

intramolecular salt bridges among collagen molecules, and

the low stability of gelatin matrices in aqueous solutions.

Additionally, in gelatin films, crosslinking was saturated

when the films were crosslinked in genipin solutions with

concentrations of 0.67% and higher (Bigi et al., 2002). The

maximum percent of crosslinked amino groups reached in

this case (Bigi et al., 2002) was 8673%. This value is higher

than the maximum value of crosslinked amino groups

reported here: �65%. Less densely packed gelatin films,

together with unwound alpha chains, would have more

exposed primary amine groups for crosslinking. In densely

packed ELAC threads, less primary amine groups are likely to

be available for crosslinking and could explain the difference

between the percentage of crosslinked amines between

gelatin films and ELAC threads.

It can be postulated that high concentration of ethanol in

the crosslinking solution over a 3 day period are one of the

important players responsible for high mechanical strength

and stiffness of ELAC threads. Scatter plots between the

percentage of consumed amine groups during crosslinking

and wet tensile stress (Fig. 7A), and wet Young’s modulus

(Fig. 7B) of ELAC threads indicate saturation of crosslinkeable

amines (Bigi et al., 2002) in ethanol-treated groups after 60%

crosslinking. Importantly, although the treatment groups had

comparable crosslinking in the saturated state (i.e. 60% or

greater), the strength varied substantially (40–110 MPa, Fig. 7).

This means that the type and the location of crosslinks

determine the strength, less so the amount of crosslinks.

Fig. 8 – (A) Cell proliferation results of ELAC threads produced under different treatments. The horizontal bars indicate

important significant differences between cell proliferations at different treatments in a particular day. (B) Cell adhesion

results of ELAC threads produced under different treatments at day 0. The horizontal bars indicate important significant

differences between cell adhesions at different treatments in day zero.
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Therefore, it appears that different solvent conditions utilized

in this study leads to different forms of crosslinks which

remains to be investigated. It is important to clarify that the

TNBS method has a limitation. The method cannot differenti-

ate between the consumed amines involved in the effective

crosslink of amines, and those amines covalently bonded to a

genipin molecule that do not link two amines together.

Tendon, depending on anatomical location and species, has

a failure stress of 60–120 MPa (Lewis and Shaw, 1997) and

modulus of 500–1000 MPa (Awad et al., 2003; Dressler et al.,

2002; Tohyama and Yasuda, 2000; Wren et al., 2001). We

optimized the genipin crosslinking conditions by modulating

the type of solvent, genipin concentration and crosslinking

duration, to reach a failure stress range of 80–110 MPa

(Fig. 3A) and modulus range of 600–900 MPa (Fig. 3A) (Butler

et al., 2004). Crosslinked ELAC threads fail in the range of

10%–15% strain which is also in accordance with tendons

(Fig. 3B) (Butler et al., 2004). Therefore, the variety of the

treatment methods developed in this study can be applied to

obtain a wide range of strength and stiffness values matching

those of tendons.

Physical parameters are increasingly being recognized as

important design factors of matrices in tissue engineering

applications (Engler et al., 2006; Lee et al., 2011; Lutolf et al.,

2009). Matrix stiffness has been reported to influence cell fate

(Engler et al., 2006; Pek et al., 2010; Reilly and Engler, 2010;

Sharma and Snedeker, 2010). Engler et al. have shown that

MSCs preferentially differentiate to neurons, myoblasts or

osteoblasts based on the elasticity of the substrate. Sharma

and Snedeker have demonstrated that matrix stiffness con-

trols the differentiation of MSCs. Differentiated (Wang et al.,

2010a) or un-differentiated (Schneider et al., 2006; Yeung

et al., 2005) cells adhering to a matrix or substrate can sense

the mechanical stimuli and regulate physiological processes

such as adhesion, and proliferation (Wang et al., 2010b).

(Wang et al., 2010a) found that the hMSCs on stiffer hydrogels

(8–12 kPa) had more stable focal adhesion, and higher pro-

liferation rates when compared to those cells adhered to

softer and more compliant substrates (0.6–2.5 kPa). Similar

results have been reported on the spreading and proliferation

rates of MSCs on type-I collagen and polyacrylamide (PA)

substrates (Park et al., 2011). Embryonic stem cells (ESCs)

adhered to polydimethysiloxane (PDMS) surfaces covalently

decorated with type-I collagen have shown high proliferation

on relatively stiffer matrices (Evans et al., 2009) (2.3–2.7 MPa).

Even soft 3D Matrigel substrates having a small quantity

(0.07% of the total gel volume) of stiff microstructures can

regulate and increase hMSCs proliferation after 10 days in

culture (Collins et al., 2010). Human MSCs were shown to

cluster preferentially around the stiff microstructures. In

general, cell spreading and proliferation seems to increase

as a function of matrix stiffness (Lutolf et al., 2009). The

results of the current study showed that ELAC threads with

varying degree of stiffness ranging from 200 MPa to 900 MPa

can be synthesized by employing different genipin cross-

linking treatments. Human MSCs were observed to prolifer-

ate better on uncrosslinked ELAC threads compared to the

stiffer crosslinked ones. We have recently shown that the

topography of genipin crosslinked ELAC threads stimulate

the tenogenic differentiation of human MSCs (Kishore et al.,

2012). However, the effect of matrix stiffness of ELAC threads

on MSC differentiation has not been studied. Although the

results of alamar blue assay in the current study suggests

that cell proliferation is slower on crosslinked ELAC threads,

further studies are needed to assess the effect of varying

degree of matrix stiffness on cell differentiation.

The current study has demonstrated that optimal cross-

linking using genipin yields ELAC threads with mechanical

strength on par with native tendon. Our results also indicate

that despite extensive crosslinks, the material provides the

topography for cell attachment and proliferation. Whether or

not other crosslinking agents (UV, DHT, EDC/NHS, glutaralde-

hyde, etc.) can attain the mechanical properties provided by

genipin while allowing for cell attachment and proliferation

remains to be determined.

Collagen alignment, density and strength of ELAC are

important features that make this scaffold an ideal candidate

for tendon tissue engineering applications. Besides targeting

tendon healing and replacement, collagen matrices can be

synthesized in various shapes and forms using isoelectric

focusing to aim the repair of other tissues. (Abu-Rub et al.,

2011) demonstrated the applicability of isoelectric focused

collagen hydrogels for neural tissue engineering applications.

Electrochemically formed collagen-based membranes

synthesized using parallel plate electrodes have been

reported as promising candidates for the development of

artificial cornea (Gendron et al., 2012). Therefore, the meth-

odology of isoelectric focusing of collagen has the potential to

be used in a variety of tissue engineering applications.

Mechanical robustness may not be as significant in several

applications outside tendon and may require less extensive

crosslinking by genipin.

In conclusion, optimizing the key parameters of genipin

crosslinking enhanced the mechanical properties of ELAC

threads to a level comparable to native canine tendons

Fig. 9 – Fluorescence microscopy image representing the

morphology of hMSCs adhered to ELAC threads. The ELAC

threads were crosslinked in 90% ethanol and 2% genipin for

72 h. (A) Represents hMSC morphology at day 1 after cell

culture. (B) Represents hMSCs morphology after 14 days of

cell culture. Cell morphology is not discernible at day 14

because hMSCs are highly confluent. Scale bar¼300 lm.
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(Cheng et al., 2008). To our knowledge, ELAC is amongst the

strongest collagen-based biomaterials reported to date (Table 1)

(Awad et al., 2003; Caves et al., 2010; Pins et al., 1997; Srinivasan

and Sehgal, 2010; Tohyama and Yasuda, 2000; Wang et al.,

1994a; Wren et al., 2001). Therefore, ELAC threads have sig-

nificant potential to replace damaged tendons and be used in

the regeneration bone–tendon interfaces.
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