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Abstract A strong isotropic material that is both bio-

compatible and biodegradable is desired for many bio-

medical applications, including rotator cuff repair, tendon

and ligament repair, vascular grafting, among others.

Recently, we developed a technique, called ‘‘bioskiving’’

to create novel 2D and 3D constructs from decellularized

tendon, using a combination of mechanical sectioning, and

layered stacking and rolling. The unidirectionally aligned

collagen nanofibers (derived from sections of decellular-

ized tendon) offer good mechanical properties to the con-

structs compared with those fabricated from reconstituted

collagen. In this paper, we studied the effect that several

variables have on the mechanical properties of structures

fabricated from tendon slices, including crosslinking den-

sity and the orientation in which the fibers are stacked. We

observed that following stacking and crosslinking, the

strength of the constructs is significantly improved, with

crosslinked sections having an ultimate tensile strength

over 20 times greater than non-crosslinked samples, and a

modulus nearly 50 times higher. The mechanism of the

mechanical failure mode of the tendon constructs with or

without crosslinking was also investigated. The strength

and fiber organization, combined with the ability to intro-

duce transversely isotropic mechanical properties makes

the laminar tendon composites a biocompatible material

that may find future use in a number of biomedical and

tissue engineering applications.

Introduction

Many biomedical applications that utilize scaffolds or

structures for implantation require a material that can

undergo substantial loading, while also being biocompati-

ble. For example, rotator cuff patches designed to repair the

torn tendon require strengths of at least 230 N [1] in order

to provide mechanical augmentation and prevent suture

pull through of the tendon, a common problem of current

repair patches [2, 3]. Tendon and ligament repair patches

and devices must be able to withstand physiological loads

upwards of 2000 N in a tissue that has little to no self-

repair capability [4, 5] such as the anterior cruciate liga-

ment. Similarly, blood vessel prostheses require high burst

pressures capable of resisting natural physiological forces

and specific moduli to match the native tissue’s compli-

ance. Currently, there are a number of products that support

these high burst pressures; however, many comprise syn-

thetic materials that are not biodegradable [6, 7].

Recently, we developed a technique, called ‘‘bioskiving’’

to create both flat and tubular scaffolds out of decellularized

tendon [8–11]. The process entails decellularizing a tendon,
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cutting it into blocks, and then sectioning the blocks parallel

to the collagen fibers using a cryomicrotome (Fig. 1a). This

creates thin sheets of collagen fibers that can then be stacked

in a variety of directions (Fig. 1b, c).

The benefit of bioskiving is that it does not require

denaturation and reconstitution of the collagen, which

maintains the native triple helical structure, as well as the

proteoglycan content [12, 13]. This proves useful for both

retaining the collagen’s mechanical strength as well as the

biological activity for cell interaction. The unidirectionally

aligned collagen nanofibers (derived from sections of de-

cellularized tendon) could offer good mechanical proper-

ties to constructs, such as prosthetic grafts. Additionally,

the fibers contain nanotopographic features which can

provide contact guidance for oriented cell growth, a useful

feature for the fabrication of prosthetic conduits for nerve

regeneration [14].

We found that these tendon sections are mechanically

stronger than reconstituted collagen, but weaker than the

native tendon [10, 15, 16]. In a previous study [10], we

demonstrated that chemical crosslinking using 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC)

could significantly reinforce the mechanical strength of the

tendon-derived constructs. In this paper, we thoroughly

studied the mechanical properties of the laminar collagen

constructs while altering several variables, including the

crosslinking density and the orientation of the fibers are

stacked in. Glutaraldehyde (GTA) was selected as the

chemical crosslinker because it is used extensively in the

biomedical field for crosslinking and preparing decellular-

ized extracellular matrices for implantation in several FDA

approved products [17–19]. The mechanism by which the

mechanical failure of the tendon constructs occurs was also

investigated. We found that the collagen fibers are slipping

Fig. 1 a Schematic illustrating

the bioskiving process

involving: i cutting a block

(*20 9 20 9 2 mm) from a

piece of tendon; ii

decellularizing the block, and

sectioning it into thin sections;

iii stacking the sections with

fibers in various orientations

(each rotated by U degrees); and

iv drying and washing the

sections; v crosslinking the

sections (e.g. glutaraldehyde).

b Photograph of non-

crosslinked tendon sections 10

layers of 50-lm thick sections

stacked, and each layer has 90�
rotation to the adjacent layer.

c Photograph of crosslinked

tendon sections. Tendon

sections which have the same

geometry as (b) were

crosslinked with glutaraldehyde
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within the non-collagen matrix (NCM) and that crosslinking

could prevent this slippage, increasing the mechanical

strength. We also observed an improved transverse isotropy

of the material by reorienting the direction of the collagen

fibrils in adjacent tendon sections.

Materials and methods

Collagen section fabrication and crosslinking

Collagen sections were fabricated as previously described

[10]. Briefly, frozen bovine Achilles tendon is cut into

blocks *20 9 20 9 2 mm and placed into a decellular-

ization solution containing 1 % w/v sodium dodecyl sulfate

(SDS) (Sigma, St. Louis, MO), 1 mM Tris HCl, 0.1 mM

EDTA (Tris–EDTA pH 7.4, Sigma) in phosphate buffered

saline (PBS), on a shaker at 4 �C for 48 h with the solution

being changed after 24 h. Following that, the blocks are

rinsed in deionized water (diH2O) and placed back onto the

shaker in diH2O for an additional 24 h to remove residual

SDS. The blocks are then frozen and sectioned on a

cryomicrotome (CM1950, Leica Microsystems, Buffalo

Grove, IL) at 50-lm thick. The sections are stacked on a

polytetrafluoroethylene (PTFE) block with fibers orientated

in various directions as described in each section. The

stacked sections are then air dried overnight, rinsed three

times with diH2O, and left to dry overnight again. The

stacked sections are then immersed in 5 % glutaraldehyde

(Sigma) in PBS for 30 min unless otherwise indicated. The

samples are then rinsed three times in PBS and air dried

until later use.

ATR-FTIR analysis

Analysis was conducted using an ATR-FTIR spectropho-

tometer (FTIR 6000, Jasco, Easton, MD). Three samples

each of 10-layer stacked sections, rinsed but non-cross-

linked and 5 % glutaraldehyde crosslinked samples were

analyzed. The samples were scanned from 600 to

4000 cm-1.

Crosslinking density testing

Sections (50-lm thick) were stacked in 10 layers with all

fiber directions oriented parallel to each other. The sections

were then crosslinked for 20 min at glutaraldehyde con-

centrations of 0.1, 0.5, 1, and 2.5 %, or not crosslinked.

Each sample was then glued between two acrylic plates

using super glue, and tested under uniaxial tension at a

strain rate of 2 mm/min on a mechanical testing apparatus

(Instron, Norwood, MA) with a 1000 N load cell until

failure.

Pulling angle testing

Sections (50-lm thick) were stacked in 10 layers with all

fiber directions oriented parallel to each other. The sections

were then crosslinked with 5 % glutaraldehyde for 30 min.

Each stack was then tested in one of three orientations:

fibers in line with the direction of the force (h = 0�), fibers

oriented at an angle to the applied force (h = 45�), or with

fibers perpendicular to the direction of applied force

(h = 90�).

Stacking angle testing

Sections (50-lm thick) were stacked in 12 layers during

fabrication with alternating fiber orientations. Following

the first section, each subsequent section was rotated either:

0�, 30�, 45�, or 90�. This pattern was repeated until all 12

sections had been placed with the degree of rotation

remaining constant within a single sample.

Scanning electron microscopy

Samples that had been tested until failure were removed

from the tensile testing setup, air dried overnight, further

dehydrated in graded ethanol, and finally dried with hex-

amethyldisilazane (Sigma). The samples were then sputter

coated with Pt–Pd using a Cressington 208HR Sputter

coater (Cressington Scientific, Watford, Hertfordshire, UK)

and imaged using a Zeiss Ultra-55 Scanning Electron

Microscope (Zeiss, Oberkochen, Germany)

Mechanical and statistical analysis

Ultimate tensile strength (UTS) was determined as the max-

imum stress of each sample’s stress–strain curve. The elastic

modulus was calculated via linear regression of the slope of

the stress–strain curve. All values reported as mean ± stan-

dard error and a sample size of n = 4 was used for all con-

ditions. Differences in UTS and modulus were analyzed by

analysis of variance (ANOVA) with post hoc Tukey’s testing

using IBM SPSS software (IBM, Armonk, NY).

Results

ATR-FTIR analysis of the GTA crosslinked tendon

constructs

Tendon samples were crosslinked via glutaraldehyde reac-

tion where the primary mechanism is the formation of Schiff

base intermediates between amine groups, primarily of

lysine and hydroxylysine residues (Fig. 2a). Non-cross-

linked samples analyzed by attenuated total reflectance-
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Fourier transform infrared (ATR-FTIR) (Fig. 2b) spectros-

copy exhibited typical peaks associated with collagen for

amide I, amide II, and amide III at 1636, 1536, and

1230 cm-1, respectively, as well as peaks associated with

secondary amines (3260 cm-1), methylene bridges (2915

and 2850 cm-1), and imines (1700 cm-1). Tendon cross-

linked with GTA showed similar peaks; however, the ratio

of both secondary amines to methylene bridges (1:0.58 (NC)

compared to 1:0.87 (GTA)) and secondary amines to imines

(1:0.48 (NC) compared to 1:0.51(GTA)) changed.

Mechanical strength testing of constructs with various

crosslinking densities

Tensile testing resulted in a difference in mechanical prop-

erties between crosslinked and non-crosslinked samples,

however, as the crosslinking density increases the mechanical

properties level off (Fig. 3). Non-crosslinked (0 %) samples

had a UTS of 0.63 ± 0.07 MPa and a modulus of 3.11 ±

1.35 MPa, while 0.1 % crosslinked samples had a UTS of

4.55 ± 0.34 MPa and a modulus of 48.17 ± 3.58 MPa,

0.5 % crosslinked samples had a UTS of 11.25 ± 1.35 MPa

and modulus of 95.86 ± 16.1 MPa, 1 % a UTS of

13.32 ± 0.643 MPa and a modulus of 129.08 ± 10.44 MPa,

and 2.5 % a UTS of 13.59 ± 1.35 MPa and a modulus of

145.54 ± 18.72 MPa. Non-crosslinked samples appeared to

have fibers slide apart in the midsection (Fig. 3d, e), while

crosslinked samples appeared to have small cracks propagate

from the initial failure points (Fig. 3f, g).

Scanning electron microscopy

SEM images of non-crosslinked samples and crosslinked

samples appeared to have different methods of failure. The

non-crosslinked samples (Fig. 4a) have a smooth edge

which shows that adjacent fibers may have pulled apart

from each other, and curled back at the micro-scale

(Fig. 4c inset), leaving a smooth edge at the larger scale

(Fig. 4c). The crosslinked sample (Fig. 4b), however,

appears to have a rough edge (Fig. 4d) where the fracture

propagated, with abruptly ending fibers at the micro-scale

(Fig. 4d inset).

Pulling angle testing

In order to verify and the anisotropic mechanical nature of

the tendon due to the collagen fibers, we tested crosslinked

samples comprised aligned collagen fibers where the direc-

tion of applied force was at an angle to the fiber orientation

(Fig. 5a). Application of force in the direction of the fibers

(0�) yielded the highest UTS with 10.84 ± 1.25 MPa, while

force applied at 45� and 0� resulted in UTS of 3.90 ±

0.47 MPa and 1.17 ± 0.21 MPa. Similar results were seen

with the moduli, where the samples tested at 0� had a mod-

ulus of 158.29 ± 21.11 MPa, 45� a modulus of 41.72 ±

8.83 MPa, and 90� a modulus of 15.48 ± 5.28 MPa

(Fig. 5).

Stacking angle testing

Stacking sections of tendon at various orientations have the

goal of creating a transverse isotropic material. Sections

rotated by 0�, 30�, 45�, and 90� (Fig. 6a, b), for each

section and crosslinked, should have different mechani-

cal properties. Samples where all the fibers were aligned

(0�) had a UTS of 10.84 ± 1.25 MPa and a modulus

of 158.29 ± 21.11 MPa, 30� rotation a UTS of 6.34 ±

0.93 MPa and modulus of 81.71 ± 13.1 MPa, 45� rotation

a UTS of 8.25 ± 0.78 MPa (Fig. 6c) and modulus of

108.77 ± 10.6 MPa, and 90� rotation a UTS of 4.71 ±

0.59 MPa and modulus of 74.03 ± 16.21 MPa (Fig. 6c, d).

Fig. 2 a Illustration of a simplified mechanism of GTA crosslinking

mechanism in collagen b FTIR spectrum of non-crosslinked and

glutaraldehyde crosslinked tendon samples. Arrows from left to right

in both graphs are 3260 cm-1 (secondary amine), 2915 and

2850 cm-1 (methylene bridge), and 1700 cm-1 (imine). From non-

crosslinked to crosslinked the ratio of secondary amines to imine and

methylene decreases showing the crosslinking of the secondary

amines with glutaraldehyde
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Fig. 3 a Representative stress–strain curves of 10-layer (50-lm thick

each) stacked samples that have been crosslinked with various

concentrations of glutaraldehyde (0.1, 0.5, 1, 2.5 %) for 20 min., or

not crosslinked (0 %). b, c Graphs illustrating the ultimate tensile

strength and elastic modulus, respectively, of crosslinked samples.

d Photographs showing uniaxial tensile testing of non-crosslinked

samples prior to testing and e at failure. f Photographs showing

uniaxial tensile testing of 2.5 % glutaraldehyde crosslinked samples

prior to testing and g at failure. Stress and modulus that are not

statistically different are marked N.S.; all other comparisons have

p [ 0.05, (n = 4) for all samples. Native rat tendon has been shown

to have a UTS of 64.1 ± 3.87 MPa and a modulus of

632 ± 51.3 MPa [16]. Strength and moduli values are given in

Supplementary Fig. 1

Fig. 4 a, b Scanning electron micrographs of a section of non-

crosslinked, and glutaraldehyde crosslinked tendon stacks prior to

testing, respectively. c, d Scanning electron micrographs of a section

of non-crosslinked and glutaraldehyde crosslinked (5 %, 30 min)

tendon-stacks prior to testing, and the failure point following rupture

under tension. All samples consist of 10 layers with a thickness of

50 lm for each layer. All layers have their fiber orientations aligned

in the same direction and were tested with the force applied in that

direction
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Discussion

Fabrication of tendon-derived sections

Following the bioskiving process, we are able to generate

two-dimensional and three-dimensional constructs. This

process utilizes tendon as the source material; however, it

could be used with other decellularized biological tissues.

Tendon was used as it comprises highly aligned collagen

fibers at several length scales, which give the native

material very strong mechanical properties, upwards of

125 MPa ultimate tensile strength [12, 20, 21]. Previously

we reported on the bioskiving process to produce structures

with 90� fiber orientations for applications such as tissue

engineered blood vessels, where the desired outcome was a

compliant material (low modulus). Even though the

mechanical strength of the collagen constructs derived

from tendon slices is stronger than that from reconstituted

collagen, these sectioned materials were surprisingly

weaker compared to the native tendon, and to reports of

materials processed in a similar manner [22]. In an attempt

to improve the observed mechanical properties, we cross-

linked the material with EDC as it is more biocompatible

than several other chemical crosslinkers. This produced

only a slight improvement to the material’s strength, and

did not restore it to pre-processing strength.

Here, we attempt to re-engineer the tendon-derived con-

structs with robust mechanical properties that would be

better suited for biomedical applications that require high

strength. Thinking along these lines, we decided to use GTA

as a crosslinker, as it crosslinks via the addition of a linker

arm between amines [23] (Fig. 2a), and could therefore

crosslink collagen fibers that have more distance between

them. Additionally, previous experiments have shown

greater mechanical properties with GTA than EDC [24, 25],

and GTA is commonly used for a number of biomedical

applications [17]. It is noted, however, that GTA can have

cytocompatibility and host response issues [26, 27]; how-

ever, we believe that the increased mechanical strength and

longer degradation rate [28] are of greater benefit. There-

fore, in this paper, GTA was used at varying concentrations.

To confirm that GTA-mediated crosslinks were actually

Fig. 5 a Schematic illustrating the nature of the uniaxial tensile test,

where force is applied vertically (red arrows) and the tendon section

samples are tested with fiber alignment in various directions. The

samples were tested at angles (h) of 0, 45, and 90�. All samples were 10

layers of 50 lm each, crosslinked with glutaraldehyde in excess (5 %

for 30 min). b Representative stress–strain curves for samples tested at

the various orientations. c Graph illustrating the ultimate tensile

strength of the samples tested in uniaxial tension at 0, 45, and 90�.

d Graph showing the elastic modulus as determined by linear

regression of the samples tested at 0, 45, and 90�. Statistical differences

marked with *(p [ 0.05), (n = 4) for all samples. Strength and moduli

values are given in Supplementary Fig. 1 (Color figure online)
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forming, crosslinked and non-crosslinked tendon sections

were observed via ATR-FTIR (Fig. 2b). Non-crosslinked

tendon samples displayed peaks at wavenumbers charac-

teristic of tendon [29] (ex. amide peaks at 1630–1635 cm-1)

and once crosslinked, the expected peaks developed [30,

31]. These include a decrease in the ratio of secondary

amines at 3260 cm-1 to imines at 1700 cm-1 and methylene

bridges at 2915 and 2850 cm-1, associated with the for-

mation of a carbon–nitrogen double bond between the GTA

and an amine of the collagen molecules, and the addition of

the methylene bridge of the GTA, respectively. Addition-

ally, when the collagen blocks are crosslinked prior to being

sectioned and stacked, the sections will not adhere to each

other during the drying process. This observation indicates

that the pre-crosslinking depletes the reactive groups in the

tendon which prevents adhesion between layers through

hydrogen bonding.

Failure mode of tendon-derived sections

Figure 3a–c shows the mechanical properties of the non-

crosslinked tendon sections (0 % GTA), similar to those

observed previously for samples with aligned fibers

(\1 MPa UTS, \5 MPa modulus). Native tendon has

much greater mechanical strength than this due to its

hierarchical structure and fibril fascicle tendon structure

that prevents the failure of the non-continuous uniform

fibers from early failure. We hypothesize that the section-

ing process disrupts this macro-fascicular strengthening as

discussed previously [15], and the decellularization may

disrupt the proteoglycans that make up the NCM, and the

crosslinks between the collagen fibrils and the NCM. This

allows fracture between the fibers and the matrix, resulting

in the failure. Crosslinking with GTA should re-introduce

crosslinks between the proteoglycans and the collagen, as

well as inter-collagen crosslinks. A macroscopic view of

the non-crosslinked sample failure can be seen in Fig. 3d, e

where large portions of the tendon sections pull apart, with

multiple locations appearing to have multiple failure points

along the direction of applied force. As expected, cross-

linking with GTA increases the mechanical strength, pro-

portional to the amount of crosslinker, until the samples are

saturated and maximally crosslinked. Figure 3f, g shows

the macroscopic failure of maximally crosslinked samples,

where the failure appears to be a complete transverse

fracture across the width of the sample.

To confirm this observation at the micro-scale, sections

were imaged before and after failure with a scanning

Fig. 6 a Schematic illustrating the stacking process. A single 50-lm

thick section is placed at the 0� orientation and subsequent sections

are stacked on top, rotated by either 0� (all aligned), 30�, 45� or 90�
for a total of 12 layers. Each sample consisted of only one rotation

angle and was subsequently crosslinked with glutaraldehyde (5 %,

30 min). The load during testing was applied in the direction of the

first sheet. b Representative stress–strain curves for samples tested at

with the various rotation angles under uniaxial tension. c Graph

illustrating the ultimate tensile strength of the samples tested. d Graph

showing the elastic modulus as determined by linear regression of the

samples tested at varying rotation angles. Statistical differences

marked with *(p [ 0.05), (n = 4) for all samples. Strength and

moduli values are given in Supplementary Fig. 1
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electron microscope. Prior to testing, both non-crosslinked

and crosslinked appear to be identical (Fig. 4), primarily

comprising large sections of continuous, highly aligned

collagen fibrils. However, after testing, the failure point of

the non-crosslinked sections appears to be relatively

smooth, while the failure point of the crosslinked sections

is abrupt and jagged. This dissimilarity is a result of dif-

ferences in the failure mechanism before and after cross-

linking. In the non-crosslinked samples, many of the

crosslinks between the fibers and matrix have been dis-

rupted, which allows for the sliding of the collagen fibrils

past each other, as the fibrils are relatively short (5–20 mm

[32, 33]). This type of failure can be compared to the shear-

lag model for failure of short-fibered composites developed

by Cox [34], explaining failure by delamination and fiber

pull-out [35–37], where stress is transferred from the

matrix to the fibers by interfacial shear stress. However,

with the reduction in the number of crosslinks between the

NCM and the fibrils, the fibrils slip past each other slowly

at much lower stresses, resulting in the ends of various

fibers creating a relatively smooth edge. This is not

observed in native tendon, as the bundled tendon fascicles

are believed to extend the length of the tendon [38] and

could be considered ‘continuous’; however, due to their

short length, collagen fibrils do not [32, 39].

In the crosslinked samples, the interfacial shear stresses

are much greater. At the point where the interfacial shear

stresses exceed the tensile strength of the fibrils in the

material, the mode of failure changes. The new failure

method is rapid fracture of collagen fibrils at various

points, resulting in the jagged appearance of the fiber ends.

More magnified examination of both samples makes the

failure more clear, where there are curled fibrils at the end

of one ‘bundle’ of collagen fibrils on the non-crosslinked

sample (Fig. 4c inset), and a distinct edge at the edge of the

end of a bundle of collagen fibrils in the crosslinked sample

where the fracture propagated (Fig. 4d inset).

Fiber alignment and enhanced mechanical properties

The stacked sections show improved mechanical properties

following crosslinking, however, that is only when force is

applied in the direction of the fibers. When force is applied

in another direction, such as 45� or 90� to the fibers as

shown in Fig. 5 the ultimate tensile strength is greatly

reduced as is the modulus. This is as expected as the force

is no longer being applied to the fibers themselves, but

rather the strength is dependent on the matrix. A similar

phenomenon is seen in many anisotropic materials, and one

method to produce improved isotropic strength is to create

laminar composite where the fiber orientation is rotated in

adjacent sheets. Perhaps the most common example of this

is the multilayer construction of plywood; however, this

technique is also used widely in the construction of other

organic or metallic fiber-based materials [40]. Similar

arrangements of varying fiber orientations can also be

found in nature, such as is present in the remarkably tough

scales of the Arapaima fish, which contain a twisting

arrangement of collagen fibril lamellae [41].

This laminar composite technique was also used with

the tendon-derived sheets, alternating the ply orientation by

either: 0�, 30�, 45�, or 90� (Fig. 6) in an effort to create a

transversely isotropic material. Following stacking of the

sections, the mechanical strength of each material was

evaluated under uniaxial tension. While the material’s

strength was only evaluated in the primary direction, each

direction of fiber orientation should have the same prop-

erties. The samples with no fiber rotation were expected to

have the greatest mechanical strength as they contain 12

layers in the primary direction, whereas the other sections

have either three sections in each orientation (30� rotation),

four sections (45� rotation), or six sections (90� rotation).

However, even with fewer sections in the direction of

applied force, the 45� rotated samples were not statistically

weaker than the 0� sections (Fig. 4c), nor was the material

any less elastic (Fig. 4d). Interestingly, the 90� rotated

sections were significantly weaker, despite a greater num-

ber of sections. Therefore, a 45� rotation of fiber orienta-

tion should be the optimal strategy for fabricating

transversely isotropic materials from tendon-derived sec-

tions. One could also imagine that increasing the section

thickness would provide this mechanical strength without

the need for crosslinking; however, these thin sections are

useful as substrates for cell seeding. Additionally, thick

sections would still have the problem of anisotropic

mechanical properties, and the fabrication of a laminar

composite would be limited, as individual laminate thick-

nesses must remain small compared to other material

dimensions [40, 42].

Conclusions

There exists a need for a strong biomaterial that is biode-

gradable and biocompatible, with isotropic mechanical

properties. The bioskiving process can be used to produce

laminate composites from thin sections of decellularized

tendon. Crosslinking these composites greatly improves

their mechanical strength over non-crosslinked samples,

increasing the ultimate tensile strength over 20-fold to a

maximum strength of 13.59 MPa, and increasing the

modulus nearly 50-fold to 145.54. Rotating adjacent layers

of the stacked sections also enables the enhancement of

transversely isotropic mechanical properties as the native

collagen material is strong in the direction of fiber orien-

tation but weak perpendicularly to that. Overall, constructs
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fabricated from tendon-derived collagen have good iso-

tropic strength and the potential to be used for numerous

biomedical applications.
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