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 Slicing, Stacking and Rolling: Fabrication of Nanostructured 
Collagen Constructs from Tendon Sections  
IO
N

 In this study we describe a method for fabricating constructs 
composed of aligned collagen fi bers, as well as demonstrating 
their mechanical properties. These structures are created by 
decellularizing native tendon and sectioning the material into 
thin sheets. Stacking and reorienting adjacent layers gives the 
material strength in each direction of the plane. The sheets can 
also be rolled into tubular structures that could be useful for 
biomedical applications. 

 Various forms of collagen have already been used for a 
number of applications. It has been used as a scaffold for 
tissue engineering of skin, [  1  ,  2  ]  bone, [  3  ,  4  ]  tendon [  5  ]  and vascular 
tissue, [  6  ,  7  ]  as well as a vehicle for drug delivery in both scaf-
fold [  6  ,  8  ]  and microparticle form. [  9–11  ]  This wide use of collagen 
as a biomaterial is often due to its biocompatible and biode-
gradable properties as well as its natural abundance within the 
human body. One limitation, however, is that it is hard to work 
within its native form due to it being largely water insoluble. 
This leads to its more common use in a reconstituted form, 
following acid or enzymatic solubilization. [  12  ]  

 The solubilization process can cause denaturation of the 
collagen as well as disruption of the highly aligned fi brillar 
structure found in many types of collagen. This leads to 
decreased mechanical strength as well as a loss of topographical 
cues that would be useful in multiple situations. For example, 
aligned fi bers are commonly included in applications such as 
nerve conduits where they help cause directional growth along 
the direction of the conduit. [  13–15  ]  Many groups often attempt 
to reintroduce fi ber alignment into reconstituted collagen gels 
through methods such as magnetic alignment, [  16  ]  extrusion [  17  ]  
or the application of strain. [  18  ]  

 Electrospinning is another application that is commonly 
employed to create aligned polymer structures. Collagen, how-
ever, can be more diffi cult to electrospin than many other poly-
mers due to its insoluble nature. Additionally, electrospinning 
cannot recapitulate the natural fi ber forming process; much 
of the collagen can become denatured, losing its triple helical 
structure, [  19  ]  and fi bers cannot be deposited at the same density 
as a natural source such as tendon. This creates a spongy mesh 
that may be weaker, whereas a natural source of collagen such 
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as tendon, comprises densely packed and well-aligned collagen 
nanofi bers. 

 Sectioning of tendon presents a potential alternative source 
for highly aligned collagen fi bers that maintains natural struc-
tures. Decellularization of tendon has been shown to yield a 
material that is  ∼ 90% free of cells and presents a good scaffold 
for cell infi ltration. [  20  ]  Tendon is limited however, in that it is 
a highly anisotropic material, being strong in the direction of 
fi ber alignment but weak in the transverse direction. Sectioning 
of the material and reorienting adjacent sheets such that the 
collagen fi bers run in perpendicular direction can improve 
the materials isotropy, increasing its potential applications. 
Wrapping these sheets around a cylindrical structure followed 
by crosslinking can also create tubular structures with fi bers 
running along the length as well as the circumference of the 
construct. 

 Decellularized tendon sections have briefl y been explored 
for the purposes of tendon tissue engineering [  21–23  ]  but have 
the potential for several other applications. We envision that 
tubular constructs created from these tendon sheets could have 
use as a scaffold for nerve guidance conduits as well as tissue 
engineered blood vessels.   

 Figure 1   shows the fabrication process to produce 2D and 
3D collagen constructs from tendon sections. We fi rst sectioned 
tendon blocks embedded in OCT at 50  μ m using a cryo-micro-
tome. We then built the 2D multilayered constructs by stacking 
sections on top of each other. Sheets with aligned fi bers were 
made by stacking ten sheets on top of each other. Sheets with 
alternating fi ber directions were created by stacking subsequent 
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     Figure  1 .     Scheme illustrating the process of creating the scaffolds. Blocks 
of tendon are excised from bovine Achilles tendon (1) and decellular-
ized using a detergent. They are then sectioned using a microtome (2), 
and stacked in alternating directions to create multilayer 2D constructs 
(3). Alternatively, single sheets can be wrapped around a rod to create 
a tubular construct with layers alternating directions as they proceed 
outward (4).  

http://doi.wiley.com/10.1002/adhm.201200319
Joseph George
Rectangle



www.MaterialsViews.com

818

C
O

M
M

U
N

IC
A
TI

O
N

www.advhealthmat.de

     Figure  3 .     (a) Ultimate tensile stress of multilayer 2D constructs. 
(b) Elastic modulus of fl at collagen sections. Aligned fi bers indicates 
all sheets have fi bers oriented in the same direction while alternating 
fi bers indicate adjacent sheets have fi bers oriented 90 °  to each other. 
Both aligned and alternating crosslinked were crosslinked using EDC. All 
differences statistically signifi cant unless otherwise noted (N.S).  

     Figure  2 .     (a) Macroscopic structure of n on-crosslinked, multilayer 2D constructs prior to hydration. (b) SEM image of the interface between two layers 
in the alternating sheet confi guration. The top half of the image contains a section with the ends of the fi bers visible while the bottom shows fi bers 
that run the length perpendicular. (c) SEM image showing an aligned fi ber bundle within the collagen sections, illustrating maintenance of structure 
following processing. The round ends of the fi bers are visible in (b); these round structures are shown to be the ends of fi bers in (c).  
sheets with a rotation of 90 °  so that adjacent sheets had fi ber 
directions perpendicular to each other. (Figure  1 , Step 3) This 
process was repeated until the stack consisted of 10 sheets. 
Stacked sections were allowed to dry overnight and then 
immersed in deionized water (diH 2 O) for 1h on a shaker to 
remove any residual embedding material (OCT).  Figure    2  A 
shows the 2D collagen constructs (around 1 cm  ×  1 cm) com-
prising ten layers of tendon sections with alternating fi ber 
orientation (90 ° ) in each layer. Fiber alignment and removal 
of OCT were confi rmed by scanning electron microscopy.
(Figure  2 B and C)   

 Natural tendon is primarily composed of type I collagen 
fi bers that run along the length of the tendon. This is benefi cial 
in physiological situations as this strength of the fi bers is in the 
direction of applied force. When using this material as a scaf-
fold for tissue engineering, however, force may be applied in 
directions perpendicular to the fi bers where they are weak and 
can separate easily. Creating a material with isotropic proper-
ties would require fi bers running in both directions to provide 
strength to the material in all directions. The goal of testing fl at 
sections of the collagen was to verify that alternating the direc-
tion of the collagen fi bers would create a material with isotropic 
properties following crosslinking. 

 Shown in  Figure    3  , the stacked sheets with fi bers (the 
downward diagonal column) that all ran in the same direction 
and had not been crosslinked resulted in an ultimate tensile 
strength (UTS) of 0.325  ±  0.0212 MPa and a modulus of 0.929  ±  
0.145 MPa, while samples that had layers with alternating fi ber 
direction (the upward diagonal column) had an ultimate ten-
sile strength and modulus of 0.205  ±  0.008 MPa and 0.523  ±  
0.076 MPa, respectively. This is consistent with our hypothesis 
in that fi bers not in the direction of force would contribute 
much less to overall strength of the scaffold. For example, 
the scaffolds with the fi bers going in the same direction had 
10 sheets of fi bers in the direction of the applied force. The 
sheets with alternating fi ber direction had fi ve sheets in the 
direction of force and fi ve perpendicular to the direction of 
applied force. The sheets not in the direction of the applied 
force contributed minimally to the strength of the material; 
however they would have provided strength to the material if 
force had been applied in that direction.  

 Next, we looked at the effect of crosslinking on the scaffold 
in order to see whether there was an increase in the overall 
strength of the 2D sheets. We evaluated several known collagen 
crosslinking methods including UV, gluteraldehyde and EDC 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
based crosslinking. We found that EDC crosslinking provided 
the optimal mechanical properties at concentrations tested 
(Figure S1, Supporting Information). 

 Adding crosslinking with EDC resulted in an increased UTS 
and modulus for both alternating and aligned fi ber sheets 
(Figure  3 , light and dark solid columns). Crosslinked, aligned 
fi bers had a UTS of 0.453  ±  0.047 MPa and a modulus of 3.84  ±  
0.361 MPa while alternating alignments had a UTS of 0.681  ±  
0.083 MPa and modulus of 5.349  ±  1.027 MPa. Interestingly, 
the alternating fi ber sheets were signifi cantly stronger (P < 0.05) 
than the aligned fi ber sheets even with only fi ve sheets in the 
direction of the applied force. We hypothesize that this is the 
result of the formation of a network of crosslinking between 
fi bers that ran in both directions. Based on these results, we 
determined that alternating fi ber directions and crosslinking 
mbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2013, 2, 817–821
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     Figure  5 .     Burst pressure of 3.175 mm diameter 3D tubular scaffolds with 
fi ve layers of collagen sheets. All tubular structures have layers with alter-
nating fi ber direction by 90 ° . Indicated fi elds have been dip-coated with 
1 mg/mL collagen and/or crosslinked with EDC.  

     Figure  4 .     (a) Wrapping collagen sections around different diameter rods 
allows construction of tubular structures with varying diameters. (b) SEM 
image of a short piece of 1.6 mm diameter tubular section prior to col-
lagen gel coating and crosslinking. Pores can be seen within and between 
collagen layers. (c) Multi-lumen structures can be created by wrapping 
several small diameter scaffolds within an additional collagen sheet 
(d) SEM image of a 3.175 mm diameter tubular structure used in burst 
pressure testing after being gel coated and crosslinked. A more consistent 
structure with fewer pores can be seen following this treatment.  
the sheets would result in a material with isotropic mechanical 
properties suitable for the construction of a tubular scaffold. 

 In order to fabricate 3D tubular constructs from tendon 
sections, we wrapped individual tendon sheets around PTFE 
rods prior to stacking them. The fi rst sheet was wrapped with 
the fi ber direction oriented along the length of the rod while 
subsequent sheets were rotated by 90 ° . (Figure  1 , step 4) This 
process was repeated for 5 sheets, with each sheet wrapping 
around roughly twice to create 10 layers. Tubular structures 
were allowed to dry on the rods overnight and then immersed 
in diH 2 O for 1h on a shaker to remove any residual OCT. After 
drying overnight, the tubular constructs were either crosslinked 
or removed from the rod. Using PTFE rods with several dia-
meters (0.5 mm, 1.6 mm and 3.175 mm from left to right respec-
tively;  Figure    4  A), we were able to fabricate tubular constructs 
from tendon slices with various diameters. Figure  4 B is an SEM 
image showing the microstructure of the layers in the tubular 
construct with a diameter of 1.6 mm. We also demonstrated 
the fabrication of multi-lumen tubular constructs from tendon 
sections.(Figure  4 C). We fi rst created several tubular constructs 
on smaller diameter PTFE rods. These rods were then secured 
together and wrapped again with both the initial rods and 
previous tendon sections acting as the inner rod for the 
subsequent sections.  

 The stacking and rolling process for both the single and multi-
lumen structures are conducted manually and as such it is pos-
sible to introduce imperfections into the tubular constructs. For 
example, the wall of the tubular constructs shown in Figure  4 B 
has various sized gaps, which could affect the mechanical prop-
erties of the constructs. In order to mechanically reinforce the 
tubular constructs, we infi ltrated the tendon-derived tubular 
constructs with reconstituted collagen gels by dip coating them 
in a 1mg/mL collagen solution before removing the constructs 
from the PTFE rods. As shown in Figure  4 D, the pores in the 
© 2013 WILEY-VCH Verlag GmAdv. Healthcare Mater. 2013, 2, 817–821
original tubular constructs from tendon slices were completely 
fi lled with collagen gel. 

 The tubular scaffolds created from these collagen sheets 
could have a number of applications. Several of these could 
involve fl owing a fl uid through the inner lumen and as such, 
the burst pressure is an important property of the material. 
Using the custom-built setup we tested the burst pressure of 
several forms of the tubular construct. The constructs were 
created by wrapping fi ve alternating fi ber sheets around a 
3.2 mm diameter rod resulted in a maximum pressure of 0.01  ±  
0.0003 MPa for non-crosslinked tubes and 0.017  ±  0.002 MPa 
for EDC-crosslinked tubes. The low burst pressure appeared to 
be a result of the high porosity of the structures rather than 
gross failure. These tubular structures had a burst pressure of 
0.024  ±  0.002 MPa when not crosslinked and 0.061  ±  0.005 MPa 
when EDC crosslinked ( Figure    5  ). The addition of the collagen 
gel served to prevent water from leaking out of the structure 
prior to gross failure. Maintenance of the aligned fi ber structure 
along the inner lumen of the tubular constructs was verifi ed by 
SEM.  

 The data collected via burst pressure correlates well with ten-
sile testing data of the fl at sheets when converted to hoop stress 
occurring in the walls of the tubes when calculated as a thin 
walled vessel. (Figure S2) Collagen coated, crosslinked tubular 
structures had an ultimate stress of 0.731  ±  0077 MPa (0.681  ±  
0.083 MPa UTS for alternating fi ber crosslinked sheets) while 
non-crosslinked sheets had an ultimate stress of 0.283  ±  0.041 
MPa (0.205  ±  0.008 MPa for alternating fi ber non-crosslinked 
sheets). The walls of the tubular structures were approximately 
100  μ m thick. 

 The burst pressure of the collagen-infi ltrated tubes found 
here was 61kPa (457 mmHg) while the ideal burst pressure 
would be at least 275 kPa (2000 mmHg) similar to that of 
native human arteries and veins. [  24  ]  Both of these fi gures are 
several times higher than physiological conditions. Addition-
ally, our collagen tubes are signifi cantly stronger than sev-
eral other similar tubes made of only non-synthetic polymers 
such as collagen. Examples include extruded collagen fi brils 
(220 mmHg), [  17  ]  cast, molded and frozen collagen 
(400 mmHg) [  25  ]  and formation of ECM in vivo by subcutaneous 
implantation (200 mmHg). [  26  ]  Furthermore, if we wanted to 
increase the burst pressure of our construct, more layers could 
wileyonlinelibrary.com 819bH & Co. KGaA, Weinheim
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be added. This would make the walls of the vessel signifi -
cantly thicker, increasing the burst pressure. Alternatively we 
could add a cellular component such as smooth muscle cells 
or endothelial cells which could also increase the structures 
strength. 

 In conclusion, scaffolds fabricated from naturally aligned 
collagen show potential to be used in biomedical applications. 
Reorienting the fi bers following sectioning creates a material 
with isotropic properties that can be formed as a tubular struc-
ture. The maintenance of the natural fi ber structure is also 
evidenced in the increased ultimate tensile strength and burst 
pressure when compared to reconstituted collagen structures. 
Furthermore, the nanotopographical alignment of the collagen 
also provides cell contact cues which would aid in guiding cell 
growth and alignment. [  27  ]  We are currently investigating bio-
logical response of the tendon sections, such as cell adhesion, 
proliferation and immunostimulation.  

 Experimental Section 
  Materials : sodium dodecyl sulfate (SDS), Tris-Ethylenediaminetetraacetic 

acid (Tris-EDTA), gluteraldehyde (GTA), N-hydroxysulfosuccinimide 
(NHS), sodium hydroxide (NaOH) and 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC) were purchased from Sigma (St. Louis, 
MO), type 1 collagen gel was purchased from Trevigen (Gaithersberg, 
MD) and dried collagen from Achilles tendon was purchased from Elastin 
Products Co. (Owensville, MO). Bovine Achilles tendon was sourced 
from a local butcher. 

  Collagen Processing : A process for decellularizing tendon was adapted 
from Cartmell et al. [  20  ]  Frozen bovine Achilles tendon was cut into 10  ×  
10  ×  1 mm blocks and placed in a solution of 1% SDS in a 0.1M Tris-
EDTA buffer on a shaker at 4  ° C for 48 h. The blocks were then rinsed 
thoroughly with deionized water (diH 2 O) and placed back in diH 2 O on a 
shaker at 4  ° C for 24h to remove any residual SDS. 

  Reconstituted Collagen Formation:  Dried collagen was purchased from 
Elastin Products Co. (Owensville, MO) and dissolved in 0.25 M acetic 
acid at 10 mg/mL, neutralized with NaOH. This solution was cast in a 
PTFE dog bone-shaped mold and allowed to gel at room temperature. 

  Fabrication of Scaffolds : Tendon blocks were cryosectioned on a Leica 
CM1950 (Leica Microsystems, Buffalo Grove, IL) after being embedded 
in OCT. 2D stacked scaffolds were constructed by stacking sections 
on top of each other on a PTFE sheet to allow easy removal. Stacked 
sections were allowed to dry overnight and then immersed in diH 2 O 
for 1h on a shaker to remove any residual polymer from the embedding 
process. Fiber alignment and removal of OCT were confi rmed by 
scanning electron microscopy. Tubular scaffolds were created by 
wrapping sections around 3.2mm diameter PTFE rods (McMaster-Carr, 
Cleveland, OH). Tubular structures were allowed to dry on the PTFE rods 
overnight and then immersed in diH 2 O for 1h on a shaker to remove 
and residual OCT. 

  Collagen gel coating : Type 1 collagen gel was diluted to 1mg/mL in 
phosphate buffered saline (PBS) and neutralized with NaOH. Tubular 
collagen structures were dip-coated in the collagen solution for 5min, 
removed and allowed to dry overnight at room temperature. 

 Crosslinking : Both tubular and fl at scaffolds were crosslinked using 
EDC in the presence of NHS at a ratio of 2.5:1 (EDC:NHS). EDC 
crosslinking was conducted at a concentration of 6 mM/g of collagen 
scaffold in PBS. Scaffolds were placed in the EDC solution on a shaker, 
shielded from light for 24 h and allowed to crosslink. Scaffolds were 
rinsed 3 times in PBS for 1 h each to remove any residual EDC and then 
allowed to dry overnight. 

  Tensile Testing : 2D stacked scaffolds were tested in a tensile setup 
using an Instron 3366 (Instron, Norwood, MA) with a 10N load cell. All 
scaffolds were hydrated in PBS for 1 h prior to testing and width and 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
thickness measured using digital calipers. All testing was conducted in a 
PBS bath at 37  ° C. Scaffolds were extended at a rate of 5 mm/min until 
failure while load and extension data were collected. Data from samples 
that failed at the grips were excluded. Ultimate tensile stress (UTS) was 
calculated from load data and initial cross-sectional area while elastic 
modulus was calculated from the linear portion of the stress-strain 
curve. 

  Burst Pressure Testing : We developed a home-built setup to test burst 
pressure based off of designs by Gray et al. [  28  ]  Tubular scaffolds were 
removed from rods and secured to blunt ended cannulas using a two-
part epoxy that was allowed to dry. Samples were then hydrated for 
20 min using PBS until they were saturated. A syringe pump was used 
to fl ow water through a closed loop at 10mL/min until failure, while 
pressure was monitored with an in-line pressure transducer (PX300, 
Omega, Stamford, CT). 

  Statistical Analysis : All data shown as mean  ±  SEM with a sample 
sizes of  n   =  6 to 9. An unpaired Student’s t-test was performed and a 
p-value of less than 0.05 was considered statistically signifi cant.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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