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Abstract

Reconciliation of high strength and high porosity in pure collagen based structures is a major
barrier in collagen’s use in load-bearing applications. The current study developed a CAD/CAM
based electrocompaction method to manufacture highly porous patterned scaffolds using pure
collagen. Utilization of computerized scaffold design and fabrication allows the integration of
mesh-scaffolds with controlled pore size, shape and spacing. Mechanical properties of fabricated
collagen meshes were investigated as a function of number of patterned layers, and with different
pore geometries. The tensile stiffness, tensile strength and modulus ranges from 10-50 N/cm, 1-6
MPa and 5-40 MPa respectively for all the scaffold groups. These results are within the range of
practical usability of different tissue engineering application such as tendon, hernia, stress urinary
incontinence or thoracic wall reconstruction. Moreover, 3-fold increase in the layer number
resulted in more than 5-fold increases in failure load, toughness and stiffness which suggests that
by changing the number of layers and shape of the structure, mechanical properties can be
modulated for the aforementioned tissue engineering application. These patterned scaffolds offer a
porosity ranging from 0.8-1.5 mm in size, a range that is commensurate with pore sizes of repair
meshes in the market. The connected macroporosity of the scaffolds facilitated cell-seeding such
that cells populated the entire scaffold at the time of seeding. After 3 days of culture, cell nuclei
became elongated. These results indicate that the patterned electrochemical deposition method in
this study was able to develop mechanically robust, highly porous collagen scaffolds with
controlled porosity which not only tries to solve one of the major tissue engineering problems in a
fundamental level but also has a significant potential to be used in different tissue engineering
applications.

Introduction

Collagen is at the center of many tissue engineering strategies. It is a ubiquitous molecule
that can be extracted from animal tissues. Generally, collagen is well tolerated in
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vive?T 38,46 |t presents cell adhesion sites and it can be digested enzymatically by cellular
action. Owing to such favorable properties, collagen is used in many clinical

applications® 8:24.25. 54,64 \while pure collagen scaffolds present advantages in terms of
cell response, they are weak and their use is mostly limited to non-load bearing applications
such as barrier sheets, hemostatic chips and sponges to fill cavities?: 7+ 13, 23,63, 71-73
Therefore, biofabrication modalities that would increase the mechanical robustness of
collagen-based materials would expand the spectrum of applications for collagen.

Another challenge associated with collagen biofabrication is the introduction of porosity.
Porosity is essential for tissue integration and neo-vascularization. However, at the same
time, porosity intrinsically reduces the mechanical strength of scaffolds. Classically, porosity
is induced by freeze drying or salt-leaching3% 35 56, While these methods are useful,
porosity is random, has limiting interconnectedness and degree of control on the uniformity
of pore size and shape is low. Furthermore, most applications which require tissue
integration and vascularization require macroscale porosity (0.5 mm or greater)3l.
Therefore, it is a major challenge to reconcile macroporosity with mechanical robustness in
delicate protein-based biomaterials such as collagen.

Recent years have seen the introduction of the electrochemical compaction of collagen
molecules to manufacture condensed tissue-analog forms?: 16: 74, In this approach, electrical
currents are applied to collagen solutions. The resulting pH gradient in the solution results in
the repulsion of collagen molecules by both electrodes and molecules become compacted
between the electrodes. The electrocompaction method has been used for high strength
collagen threads by using parallel wire electrodes* 8. In this study we developed a novel
biofabrication method to manufacture patterned pore-lattice structures with controlled size
and shape by computer-aided electrocompaction of collagen molecules using electrical
currents. The aims of this study are: 1) to demonstrate the capabilities of patterned
electrocompaction method in manufacturing scaffolds with different pore size and shapes; 2)
report on mechanical characteristics of resulting scaffolds, 3) demonstrate the propensity of
the macroporous scaffold for cell-seeding.

Materials and Method

Overview of the Patterned Electrocompaction Process (Figure 1)

The method requires two planar carbon electrodes (each approximately 25x25 mm) for
patterned deposition. A polycarbonate sheet of 2 mm in thickness is glued on the cathode
using cyanoacrylate. This bilayered structure is then mounted on a computer controlled
micromill (Sherline CNC, Haverford CA). The negative replica of the desired pattern is
designed in CAD environment (Solidworks) and it is machined on the plastic sheet in full
depth to expose the underlying cathode’s surface. The channels machined within the
polycarbonate layer as such are later filled with the collagen solution to be
electrocompacted.
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Manufacturing an individual patterned layer

Acid soluble monomeric collagen solution (bovine dermis, Advanced Biomatrix, CA; 6
mg/ml) was diluted two-fold, pH was adjusted between 8-10 using 1N NaOH and dialyzed
against ultrapure water for 18 hours. Dialyzed collagen was loaded in the patterned groves of
the machined plastic-cathode bilayer by applying with a syringe. The carbon anode layer
was placed on the top of the plastic-cathode bilayer. 30 VDC was applied for 2 min. across
the electrodes. This results in electrophoretic compaction of collagen molecules within the
patterned groove. The width of the groove was 1 mm for all of the scaffold groups. The
biophysical mechanisms causing the electrocompaction of molecules were explained and
discussed in detail beforel6: 74, Briefly, electrical current generates acidic conditions near the
anode and basic pH near the cathode. Collagen has positive and negative net charge under
acidic and basic conditions, respectively. These charges are similar to the charges of the
electrodes to which the molecules are close to, resulting in the repulsion of molecules from
both electrodes. The net effect of repulsion is the compaction of molecules as a dense layer.
Following electrocompaction, the plastic-cathode bilayer with the collagen deposit is
recovered.

Three different pore geometries were manufactured to demonstrate the control on pore
morphology: i) rectangular ii) square and iii) diamond. The average pore sizes for
rectangular, square and diamond-shaped scaffolds are 1.5, 0.8 and 1.2 mm with
corresponding porosities of 55%, 43% and 61%, respectively. To assess the effect of pore
geometries on the mechanical properties of the scaffold, another pore architecture with
parallel pore channels (group iv) with intermittent connections was manufactured. The
parallel channel pore scaffold group has 53% porosity which is comparable to rectangular
and diamond shape pore scaffold.

The computerization of the process allowed for fabrication of multiple layers in one
electrode platform as shown here (Figure 2A&B). The lattice structure can be designed to
control the width of the channels and the spacing between them. An increased spacing or
reduced channel width resulted in greater pore volume. The lattice was cast in a fashion to
include a rectangular frame at the perimeter which to allow for recovering and handling the
patterned deposit. The frame was also helpful in registering multiple patterned sheets to
make multilayered scaffolds.

Fabrication of 3-D Scaffolds with Controlled Interconnected Porosity

The individual patterned layers were stacked on top of each other in register to obtain the
final scaffold as shown in Figure 2A&B. Collagen solution (6 mg/mL, pH = 6) was brushed
between layers as a binder prior to stacking the layers. The layered structure was kept under
load under a deadweight for an hour, placed in 1x PBS at 37 °C for 6 hours to induce
fibrillogenesis as we have shown before’®. Scaffolds were stored in 2-propanol solution
when not used. Scaffolds were crosslinked in 0.625% genipin (Wako Chemical, Japan) in
90% v/v ethanol solution at 37 °C for 3 days®.

To evaluate the effect of number of layers on the overall mechanical properties of the
scaffold, square pore scaffolds with 3 different layer numbers: v) 2 layers vi) 4 layers and
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vii) 6 layers were manufactured. The lateral dimensions of the individual layer as well as the
final scaffolds were 20 x 12 mm.

Imaging of Molecular Alignment within Patterned Channels

After manufacturing the patterned layer, the molecular alignment of collagen molecules
within the electrocompacted pattern was examined by a polarized optical microscope
(Olympus BX51, Melville, NY, USA) and a first order wavelength gypsum plate. Collagen
is a positive birefringent material, where the molecules which are aligned along the slower
axis of this plate shows blue interference color and the molecules which are perpendicular to
the slow axis appear yellow#*. Magenta color indicates lack of alignment and blue color
indicates alignment of the collagen molecule along the slower axis or perpendicular to the
long dimension of the gypsum plate.

Assessment of Mechanical Properties of Patterned Bioscaffolds

Patterned scaffolds with different pore geometries and different layer numbers (N = 6/group)
were tested under monotonic tension until failure using a displacement rate of 10 mm/min
(RSA 11, Rheometrics Inc., Piscataway, NJ, USA). Scaffolds were hydrated in water for 30
min prior to testing. The ends of the scaffolds were gripped by tensile fixture at a gauge
length of 10 mm. A 10 N load-cell was used to measure the load. The thickness of the
scaffolds was measured by a custom-made micrometer where the micrometer closes an
electrical circuit and makes an audible sound in a multimeter when touches the surface of
wet scaffolds. Load values were normalized with the wet cross sectional area and
displacement values were normalized by the gage length to obtain stress-strain plots. Area is
calculated as the product of number of collagen filament in the tensile direction, width of the
filaments and average thickness of the filaments in the tensile direction of the scaffolds.
Failure load, stiffness, elastic modulus, failure stress and toughness were calculated from
stress-strain curves. Elastic modulus and stiffness were calculated at the steepest region of
the stress strain curves. Toughness was calculated as the area under the stress-strain curves.

Adhesion and morphology of human mesenchymal stem cells seeded on patterned
bioscaffolds

To demonstrate that the 3D-controlled porosity enables cell-loading throughout the
continuum of the patterned scaffold, cells were seeded on 6-layered scaffolds (10 mm X 5
mm X 0.5 mm, rectangular porosity with 1.5 mm pore size) following sterilization in 70%
ethanol overnight. Scaffolds were placed in an ultralow attachment 24-well plate (1 scaffold/
well). Human mesenchymal stem cells (Lonza, Walkersville, MD) were seeded at a density
of 250,000 cells/well. The culture medium was composed of alpha MEM (Invitrogen)
supplemented with 10% MSC-FBS (Invitrogen), 1% penicillin/streptomycin and 50 pg/mL
ascorbic acid. Twelve hours after seeding, the unattached cells were removed by replacing
the growth medium and the cells adherent on the scaffolds were cultured for 3 days. Cell
morphology was visualized by staining the cell actin filaments using AlexaFluor 488
Phalloidin (Life Technologies, Grand Island, NY, USA) at day 3. Briefly, cells were fixed
with 3% formaldehyde (with 0.1% TritonX-100) for 10 min and washed with 1x PBS. The
actin filaments were stained by incubating the cells in AlexaFluor 488 Phalloidin at 37 °C
for 20 min. The stain was washed with 1x PBS and images of actin stained cells were taken
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using an Olympus Microscope. To visualize the cell nucleus, DAPI nucleic acid staining
(Invitrogen) was also performed after day 3.

Statistical Analysis

Results

A one-way analysis of variance (ANOVA) test was performed to evaluate for significant
differences between groups. Two sets of groups were analyzed separately for significant
difference within the groups. The first set was different pore geometries groups: i)
rectangular ii) square iii) diamond-shaped pore and iv) parallel channel pore. The second set
was square pore scaffolds with: v) 2 layers vi) 4 layers and vii) 6 layers. Significant
differences between means were calculated and significance level was set at p< 0.05. A
post-hoc analysis using the Tukey’s test was conducted to compare pairwise differences
between groups.

Four types of patterned lattice structures were fabricated (Fig. 4). The collagen filaments of
the scaffold with diamond-shaped pores lacked alignment (magenta in CP1 image in Fig.
3A). In contrast, the scaffolds which are fabricated with parallel filaments had collagen
molecules aligned parallel to the longer axes of the filaments as evidenced by blue
coloration (Fig. 3B).

The typical stress-strain plots of scaffolds with increasing number of layers (group v, vi and
vii) showed that 2-layered scaffold failed abruptly with limited plastic deformation. 4-
layered and 6-layered groups showed prominent post-yield deformability (Fig. 5a).

There was a non-linear increase in the structural mechanical properties of scaffolds with
increasing number of layers. Such that, 3-fold increase (2 layer to 6 layer) in the number of
layers resulted in increases in more than 3-fold increase in failure load (7-fold), toughness
(5.5-fold) and stiffness (7- fold) (Fig. 5b-f).

The stress-strain plots of the different porosity geometry shape showed that the scaffolds
with diamond-shaped pores failed more abruptly than square/rectangular shape pore and
parallel channel pore scaffolds (Fig. 6a). Failure stress, elastic modulus, stiffness and
toughness were highest for rectangular/square-shaped pore scaffolds, intermediate for
parallel channel pore scaffolds and lowest for diamond-shaped pore scaffolds and these
properties increased about 6-fold, 7-fold, 2.5-fold and 8-fold respectively from diamond-
shaped pore scaffold to square shape pore scaffold (Fig. 6b-f). There were no significant
differences between the material properties of rectangular and square-shaped pore scaffolds

(Fig. 6b-f).

F-actin and DAPI stained images taken from fields of view located in the deeper layers of
scaffolds (Fig. 7) revealed that cells were uniformly seeded over the filaments. Actin
cytoskeleton of cells was elongated along the longer axis of the threads. The nuclei also
became elongated along the length of the collagen filament in the scaffolds (Fig. 7) with a
nuclear aspect ratio of 2.15 + 0.34 after 3 days of culture.
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Discussion

A novel method of manufacturing, patterned planar electrochemical compaction of pure
collagen was developed. The method fabricated mechanically promising patterned scaffolds
with controlled porosity. Different pattern types were generated to show the versatility of the
fabrication. The process involved the design of desired pore configuration via computer
aided design and the machining of the pattern by computer controlled numerical machine
tool. These computational modalities provided the control over 3D scaffold morphology.

There are several methods to prepare porous three-dimensional biodegradable scaffolds,
including gas foaming?9: 52, phase separation®3 67.68 porogen leaching®®: %0, fiber extrusion
and bonding*8, emulsion freeze-drying,”® and solid free-form fabrication (SFF) such as 3-D
printing32 69, bioplotting®!: 42: 79, selective laser sintering®. Gas foaming process may
produce structure with largely unconnected pores and a non-porous external surface.
Particulate leaching is limited for thicker scaffolds, phase separation is limited by the
number of materials included in the formulation, and SFF of collagen generally requires the
inclusion of secondary polymers to provide consistency. SFF also require expensive
specialized instruments and mass production via SFF may present challenges.
Electrospinning and fiber meshes uses fibers to make porous structure. However,
electrospinning uses toxic solvents and control over pore size and shape is not possible.
Moreover electrospinning and other techniques usually utilize a secondary synthetic polymer
besides the collagen to enable manufacturability 1 19. 39.47. 61 Freeze drying provides
porous collagen scaffolds and pore size and elongation can be controlled to some

extent 2830, 56,66 _On the other hand, freeze drying process generally produces weak
structures with elastic modulus and failure stress values in the kPa range®2. There is no
single technique which can provide mechanically robust pure collagen based 3-D scaffolds
with controlled porosity. The demonstrated electrocompaction method addresses this
limitation to a significant extent. Importantly, the method lends itself to scaled-up production
by using arrays of electrodes over large surface areas.

Mechanical test results of different pattern types and layer numbers suggest that the
patterned scaffold manufactured by the method in this study has a potential to be used in the
biomaterials and tissue engineering fields where strength and controlled porosity is required.
The enhancement in mechanical properties is largely associated with the ability of the
method to compact the pure monomeric collagen to solid phase within the channels of the
cathode (Fig. 1A). Prior studies from our group demonstrated up to 300 fold increase in
packing density of collagen (3 mg/mL to 1030 mg/mL)2° molecules. The alignment of
collagen molecules along the length of the channels also contributes to mechanical
robustness.

Increasing the layer number has a disproportionately greater benefit on the mechanical
properties of meshes. From 2 layer to 4 layer scaffold the failure load increased about 2.5
fold whereas from 2 layer to 6 layer scaffold it increased about 7 fold. Similarly, stiffness
and toughness increased 7 fold and 5.5 fold respectively from 2 layer to 6 layer. Two-layer
scaffolds failed abruptly at the end of the linear elastic region while as the layer number
increased, the 4-layered and 6-layered scaffolds showed prominent post yield deformability.
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This increase is mechanical properties and prominent post yield deformability in increasing
layer numbers may be a result of additional layers complementing the weak points in other
layers. This support, in turn, results in a nonlinear increase in the mechanical properties with
increasing number of layers. This result also indicates that layer numbers can be increased as
an option to match the strength of native tissues.

There were variations between mechanical properties for variation of pattern type (e.g.
rectangular/square- shaped pore, parallel channel pore and diamond-shaped pore). Diamond-
shaped pore scaffold showed significantly inferior mechanical performance than the other
types of scaffold. This outcome was associated with lack of molecular alignment in the
diamond-shaped patterned pores. In case of rectangular/square and parallel channel pore
scaffold, the direction of loading is same as the direction of the collagen filament in the
patterned scaffold which helps the scaffold to withstand greater load. Conversely, collagen
filaments are obliquely oriented to the loading direction in diamond-shaped pore which may
have reduced the strength and the stiffness. Although the diamond-shaped pore may be weak
in tensile direction, they may perform better where uniform load distribution is required due
to the angular filament distribution. Parallel channel pore showed intermediate failure load
due to the weak points which arose from lack of alignment in the interconnections between
filaments.

The connected macroporosity of the scaffolds facilitated cell-seeding. Cells populated the
entire scaffold at the time of seeding. After 3 days of culture, cell nuclei became elongated
with an aspect ratio of 2.15. Native tendon, ligament, cardio myocyte and muscle cell has
elongated nucleus with nucleus aspect ratio ranging from 2- 6 which is important in
promoting a tenogenic, myogenic and ligament phenotypesM®: 11: 33,34, 40,60 The observed
elongation of cell morphology may be beneficial in engineering such tissues using the
proposed scaffold concept.

Unification of mechanical robustness with ample amount of macroporosity renders the
electrocompacted collagen scaffolds for mesh-based applications which require rapid tissue
ingrowth and neovascularization. Such applications include hernia repair, stress urinary
incontinence (SUI), vaginal prolapse, thoracic wall reconstruction and tendon tissue
engineering. At the present, such applications use synthetic polymers (e.g. polypropylene,
polytetrafluoroethylene, polyester, etc.) autografts or decellularized allo/xenografts.
Synthetic polymers provide acceptable mechanical properties. However they may present
issues regarding cell adhesion’®: 77, systemic or local reactions 10, Biodegradable synthetic
polymer scaffolds may be associated with foreign body giant cells22,

To our knowledge pure collagen based scaffolds has not been used in clinical mesh
application due to their weak mechanics [Table 1]. For clinical mesh application, to achieve
mechanical robustness in collagen based scaffold, mostly collagen rich decellularized tissue
such as small intestine submucosa (SIS), porcine acellular dermal matrix, and abdominal
fascia (decellularized xenografts or allografts) were used'? 58. Decellularization may not
always be fully effective and cell remnants may impact the scaffold host response, immune
cell infiltration, tumor necrosis factor-a expression and macrophage activation8%. Chemicals
used in decellularization and radiation used for antigen deactivation results in damage to the
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extracellular matrix which in turn may drive premature degradation of the implant before
tissue integration takes place. The scaffold presented in this paper is a bottom-up fabrication
sequence which utilizes pure collagen stock. Prior animal studies using electrocompacted
threads demonstrated a high level of biocompatibility38. Therefore, incomplete removal of
antigens is not a limitation for electrocompacted collagen. Moreover previous /1 vitro study
of electrocompacted collagen showed favorable cell proliferation® 37 and differentiation3’ to
tenogenic lineage. To the best of our knowledge, this is the first time a pure collagen scaffold
mesh is reported within the mechanical strength range of decellularized tissue based
xenografts [Table 1].

All of the aforementioned mesh based application requires mechanical robustness to a
certain extent. Hernia repair meshes requires flexibility and optimized tensile strength to
reduce discomfort. Polymer based meshes for hernia repair may be too strong and result in
movement restriction and painl8. The tensile strength of a mesh required to withstand the
maximum abdominal pressure is 32 N/cm® which is only a tenth of that of most meshes
available now. High tensile strength polymers may be associated with erosion or extrusion in
SUI repair?l. The range of apparent tensile strength of existing xenograft and polypropylene
sling products are 2-12 MPa and the apparent modulus range is 5-15 MPa*3. Abdominal
fascia used in autograft procedures in SUI application have a strength of up to 2 MPa and
modulus of 10 MPa36. Polymer based meshes for thoracic diaphragm reconstruction has
mechanical strength 25-40 N/cm?5. However, thoracic reconstruction with synthetic
materials are more prone to infection which necessitates costly removal procedure®®. In the
current study, six-layered scaffolds with different pore geometries have mechanical
properties such as tensile stiffness, tensile strength and modulus ranges from 10-50 N/cm,
1-6 MPa and 5-40 MPa respectively which are within the range of practical usability of these
applications. These patterned scaffolds also have porosity size ranging from 0.8-1.5 mm
which is also within the range of most of the present repair meshes in the market. Moreover,
the tensile strength can be optimized by changing the layer number of the scaffold, whenever
optimization of tensile strength is required.

Conclusion

In summary, the current study developed a CAD/CAM based method to manufacture a pure
collagen based highly porous patterned scaffold. High compaction and alignment of the
collagen molecules rendered the construct mechanically robust. The results suggest that by
changing the number of layers and shape of the structure, mechanical properties can be
modulated for different tissue engineering application such as tendon, hernia, SUI, thoracic
wall reconstruction.

The inability to incorporate high strength and high porosity in a structure is one of the major
barriers in the engineering of load-bearing tissue, and the fabricated structure in this method
addresses this limitation to some extent. This method utilizes computerized scaffold design
and fabrication which allows the integration of ‘scaffolds with controlled porosity’. There is
a general lack of biofabrication methods that will provide controlled porosity and the
patterned electrochemical deposition method in this study has a potential to address this
challenge at the fundamental level.
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Figure 1.
Process of fabricating individual patterned layer. Patterned electrochemical compaction of

monomeric collagen solutions as mechanically robust lattice layers. The layers can be
stacked to obtain thicker scaffolds.
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(A) (8) Mold for rectangular or
A patterned cathode including three square pore scaffold

staggered lattice layers (below).
Three recovered layers (top)

Bottom
Layer

Middle Top

Layer Layer —t »

10 mm Collagen loaded in
patterned lattice

10 mm . l

Bottom and middle layers
overlaid and registered by edges

Stereomacrographic |
images of two
registered layers

Patterned
Collagen
J lattice

Stereomacrographic
images of two registered
layers

Patterned Collagen A final crosslinked
lattice in staggered form scaffold

Figure 2.
3D-scaffolds can be obtained by overlaying the individual lattice layers. The pore network is

staggered between each consecutive layer to attain interconnected porosity. The registration
of the stagger pattern is accounted for during the CNC based machining of the electrode
system. A) 3D-interconnected porosity can be attained by overlaying multiple layers while
staggering the pore structure. Blue and black * % * denote the two separate scaffold layers.
B) Layers can be patterned as parallel channel to induce collagen molecule alignment and
make desired pore shaped scaffolds by staggering the individual layers.
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(A) (B)

No alignment of
collagen molecule

Alignment due to parallel
channel structure

Diamond-shaped
scaffold

5mm

Figure 3.
A) Branching in the diamond-shaped patterned lattice displayed lack of alignment of

collagen molecules as manifested by the magenta in the compensated polarize image (CPI).
B) Parallel channels introduce alignment in the patterned layer (emergence of blue color in
CPI indicates alignment).
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Diamond pore

Figure 4.
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Square pore Rectangle pore

Scaffolds with 4 different porosity shapes. A) Diamond-shaped pore; B) Square-shaped
pore; C) Rectangle-shaped pore 4) Parallel channel pore. Black color of the scaffolds are due
to genipin cross linking. Black arrow indicates porosity through the thickness of the scaffold
and blue arrow indicates spaces between the filaments of the layers of the scaffold.
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Figureb.
Mechanical assessment of patterned scaffolds with three different layer numbers. (a) Typical

stress-strain curves for different layer scaffolds, (b) Failure load, (c) Elastic modulus, (d)
Toughness (e) Failure stress and (f) Stiffness of 6 layer scaffold is more than 3 fold greater
than the 2 layer scaffolds. The horizontal line indicates significant difference (p <0.05).
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Figure 6.
Mechanical assessment of patterned scaffolds with four different pore shapes. (a) Typical

stress-strain curves for different porosity scaffolds, (b) Failure stress, (c) Elastic modulus,
(d) Toughness (e) Failure load and (f) Stiffness of rectangular/square-shaped pore scaffolds
were highest, parallel channel pore scaffolds were intermediate and diamond-shaped pore
scaffolds were lowest. Asterisks indicate significant differences between groups (p <0.05).
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Figure 7.
DAPI (blue) and F-Actin (green) staining images revealed that cells covered the entire

scaffold through thickness. Cells and nucleus became elongated along the length of the
collagen filament (bottom enlarged image - horizontal direction).
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Comparative mechanical properties of collagen based scaffolds for tissue engineering application
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dry) 14

Market Compressive | Compressive | Tensile Elastic
Collagen Based Scaffold Name Modulus Strength Strength Modulus
Permacol°8 38 MPa 210 MPa
CollaMend®8 10MPa 30 MPa
Porcine dermis Strattice®® 15 MPa 50 MPa
XenMatrix58 12 MPa 40MPa
Pelvitex™® 1.2 MPa 5 MPa
FlexHD58 10MPa 30 MPa
Human dermis
AlloMax>8 22 MPa 60 MPa
Veritas®® 6MPa 20 MPa
Collagen rich xenogr afts Bovine pericardium
(decellularized collagen PeriGuard>8 16 MPa 110 MPa
matrix)
Porcine SIS Surgisis®® 70 4 MPa 15 MPa
Human abdominal fascia3® 2 MPa 10 MPa
. . 0.2-35
57
Porcine dermis MPa
Animal SIS Strasis8? 3 MPa
Human cadaveric dermis Alloderm?” 7.2 MPa
Human cadaveric fascia lata Faslatal” 10.85 MPa
Decellularized tendon section 0.5-6
(Sheet form) 3 0.2:0.7MPa  \ipy
Electrocompacted
patterned scaffoldsin this 1-6 MPa 5-40 M Pa
study
Gel form (dogbone shape) 3 0.1 MPa 0.2 MPa
Electrospun Collagen® 0.3 MPa 0.4 MPa
Collagen, Collagen+ Elastin 350-200
(freeze dry) & 25 kPa 12 kPa 80 kPa KPa
Pure collagen 26
(reconstituted collagen) Collagen freeze dry! 7.8 kPa 81 kPa
ColIagen—gl)zlé:osammoglycan 5.1 kPa 30 kPa
(freeze dry)
Gel form (dog bone shape) 52 0.5-9 kPa ibS;l-ZS
Collagen (freeze dry) 4 20 kPa
Collagen-chitosan (freeze 10-20 kPa
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