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Abstract

Tendon is a highly aligned connective tissue which transmits force from muscle to bone. Each
year, people in the US sustain more than 32 million tendon injuries. To mitigate poor functional
outcomes due to scar formation, current surgical techniques rely heavily on autografts. Biomaterial
platforms and tissue engineering methods offer an alternative approach to address these injuries.
Scaffolds incorporating aligned structural features can promote expansion of adult tenocytes and
mesenchymal stem cells capable of tenogenic differentiation. However, appropriate balance
between scaffold bioactivity and mechanical strength of these constructs remains challenging. The
high porosity required to facilitate cell infiltration, nutrient and oxygen biotransport within three-
dimensional constructs typically results in insufficient biomechanical strength. Here we describe
the use of three-dimensional printing techniques to create customizable arrays of acrylonitrile
butadiene styrene (ABS) fibers that can be incorporated into a collagen scaffold under
development for tendon repair. Notably, mechanical performance of scaffold-fiber composites
(elastic modulus, peak stress, strain at peak stress, and toughness) can be selectively manipulated
by varying fiber-reinforcement geometry without affecting the native bioactivity of the collagen
scaffold. Further, we report an approach to functionalize ABS fibers with activity-inducing growth
factors via sequential oxygen plasma and carbodiimide crosslinking treatments. Together, we
report an adaptable approach to control both mechanical strength and presence of biomolecular
cues in a manner orthogonal to the architecture of the collagen scaffold itself.
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1. Introduction

Tendons are highly aligned tissues made from a hierarchical alignment of type | collagen
fibrils which transmit force from muscle to bone. Each year, chronic and acute tendon
injuries account for more than 32 million injuries in the US alone [1]. Healing of these
injuries can be complicated by the scale of the defect, the age and physical activity of the
patient, as well as resultant inflammatory response post-injury. While relatively minor
tendon injuries may heal on their own, major tendon injuries result in scar formation which
hinders mechanical performance and often results in pain and poor functionality. Current
surgical techniques rely heavily on autografts and allografts [2]. Although these techniques
are successful for some, they become problematic for recurrent injuries. Biomaterials for
tissue engineering are becoming a popular approach to address these injuries and have a
significant potential to replace allografts and autografts for many classes of complex tendon
and ligament injuries. However, significant hurdles, particularly mechanical optimization,
remain [3].

Collagen-glycosaminoglycan (CG) scaffolds belong to a versatile class of porous
biomaterials that have been used for a wide range of tissue engineering applications.
Fabricated via lyophilization from a suspension of extracellular matrix (ECM) derived
proteins, these scaffolds present a porous network (typically greater than 95% porous) that
supports cell invasion and metabolite biotransport [4,5]. Here, individual pores of order 50—
250 um in size are defined by fibers of collagen content, termed struts, which provide
alignment, compositional, and stiffness cues to cells within the network. Originally
developed to promote scarless healing in dermis [6,7] and peripheral nerves [8], the ability
to precisely control microstructural features (pore size, shape) of these scaffolds has been
exploited to examine mechanistic details regarding how scaffold biophysical properties
affect cell adhesion, migration, and contraction [4,6,9,10]. More recently, variants of these
scaffolds have been developed towards the promotion of healing a wider range of tissues
including tendon [11-13], bone [14-16], cartilage [14,17,18], and orthopedic insertions
(tendon-bone; cartilage-bone) [19,20].

Emerging efforts have focused on developing strategies that use the scaffold to provide
instructive signals that selectively promote a desired cell behavior such as proliferation,
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migration, or functional phenotype. Mineral content and bioactive glass can be included into
the scaffold to enhance mesenchymal stem cell (MSC) osteogenic differentiation and bone
repair [19,21-23]. Similarly, aligned networks of ellipsoidal pores generated via directional
solidification have been exploited for applications in anisotropic tissue engineering (e.g.,
cardiac, tendon) [24]. Biomolecular signals are particularly popular, and multiple strategies
have been explored to incorporate growth factors within these collagen scaffolds. We and
others have described the optimization of individual factors or combinations of soluble
growth factors in the context of musculoskeletal repair [25-27]. In order to combat diffusive
loss of these factors, additional efforts have described modifications to promote ubiquitous
or spatially-patterned covalent immobilization of growth factors within the scaffold network
[28-31]. More recently, we have also described the use of scaffold proteoglycan chemistry
to promote transient sequestration of growth factors within the CG scaffold via non-covalent
interactions [32,33].

Efforts in our lab have recently focused on the development of a new class of scaffold for
regenerative repair of orthopedic insertions, notably the osteotendinous (tendon-bone)
junction [19]. While CG scaffolds display advantageous bioactive characteristics particularly
in the realm of promoting cell expansion and metabolic health, one particular disadvantage
which has yet to be adequately addressed is the sub-optimal mechanical strength. Healthy
tendon, trabecular bone, and the osteotendinous insertion each have elastic moduli well in
excess of 10 MPa [34-38]. CG scaffolds typically exhibit porosities in excess of 95%
(relative density: <5%) in order to provide sufficient specific surface area for initial cell
attachment as well as to facilitate nutrient biotransport [4,39]. However, this high porosity
leads to low mechanical strength, with typical elastic moduli of order 20-200 kPa (dry) and
1-50 kPa (hydrated) [19,40,41]. While this stiffness can be increased through the selective
addition of mineral content or crosslinking, the native stiffness of these scaffolds is still
more than two orders of magnitude too soft [40]. Although tissue engineering constructs do
not need to exactly match the tissue they are implanted into, they do need to withstand daily
in vivo mechanical forces without permanently deforming or failing. And while increasing
the relative density of the scaffold leads to significant increases in the macroscopic scaffold
modulus [40,42], such increases come at a cost of reduced cell penetration and metabolic
health. And while cellular remodeling can lead to significant increases in the mechanical
strength of the construct, the timescale for remodeling makes it impractical to rely on it as an
initial stiffening strategy [43].

Bioinspired designs offer an alternative paradigm for addressing current trade-offs between
scaffold modulus and biotransport-influenced bioactivity. Inspired by core—shell composite
structures such as those found in the porcupine quills and plant stems [44,45], we recently
described the integration of a high-density collagen membrane she//to the porous (low-
density) collagen scaffold core capable of increasing the overall construct elastic modulus by
over 30-fold [13]. We added periodic perforations to the shell to improve biotransport and
cell penetration into the scaffold [46]. While effective, the shell limited the capacity to
rapidly produce constructs of arbitrary shape to address many osteotendinous injuries. So
here we describe efforts to create a different reinforced scaffold composite inspired by the
longitudinal fibers found as reinforcing structures in plant stems. This effort is enabled by
the recent rapid proliferation of commercial three-dimensional printing tools. Here we report
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a prototype scaffold-fiber composite fabricated from a CG scaffold impregnated with arrays
of acrylonitrile butadiene styrene (ABS) fibers generated using a commercial three-
dimensional printing platform. This effort looks to combine the poor mechanical strength yet
high biocompatibility of the CG scaffold with the superior mechanical properties but poor
biocompatibility of ABS in a single composite. We explore the use of different fiber
morphologies as a means to customize the composite mechanical behavior, as well as
approaches to functionalize the fiber reinforcement array with biomolecules to enhance
cellular bioactivity.

2. Materials and methods

2.1. Preparation of collagen-GAG precursor suspension

A CG suspension was prepared from type I collagen (1.0% w/v) isolated from bovine
Achilles tendon and chondroitin sulfate (0.1% w/v) derived from shark cartilage in 0.05 M
acetic acid (Sigma—Aldrich, St. Louis, MO). The suspension was homogenized at 4 °C to
prevent gelatinization during mixing and was degassed before use [47].

2.2. Fabrication of acrylonitrile butadiene styrene fiber arrays via 3D printing

A series of acrylonitrile butadiene styrene (ABS) fiber arrays were created then incorporated
into CG scaffolds to evaluate the effect of ABS fiber reinforcement on scaffold mechanical
properties. Each array consisted of 9 parallel 1 mm diameter ABS fibers fixed together at
either end with ABS end blocks (end blocks: 20 x 4 x 3 mm; complete fiber array: 20 x 76 x
3 mm) (Fig. 1). Three different fiber geometries of theoretically decreasing elastic modulus
were fabricated: a parallel array of 9 linear fibers (straight fiber array); a parallel array of 9
sinusoidal fibers with 1 mm amplitude (period: 11.3 mm; I mm sinusoidal fiber array); a
parallel array of 9 sinusoidal fibers with 2 mm amplitude (period: 11.3 mm; 2 mm sinusoidal
fiber array). Alternatively, ABS end blocks not connected by fibers were used as a negative
control (scaffold alone). All constructs were printed using a MakerBot Replicator 2x
(MakerBot Industries, Brooklyn, NY) at standard quality settings (10% infill, 2 shells, 200
um layered height) and an extruder speed of 90 mm/s. To ensure structural fidelity of the
fiber arrays, ABS fibers were co-printed with polystyrene supports using dual nozzles
(polystyrene: 250 °C; ABS: 230 °C) onto a temperature controlled build-plate (110 °C). The
polystyrene supports were subsequently dissolved in D-Limonene (GreenTerpene, Miami,
FL), leaving behind the final ABS fiber array. After all polystyrene was dissolved, ABS fiber
arrays were washed multiple times with deionized water, and then dried before use.

2.3. Fabrication of ABS fiber reinforced CG scaffolds via lyophilization

ABS fiber arrays or ABS end blocks alone were placed into aluminum molds 7.6 cm (long)
x 2 cm (wide). The CG suspension was then added to submerge the fiber array, with the final
ABS-CG composite fabricated via a previously described lyophilization protocol [48].
Briefly, the mold was placed on a freeze-dryer shelf (VirTis, Gardiner, NY) maintained
initially at 20 °C. The shelf temperature was then ramped down to —40 °C at a rate of 1 °C/
min, followed by a 1 h hold at =40 °C to ensure complete solidification. Following freezing,
the shelf temperature was ramped up to 0 °C at a rate of 1 °C/min, after which a 200 mTorr
vacuum was maintained overnight to remove ice crystals via sublimation [40,48], leaving

Acta Biomater. Author manuscript; available in PMC 2016 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mozdzen et al.

Page 5

behind the porous CG scaffold impregnated with ABS fibers (Fig. 1A). The CG-ABS fiber-
reinforced scaffolds were dehydrothermally crosslinked at 105 °C for 24 h under vacuum
(<25 torr) in a vacuum oven (Welch, Niles, IL) [49]. After DHT crosslinking, scaffolds were
stored under desiccation until use.

2.4. SEM analysis of fiber-scaffold composite microstructure

In order to visualize the degree of penetration of the CG scaffold into the ABS fiber array,
transverse sections were cut through the CG-ABS composites with a razor blade in order to
expose the interior structure of the composites. Transverse sections were subsequently
imaged with scanning electron microscopy (SEM) on a JEOL JSM-6060LV (JEOL USA) to
assess both the degree of CG scaffold penetration within the ABS fiber array as well as the
presence of any voids between the ABS surface and the surrounding CG scaffold. A
combination of secondary and backscatter electron detection were used under low vacuum to
image the CG-ABS fiber array composite.

2.5. Tensile testing of ABS—CG composites

The elastic modulus of CG-ABS fiber array composites (7.6 cm x 2 cmx 5 mm thick) were
assessed via uniaxial tension tests. Tensile mechanical tests were performed on dry scaffold
fiber composite samples (5 cm gauge length) at a rate of 5.0 mm/min using an MTS Insight
electromechanical load frame (Eden Prairie, MN), with tensile grips gripping the ABS end
blocks embedded within each scaffold. Tests were performed on scaffolds (r7= 6/- group)
containing: end blocks only (no connecting fibers; scaffold alone); a parallel array of 9
sinusoidal fibers with 2 mm amplitude (2 mm sinusoidal fiber array); a parallel array of 9
sinusoidal fibers with 1 mm amplitude (Z mm sinusoidal fiber array); a parallel array of 9
linear fibers (straight fiber array). The elastic modulus of each construct was calculated by
taking the slope of the linear region (0.5-5% strain) of the stress—strain curve for each
sample. Construct toughness was calculated analytically from the area under the stress—
strain curve for each sample. Additionally, for each test overall peak stress (maximum load
divided by sample cross-sectional area) and strain at peak stress were also calculated.

2.6. Functionalizing ABS constructs with biomolecules

In order to immobilize a biomolecule of interest to ABS constructs, the constructs were
cleaned via oxygen plasma (no gas flow, high RF,<0.3 torr, 5 min per side; PDC-32G,
Harrick Plasma, Ithaca, NYY) in order to expose carboxylic acid groups on the ABS surface
(Supplemental Fig. 1). Fibers were subsequently functionalized with either a model protein,
bovine serum albumin (BSA), or platelet derived growth factor BB (PDGF-BB), known to
enhance cell metabolic activity in CG scaffolds [26]. Plasma-cleaned ABS constructs were
incubated with BSA (100 pg/mL) or PDGF (1 pg/mL) [50] in the presence of a solution of
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) and N-
hydroxysulfosuccinimide (NHS) (5 mg/mL, 1 h) to catalyze the formation of covalent
crosslinks between the plasma cleaned ABS and the biomolecule of interest. Samples were
washed in PBS and stored for future use. To quantify the degree of biomolecular attachment,
fluorescently labeled BSA (BSA-Alexafluor-594 conjugate, BSA-594, Fisher Scientific,
Pittsburgh, PA, USA) was immobilized on two-dimensional ABS substrates. The
supernatant was collected after biomolecular functionalization for each of 4 experimental
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groups (1= 3 per group): negative control (no BSA-594, plasma cleaning, or carbodiimide
crosslinker); BSA-594 added with carbodiimide crosslinker without plasma cleaning;
BSA-594 added after plasma cleaning but without the carbodiimide crosslinker; BSA-594
added with carbodiimide crosslinker after plasma cleaning. The amount of unattached
BSA-594 remaining in the supernatant was quantified against a known standard via a
fluorescence spectrophotometer (infinite M200 Pro, Tecan, Switzerland). Immobilized
BSA-594 was calculated from the total BSA-594 added and the amount remaining in
solution. Additionally, ABS fibers (1 mm diameter) conjugated with BSA-594 were imaged
with a fluorescent microscope (Leica DMI 4000B; excitation: 596; emission: 615) using an
HClImage camera (exposure time: 0.1 s) to assess the distribution of BSA-594 on the fiber
surface (versus unconjugated ABS).

2.7. Cylindrical ABS—CG scaffolds to evaluate cell metabolic health

While large (7.6 cm x 2 cm x 5 mm) rectilinear constructs were used to demonstrate the
efficacy of ABS-fiber reinforcement on the tensile properties of CG scaffolds, such large
specimens were impractical for assays to evaluate the metabolic health of cells within the
CG-ABS composites. In this case, 90,000 cells per construct would be required to match
typical seeding densities of cells within CG scaffolds [51]. As a result, a second set of CG—
ABS composites were generated to evaluate the impact of ABS-fiber incorporation on cell
bioactivity. Here, a 10 mm diameter scaffold disk (6 mm thick) commonly-used by our
laboratory for evaluating the effect of scaffold properties on cell bioactivity [41] was used.
Cylindrical ABS fiber cages (10 mm dia.; 6 mm thick) were fabricated from two parallel
ABS fiber rings connected by 8 parallel ABS fibers (all fibers 1 mm dia.) were incorporated
into cylindrical CG scaffold disks via identical lyophilization steps as described in section
2.3. Importantly both the rectilinear (used for mechanical tests) and cylindrical (cell
bioactivity) composites were designed such that the fiber volume remained relatively
constant (cylindrical: 28%; rectilinear: 31%). Cylindrical CG-ABS composites were
hydrated in ethanol followed by phosphate-buffered saline (PBS) then were crosslinked
using carbodiimide chemistry for 1 h in a solution EDC and NHS at a molar ratio of 5:2:1
EDC:NHS:COOH where COOH represents the amount of collagen in the scaffold [7,40].
After crosslinking, cylindrical CG-ABS composites were rinsed and stored in PBS until
further use.

2.8. Culture of porcine adipose tissue derived stem cells (pASCs)

Porcine adipose tissue derived stem cells (pASCs) were provided as a gift from Dr. Matthew
Wheeler (U. lllinois at Urbana-Champaign) [52]. pASCs were expanded in standard tissue
culture plastic in complete ASC growth medium (10% fetal bovine serum, 1% antibiotic—
antimycotic in Dulbecco’s Modified Eagle Medium) at 37 °C and 5% CO», fed every 3 days,
and used at passage 7. For experiments evaluating the bioactivity of pASCs within CG-ABS
composites (with or without immobilized PDGF), 9 x 104 pASCs in 20 uL microliters of
growth medium were seeded onto cylindrical (height: 6 mm; radius: 5 mm) scaffold
specimens containing cylindrical fiber arrays using a previously described static seeding
method [5]. After 30 min to allow initial cell attachment [4,24], ABS-CG composites were
transferred to complete ASC growth medium and then maintained for up to 7 days in a cell
culture incubator (37 °C and 5% CO5).
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As a two-dimensional control, well plate inserts consisting of bare or PDGF-functionalized
ABS disks (0.42 cm radius; height: 0.5 cm; 10% infill, 2 shells, 200 um layers; polystyrene
extruder: 250 °C; ABS extruder: 230 °C; build plate: 110 °C; extruder speed: 90 mm/s) were
generated via 3D printing. The inserts were placed into standard 24-well plates (Fisher
Scientific,), seeded with porcine adipose derived stem cells (50,000 cells/well insert), and
maintained for up to 7 days in a cell culture incubator (37 °C and 5% CO,).

The mitochondrial metabolic activity of ASCs seeded in CG-ABS composites and on 2D
ABS well plate inserts were quantified at day 1, 4 and 7 via alamarBlue® (Invitrogen,
Carlsbad, CA). Viable, healthy cells reduce resazurin in alamarBlue solution to resorufin,
which produces fluorescence. CG-ABS composites and 2D ABS well plate inserts were
incubated in alamarBlue solution with gentle shaking for 1 h, and fluorescence was then
measured (excitation 540 nm, emission 580 nm) on a fluorescent spectrophotometer (Tecan,
Switzerland). Results were compared to a prepared standard to compute equivalent cell
number. Results (r7=5) were reported as the relative metabolic activity compared to the
number of originally seeded cells [53]. The total number of pASCs attached to the CG-ABS
fiber reinforced scaffold was also quantified at day 7 using Hoechst 33258 dye (Invitrogen,
Carlsbad, CA) which fluorescently labels double-stranded DNA. Briefly, scaffolds were
rinsed in PBS to remove unattached and/or dead cells, then placed in a papain solution at

60 °C overnight to digest the scaffold and lyse the cells. Total cell number was determined at
day 7 using a fluorescence spectrophotometer (Tecan, Switzerland). Results (7= 5) were
compared to a prepared standard to compute cell number and were reported as the relative
fold change as compared to the number of originally seeded cells [54].

2.9. Statistics

3. Results

Significance was set at p < 0.05 and error is reported as standard error of the mean unless
otherwise noted. The Levene test for equal variance was performed on all data sets to
confirm validity of further statistical testing; If the Levene test showed unequal variance, the
data was transformed by taking either the square root (toughness) or natural log (elastic
modulus, 3D metabolic activity) and further statistical analysis was performed on the
transformed data. One-way ANOVA was performed on mechanical (elastic modulus, peak
stress, strain at peak stress, toughness), cell viability (alamarBlue), and proliferation
(Hoescht) data followed by Tukey post-hoc tests. Mechanical tensile tests were performed
with 7= 6 samples per group, biomolecular functionalization experiments were performed
with 7= 3 samples per group, and all cell experiments were performed with 7=5 samples
per group.

3.1. Incorporation of ABS fibers within the CG scaffold

Following lyophilization, the CG scaffold fully incorporated the ABS fiber array (Fig. 1B).
SEM analysis of transverse sections taken from the CG-ABS fiber array composite showed
that the CG scaffold was directly opposed to the surface of the ABS fibers (Fig. 1C).
Incorporation of the ABS fiber array was observed to add significant mechanical advantage
relative to the scaffold alone; when strained to 20% strain, far in excess of the loading range
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of tissue engineering constructs for tendon applications (5% strain) [55] and the typical
failure strain of the CG scaffold (15%), the ABS fiber array — and hence the CG-ABS
composite — remained competent.

3.2. The mechanical properties of the CG—ABS fiber array composites can be tuned via the
fiber array design

The elastic modulus, peak stress, strain at peak stress, and toughness were calculated for a
series of CG—ABS composites containing increasing degrees of mechanical reinforcement
(scaffold alone; 2 mm sinusoidal fiber array, 1 mm sinusoidal fiber array; straight fiber
array, Fig. 2). The elastic modulus of the composites increased significantly (v < 0.001) with
mechanical reinforcement, with the straight fiber array having the highest elastic modulus
(15.05 = 1.73 MPa), followed by 1 mm sinusoidal fiber array (8.01 £ 0.51 MPa), 2 mm
sinusoidal fiber array (2.47 £ 0.32 MPa), and scaffold alone (0.22 + 0.01 MPa). The peak
stress also increased significantly (p < 0.01) following the same trend (straight fiber array.
0.91 £ 0.063 MPa; 1 mm sinusoidal fiber array. 0.65 £ 0.075 MPa; 2 mm sinusoidal fiber
array. 0.30 + 0.015 MPa; scaffold alone: 0.03 £ 0.001 MPa). The strain at peak stress was
significantly (p < 0.05) higher for the 2 mm sinusoidal fiber array (0.24 = 0.03 mm/mm),
though otherwise there was no significant differences between the strain at peak stress for
any other groups (0.10-0.15 mm/mm). However, fiber reinforcement did significantly (p <
0.01) affect the overall toughness of the composites, with straight fiber array displaying
highest toughness (151.9 + 15.4 kd/m?), followed by the 2 mm sinusoidal fiber array (77.29
+ 6.3 kI/Im?2), 1 mm sinusoidal fiber array (75.4 + 12.6 kd/m?), and scaffold alone (2.77
+0.11 kd/m?) (Fig. 3). Overall, ABS-fiber reinforcement increased scaffold elastic modulus
by up to 68-fold, peak stress by 30-fold, and toughness by 55-fold. Results for the CG-ABS
fiber composites were compared to arrays of ABS fibers alone; no significant differences
were observed between the elastic modulus of the composites versus the ABS fibers alone
(Supplemental Fig. 2), suggesting that processing steps for integrating the ABS fibers within
the CG scaffold do not affect the mechanical stability of the fiber array itself.

3.3. Selective attachment of a model protein to the ABS fiber arrays via carbodiimide

chemistry

Using fluorescently labeled BSA (BSA-594) as a model protein we confirmed that exposing
plasma treated ABS to a protein of interest in the presence of EDC:NHS chemistry led to
efficient covalent immobilization of the protein on the ABS fiber (Fig. 4). No appreciable
immobilization was observed when the BSA was simply exposed to the fiber or when either
the plasma treatment or the EDC:NHS crosslinker were removed. However, significantly
higher BSA attachment was observed when both plasma treatment and EDC:NHS
crosslinking were employed, with PSA immobilization assessed via quantitative metrics
(Fig. 4A) or fluorescent image analysis (Fig. 4B).

3.4. Metabolic activity of pASCs on ABS substrates as a function of immobilized PDGF

The metabolic activity of pASCs was measured at days 1, 4 and 7 on 2D ABS well plate
inserts. Although metabolic activity increased at day 4 versus initial seeding conditions
regardless of PDGF availability, it dropped to approximately initial seeding conditions by
day 7. However, ABS substrates functionalized with PDGF promoted a significant increase
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in pASC metabolic activity compared to pASCs on ABS alone group at every time point (o
< 0.05). (Fig. 5A, B).

3.5. The bioactivity of pASCs within CG scaffold-ABS fiber composites

The metabolic activity of pASCs maintained within the CG-ABS fiber array composites
increased significantly in all groups with time (from day 1 to day 7; p < 0.05). While not
significant (o= 0.11) the metabolic activity of pASCs in CG-ABS fiber array composites
containing covalently attached PDGF was higher compared to composites containing bare
ABS fibers (Fig. 5C). However, by day 7 there was a significant increase in the total number
of pASCs within composites containing PDGF-functionalized ABS fiber arrays (p < 0.05)
(Fig. 5D).

4. Discussion

Herein, we report an adaptable approach to mechanically reinforce a CG scaffold under
development for tendon repair applications via incorporation of arrays of polymeric fibers
created via three-dimensional printing methods. This approach led to significant (30- to 68-
fold) increases in the overall mechanical performance of the CG composite in a manner that
did not affect the metabolic health of cells within the matrix but which provides significant
flexibility for tailoring overall construct mechanical properties. Additionally, we
demonstrated the ability to functionalize the reinforcing fibers with activity-inducing
biomolecules to further instruct cell response. Together, this approach offers a new avenue
for designing high-porosity biomaterials for high-strength applications.

Increasingly, tissue engineering requires biomaterials with sufficient strength to match the
mechanical properties of a healthy tissue while leaving the material porous enough and with
high enough specific surface area to support cellular penetration, attachment, and sufficient
nutrient biotransport. Composite designs offer a potential solution to this trade-off between
sufficient porosity and high mechanical strength. Previous work in our lab has demonstrates
a core—shell composite design inspired by porcupine quills and plant stems [44,45]. Here, a
highly porous CG scaffold core was surrounded by a high density collagen membrane shell
capable of increasing the composite modulus by over 30-fold [13]. To increase nutrient
transport and cell penetration, periodic perforation could be added to the shell, but at the
expense of strength [46]. While a useful demonstration of composite design, these constructs
were difficult to adapt for the unique geometric needs of patient-specific defects. Work by
Mauck et al. has explored the idea of using sacrificial chemistries for electrospun fibers to
create fibrous mats for tissue engineering applications with enhanced permeability and cell
infiltration [56]. However, these constructs are limited to relatively thin two-dimensional
geometries and as such are difficult to individualize for personalized tissue engineering
applications which require a unique, specifically shaped 3D biomaterial for patient-specific
injuries.

The rapid growth of commercial 3D printing tools offers new potential to personalize
biomaterials for tissue engineering applications. Advances in nozzle and ink design have
allowed extrusion and printing of some cell containing hydrogels, yet the resolution of many
commercial 3D printing tools is limited to millimeter-scale features [57]. However, the
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ability to generate customizable reinforcement structures to be integrated into more
traditional tissue engineering biomaterials have been explored in only a limited manner [58].
The goal of this work therefore was to integrate the high strength, yet low spatial resolution
of 3D printing techniques with a biomaterial with micrometer-scale features to create a
composite with the best attributes of both, and was inspired by the longitudinal fibers found
as reinforcing structures in plant stems [59]. Our novel CG-ABS composites described here
are an example of multi-functional biomaterials, using the ABS fiber array to selectively
modify both mechanical strength and the incorporation of a biomolecule of interest
independent of the CG scaffold design. Native tendon /n vivo typically experiences strain
profiles ranging from relatively small for position tendons (max. strain: 3.1%) [60] to
significantly larger for energy storing tendons (e.g., Achilles tendon; max strain: 10.3%)
[61], with a peak stresses of approximately 15-30 MPa, as well as a range of elastic moduli
(0.45 GPa to 1.2 GPa) [35,62,63]. Although our composites fall short of matching these
mechanical properties (especially at maximum loads which are typically avoided after
injury) they are mechanically competent within the physiologically relevant range of strain,
and have drastically improved properties compared to the collagen scaffold alone. As the
composite is meant to be a regenerative template which provides a microenvironment to
enable cell recruitment, proliferation, and matrix deposition, our focus here is to validate the
fiber-reinforced biomimetic scaffold design paradigm. These composites show significantly
improved and tunable mechanical properties compared to CG scaffolds alone, improved
bioactivity when compared to ABS constructs alone, and lose neither mechanical integrity
nor bioactivity when combined.

A critical need in the design of biomaterials for increasingly complex musculoskeletal
applications is the ability to orthogonally tune mechanics and bioactivity over a desired
functional range. These needs may extend across many scales. The stress a biomaterial
scaffold may experience /n vivo often exceeds the amount of stress the scaffold alone can
withstand before failure. Our work demonstrates an approach to design a composite with a
heightened modulus to result in desired levels of strain when exposed to a physiologically
relevant load (or stress). Incorporating the ABS fiber arrays within a collagen composite
allows the cells to experience a defined amount of strain, while withstanding an increased
amount of stress. This approach also suggests the capability to tune the elastic modulus,
toughness, and peak stress/strain to meet patient-specific criteria. Ongoing efforts are
exploring selective modification of the total number of ABS fibers, the thickness of the
fibers, and the longitudinal changes in fiber architecture (e.g., sinusoidal amplitude, period)
along the fibers in order to regionally manipulate the local stress—strain fields during
loading. Ongoing efforts are also exploring ASC-response to extended mechanical
stimulation (constant strain vs. constant stress conditions) within this series of fiber-
reinforced constructs, with results expected to add significantly to our understanding of how
mechanical reinforcement at the construct scale alters ASC differentiation profiles at the
micro-scale.

ABS was chosen as a model system for its ease of printing via commercially available 3D
printing tools, its strength, and the potential for surface modification to facilitate covalent
immobilization of biomolecules. However, long-term development of fiber-reinforced
composites will likely require a different polymer that would support a wider range of
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functionality (e.g., cell-adhesion, growth factor release, degradability). Given the low
specific surface area of the ABS within the CG-ABS composite, cells likely primarily
interact with the CG scaffold in the full composite. However, examining the role of PDGF-
immobilization on 2D ABS substrates (Fig. 5), pASCs were forced to interact directly with
the ABS. While pASC metabolic activity was higher at all timepoints on ABS substrates
containing surface immobilized PDGF versus ABS alone, an observation consistent with
previous efforts in our group showing the efficacy of covalently-tethered PDGF [26], ABS
itself did not support pASC expansion. Translated to the ABS-fiber reinforced CG
composite, pASC metabolism increased significantly (p < 0.05) over the 7 day culture
period and total cell expansion was significantly higher (p < 0.05) for CG-ABS composites
containing covalently-immobilized PDGF (Fig. 5C, D). This suggests construct mechanical
behavior can be defined by the ABS fiber arrays, while cell response is likely dominated by
the porous CG scaffold material. Given the surface area of ABS within the current
composite design, effective use of the ABS fibers to present activity-inducing growth factors
while maximizing cellular activity within the collagen scaffold composite will require new
methodological development. As there is a tradeoff between mechanics and bioactivity, even
in our composite constructs, ongoing efforts are looking to solve a new optimization
problem: minimizing the volume fraction of the ABS fibers while maximizing the
enhancement in mechanics seen for the composite as a whole. To this end we are exploring
more complex fiber designs, both increasing the number of ABS fibers as well as exploring
the use of enzymatically cleavable linkers to provide temporal control over the
bioavailability of immobilized biomolecules.

5. Conclusions

The need to balance biomechanical and bioactivity requirements in the design of tissue
engineering biomaterials for musculoskeletal applications requires a new design toolbox.
While typically incapable of generating biomaterials with micrometer-scale features, three-
dimensional printing offers a unique way to generate composite biomaterials. Herein we
demonstrates a composite design that integrates arrays of ABS fibers with tailorable
mechanical properties generated via 3D printing into a collagen-GAG scaffold with high
bioactivity under development for tendon repair applications. In addition to mechanical
reinforcement, we also show that the fiber array offers a platform to integrate activity-
inducing doses of growth factors into the construct in a manner orthogonal to the design of
the collagen scaffold itself. The paradigm described here represents a novel departure from
current methods to address bioactivity-biomechanical trade-offs in biomaterial design. This
approach also offers the potential to integrate patient-customizable reinforcement elements
into a standardized scaffold as well as the ability to locally tune the permissible stress—strain
behavior of the composite in order to meet the needs of a variety of musculoskeletal tissues
including insertional zones between disparate tissues such as tendon and bone.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Tendon injuries account for more than 32 million injuries each year in the US alone.
Current techniques use allografts to mitigate poor functional outcomes, but are not ideal
platforms to induce functional regeneration following injury. Tissue engineering
approaches using biomaterial substrates have significant potential for addressing these
defects. However, the high porosity required to facilitate cell infiltration and nutrient
transport often dictates that the resultant biomaterials has insufficient biomechanical
strength. Here we describe the use of three-dimensional printing techniques to generate
customizable fiber arrays from ABS polymer that can be incorporated into a collagen
scaffold under development for tendon repair applications. Notably, the mechanical
performance of the fiber-scaffold composite can be defined by the fiber array independent
of the bioactivity of the collagen scaffold design. Further, the fiber array provides a
substrate for growth factor delivery to aid healing.
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A Insert fibers arrays or end blocks

add suspension

Fig. 1.
Structurally reinforced scaffold-fiber composite. (A) Schematic for creating CG scaffolds

without (left) and with (right) ABS polymeric fibers embedded within. Both contain ABS
polymer end blocks to facilitate mechanical testing. (B) ABS-fiber reinforced scaffold; fibers
are completely incorporated within the scaffold. (C) Representative scanning electron
microscopy (SEM) image of transverse section thought fiber-reinforced scaffold showing
cross-section of ABS fibers and CG scaffold. Scale bar: 200 pm. (D) ABS-fiber reinforced
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scaffold strained to 20% strain in tension; although the scaffold would have failed, fiber
reinforcement holds the composite together well past physiological strains.
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Fig. 2.
Mechanical behavior of fiber-reinforced scaffolds. (A) The tensile behavior of ABS-CG

composites was assessed for four discrete: scaffold alone; 2 mm sinusoidal fiber array; 1 mm
sinusoidal fiber array; straight fiber array. All fiber-reinforced variants were contained 9
parallel fibers (each 1 mm diameter) connecting ABS end blocks to facilitate clamping
during tensile tests. The scaffold alone variants also contained ABS end blocks to facilitate
clamping. (B) Representative stress—strain curves of all four variants. (C) Diagram depicting
how the mechanical properties for each sample were measured. Elastic modulus was taken
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as the slope of the linear elastic region of the curve. Peak stress was taken as the maximum
stress the sample reached, and strain at peak stress was taken as the strain (extension divided
by cross-sectional area) at this same point. Finally, toughness was taken as the area under the
stress—strain curve before failure.
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Fig. 3.
Mechanical properties of ABS-fiber reinforced CG scaffold. Elastic modulus (A) and peak

stress (B) increased significantly with increasing degree of fiber reinforcement. (C) Strain at
peak stress remained unchanged with the exception of the most compliant fiber-
reinforcement variant. (D) The toughness of the fiber-reinforced composites was
significantly greater than the scaffold alone and increased with degree of fiber
reinforcement. ~: p< 0.05; *: p<0.01; **: p<0.001.

Acta Biomater. Author manuscript; available in PMC 2016 September 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mozdzen et al.

Page 22

A
100 - .

©

@

S 75 -

©

=

<

< 50 -

)]

m

X 25 A NS

0 I ]

- plasma -plasma +plasma + plasma
- crosslink + crosslink - crosslink + crosslink
- BSA + BSA + BSA + BSA

Control ABS Functionalized ABS

Fig. 4.
Covalent attachment of biomolecular cues via ABS-fibers. (A) Attachment of a model

protein (BSA) to ABS substrates via sequential oxygen plasma treatment followed by
carbodiimide crosslinking in the presence of fluorescently labeled BSA. Both plasma
treatment then carbodiimide crosslinking are required to facilitate covalent biomolecule
incorporation. (B) Representative fluorescent images of control ABS fibers (left) and BSA-
functionalized ABS fibers (right). *: p< 0.001.
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Covalent presentation of PDGF promotes changes in cell number and metabolic activity. (A)
pASCs were cultured on ABS or PGDF-functionalized ABS substrates (2D); pASCs were
subsequently cultured in CG scaffolds containing ABS fiber reinforcement or PDGF-
functionalized ABS fiber reinforcement. (B) The metabolic activity of pASCs was higher
when cultured on PDGF-decorated ABS substrates than ABS substrate controls at each time
point. In both cases, the highest metabolic activity was observed at day 4. (C) The metabolic
activity of pASCs significantly increased over 7 day culture in CG scaffolds containing
either ABS fibers (composite) or PDGF-decorated ABS fibers (composite + PDGF). (D)
Additionally, the overall cell number was significantly higher after 7 days in CG scaffolds
containing PDGF-decorated fibers. *: p< 0.05; *: p< 0.01 compared to other timepoints for
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the same ABS group; *: p< 0.001 compared to other timepoints for the same ABS group;
** < 0.05 compared to days 1 and 4.
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