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Abstract

Patients suffering from damaged or diseased fibrocartilages currently have no effective long-term
treatment options. Despite their potential, engineered tissues suffer from inferior biomechanical
integrity and an inability to integrate in vivo. The present study identifies a treatment regimen
(including the biophysical agent chondroitinase-ABC, the biochemical agent TGF-B1, and the
collagen crosslinking agent lysyl oxidase) to prime highly cellularized, scaffold-free
neofibrocartilage implants, effecting continued improvement in vivo. We show these agents drive
in vitro neofibrocartilage matrix maturation toward synergistically enhanced Young’s modulus
and ultimate tensile strength values, which were increased 245% and 186%, respectively, over
controls. Furthermore, an in vitro fibrocartilage defect model found this treatment regimen to
significantly increase the integration tensile properties between treated neofibrocartilage and
native tissue. Through translating this technology to an in vivo fibrocartilage defect model, our
results indicate, for the first time, that a pre-treatment can prime neofibrocartilage for significantly
enhanced integration potential in vivo, with interfacial tensile stiffness and strength increasing by
730% and 745%, respectively, compared to integration values achieved in vitro. Our results
suggest that specifically targeting collagen assembly and organization is a powerful means to
augment overall neotissue mechanics and integration potential toward improved clinical
feasibility.
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1. Introduction

Collagen-rich musculoskeletal soft tissues, such as the knee menisci, intervertebral discs,
temporomandibular joint (TMJ) discs, tendons, and ligaments, lack an intrinsic ability to
self-repair following disease- or injury-induced degradation. As such, different fibrocartilage
repair technigues have been developed, which typically utilize either autograft or allograft
tissue, or scaffold-based replacements. However, such approaches are hindered by implant
inability to successfully integrate with host tissue [1, 2]. Proper integration is critical to graft
success, as it ensures that the implant remains stabilized and is, therefore, able to
competently function in vivo [3, 4]. With the insufficiency of current grafts, tissue
engineering of neofibrocartilage implants that mimic the complex structures of native tissues
holds great potential as a long-term clinical solution for acute fibrocartilage injuries and
chronic degenerative pathologies [5]. Toward engineering such implants, it is imperative
that they are able to withstand the high mechanical loads of joints and, perhaps even more
importantly, are strategically engineered to promote integration with the host tissue upon
implantation. Without these critical features, they, like current grafts, may likely fail. Thus,
it is critical that treatment modalities are developed that specifically target 1) the maturation
and extracellular matrix (ECM) organization, and 2) the integration potential of engineered
fibrocartilage implants.

The four most common factors that may either directly or indirectly impede proper
fibrocartilage integration are: 1) the avascularity of the host tissue [6], 2) cell death at the
periphery of the defect [7], 3) hindrance of cellular migration due to a dense collagen matrix
at the wound edge [8], and 4) the lack of stabilizing collagen crosslinks at the native-to-
implant interface [9]. Together, these factors result in a metabolically inactive wound edge
that limits both matrix synthesis and crosslink formation, hindering integration with any type
of implant [10]. Various methods have been developed in an attempt to overcome the yet
unresolved hurdle of integration. For instance, biological tissue adhesives have been used at
the integration interface [11, 12] as well as enzymatic degradation to temporarily reduce the
amount of negatively charged proteoglycans at surfaces of the graft and host tissues [13, 14].
While such methods have had a beneficial effect toward encouraging integration, a stable,
biomechanically robust integration interface, able to withstand the complex distribution of
forces experienced by fibrocartilaginous tissues, has yet to be achieved.

A self-assembling process has been developed to generate highly cellularized and
metabolically active neotissues [15], which may aid in integration upon implantation.
Specifically, seeding high-density co-cultures of meniscus cells (MC) and articular
chondrocytes (AC) into non-adherent agarose wells promotes the development of
neofibrocartilage in a manner akin to native morphogenesis [16, 17]. Past work has
identified several exogenous factors to enhance the overall functional properties of self-
assembled neotissue, including the bioactive agent transforming growth factor-p1 (TGF-B1)
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and the biophysical agent chondroitinase-ABC (C-ABC) [18, 19]. While combined use of
these factors has been found to enhance neotissue functional properties through increased
collagen content, density, and fibril diameter [20, 21], their tensile properties remain inferior
to those of native tissue. Thus, efforts to further promote in vitro tissue maturation in
addition to enhancing integration potential are necessary to generate mechanically robust
neofibrocartilage implants able to withstand the high in vivo loads of joints.

Promating collagen crosslinking in neofibrocartilages may provide a viable solution toward
furthering in vitro maturation as well as facilitating in vivo integration with the host tissue.
Natively, lysine-derived, covalent pyridinoline (PYR) crosslinks have been shown to be
instrumental to development of a mechanically robust collagen matrix [22]. Such crosslinks
are formed via the enzyme lysyl oxidase (LOX), which turns amino acid precursors (lysine
and hydroxylysine) into mature PYR crosslinks over time [23, 24]. Capitalizing on the
potential of promoting the formation of PYR crosslinks, this study employed a combination
of stimuli consisting of exogenous LOX, C-ABC, and TGF-B1 to enhance the tensile
properties of self-assembled neofibrocartilage implants as well as effect and stabilize their
integration with native tissue. This study was conducted in three phases: The objective of
Phase 1 was to promote in vitro maturation of engineered fibrocartilage. Phase 2 sought to
foster the integration between native and self-assembled fibrocartilages in vitro. Finally,
Phase 3 investigated the potential of a LOX+C-ABC+TGF-B1 pre-treatment to prime
neofibrocartilage for enhanced integration in vivo. Overall, it was hypothesized that through
collagen enhancement and PYR crosslink formation, combined treatment of LOX+C-ABC
+TGF-$1 would 1) induce time-dependent maturation and enhance the tensile properties of
the neofibrocartilage constructs, 2) promote in vitro integration between engineered and
native fibrocartilages, and 3) carry over an effect into the in vivo environment to further
promote such integration.

2. Materials and Methods

2.1. Neofibrocartilage culture & integration

Juvenile bovine AC and MC were isolated and self-assembled at a 50:50 ratio [20]. For
Phase 1, constructs were grown and analyzed at t = 6 and 12 wk. For Phases 2 and 3,
integration was investigated by press-fitting 3 mm diameter punches of 6-wk-old
neofibrocartilage into donut-shaped, 6 mm outer x 3 mm inner diameter native fibrocartilage
explants (porcine-derived mandibular disc fibrocartilage), which were cultured for an
additional 6 wk either in vitro or in vivo (Fig. 3). Native-to-native assemblies were likewise
created for Phase 2. For both the in vitro and in vivo integration phases, the integration
interface was analyzed at t = 12 wk. To ensure the constructs remained in place, 1 ul of
biodegradable cyanoacrylate was applied to the interface at one specific location of both
engineered-to-native and native-to-native assemblies, penetrating ~ 2.5% of the thickness of
the tissue. Although histology verified the glue to fully degrade prior to testing, all analysis
was conducted opposite where the cyanoacrylate glue was administered to ensure any
enhancements observed in integration were not related to the affects of the tissue glue.
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2.2. Treatments

This study employed a combination of treatments, including LOX, C-ABC, and TGF-p1.
For Phase 1, a two-factor, full factorial study design was employed, which included a
treatment factor (control, LOX, -f1, and LOX+C-ABC+TGF-f1) and a culture duration
factor (t = 6 or 12 wk). LOX was applied continuously at 0.15 ng/ml from t = 7 — 21 d [25],
C-ABC was applied at 2 U/ml for 4 hrsat t = 7 d and t = 21 d [20], while TGF-1 was
applied at 10 ng/ml for the entire culture duration [18]. The second phase of this study
sought to promote integration between native and engineered fibrocartilages via an in vitro
model of integration. The same four treatments were used in Phase 2; the only difference
being that LOX was applied 2x, fromt =7 — 21 d and again from t = 35 - 49 d (Fig. 3B),
prior to engineered-to-native assembly formation. Native-to-native assemblies in Phase 2
were treated with LOX from for 1 wk following assembly formation. The objectives of
Phase 3 were 1) to investigate whether subcutaneous implantation of engineered-to-native
assemblies into the backs of nude mice would help to further fortify the integration interface
area, and 2) if this fortification could be enhanced via use of the LOX+C-ABC+TGF-f1 pre-
treatment established in Phase 2. In Phase 3, the three treatment levels were: control, 1x
LOX (fromt=7-21d) +C-ABC+TGF-p1, and 2x LOX (fromt=7-21dandt=35-42
d) +C-ABC+TGF -B1. All treatments in Phase 3 were administered to neofibrocartilage
during the first 6 wks of culture, prior to formation of the engineered-to-native assemblies
(at t = 42 d) and subcutaneous implantation (at t = 43 d) (Fig. 3B).

2.3. Histology

Segments of constructs from Phase 1, as well as of the integration interface from assemblies
of Phases 2 and 3, were cyroembedded and sectioned at 14 pm. Following formalin fixation,
slides were stained with either Picrosirius Red for total collagen or Safranin-O/Fast Green
for GAG [20].

2.4, Biochemistry & HPLC

Construct segments were weighed before and after lyophilization, and then digested in
papain [19]. Total collagen content was measured via a chloramine-T hydroxyproline assay
using a SIRCOL standard (Accurate Chemical and Scientific Corp., Westbury, NY). GAG
content was measured using a dimethylmethylene blue dye-binding assay kit (Biocolor,
Newtownabbey, Northern Ireland). Pyridinoline (PYR) collagen crosslink content was
analyzed via HPLC using PYR standards (Quidel, San Diego, CA) [26].

2.5. Mechanical testing

An Instron uniaxial testing machine (Model 5565, Canton, MA) was used to measure
unconfined, stress-relaxation data of the neotissue from Phase 1, which were fit to a Kelvin
solid model to obtain the neotissue’s viscoelastic properties at both t = 6 and 12 wk.
Specifically, both E, and the E; were calculated, as previously described [20]. For tensile
testing, dog-bone-shaped samples from Phase 1, and 1 mm wide strips containing the
integration interfaces from Phases 2 and 3, were cut, glued to a paper frame at either
extremity, and loaded into the grips of a uniaxial testing machine (Test Resources,
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Shakopee, MN). A pull-to-failure test was then conducted, from which the Ey and UTS
were obtained [20].

Following ethanol dehydration, Phase 1 neotissue samples were critically point dried and
gold sputter coated. A Philips XL30 TMP SEM was used to image three separate locations
on each sample. ImageJ was used to quantify the collagen fibril density and diameter of each
image [27].

2.7. In vivo implantation

Nine male athymic mice, 6-8 weeks in age, were obtained in accordance with the Animal
Use and Care Administrative Advisory Committee, University of California, Davis. Mice
were anesthetized under general anesthesia, after which a 3 mm incision was made, and two
subcutaneous pouches were created on either side of the incision, one on each side of the
thorax. Each pouch received one engineered-to-native assembly, such that no mouse
received two assemblies from the same treatment group (control, 1x LOX+C-ABC+TGF-
B1, or 2x LOX+C-ABC+TGF-p1). The incision was then closed using staples; 6 wk post-
surgery, the mice were humanely sacrificed, and the tissue harvested and analyzed.

2.8. Statistics

3. Results

For Phase 1, a one-way ANOVA (n = 6 per group) was used to test the hypothesis that a
LOX+C-ABC+TGF-B1 treatment regimen would enhance the in vitro maturation and tensile
properties of the neofibrocartilage. Separately, to test the hypothesis that treatments and
culture durations were both significant factors in promoting neotissue enhancement, a two-
way ANOVA (n = 6 per group) was also used to analyze the data from Phase 1. Data that
had a positive interaction on an additive scale and resulted in a combined group that was
greater than the addition of the two singular treatments were determined to be synergistic.
For Phases 2 and 3, one-way ANOVAs (n = 6 per group) were used to determine the effect
of the treatment regimen on enhancing the tensile properties of the integration interface.
Upon finding significance (p < 0.05), a Tukey’s HSD post hoc test was applied for all
Phases. To compare between Phase 2 and Phase 3 results, two-way ANOVA and Student’s
t-test analyses were used. Data from all phases are represented as mean * standard deviation.

3.1. Phase 1: In vitro maturation of engineered fibrocartilage

At both t = 6 and 12 wk, self-assembled neofibrocartilage constructs were analyzed
biochemically, biomechanically, and via scanning electron microscopy (SEM). All
constructs presented with flat, uniform morphology at both t = 6 and 12 wk (Fig. 1A-B),
with TGF-B1 and LOX+C-ABC+TGF-B1 constructs having significantly decreased wet
weights, and diameters compared to controls at each respective time point (Table 1).
Histologically, collagen staining was more dense and uniform in TGF-B1 and LOX+C-ABC
+TGF-B1 groups, while glycosaminoglycan (GAG) staining was denser in control and LOX
groups at t = 6 wk. Similar results were observed histologically at t = 12 wk; however, GAG
staining appeared to increase in both control and LOX groups at this time (Fig. 1A-B).
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Biochemical analysis found significantly greater collagen per wet weight (Col/WW) in
TGF-B1- and LOX+C-ABC+TGF-p1-treated constructs at both t = 6 and 12 wk compared to
LOX and control constructs. Specifically, at t = 6 wk, the LOX+C-ABC+TGF-31 group
exhibited a 180% increase in Col/WW over controls, and at t = 12 wk, a 228% increase over
controls was observed in this group (Fig. 2A). In terms of collagen crosslinks, PYR per wet
weight (PYR/WW) was found to be significantly greater in both LOX and LOX+C-ABC
+TGF-B1 treated constructs at t = 6 wk, with values 1.9- and 2.7-fold those of respective 6
wk controls. By t = 12 wk, the LOX+C-ABC+TGF-B1-treated constructs exhibited
significantly greater PYR/WW over all other groups, with a value 3.8-fold those of 12 wk
controls (Fig. 2B). GAG per wet weight (GAG/WW), on the other hand, was found to be
significantly greater in control and LOX groups compared to TGF-1 and LOX+C-ABC
+TGF-B1 groups at both the 6 and 12 wk time points (Table 1).

Uniaxial tensile testing at t = 6 wk found the LOX+C-ABC+TGF-1 treatment to
synergistically increase both the Young’s modulus (Ey) and ultimate tensile strength (UTS)
202% and 121%, respectively, over 6 wk controls (Fig. 2C-D). These synergistic
enhancements were also observed in t = 12 wk constructs, finding the LOX+C-ABC+TGF-
B1-treated neofibrocartilage to have Ey and UTS values 245% and 186%, respectively, over
12 wk controls. Results further found the 12 wk time point to be a significant factor toward
enhancing neotissue tensile properties. Stress-relaxation unconfined compressive testing
found both the relaxation modulus (E,) and instantaneous modulus (E;) to be significantly
greater in LOX constructs compared to all other groups att = 6 wk (Table 1). By t = 12 wk,
both control and LOX groups presented with greater E, and E; values compared to TGF-B1
and LOX+C-ABC+TGF-B1 constructs.

Neofibrocartilage constructs were imaged via SEM to investigate the effects of the two
factors on in vitro matrix development and organization (Fig. 1A-B). Results found 6 wk
constructs treated with LOX+C-ABC+TGF-f1 to have a denser collagen matrix displaying
bundling of fibrils into fibers compared to control constructs, which appeared less dense and
with no sign of bundling. By t = 12 wk, while the control matrix remained relatively
unaltered, the bundling of fibrils into densely packed and organized fibers was even more
evident in LOX+C-ABC+TGF-p1-treated constructs. Quantitative analysis of the SEM
images at both 6 and 12 wk found TGF-p1 and LOX+C-ABC+TGF-B1 constructs to have
significantly enhanced collagen fibril densities over controls. The LOX+C-ABC+TGF-1
treatment was further found to significantly increase the collagen fibril diameter by 92%
over controls at the 6 wk time point; by the 12 wk time point, these increases were found to
be synergistic, with values increased by 104% over 12 wk controls (Fig. 1C-D). Further, the
12 wk time point was again found to be a significant factor toward promoting maturation of
the neofibrocartilage matrix in terms of significantly increasing both the fibril density and
diameter.

3.2. Phase 2: In vitro integration of native and engineered fibrocartilage

Following 6 wk of in vitro integration, the integration interface of engineered-to-native and
native-to-native assemblies was analyzed histologically and biomechanically. Histological
evaluation of the integration interface found both LOX and LOX+C-ABC+TGF-1
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treatments to promote fusion of the interface in engineered-to-native assemblies; control and
TGF-B1-treated assemblies, however, showed little to no integration (Fig. 4A). This was also
shown biomechanically: both LOX and LOX+C-ABC+TGF-$1 treatments significantly
enhanced the integration interface tensile stiffness and strength in engineered-to-native
assemblies over controls or C-ABC+TGF-p1-treated constructs (Fig. 4B,C). Specifically, the
Ev and UTS of the integration interface in LOX-treated assemblies were 2.2- and 2.4-fold
those of controls, respectively. Similarly, LOX+C-ABC+TGF-p1-treated assemblies
presented with integration interface Ey and UTS values that were 2.2- and 2.6-fold those of
controls, respectively. In terms of the native-to-native assemblies, histological evaluation
showed little to no integration in either control or LOX-treated groups, which was further
confirmed biomechanically (Fig. 4D-F). Interestingly, results further revealed the
integration interface in LOX-treated engineered-to-native assembles to have ~7.5-fold
greater tensile stiffness and strength compared to those of LOX-treated native-to-native
assemblies.

3.3. Phase 3: In vivo integration of native and engineered fibrocartilage

At 6 wk post-surgery, the mice were humanely sacrificed, and the tissue assemblies were
harvested and analyzed histologically and biomechanically. Histological evaluation of the
engineered-to-native assemblies post-sacrifice revealed untreated assemblies to be
insufficiently integrated; both the single and double LOX treatments, however, were found
to promote more complete fusion of the integration interface. Further, the neofibrocartilage
in the double LOX-treated assemblies presented with denser collagen staining compared to
the engineered tissue in single LOX-treated assemblies (Fig. 5A). Biomechanical testing
found both LOX treatments to significantly increase the tensile stiffness and strength of the
integration interface compared to untreated assemblies (Fig. 5B—C). Specifically, the Ey and
UTS of the integration interface in single LOX-treated assemblies were 3.3- and 3.2-fold,
respectively, those of controls. The double LOX treatment, on the other hand, increased the
Ev and UTS of the integration interface 4.3- and 4.7-fold control values, respectively.
Analysis was also conducted to compare the in vitro integration results of Phase 2 with the
in vivo results of Phase 3 (Fig. 5D-E). A two-tailed, paired Student’s t-test revealed the in
vivo double LOX treatment to promote significantly enhanced Evy and UTS values that were
304% and 230% greater, respectively, than those achieved in combination-treated constructs
invitro. In comparing the Ey and UTS of the integration interface of in vivo double LOX-
treated assemblies to in vitro control assemblies revealed 730% and 745% significant
increases, respectively, in the combination-treated in vivo assemblies over in vitro controls.
No significant differences, however, were observed between in vitro and in vivo controls.
Further, two-way ANOVA analysis found both the LOX+C-ABC+TGF-f31 pre-treatment as
well as the in vivo subcutaneous environment to be significant factors toward enhancing the
integration interface stiffness and strength in fibrocartilaginous engineered-to-native
assemblies.

4. Discussion

In light of the current insufficiencies of fibrocartilage implants, this study sought to enhance
the biomechanical integrity of neofibrocartilage as well as to facilitate and stabilize their
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integration with native tissue via a combination of stimuli: LOX, C-ABC, and TGF-1.
Innovative aspects of this study include finding that the LOX+C-ABC+TGF-B1 treatment 1)
enhances the tensile properties of self-assembled fibrocartilage via time-dependent
maturation of the neotissue’s ECM, and 2) promotes integration between engineered and
host tissues in an animal model. This study also demonstrates that LOX is a potent agent for
enhancing integration between native-to-implant surfaces, confirming the pivotal role of
PYR crosslinks at the integration interface. Furthermore, this work shows, for the first time,
that a pre-treatment carries over an effect into an in vivo model achieving functional
integration. Methods used in this study were able to address the two most cumbersome
factors that currently hinder integration, including cell death at the wound edge and the lack
of collagen crosslinks at the integration interface. Thus, using self-assembled
neofibrocartilage implants allows for implantation of highly cellular, metabolically active
implants that, when treated with LOX+C-ABC+TGF-f1, are primed for enhanced
integration potential following implantation toward achieving values on par with intact
native fibrocartilage.

Phase 1 of this study established that longer culture duration post-LOX application promotes
a more biomechanically robust matrix. While the 12 wk time point was found to be a
significant factor toward enhancing neotissue tensile properties, it was not a significant
factor toward enhancing collagen content. Previous work has shown that as highly
collagenous native tissues develop and mature, the density and diameters of their collagen
fibrils increase, along with increased fibrillar bundling and matrix compaction; together,
these structural modifications translate to a matrix capable of withstanding greater tensile
loading [28-30]. Similarly, the present study found the 12 wk time point to be a significant
factor toward increasing the collagen fibril diameter and density in LOX+C-ABC+TGF-31-
treated constructs, as well as to promote distinct collagen bundling. Thus, results indicate
that, over time, the LOX+C-ABC+TGF-f1 treatment promotes in vitro neofibrocartilage
maturation similar to the maturation observed during native tissue morphogenesis, resulting
in neofibrocartilage with greater tensile properties.

Concurrent with the observed matrix modifications, neofibrocartilage treated with LOX+C-
ABC+TGF-B1 also experienced increased intramolecular collagen crosslink content. While
no significant difference in crosslink content was observed between LOX- and LOX+C-
ABC+TGF-f1-treated constructs at t = 6 wk, by t = 12 wk, the crosslink content in
combination-treated constructs was significantly increased over all other groups. It has been
shown that LOX-mediated PYR collagen crosslinks take ~7 — 30 d to fully mature [23].
While no significant differences were observed in PYR content in 6 wk vs. 12 wk time
points, it is, therefore, likely that the longer culture duration allowed for the development of
more mature PYR crosslinks to form. Previous work has indicated that it is specifically the
mature crosslinks that are correlated with the tensile robustness of native musculoskeletal
tissues [31, 32]. With more time for the crosslinks to mature in vitro, constructs receiving
LOX and grown to 12 wk were better suited to withstand tensile loads. Combining LOX
with C-ABC+TGF-B1, therefore, neofibrocartilage grown to 12 wk had the benefits of all
three agents, including 1) increased collagen content as an anabolic result of TGF-f1, 2) a
compacted collagen matrix having greater fibril diameters as a result of GAG depletion by
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C-ABC, and 3) more mature PYR crosslinks, mediated by LOX, that aided in the bundling
of fibrils into more mechanically robust fibers. Thus, results indicate that the increased
tensile properties are directly related to matrix maturation, organization, and crosslinking,
showing combined use of these three agents to be a potent regimen to promote matrix
maturation and enhanced neotissue biomechanical integrity over time (Fig. 6).

LOX was found to promote integration between neofibrocartilage and native tissue in Phase
2’s invitro model, using the treatment regimen established in Phase 1. Specifically, the
integration interface stiffness and strength were significantly increased an average of 114%
and 148%, respectively, in engineered-to-native assemblies treated with either LOX alone or
with LOX+C-ABC+TGF-$1. The finding that the LOX+C-ABC+TGF-B1 treatment regimen
did not promote integration significantly more than LOX alone suggests that LOX is the
crucial factor contributing to the enhanced integration potential of neofibrocartilage. This
indicates that increased PYR collagen crosslinks are critical to the formation of a more
robust integration interface. Previous work has found -aminopropionitrile, an agent that
irreversibly inhibits LOX activity, thus blocking collagen crosslink formation, to inhibit
integration between hyaline cartilage explants [33], further showing the importance of
crosslinks at the integration interface. Thus, results of the present study show that using
exogenous LOX to upregulate PYR crosslink formation not only aids in promoting
maturation of the neotissue along with C-ABC and TGF-p1, but is also integral toward
facilitating and stabilizing the integration interface between engineered implants and native
tissue (Fig. 6).

The engineered-to-native assemblies produced a significantly stronger integration interface
than the native-to-native assemblies, as seen in Phase 2. While LOX treatment doubled the
tensile stiffness of the interface of native-to-native assemblies compared to untreated native-
to-native controls, the effect of LOX was 7.5-fold larger toward enhancing the tensile
properties of engineered-to-native assemblies. Natively, collagen crosslinks in
fibrocartilaginous tissues remain in an unstable, immature, reducible form during early
development; however, as the tissue matures, these reducible crosslinks are converted into
more stable, mature, non-reducible PYR crosslinks [34]. Thus, the low cellularity and highly
dense, mature crosslink-stabilized matrix likely inhibited exogenous LOX from having
much effect at promoting integration in native-to-native assemblies [7, 10]. This suggests
that the high cellularity, immature collagen matrix, and high collagen crosslinking potential
of the self-assembled constructs enabled the neofibrocartilage to better respond to LOX,
resulting in the formation of PYR crosslinks at the integration interface. Over time in
culture, therefore, the metabolically active integration interface in engineered-to-native
assemblies matured to produce significantly stronger bonding than in the metabolically
inactive native-to-native assemblies.

In vivo implantation of the native-to-engineered tissue carried over and significantly
enhanced the LOX-mediated integration effects. This was identified in the final phase in
which fibrocartilage, pre-treated with a double LOX application in addition to C-ABC
+TGF-B1, promoted greater integration between native and engineered fibrocartilage.
Specifically, this treatment increased the integration interface Ey and UTS by 4.3- and 4.7-
fold, respectively, than values achieved in untreated implant assemblies. Further, when
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compared to integration values achieved using the same treatment in vitro, the in vivo
environment was found to improve the integration interface tensile stiffness and strength by
304% and 230%, respectively. These significant enhancements are likely attributable to the
nutrient rich environment and mechanical stresses placed on the engineered-to-native
assemblies in the subcutaneous environment [27, 35, 36]. However, because no significant
differences were found between the integration properties of in vitro and in vivo control
assemblies, the 4.1-fold significant enhancement in the integration properties of LOX+C-
ABC+TGF-B1-treated in vivo compared to in vitro engineered-to-native assemblies indicates
the subcutaneous environment had a more potent effect in the pre-treated neofibrocartilage.
Thus, the pre-treatment likely primed the implant to better respond to the in vivo
environment, further accelerating its maturation and, hence, interfacial integration with
native tissue (Fig. 6). This speaks to the potential for LOX+C-ABC+TGF-f1-treated
neofibrocartilage implants to further mature and form even more stable integration interfaces
given longer in vivo culture time. Future work must therefore investigate the effects of this
treatment toward promoting long-term integration in functional defect sites in vivo.

Of the few studies that have mechanically characterized the integration interface in
fibrocartilaginous repair models [37, 38], only one study has utilized a pull-to-failure test
similar to the test used in the present study. This study generated electrospun nanofibrous
scaffolds containing entrapped collagenase, with the goal of locally controlling matrix
degradation at the meniscus wound interface to enhance native-to-native tissue repair.
Results found the integration interface tensile strength to trend higher in defects containing
the collagenase-releasing scaffold compared to empty defects or those containing non-
collagenase-releasing scaffolds following 50 d of in vitro culture, with the integration
interface tensile strength of the best group averaging at 13.5 kPa [39]. The present study
similarly found the integration interface tensile strength to trend higher in LOX-treated
native-to-native assemblies, with a value of 25.9 kPa. Use of the LOX+C-ABC+TGF-$1 and
the highly cellular neotissue in engineered-to-native assemblies, however, resulted in
integration Ey values of 240 kPa following in vitro culture, which were further promoted
following in vivo culture to 890 kPa. In comparing the achieved integration interface tensile
modulus to those of intact fibrocartilaginous tissues, results of the in vivo portion of this
study indicate that the integration interface in assemblies containing LOX+C-ABC+TGF-
B1-treated neofibrocartilage was ~100% of the tensile modulus of intact intervertebral disc
anulus fibrosus tissue in the axial direction [40], ~28% of intact native TMJ disc middle
zone tissue in the mediolateral direction [41], and ~18% of intact native meniscal tissue in
the radial direction [42]. Thus, results indicate this combination treatment significantly
improves the integration robustness of engineered fibrocartilage implants to values on par
with those of intact native tissue.

5. Conclusions

In summary, this study addresses the current insufficiencies of fibrocartilage implants,
namely their subpar biomechanical integrity and, more importantly, their inability to
integrate with native tissue upon implantation. Specifically, this study shows that a LOX+C-
ABC+TGF-B1 pre-treatment regimen synergistically enhances the biomechanical
functionality and primes the integration of highly cellularized, metabolically active, self-
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assembled neofibrocartilage. By addressing two of the most difficult factors that currently
inhibit integration, the tensile properties of the integration interface achieved in vivo were on
par with values of intact native fibrocartilage. Methods developed in this study are
translatable toward addressing defects in a wide variety of fibrocartilaginous tissues. Future
work will be focused on adapting these methods toward further promoting the functional
properties and integration potential of neofibrocartilage in site-specific, large animal
fibrocartilage defect models.
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A) Morphology, Histology and, SEM at 6 wk
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B) Morphology, Histology, and SEM at 12 wk
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Phase 1 gross morphology (markings on ruler = 1 mm), Picrosirius Red for collagen and
Safranin O/Fast Green for sulfated glycosaminoglycans (GAG) stained sections (scale bar =
100 um), and representative scanning electron microscopy (SEM) images (scale bar = 1 um)
of untreated, LOX, C-ABC+TGF-B1, and LOX+C-ABC+TGF-B1 neofibrocartilage at t = 6
wk (A) and t = 12 wk (B). Collagen fibril density (C) and diameter (D) quantified from SEM
images, bars not connected by the same letter are significantly different (p < 0.05), lower
case letters denote significant differences for 6 wk constructs, upper case letters denote
significant differences for 12 wk constructs, n = 6 per group, mean £ SD.
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Fig. 2. Phase 1 Neotissue Functional Properties at t = 6 and 12 wk
Collagen content per construct wet weight (A), pyridinoline content per construct wet weight

(B), Young’s modulus (C), and ultimate tensile strength (D) of untreated, LOX, C-ABC
+TGF-B1, and LOX+C-ABC+TGF-p1 neofibrocartilage at t = 6 and 12 wk. Bars not
connected by the same letter are significantly different (p < 0.05), lower case letters denote
significant differences for 6 wk constructs, upper case letters denote significant differences
for 12 wk constructs, n = 6 per group, mean + SD.
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A) Integration Assembly Formation
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Fig. 3. Phase 2 and 3 Experimental Designs

A fibrocartilage defect model was formed by press fitting 3 mm punches of 6-wk-old
neofibrocartilage into same-size native fibrocartilage defects and grown either invitroor in
vivo for an additional 6 wk (A). Control (none), LOX, C-ABC+TGF-$1, or LOX+C-ABC
+TGF-B1 pre-treatments were applied to neofibrocartilage prior to integration assembly
formation and in vitro culture in Phase 2 (B). Control (none), single LOX+C-ABC+TGF-f1,
or double LOX+C-ABC+ TGF-f1 pre-treatments were applied to neofibrocartilage prior to
integration assembly formation and in vivo culture in the backs of athymic mice in Phase 3

©).
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Fig. 4. Phase 2 In Vitro Integration Interface Histology and Tensile Properties
Picrosirius Red (for collagen) stained integration interface sections for control and LOX+C-

ABC+TGF-B1 pre-treated engineered-to-native assemblies (A) (scale bar = 100 pm).
Interface Young’s modulus (B) and ultimate tensile strength (C) of control, LOX, C-ABC
+TGF-B1, and LOX+C-ABC+TGF-p1 pre-treated engineered-to-native assemblies.
Picrosirius Red (for collagen) stained integration interface sections for control and LOX-
treated native-to-native assemblies (D) (scale bar = 100 um). Interface Young’s modulus (E)
and ultimate tensile strength (F) of control and LOX treated native-to-native assemblies.
Bars not connected by the same letter are significantly different (p < 0.05), n = 6 per group,
mean + SD.
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In Vivo Engineered-to-Native Assemblies
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Fig. 5. Phase 3 In Vivo Integration Interface Histology and Tensile Properties; Comparison with
Phase 2 In Vitro Results
Picrosirius Red (for collagen) stained integration interface sections (A) (scale bar = 100 um),

interface Young’s modulus (B), and ultimate tensile strength (C) of control, single LOX+C-
ABC+TGF-B1, and double LOX+C-ABC+TGF-B1 pre-treated engineered-to-native
assemblies. Bars not connected by the same letter are significantly different (p <0.05),n=6
per group, mean + SD. Comparison between Phase 2 (in vitro) and Phase 3 (in vivo) results
for interface Young’s modulus (D) and ultimate tensile strength (E). Asterix represents
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significance between in vitro and in vivo results, and Greek letters represent significance
between control and LOX+C-ABC+TGF-B1 treatment following 2-way ANOVA analysis, n
= 6 per group, mean £ SD.
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B) Addition of TGF-f1 C) First C-ABC Treatment D) Addition of LOX
Enhancement of collagen Temporary depletion of GAG Formation of PYR crosslinks
and GAG synthesis — Compaction of matrix Partial recovery of GAG
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Fig. 6. Neofibrocartilage Matrix Maturation, Organization, and Crosslinking following LOX+C-
ABC+TGF-B1 Pre-treatment

Following self-assembly of neofibrocartilage (A), neotissue is grown in the presence of
TGF-B1 starting at t = 0 days (B), promoting matrix synthesis. The first C-ABC treatment at
t = 7 days (C) temporarily depletes glycosaminoglycan (GAG) content and compacts the
matrix. LOX is added from t = 8 to 20 days (D), resulting in pyridinoline (PYR) crosslink
formation, while GAG partially recovers. The second C-ABC treatment at t = 21 days (E)
removes any recovered GAG, furthering compacting the matrix. Increased in vitro culture
duration of the neotissue to t = 72 days results in matrix maturation and bundling of fibrils
into fibers (F). Together, these treatments, in addition to a second LOX treatment (Phases 2
and 3), prime the neofibrocartilage matrix for enhanced integration potential with native
tissue by t = 42 days.
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