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Abstract
Endogenous repair of fibrous connective tissues is limited, and there exist few successful
strategies to improve healing after injury. As such, new methods that advance repair by promoting
cell growth, extracellular matrix (ECM) production, and tissue integration would represent a
marked clinical advance. Using the meniscus as a test platform, we sought to develop an enzyme-
releasing scaffold that enhances integrative repair. We hypothesized that the high ECM density
and low cellularity present physical and biologic barriers to endogenous healing, and that localized
collagenase treatment might expedite cell migration to the wound edge and tissue remodeling. To
test this hypothesis, we fabricated a delivery system in which collagenase was stored inside
electrospun poly(ethylene oxide) (PEO) nanofibers and released upon hydration. In vitro results
showed that partial digestion of the wound interface improved repair by creating a
microenvironment that facilitated cell migration, proliferation, and matrix deposition. Specifically,
treatment with high-dose collagenase led to a 2-fold increase in cell density at the wound margin
and a 2-fold increase in integrative tissue compared to untreated controls at 4 weeks (p≤0.05).
Furthermore, when composite scaffolds containing both collagenase-releasing and structural fiber
fractions were placed inside meniscal tears in vitro, enzyme release acted locally and resulted in a
positive cellular response similar to that of global treatment with aqueous collagenase. This
innovative approach of targeted enzyme delivery may aid the many patients that exhibit meniscal
tears by promoting integration of the defect, thereby circumventing the pathologic consequences
of partial meniscus removal, and may find widespread application in the treatment of injuries to a
variety of dense connective tissues.
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1. Introduction
Fibrous dense connective tissues of the musculoskeletal system, including the knee
meniscus, the temporomandibular menisci, the annulus fibrous of the intervertebral disc, and
tendons and ligaments, are characterized by an extracellular matrix (ECM) composed of
aligned type I collagen bundles. This fiber-reinforced microstructure gives rise to
anisotropic mechanical properties, permitting resistance to tensile stresses applied along the
fiber direction. In the knee meniscus, a semilunar fibrocartilaginous structure located
between the femur and tibia, circumferentially arranged collagen fibers resist tensile hoop
stresses that arise with joint loading [1]. Meniscal tears are common, accounting for over 1
million surgical procedures each year in the United States [2]. These tears disrupt the
essential collagen architecture of the meniscus, decreasing its load transfer functionality.
The intrinsic healing capacity of this tissue is very poor, especially in avascular regions.
Even if some healing occurs, it does so through the formation of a disorganized scar tissue,
altering joint biomechanics and eventually leading to degenerative osteoarthritis of the
affected knee compartment [3-5].

While multiple repair techniques have been developed, their success is limited to simple
longitudinal tears that occur in the vascularized, peripheral one-third of the meniscus [6].
Indeed, a postoperative evaluation of arthroscopically repaired avascular meniscal tears
reported that up to 75% of repairs had failed to heal completely, with 20% requiring a
secondary surgery [7]. The standard surgical treatment after repair failure is a partial
meniscectomy [5], although many surgeons will perform this procedure as a first line
treatment option given the poor outcomes for most repair scenarios. However, resection of
the damaged portion provides only temporary alleviation of pain, and long-term
consequences include increased peak pressures on the tibial plateau during loading, resulting
in further degeneration of both the meniscal fibrocartilage and articular cartilage and often
culminating in the need for total knee arthroplasty [8, 9].

An ideal alternative to surgical removal would be to reestablish native tissue function by
enhancing surgical repair and promoting cell growth, organized ECM production, and, most
importantly, integration at the wound site via the creation of an instructive regenerative
microenvironment. Experimental strategies to augment connective tissue repair, specifically
the avascular zone of the meniscus and other fibrous tissues, include enhancing blood supply
via vascular access channels or synovial flaps [10, 11], delivering growth factors to promote
neovascularization, cell proliferation, and matrix synthesis [12-15], and provision of
synthetic scaffolds that fill the tissue defect [16-19]. A number of factors play a role in
successful meniscal repair, including control of the inflammatory state [20], provision of
local vascularity [5, 21], and tissue maturity and matrix density [22]. Immature fibrous
tissues such as meniscus [22], tendon [23], and ligament [24] show enhanced healing
capacity compared to mature tissues, owing to their hypervascular and hypercellular state.
Notably, collagen content and diameter increase with developmental stage and skeletal
maturation, while cellularity decreases markedly [25]. Furthermore, while the biologic
environment may favor regenerative healing of immature tissue, it has recently been shown
that fetal sheep tendon undergoes a robust healing response even when transplanted to an
adult in vivo setting [26], suggesting innate differences mediate the different healing
capacity as a function of developmental state.
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In agreement with this body of literature, our previous work on meniscus healing in vitro
suggests that the high ECM density of the mature meniscus represents a physical barrier to
endogenous healing [22], where matrix density acts to limit cell proliferation, migration, and
matrix remodeling at or near the wound site, leading to an inferior repair response. In
contrast to a two-dimensional environment, cells in tissues must overcome the biophysical
resistance imparted by their surroundings, and a dense matrix with low porosity and
degradability will obstruct cellular movement and activity [27, 28]. Indeed, a number of
studies have demonstrated that treatment of the wound edge with matrix-degrading
enzymes, including trypsin, collagenase, and hyaluronidase, can enhance articular cartilage
graft integration [29-31].

To render this technology clinically feasible, enzymatic degradation must be conducted in a
controlled and targeted manner to localize digestion to the wound site. One potential
delivery vehicle is nanofibrous scaffolds fabricated via electrospinning. In this well-
established process, fibers that are hundreds of nanometers in diameter can be formed and
compiled into a non-woven 3D scaffold. Fibers within the scaffold can be collected to
resemble the organized collagen bundles found in many fibrous connective tissues.
Previously, we have shown that mesenchymal stem cells cultured on aligned poly(ε-
caprolactone) (PCL) nanofiber scaffolds organize and deposit collagen along the fiber
direction, producing meniscus-like engineered constructs that increase in mechanical
properties with time in culture [32]. Furthermore, composites with multiple fiber populations
can be formed with differing degradative characteristics in each fiber fraction. For instance,
inclusion of water-soluble poly(ethylene oxide) (PEO) fibers into such composites increased
scaffold pore size upon hydration and expedited cellular infiltration and tissue maturation
[16, 33, 34]. These ‘sacrificial’ fibers can be modified to entrap drug-delivering
microspheres [35], where release is dependent on microsphere composition, or directly
liberate biologic factors into an aqueous environment [36].

With such regenerative tools at hand, our goal was to develop a functionalized scaffold to
enhance meniscal repair. We hypothesized that the high ECM density of the native adult
meniscus impedes healing and that decreasing the matrix density may improve cell
migration, division, and matrix deposition for integrative repair. To test this hypothesis, we
used an in vitro explant model to show that partial degradation of the wound edge can alter
the structure of adult meniscus, and demonstrated that this treatment improves cellularity
and production of new contiguous tissue spanning the wound site. More importantly, we
developed a novel method to deliver a controlled, low dose of matrix-degrading enzyme via
electrospun composite nanofibrous scaffolds, where the sacrificial PEO component released
a single localized dose of collagenase.

2. Materials and Methods
2.1 Preparation and Culture of Meniscus Repair Constructs

Menisci from fetal (mid-gestation) and adult (skeletally mature) cows were sterilely
dissected and the synovium removed. Tissue cylinders were excised with an 8 mm biopsy
punch and concentrically cored with a 4 mm punch. In a first study, samples were incubated
in basal media (BM; Dulbecco’s Modified Eagle’s Medium with 10% Fetal Bovine Serum
and 1% Penicillin/Streptomycin/Fungizone) supplemented with 0.05 mg/mL collagenase
(type IV from Clostridium histolyticum, ≥125 collagenase digestion units/mg solid, Sigma-
Aldrich, St. Louis, MO) at 37°C for 6 hours, after which the cores were replaced within the
annuli. Controls were incubated in BM only. Repair constructs were cultured in a
chemically-defined medium (high glucose DMEM with 1% PSF, 0.1 mM dexamethasone,
50 mg/mL ascorbate 2-phosphate, 40 mg/mL L-proline, 100 mg/mL sodium pyruvate, 1X
ITS (6.25 mg/mL Insulin, 6.25 mg/mL Transferrin, 6.25 ng/mL Selenous Acid, 1.25 mg/mL
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Bovine Serum Albumin, and 5.35 mg/mL Linoleic Acid) with 10 ng/mL TGF-β3) for 4
weeks in non-tissue culture treated 6-well plates. To investigate the long-term effect of
collagenase pre-treatment, adult meniscus cores and annuli were incubated with 0 (BM),
0.01 (LC; low-dose collagenase), or 0.05 mg/mL (HC; high-dose collagenase) collagenase,
reassembled into repair constructs, and cultured for 1, 4, or 8 weeks as above.

2.2 Histological, Biochemical, and MicroCT Analysis of Repair Constructs
At set intervals, repair constructs were fixed in 4% paraformaldehyde, embedded in paraffin,
and axially sectioned to 8 μm thickness onto glass slides. Sections were stained with
Hematoxylin and Eosin (H&E), Picrosirius Red (PSR), and 4’,6-diamidino-2-phenylindole
(DAPI, Prolong Gold; Invitrogen, Grand Island, NY) to visualize ECM density, collagen,
and cell nuclei, respectively. Quantitative parameters of integration were derived from
histological sections. Percent integration was defined as the cumulative distance of annulus-
to-core contact normalized by the core perimeter (n=3-4/group). Cell density at the interface
was determined by counting the number of nuclei present within 100 μm of the interface
using ImageJ (Wayne Rasband, NIH) (n=4/group). DNA content was biochemically
assessed in both the core and annulus at each time point in additional constructs (n=6-7/
group). Tissue segments were weighed separately, lyophilized, and reweighed to determine
water content. Following digestion in a buffer containing 2% papain at 60°C, DNA content
per dry weight was determined via the PicoGreen assay (Invitrogen). Lastly, constructs from
each group were saturated in Lugol’s contrast solution (Sigma-Aldrich) for 24 hours and
scanned via microcomputed tomography at an energy level of 70 kV and intensity of 114
μA (μCT; ScanCo, VivaCT 70, Wayne, PA) to assess matrix changes at the interface (n=4/
group).

2.3 Fabrication and Characterization of Enzyme-Releasing Nanofibers
To fabricate enzyme-releasing nanofibers, a solution of 8% w/v PEO (200 kD, Polysciences,
Warrington, PA) was prepared in 1:1 EtOH and distilled H2O with 0.85% w/v NaCl or 2.5%
w/v trypsin in the same solution (Invitrogen). These solutions were electrospun onto glass
cover slips for 10-15 minutes using a custom device [33]. The spinneret was charged to 15
kV and the polymer flow rate was set at 1.6 mL/hour to produce a stable electrospinning jet.
Formed nanofibers were sputter coated with AuPd and imaged via scanning electron
microscopy (SEM; Philips XL 20, SEMTech, North Billerica, MA) operating at an
accelerating voltage of 10 kV. Fiber diameter was measured using ImageJ (n=100/group).

To determine whether enzyme activity was preserved through the electrospinning process,
both cell- and tissue-based assays were employed. Using a cell-based approach,
approximately 0.2 and 0.4 g of each fiber type (PEO only or PEO-trypsin) were hydrated in
4 mL of Hank’s Buffered Salt Solution (HBSS; Invitrogen) on an orbital shaker for 20
minutes. Confluent monolayers of bovine mesenchymal stem cells (bMSCs, isolated as in
[32]) were exposed to these eluted solutions. Four experimental conditions were tested: BM,
HBSS, HBSS containing hydrated PEO fibers (PEO), and HBSS containing hydrated PEO-
trypsin fibers (PEO-T). A standard solution of trypsin (Invitrogen) at 0.25% w/v in HBSS
was used as a positive control. bMSCs were maintained at 37°C in a standard tissue culture
incubator with images captured every 10-20 minutes with a light microscope (n=2/group).
Solutions were aspirated after 60 minutes for final imaging. Cells were re-plated and
cultured for 24 hours to ensure that cells remained viable after treatment.

To further demonstrate efficacy and dosage of delivered trypsin, cylindrical articular
cartilage samples were sterilely isolated using 4 mm biopsy punches from the trochlear
groove of juvenile bovine femurs and trimmed to a height of 3 mm. Solutions containing
hydrated PEO or PEO-trypsin nanofibers (0.4 g) were incubated with the cartilage cylinders
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for 3 and 6 hours, along with BM and HBSS controls. HBSS/trypsin at 1.25% w/v (20
minutes) was used as a positive control. After digestion, samples were embedded in optimal
cutting temperature compound (OCT; Sakura Finetek USA, Inc., Torrance, CA), cut into 16
μm axial sections using a Cryostat (Microm HM500, MICROM International GmbH,
Waldorf, Germany), and stained with Alcian Blue (AB) to visualize proteoglycan (PG)
content. Matrix removal was assessed from diametric sections using ImageJ and normalized
to BM controls, where 100% indicates no loss in staining area and 0% indicates a complete
removal of staining throughout the sample diameter (n=3/group).

2.4 Fabrication and Characterization of Collagenase-Releasing Nanofibers
Having established a mechanism for entrapping active enzymes, we next fabricated fibers
containing a more clinically relevant enzyme, namely collagenase. In initial studies,
nanofibers were spun from a solution of 8% w/v PEO in 1:1 EtOH and distilled H2O with or
without 1.25% w/v collagenase. Solutions were spun onto glass cover slips for 10-15
minutes as previously described. To demonstrate retention of collagenase activity, juvenile
bovine cartilage samples were prepared as described previously. PEO and PEO-collagenase
(PEO-C) nanofibers (0.2 g) were hydrated in BM and the solutions were incubated with
cartilage cylinders for 3 and 6 hours, along with BM and BM containing 0.1% w/v
collagenase (aqC) controls. Samples were cryotomed and stained with AB and PSR to
visualize PG and collagen, respectively (n=4/group). To assess glycosaminoglycan (GAG)
loss, % GAG per wet weight was quantified after papain digestion via the 1,9
dimethylmethylene blue (DMMB) assay (n=4/group) [37].

2.5 Scaffold-Mediated Degradation of the Meniscus Interface
Composite scaffolds were fabricated containing 40-50% PEO with the remaining fiber
fraction composed of PCL (80 kDa, Sigma-Aldrich). PEO solutions containing 0%, 0.125%
(low-dose collagenase, PEO-LC), or 1.25% w/v collagenase (high-dose collagenase, PEO-
HC) were electrospun simultaneously with 14.3% w/v PCL in 1:1 tetrahydrofuran and N,N-
dimethylformamide (Fisher Scientific, Pittsburgh, PA) onto a common rotating mandrel as
previously described [33]. Electrospinning was carried out over 4 hours to form aligned
mats approximately 0.5 mm thick, where one jet contained PCL solution and the second jet
contained PEO solution with or without collagenase. PEO content was determined by
measuring the dry weight of lyophilized scaffolds before and after 24 hours of aqueous
submersion on a shaking plate. PEO and PEO-HC solutions were electrospun separately for
SEM imaging and fiber diameter measurements (n=100/group) as previously described.

To evaluate the efficacy of these composite scaffolds in providing controlled digestion of the
meniscus wound interface, juvenile bovine meniscus bodies were radially sectioned into 10
mm wedges and split horizontally along the inner edge to form a pocket, with two sides
remaining intact. Either no scaffold (NS) or a strip of PCL/PEO or PCL/PEO-HC (5 × 10
mm) was inserted into the pocket such that fibers aligned with native collagen architecture.
The wound edges were pinned closed with a needle and the samples cultured in BM for
either 6 hours or 1, 3, or 7 days (n=3/group). Radial cryotome sections were stained with AB
to visualize PG removal from the wound margins. Following this preliminary study, a long-
term study with NS, PCL/PEO, PCL/PEO-LC, and PCL/PEO-HC juvenile bovine explant
groups was conducted in a chemically-defined medium supplemented with TGF-β3, with
culture times of 25 and 50 days (n=8/group). Samples were cryotomed to 16 μm radial
sections and stained with either AB or DAPI to visualize PG and nuclei, respectively (n=2/
group). The remaining samples were frozen in OCT and the two intact edges removed by a
freezing stage sledge microtome. Trimmed samples were glued to sandpaper on a custom
grip and extended to failure at 2.5 mm/min using an Instron 5848 Microtester equipped with
a 10 N load cell (Instron, Canton, MA). Samples were imaged with a stereoscope after

Qu et al. Page 5

Acta Biomater. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mechanical testing to quantify the area of potential integration. Integration strength was
calculated by dividing the maximum load before failure by the contact surface area between
the two tissue segments (n=5-6/group). To determine if collagenase-releasing scaffolds
could also improve integration in mature meniscus, cylindrical adult bovine meniscal
explants (8 mm diameter × 10 mm height) with a horizontal defect were fitted with a PCL/
PEO-LC or PCL/PEO-HC scaffold. In this case, scaffolds were constructed in annular form
(8 mm diameter with 5 mm core) to permit tissue-to-tissue contact within the constructs,
which were cultured for 7 days before histological processing. Radial paraffin sections were
stained with AB or H&E.

2.6 Statistical Analyses
All statistical analyses were done using SYSTAT (Chicago, IL). Experimental group sizes
were chosen based on power analysis using preliminary data. Significance was assessed by
one or two-way ANOVA with Tukey’s HSD post hoc test to make comparisons between
groups (p≤0.05). Data is presented as the mean ± standard deviation.

3. Results
Digestion of the adult meniscus with aqueous collagenase resulted in a marked decrease in
matrix density, such that ECM staining more closely resembled that of the fetal meniscus
(Fig. 1B). As enzyme dosage was increased, a controllable level of digestion of the wound
edge was achieved, as was reflected by the altered μCT signal at the construct edges 1 week
after treatment (Fig. 2A). Long-term culture of adult constructs showed improved cellularity
and integration with increasing levels of collagenase digestion. By 4 weeks, cells and new
collagen fibrils closed approximately 92% of the wound gap in adult HC samples, which
exhibited superior integration compared to LC samples (74%) and BM controls (43%) (Figs.
2A and 2B, p≤0.05). Cell density at the annulus-core boundary was significantly higher for
HC samples compared to all other groups, with a 213% and 170% increase over BM
controls at 4 and 8 weeks, respectively (Fig. 2C, p≤0.05). Similarly, total DNA content per
dry weight of HC samples was significantly higher than BM controls at 4 and 8 weeks,
increasing by 44% and 55%, respectively (Fig. 2D, p≤0.05). Although LC samples did not
show the same level of cellular proliferation relative to HC samples, cell density and total
DNA content were significantly higher than BM controls at 8 weeks (Figs. 2C and 2D,
p≤0.05). For both LC and HC groups, total DNA content increased between 4 and 8 weeks
by 41 and 38%, respectively, whereas BM controls did not show a significant change in
DNA over this time period (Fig. 2D, p≤0.05).

To facilitate targeted enzyme delivery, PEO nanofibers containing active trypsin or
collagenase were fabricated. Nanofibers with and without trypsin were of similar fiber
diameter and morphology (200 ± 50 vs. 192 ± 44 nm, p≥0.05). When cell monolayers were
exposed to PEO-trypsin fibers hydrated in HBSS (PEO-T), a dose- and time-dependent
change in cell morphology was observed. Cells in PEO-T rounded and lifted from the
substrate over a period of 60 minutes, mimicking standard trypsin treatment, though at a
much reduced time scale (Fig. 3A). Conversely, there was no apparent change in cell
morphology with exposure to hydrated PEO fibers or BM; HBSS alone slightly disrupted
monolayer integrity. Cell viability was unaffected by the presence of PEO, as lifted cells
reattached after 24 hours upon addition of BM (data not shown). To further characterize the
activity of delivered trypsin, cartilage cylinders were exposed to PEO-T solutions. Staining
for PG revealed a time-dependent increase in tissue digestion, where exposure for 3 and 6
hours resulted in 52% and 73% PG removal, respectively (Figs. 3B and 3C, p≤0.05). This
pattern and extent of PG removal was comparable to treatment with 1.25% w/v trypsin
solution, which showed a 59% removal after 20 minutes of exposure (Fig. 3C, dashed line).
There was no change in PG staining for cartilage exposed to BM, HBSS, or PEO fibers.
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PEO nanofibers containing active collagenase were produced using a similar approach.
While SEM images of fibers with and without collagenase were again comparable in
diameter (Fig. 4A, 329 ± 114 vs. 321 ± 135 nm, p≥0.05), fibers containing enzyme were
qualitatively rougher in appearance. To characterize enzyme activity, cartilage cylinders
were exposed to PEO-collagenase nanofibers hydrated in BM (PEO-C). PG removal was
evident after treatment with either PEO-C or 0.1% w/v aqueous collagenase (aqC) (Fig. 5A).
Quantitative analysis of cartilage cylinders showed that exposure to PEO-C for 3 and 6
hours resulted in a 45% and 61% decrease in GAG content compared to exposure to BM,
respectively (Fig. 5B, p≤0.05), and comparable to treatment with aqC (61% at 3 hours,
dashed line). PSR staining of collagen increased after digestion due to the better penetration
of the stain after GAG removal from the matrix [38].

When collagenase-releasing scaffolds were placed in a juvenile bovine meniscus defect, loss
of PG was apparent at the wound edge within 6 hours, with decreased staining intensity
persisting through day 7 (Fig. 6B). This loss did not extend to the periphery of treated
samples and was not observed in controls, suggesting local action of the enzyme. Long-term
culture of these constructs revealed increased tissue porosity and cellularity at the wound
edge after collagenase delivery (Fig. 6C). Although the integration strength of all groups
remained relatively low at 25 days, by 50 days there was significant improvement for the
PCL/PEO and low-dose collagenase scaffold (PCL/PEO-LC) groups (Fig. 6D, p≤0.05).
Meniscal repairs with PCL/PEO-LC scaffolds exhibited the highest integration strength at
50 days (13.5 ± 4.1 kPa), showing a trend toward improvement compared to controls
without scaffolds (7.5 ± 3.6 kPa, p≤0.1). However, integration strength of the high-dose
collagenase scaffold (PCL/PEO-HC) group at 50 days (6.9 ± 6.5 kPa, p≤0.05) was
significantly lower than the PCL/PEO-LC group, most likely due to over-digestion of the
wound interface. Collagenase-releasing scaffolds placed inside adult meniscal explants also
showed evidence of localized digestion and PG loss after 7 days in culture (Fig. 7B).
However, the scaffold appeared to inhibit tissue formation at the sample edge in the short-
term, and integration was only observed within the fenestrated portion of the annular
scaffold (Fig. 7D).

4. Discussion
Orthopaedic injuries involving dense connective tissues are prevalent and suffer from a
limited healing capability [3-5]. In the case of the meniscus, treatment success rate declines
with age and resulting repair failures frequently culminate in tissue removal to alleviate
inflammation and pain [5-7]. However, partial meniscectomy alters joint biomechanics and
hastens osteoarthritis [8, 9], prompting the need for novel methods to enhance endogenous
repair processes. We hypothesized that decreasing the local ECM density may facilitate
meniscal repair and found that the in vitro integration of adult meniscus improved after
collagenase treatment of the wound boundary. This improvement was accompanied by an
initial decrease in local ECM density and an increase in cellularity and matrix synthesis at
the interface, supporting our hypothesis. To translate these findings clinically, we developed
a delivery system in which active enzyme is stored within water-soluble PEO nanofibers and
released into the environment upon hydration. Collagenase-releasing nanofibers,
incorporated into a composite scaffold and placed inside a meniscus defect, localized the
degradation process to the wound margin and improved tissue integration in a dose-
dependent fashion. Given its simplicity and capacity for rapid translation, this innovative
approach could aid the many patients who would otherwise undergo meniscus removal.

Repair potential of dense connective tissues declines significantly with age [22-24]. While
this is commonly attributed to the hypovascular nature of the tissue as it matures and hence
the lack of nutrients and growth factors available for repair [3-5, 21], decreased cellularity
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and increased ECM density may also play a role [22, 25]. Although dense aligned collagen
bundles are necessary to resist deformation during physiologic loading, this microstructure
may also inhibit cell motility and division, thus preventing reparative cells from migrating to
the wound site in sufficient numbers. Indeed, fetal repair construct ECM exhibited smaller
collagen fibers and had a visibly higher cell density compared to adult constructs (Fig. 1B).
Treating the adult constructs with collagenase from Clostridium histolyticum cleaved
collagen fibrils at the interface and may have increased ECM porosity near the wound edge.
Although over-digestion may result in a detrimental loss of structural proteins and cell death
[39], restricting digestion to the outermost portion of the wound interface initiated an
integrative repair response that was reminiscent of the skeletally immature meniscus.

Global enzymatic treatment has previously been used to stimulate connective tissue repair,
most frequently in cartilage-to-cartilage integration studies. Short duration exposure of
cartilage constructs to matrix-degrading enzymes increased proliferative cells, ECM
synthesis, and integration strength compared to controls [29-31]. Similarly, our partially-
digested meniscus constructs had a higher cell density at the interface and greater DNA
content than untreated controls. More notably, bridging tissue closed over 90% of the wound
gap in HC constructs by 4 weeks, over a two-fold increase compared to BM controls. Tissue
filling the wound gap of treated constructs consisted of fine fibrils that did not exhibit
birefringence under polarized light, indicative of newly synthesized collagen. In contrast,
BM constructs did not produce bridging tissue even when the interface was histologically in
contact, making it difficult to determine the extent of true integration in untreated controls.
Thus, while matrix synthesis at the wound edge declines with development [40], this trend
can be reversed by decreasing the ECM density to a less mature state, although decrease in
tissue stiffness [41], removal of matrix PGs [42], and/or presence of collagen fragments [43]
may also have contributed to the enhanced repair of digested constructs. Importantly,
injectable collagenase is already used to treat Dupuytren’s contracture, a fibroproliferative
disorder that affects digit mobility [39]. If applied in a targeted and controlled manner, this
enzyme may prove beneficial to meniscal injuries as well.

Having established the therapeutic potential of partial digestion for meniscus integrative
repair, we next developed a method by which local enzyme delivery to the wound site could
be achieved using well-established biomaterials. While the application of electrospun fibers
as carriers of biological agents such as antibiotics [44] and growth factors [45, 46] is
abundant in the literature, the inclusion of enzymes is not well-documented. A patent by
Smith et al. refers to preserving biological materials using fiber-forming techniques and
documents the storage of trypsin inside electrospun poly(ethyl oxazoline) [47]. PEO was
chosen for our study because of its biocompatibility, solubility in water, and previous use in
electrospun composites. In our earlier work, PEO nanofibers were exploited as sacrificial
filler in composite PCL/PEO scaffolds, designed to increase porosity and improve cell
infiltration [16, 33, 34]. These fibers can be readily functionalized to include bioactive
factors or drug-containing microspheres during the electrospinning process, as PEO
solutions can be prepared and electrospun from water rather than organic solvents used for
other biodegradable polymers [35, 36]. Furthermore, PEO is an ideal delivery system for
factors that require a rapid initial release, including the degradative enzymes in our study
that are meant to act immediately upon scaffold implantation and denature quickly thereafter
to prevent over-digestion. Indeed, our studies show that eluant from trypsin-containing
fibers caused cell detachment from plastic substrates within 60 minutes and both trypsin and
collagenase released from PEO fibers removed approximately half of the PGs within
cartilage cylinders after 3 hours.

To form stable scaffolds with degradative capacity, enzyme-containing PEO nanofibers
were electrospun concurrently with PCL to create composites with discrete fiber populations
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with differing roles. The aligned PCL fiber fraction acts as a physical template to provide
mechanical integrity and instruction for organized ECM synthesis [32]. This may be
particularly appropriate when such scaffolds are used to treat horizontal or vertical tears of
the meniscus, where the scaffold architecture matches the collagen organization of the native
tissue. On the other hand, PEO fibers rapidly dissolve upon hydration to release the
embedded collagenase in order to partially degrade the wound interface. A major
consequence of PEO fiber removal is an increase in the scaffold pore size, which facilitates
cell migration into the regenerate space [16, 33, 34]. However, the scaffolds placed within
meniscus defects were not well colonized despite having an initial PEO content of 40-50%,
a composition that allowed cell infiltration yet maintained tensile properties in previous
studies [33]. It is possible that compression imposed by the defect geometry may have
reduced scaffold porosity and as such, the increase in integration likely resulted from the
improved matrix synthesis and integration occurring adjacent to the scaffold. In a
preliminary study with adult meniscus, the insertion of an annular scaffold that permitted
contact of opposing tissue at the center of the construct resulted in rapid bridging matrix
formation (Fig. 7). In future studies, additional fenestrations could be introduced to
maximize tissue-to-tissue integration.

By using complex scaffolds with multiple components, the fiber ratios, individual fiber
properties, and biofactor doses can be tuned to optimize the instructive microenvironment
and mechanical properties. For example, composite scaffolds were also utilized by Hong et
al. for abdominal laparotomy management, wherein poly(lactide-co-glycolide) fibers
released an antibiotic and poly(ester urethane) urea provided elasticity [44]. Moreover, fiber
modification techniques allow bioactive molecules to be blended inside fibers [44, 45, 47],
conjugated to the fiber surface [46], sequestered inside a co-axial core [45], or delivered via
microspheres [35]. Consequently, numerous factors can be incorporated into a single
scaffold to allow for a multitude of release profiles and therapeutic effects. Building upon
this platform, our scaffolds may be further functionalized to include growth factors such as
PDGF [15] and TGF-β3 [12] to recruit reparative cells and stimulate ECM synthesis after
the initial enzymatic treatment.

5. Conclusions
The principles outlined in this manuscript establish a new approach to enhance repair that
recapitulates natural healing processes, including local degradation, cell recruitment, and
matrix synthesis. Currently, we are investigating how biomaterial-mediated collagenase
delivery impacts in vivo meniscal healing in a subcutaneous rat xenotransplant model. For
definitive evidence of scaffold efficacy, an ovine model will be used to evaluate integration
by inserting the scaffold into a surgically created bucket-handle meniscal defect. Once
validated in vivo, the nanofibrous networks developed herein, tuned to enhance each phase
of fibrous tissue repair, may find widespread application for treating a variety of
musculoskeletal tissues.
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Figure 1.
Aqueous collagenase treatment reduces matrix density and increases cellularity in the adult
meniscus, producing a more fetal-like tissue state. (A) Schematic of annulus and core
meniscus repair constructs. (B) H&E (left) and DAPI (right) staining of constructs after 4
weeks of culture, where the dashed line indicates the wound interface (n=1-2). Scale = 0.25
mm.
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Figure 2.
Improved integration and interface cellularity of adult meniscus after low- (LC) and high-
dose (HC) collagenase treatment, compared to controls (BM). (A) Left: 1 week μCT scans
showing low (red) and high (yellow) signal intensity correlating to matrix loss at the wound
interface (n=4). Scale = 1 mm. Right: 8 week PSR staining of the interface imaged under
polarized light showing improved integration with treatment (n=4). Scale = 0.25 mm. (B)
Quantification of percent integration normalized to core perimeter (n=3-4), (C) cell density
at the interface (n=4), and (D) total DNA content per dry weight (n=6-7). * = p≤0.05
compared to BM. + = p≤0.05 compared to BM and LC. Line = p≤0.05 between 4 and 8
weeks.
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Figure 3.
Sacrificial PEO nanofibers deliver functional enzymes upon hydration. (A) Morphology of
cell monolayers treated with eluant from fibers containing trypsin for 60 minutes as a
function of fiber mass (n=2). Scale = 0.2 mm. (B) Proteoglycan removal from cartilage
cylinders after 6 hours of incubation with BM or HBSS (controls) or eluant from PEO or
PEO-T nanofibers (n=3). Scale = 0.5 mm. (C) % AB staining of proteoglycan in cartilage
cylinders as a function of treatment group and time, normalized to BM controls (n=3).
Dashed line indicates treatment with 1.25% w/v trypsin for 20 minutes as a positive control.
* = p≤0.05 vs. other groups at 3 hours. ** = p≤0.05 vs. all other groups and time points.
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Figure 4.
Fabrication of enzyme-delivering nanofibrous composites. (A) SEM micrographs of PEO
(left) and PEO-HC (right) nanofibers. Scale = 5 μm. (B) Schematic of electrospinning setup
and (C) composite scaffolds produced with sacrificial PEO fiber fractions that deliver
enzyme.
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Figure 5.
Release of active collagenase from PEO fibers. (A) Combined AB and PSR staining of
cartilage cylinders after 6 hours of exposure to BM, PEO, PEO-C, or aqueous collagenase
(aqC, 0.1% w/v) solution (n=4). Scale = 0.5 mm. (B) GAG content of cartilage cylinders as
a function of treatment and time (n=4). Dashed line indicates treatment with aqC for 3 hours.
* = p≤0.05 compared to other groups at 3 hours. ** = p≤0.05 compared to all other groups at
6 hours.
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Figure 6.
Integrative repair of juvenile meniscus treated with collagenase-releasing scaffolds. (A)
Schematic of repair construct with scaffold placed inside a horizontal meniscal tear. (B) AB
staining of meniscus on day 7 with insertion of control and of collagenase-releasing
composite scaffolds (n=3). Scale = 5 mm. (C) DAPI staining of wound interface after 50
days of culture with PCL/PEO, PCL/PEO-LC, and PCL/PEO-HC scaffolds (n=2). Scale =
0.25 mm. (D) Integration strength as a function of culture duration. Inset shows mechanical
testing setup (n=5-6). * = p≤0.05 compared to PCL/PEO-HC. Line = p≤0.05 between 25 and
50 days.
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Figure 7.
Improved repair of adult meniscus with collagenase-releasing composite scaffolds. (A)
Repair construct schematic with annular scaffold insert. (B) AB and (C) H&E staining of
constructs containing annular PCL/PEO-LC scaffolds on day 7. Scale = 1 mm. (D)
Magnified areas from (C). Left: lack of integration at the edge occupied by the scaffold
(asterisk). Right: bridging tissue in the interior after collagenase delivery. Scale = 0.25 mm.
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