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Background: Meniscus injuries and associated meniscectomies cause patients long-term pain and discomfort and can lead to
joint deterioration.
Purpose: To evaluate a collagen-hyaluronan sponge reinforced with synthetic resorbable polymer fiber for total meniscus reconstruction in a long-term ovine model.
Study Design: Controlled laboratory study.
Methods: Eleven skeletally mature sheep were implanted with the total meniscus scaffold. At 2 years, explants were evaluated
biologically (radial/circumferential histology, immunofluorescence) and mechanically (compression, tension), and articular surfaces were examined for damage.
Results: The fiber-reinforced scaffold induced formation of functional neomeniscus tissue that was intact in 8 of 11 animals. The
implant was remodeled into organized circumferentially aligned collagen bundles to resist meniscus hoop stresses. Moreover,
type II collagen and proteoglycan deposition near the inner margin suggested a direct response to compressive stresses and
confirmed fibrocartilage formation. Cartilage damage was observed, but end-stage (severe) joint deterioration associated with
meniscectomy was avoided, even with limitations regarding the ovine surgical procedure and postoperative care.
Conclusion: A fiber-reinforced total meniscus replacement device induces formation of functional neomeniscus tissue that has
the potential to prevent catastrophic joint deterioration associated with meniscectomy.
Clinical Relevance: An off-the-shelf meniscus device that can be remodeled into functional tissue and thus prevent or delay the
onset of osteoarthritis could address a widespread clinical need after meniscus injury.
Keywords: knee; meniscus; tissue engineering; biomechanics; general
Meniscus injuries represent one of the most common intraarticular orthopaedic injuries, leaving patients with pain, discomfort, and impaired motion of the knee.21,37 These injuries
often result in meniscectomy, a surgical removal of the torn
tissue, to provide short-term symptom relief.22 The amount
of tissue removed is directly correlated to the degree of
long-term joint deterioration,9,37 owing to increased contact
stresses on the articular cartilage.28 Allograft menisci can initially provide a biomechanically functional replacement,43 but
poor tissue remodeling through the dense extracellular matrix
may cause inconsistent long-term outcomes.34,42 Two partial
meniscus replacements undergoing commercialization—collagen meniscus implant38,45 and Actifit8,16—lack the mechanical
integrity to be used for total meniscus reconstruction or when

there is a discontinuity of the peripheral meniscus rim. Tissue
engineering offers an alternative method of meniscus replacement by providing mechanically functional constructs that
experience neomeniscus formation and remodeling.
The inner margin of the meniscus is composed of a combination of type I and II collagen fibers and proteoglycans,
displaying cartilage-like properties to resist compression.6,39 In contrast, circumferentially aligned type I collagen fibers in the outer meniscus allow the tissue to convert
compressive stresses in the knee to circumferential hoop
stresses without rupture or extrusion.11 Tissue engineers
have used various techniques, including 3-dimensional
printing27,46 and electrospinning,1,10 to attempt to recreate the anatomic and biomechanical properties of the
meniscus. Many of these approaches use cell seeding and/
or growth factors, complicating the regulatory pathway to
clinical translation. Moreover, long-term large animal trials for total meniscus reconstruction are very limited and
mostly unsuccessful,20,23,26 resulting in implant rupture
and/or extrusion and severe joint degeneration.
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Previously, our group developed an acellular, resorbable, fiber-reinforced sponge for meniscus reconstruction.2
The patented technology13-15 has been licensed for commercialization (MeniscoFix; NovoPedics, Inc). The scaffold
is composed of a collagen-hyaluronan sponge reinforced by
a network of p(DTD DD) fibers (poly[desaminotyrosyltyrosine dodecyl ester dodecanoate]) and was efficacious
for total meniscus replacement in sheep at 16, 32, and 52
weeks of follow-up .30,36 The purpose of this study was to
evaluate the efficacy of the fiber-reinforced device in the
same ovine model at a 2-year follow-up. Specifically, we
hypothesized that the device (1) induces formation of neomeniscus tissue that (2) remains intact and firmly fixed
to bone tunnels, (3) exhibits functional mechanical properties, and (4) protects the knee from severe joint deterioration. This study demonstrated that this fiber-reinforced
meniscus device experiences functional neomeniscus formation and reduces long-term joint deterioration associated with meniscectomy.
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was melt extruded and hot drawn into fibers (107.9 6
9.9 mm). Fiber was wound around a circumferential array
of pins into a wedge-like network (Figure 1A), with
extended tails for surgical fixation. Sodium hyaluronate
(0.25 g/L; molecular weight, 1.5-2.2 MDa) was dissolved in
dilute hydrochloric acid (pH 2.35). Lyophilized bovine Achilles tendon collagen (Worthington Biochemical Corporation)
was swollen in the acidic solution (20 g/L). The dispersion
was injected into and around the fiber-wound matrix, frozen
via ethanol-dry ice bath for 30 minutes, and lyophilized
(FreeZone 1 Liter; Labconco). Scaffolds were cross-linked
with EDC (1-ethyl-3-[3-dimethaylaminopropyl]carbodiimide
hydrochloride) and NHS (N-hydroxysuccinimide) in a
10mM/5mM solution for 6 hours. Scaffolds were subject to
three 10-minute DI H2O rinses, a 3-hour sodium phosphate
rinse (Na2HPO4, 100 mM), and a 24-hour DI H2O rinse.
Scaffolds were subsequently frozen, lyophilized, and sterilized with 25 kGy of gamma irradiation (Sterigenics).

Surgical Procedure and Sacrifice
METHODS
Study Design
Given the anatomic similarity between ovine and human
knees,5,6 the study was conducted with skeletally mature
Dorset Finn cross sheep (2-3 years, 50-70 kg), under an
approved Institutional Animal Care and Use Committee
protocol (No. I13-043). A power analysis (b = 0.80, a =
0.05) based on previously obtained36 compressive data
(mA = 0.78, mB = 0.40, SD = 0.22) was conducted, which
resulted in a sample size of 6. Explants were divided into
2 groups for analysis, so 12 animals were used, all receiving the total meniscus implant. No concurrent meniscectomy controls were performed, given the ethical
implications of causing end-stage arthritic damage shown
in previous in vivo studies.4,20,36 At sacrifice, explants
were analyzed grossly and divided into 2 groups (n = 6
each) for mechanical and histological analyses. Articular
surfaces were analyzed grossly and histologically.

Scaffold Fabrication
Eighteen fiber-reinforced meniscus scaffolds (n = 12 for
implantation and n = 6 for time-zero analysis) were fabricated as previously described.30,36 Polymer (p[DTD DD])

Animals were induced with a ketamine-xylazine-midazolam
cocktail and intubated, and the right hind leg of each sheep
was surgically prepared. Through a medial patellar arthrotomy and medial collateral ligament release, the entire
medial meniscus was removed. Two tibial bone tunnels
(6 mm) were drilled at the anterior and posterior root
attachment sites in the anterolateral and anteromedial
directions, respectively. Implant tails were guided through
the tunnels and fixed with 7 3 25–mm titanium interference screws (Smith & Nephew) (Figure 1B). The peripheral
rim of the meniscus implant was sutured to the joint capsule, and the capsule, fascia, and skin were closed.
Animals were returned to recovery cages without limitations on movement. Animals were then sent to a farm
facility approximately 2 weeks postoperatively and sacrificed at 2 years. Explants were analyzed grossly for size,
shape, geometry, intactness, and adherence to bone tunnels. Images were taken of the tibial plateau before and
after explant excision to obtain percentage coverage with
a custom MATLAB script and compared with contralateral
native menisci. All explants (intact, extruded, and ruptured) and articular surfaces were then subject to mechanical and histological analyses. The 12 explants and 12
contralateral menisci were divided into 2 groups, as in Figure 1C. The first group was cut at the posterior root attachment, and a compression creep plug, radial histology slice,
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Figure 1. Meniscus device fabrication and analyses: (A) polymer fiber (100-mm diameter) wound around a circumferential array of
pins and impregnated with collagen-hyaluronan sponge; (B) extended tails pulled through the anterior and posterior bone tunnels
and fixed with titanium interference screws; (C) explant groups for analysis. Group 1 had compressive, histological, and immunofluorescence samples taken from the posterior and body regions and was tested in tension in the anterior region; group 2, samples taken from the anterior and body regions and tested in tension in the posterior region.
circumferential histology slice, and immunofluorescence
slice were taken from the posterior horn. The anterior
horn-root complex was then tested in tension until failure.
The second group was cut at the anterior root attachment,
and 3 samples (compression creep plug, histology slice,
immunofluorescence slice) were taken from the anterior
region. The posterior horn-root complex was tested in tension until failure in the second group. Additional samples
for compression, histology, and immunofluorescence were
taken from body regions when applicable. Six additional
scaffolds were tested at time zero for comparative compressive and tensile analyses.

Explant Biology
At the time of sacrifice, radial and circumferential slices
(Figure 1C) from the anterior, body, and posterior regions
(n = 6, 8, and 6, respectively) of explants and contralateral
menisci were fixed in 10% Carson’s buffered formalin,
embedded in paraffin, cut to 8-mm sections, and stained

with hematoxylin and eosin (H&E), picrosirius red, and
safranin O/fast green (AML Laboratories). Polymer fiber
density was calculated by counting circular void spaces
on three 403 images from each radial explant histology
section (n = 60, 20 sections 3 3 images) and dividing by
the cross-sectional area (2.36 mm2). Radial H&E slides
were also analyzed qualitatively for cellular concentration
and shape, matrix deposition and organization, vascularity,
and inflammatory response. Radial picrosirius red slides
were analyzed qualitatively for collagen bundle alignment,
and radial safranin O/fast green slides were analyzed for
proteoglycan content and location, calcification, and cyst formation. Circumferential slides (H&E and picrosirius red)
were analyzed specifically for matrix organization and
alignment along the circumferential axis of the meniscus.
An additional radial slice (n = 6, 8, and 6 for anterior,
body, and posterior, respectively) was embedded in optimal
cutting temperature (OCT) compound (Tissue-Tek; Sakura
Finetek), frozen in liquid nitrogen, and stored at –80°C.
Samples were cut to 8-mm sections and stained for type I
(AB745; Millipore Darmstadt Germany) and type II
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(AB34712; Abcam Inc) collagen with primary antibodies,
followed by secondary antibody (Alexa Fluor 594, Texas
Red; Life Technologies) and mounting with ProLong Gold
with DAPI (Thermo Fisher Scientific). Autofluorescence
was corrected by setting exposure to negative controls.
The location and content of type I, type II collagen, and
cells were analyzed qualitatively in the 3 regions.
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central, and lateral) to obtain 9 regions (see Cartilage
Microscopy and Scoring section) per medial femoral condyle. Sections were graded blindly with a modified microscopic scoring system from the Osteoarthritis Research
Society International (OARSI)29 by 3 independent observers. The OARSI system involved grading the cartilage for
structure (0-10), chondrocyte density (0-4), cell cloning (04), safranin O retention (0-4), and tidemark integrity (0-3).

Tissue Mechanical Properties
Compression plugs of native menisci, time-zero scaffolds,
and explant tissue were taken with 4-mm biopsy punches
(n = 6, anterior/posterior for all 3 groups; n = 6, body time
zero; n = 7, body native/explant). Samples were hydrated
for .30 minutes and loaded into a 4-mm chamber with
a porous metal base for unidirectional fluid flow. Plugs
were preloaded to 0.05 N and compressed at 3 mm/min until
1 N, at which point the load was held constant for 3600 seconds. The compressive modulus from the linear ramp region
and the equilibrium modulus from the equilibrium strain
values were calculated. Time-zero equilibrium modulus
was not determined, owing to irregularities in the creep profile. One native anterior compression plug was removed
because of a testing error.
For anterior and posterior tensile properties, contralateral and surgical tibias were drilled (9-mm hole perpendicular to tibial shaft) and loaded into a custom Instron jig.
Tissue was gripped with Bose ElectroForce Cryoclamps
approximately 20 mm from the meniscus root attachment.
Tissue was tested at 10 mm/min until failure to obtain ultimate tensile load and tensile stiffness. Failure mode was
recorded. For time-zero properties, 6 contralateral tibias
were drilled with 6-mm tunnels at the anterior and posterior root sites, identical to the surgical procedure. Timezero scaffolds (n = 6) were fixed in the anterior and posterior
tunnels and severed in the body region to obtain the initial
anterior and posterior implanted scaffold tensile properties.

Cartilage Analysis
After disarticulation, femoral condyles and tibial plateaus
were evaluated qualitatively for location, area, and severity
of damage. Femoral condyles were subject to hardness testing with a Shore A hardness durometer (1-105 scale with
0.5-HA resolution). Hardness testing was performed on 9
sections of the femoral condyle (anterior/central/posterior
3 medial/central/lateral), according the International Cartilage Repair Society mapping scheme (see Cartilage Macroscopy section). Hardness testing could not be performed
with the durometer on tibial plateaus because of the concave curvature of the ovine tibial plateau.
After cartilage indentation testing, femoral condyles
were evaluated histologically. Medial-lateral slices were
taken from the anterior, central, and posterior regions of
contralateral and surgical knees. The slices were fixed in
10% Carson’s buffered formalin, decalcified with acidEDTA solution, paraffin-embedded, sectioned to 8 mm,
and stained with safranin O/fast green at AML Laboratories. Each section was divided into 3 regions (medial,

Statistical Analyses
Statistical analyses were performed with Stata software (v
14.0; StataCorp LLC). Percentage coverage of the tibial
plateau between the contralateral and surgical knees was
compared with a paired t test. Polymer fiber density was
compared among the 3 regions with a Kruskal-Wallis
test. Compressive modulus, equilibrium modulus, ultimate
tensile load, and tensile stiffness were compared among
native menisci, time-zero scaffolds, and explant tissue
and among anterior, body, and posterior regions with
a 2-way analysis of variance with post hoc Bonferroni corrections. Cartilage indentation hardness was compared
between the contralateral and surgical knees among the
9 regions with a 2-way analysis of variance. Mankin scores
in each of the 9 regions were compared between surgical
and contralateral knees with a Mann-Whitney U test. A
P value \.05 was considered significant and P \ .001
highly significant. Bar graphs were used to present parametric data as mean 6 SD. Box plots were used to depict
nonparametric data and constructed to represent quartiles, median, mean, and minimum and maximum values.

RESULTS
Macroscopic Results
All animals achieved 100% weightbearing within 6 weeks.
Animals experienced a mean weight gain of 16.5%, not
unusual for a long-term large animal study. At the time of
sacrifice, no differences were observed between hindlimbs
with regard to standing position or gait. Of the 12 animals,
1 animal experienced full-term pregnancy and was eliminated from the study. Another animal stood on its hindlimbs
on the day of, and in the days following, the surgical procedure, and the explant from that animal experienced rupture. Of the remaining 10 explants, 8 remained intact; of
those, 5 displayed the anatomic geometry of the meniscus,
while 3 were slightly extruded peripherally (Figure 2). All
explants were firmly anchored to the bone tunnels.
Native menisci covered 307.9 6 39.3 mm2 of the contralateral tibial plateaus, which had an overall surface area of
449.3 6 54.7 mm2, giving a percentage coverage of 68.6% 6
3.2%. Implants covered 393.5 6 90.6 mm2 of the tibial plateau, and the tibial plateau in the implant group had
a greater surface area (751.7 6 133.8 mm2), giving an
implant percentage coverage of 52.5% 6 8.1%. The
increased area was due to significant osteophyte growth
on the medial aspect of the tibial plateau.
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Figure 2. (Left to right) Gross appearance of native meniscus and neomeniscus tissue that was intact and anatomic, intact and
extruded, and ruptured. Scale bars = 5 mm.

Radial Explant Histology
H&E staining (Figure 3A) of explants showed areas of dense
tissue deposition and organization, with similarities to
native meniscus tissue, especially in the posterior region.
Cellularity slightly greater than native tissue was also
observed, with cells adjacent to polymer fibers typically displaying an elongated shape. No significant inflammatory
response was recorded, and vascular ingrowth was observed
in all regions. The anterior region (21.30 fibers/mm2) had
a greater polymer fiber density (Figure 3D) than the body
(7.74 fibers/mm2) and posterior (7.81 fibers/mm2), although
not statistically significant (P = .2897). The anterior region,
with greater polymer fiber remaining, typically had less
organized tissue than the other 2 regions. Picrosirius red
staining further verified this result (Figure 3B), with the
posterior region displaying the greatest tissue organization.
Bundles of collagen were observed surrounding the polymer
fiber (black void spaces under polarized light), with some
areas approaching the appearance of native meniscus tissue. Safranin O staining showed no abnormal calcification
or cyst formation. Native specimens showed slight to mild
red stain, indicating the presence of proteoglycan. Three
explant specimens showed slight proteoglycan staining, all
from the posterior region (Figure 3C). Cells within regions
of red stain displayed a rounded shape, consistent with
that of chondrocyte-like cells.

Circumferential Explant Histology
Anterior sections had a greater amount of polymer fiber
remaining than the body and posterior regions, shown by
oblique oval-shaped void spaces (Figure 4A, second column). Between these fibers, there was a circumferential
orientation of collagen bundles (Figure 4B, second column),
though not as strong as in native tissue (Figure 4B, first
column). The body region exhibited crimped alignment of
collagen bundles in the circumferential direction (Figure
4B, third column). Circumferential organization in the

posterior region (Figure 4B, fourth column) was the strongest of the 3 regions and most similar to that of native tissue, with elongated cells along the circumferential axis and
crimped-aligned collagen bundles.

Type I and II Collagen Immunofluorescence
Type I collagen in native tissue showed areas of organization, with distinct collagen fibers seen in all 3 regions (Figure 5A, top). Type I collagen was also observed in explant
tissue, with a high concentration around remaining polymer fiber remnants (black void circles ~100 mm in diameter), shown in Figure 5A (bottom). Cellularity, indicated
by small blue spots, was slightly increased in explant tissue as compared with native tissue. Type II collagen was
expressed in very low quantities in the outer margin of
the tissue; however, on the inner margin, type II collagen
stained strongly, especially in the posterior region (Figure
5B), in native meniscus and explanted neomeniscus tissue.

Compressive Mechanical Properties
The compressive modulus of explant tissue was 153.0%
greater than time-zero scaffolds and 44.2% greater than
native tissue (Figure 6A). Thus, the fiber-reinforced sponge
was remodeled into neomeniscus tissue that could tolerate
instantaneous compressive stress. The anatomic test
region did not have a significant influence (P = .2034) on
compressive modulus, but explant tissue exhibited the
greatest properties in the posterior region, followed by
the body region. This trend was similar to that found in
native meniscus samples. Equilibrium modulus (Figure
6B) of explant tissue (192.8 6 41.0 kPa) was 41.7% that
of native tissue (462.2 6 192.6 kPa), indicating that
explant tissue experienced more deformation over time
for a given load. No regional differences were observed
with regard to equilibrium modulus (P = .2417).
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Figure 3. Radial histology results. (A) Hematoxylin and eosin (H&E)–stained images of native meniscus and explant tissue in the
anterior, body, and posterior regions. Image magnification: low (403; bar = 500 mm), high (2003; bar = 100 mm). White circular
void spaces represent remaining polymer fiber. (B) Picrosirius red–stained images under polarized light (90°). Black circular void
spaces represent remaining polymer fiber. Yellow stain represents collagen fiber bundles. Scale bars: 1 mm (203 images),
200 mm (1003 images). (C) Safranin O/fast green–stained images of native meniscus and explant sample (posterior region) at
1003. Red stain indicates proteoglycan. Scale bars: 200 mm. (D) Polymer fiber density (fibers/mm2) in the anterior (n = 5),
body (n = 8), and posterior (n = 6) regions of explants as a box-and-whisker plot. Values are presented as minimum and maximum
(fences), 25th and 75th percentile (box), median (horizontal line within box), and mean (X).

Tensile Mechanical Properties
Native menisci and explants all failed at or near the tissuebone interface, and time-zero scaffolds (fixed with interference screws) typically failed at the screw-tail interface
within the bone tunnel. One posterior explant sample
was removed because of insufficient tissue for gripping,
leaving 4 samples. Time-zero tensile properties were comparable (P = .28 and P = .722 for ultimate tensile load

and stiffness, respectively) to native properties (Figure 6,
C and D), indicating that fixation of the devices re-created
the mechanics of native root attachments. The ultimate
tensile load of explant tissue (all explants, 139.8 6
54.1 N) was 52.0% of the load for native tissue (all native,
264.8 6 82.0 N) whereas stiffness was 40.0%, which were
significant (P = .005) and highly significant (P \ .001) differences, respectively. Region (anterior vs posterior) was
not significantly influential (P = .2407) for ultimate tensile
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Figure 4. Circumferential histology results. (A) Native and explant tissue (anterior, body, posterior regions) stained with hematoxylin and eosin (H&E) at 403 and 2003. Oblique white ovals represent remaining polymer fiber. Scale bars: 500 mm and 100 mm.
(B) Sections stained with picrosirius red and imaged under polarized light (90°) at 203 and 1003. Oblique black ovals represent
remaining polymer fiber. Scale bars: 1 mm and 200 mm.
load but was influential (P = .0339) for stiffness, which was
10.9% higher in the anterior region.

hardness of surgical condyles was 9.33% lower than hardness
of contralateral condyles (Figure 7, B and C).

Cartilage Macroscopy

Cartilage Microscopy and Scoring

Contralateral surfaces experienced slight superficial abrasions, with 3 cases of more severe lesions (Figure 7A, red
dashed ellipses). Of 22 contralateral surfaces, 4 had slight
osteophyte development (Figure 7A, black arrows). Surgical
cartilage displayed mild to moderate abrasions, with no
trends in the location of damage. Grossly, damage to the surgical femoral condyles and tibial plateaus was mostly partial
thickness, and a few surfaces experienced lesions to the subchondral bone. Moderate to severe osteophyte development
was consistently observed on the medial aspect of the femoral
condyles and tibial plateaus, possibly attributed to medial
instability caused by dislocation of the medial collateral ligament during surgery. Moreover, this osteophytic growth
caused a significant increase in the area of the tibial plateaus
in surgical knees (Figure 7A, bottom panel). Cartilage

Contralateral cartilage experienced a range of damage—
from no damage to clefts into the transitional zone. In
areas experiencing damage, a slight increase in cellularity
and decrease in safranin O stain were observed (Figure 8A,
top), and all contralateral tidemarks remained intact. Surgical knees experienced notably more damage, with the
intermediate level of damage being fissures of the surface
(Figure 8A, bottom). The worst damage in surgical knees
was damage to the radial zone, with moderate reduction
of safranin O stain. Only 3 of 99 sections in the surgical
group experienced tidemark disruption, indicating that
the meniscus scaffold prevented damage down to the
bone typically resulting from meniscectomy.4,20,36 When
averaged over all regions, the modified OARSI score of surgical femoral condyles (8.54 6 3.31) was significantly
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Figure 5. Type I and II collagen immunofluorescence. Red indicates collagen stain, and blue represents cell nuclei. Magnification:
1003. Scale bar: 250 mm. (A) Type I collagen staining from the outer margin of native tissue and explants in the anterior, body, and
posterior regions. Staining was increased surrounding remaining polymer fiber (black void spaces) in the explant group. (B) Type II
collagen staining from the inner margin.
greater than the score from contralateral condyles (3.90 6
1.93) (Figure 8B).

DISCUSSION
The purpose of this study was to determine the long-term efficacy of a tissue-engineered total meniscus replacement scaffold in a large animal model. We showed that the scaffold
could induce tissue ingrowth and remodel into neomeniscus
tissue that maintains functional mechanics and protects the
articular surfaces from end-stage deterioration. To put our
results into perspective, consider that prior attempts to reconstruct the meniscus in large animal models were largely
unsuccessful in the long term, often leading to implant rupture or extrusion and severe cartilage degeneration.20,23,26,44
Kelly et al23 reported a 100% tear rate for a synthetic hydrogel
replacement in a sheep model at 12 months, and Kon et al26
found severe osteoarthritic changes and foreign body reaction
in response to hyaluronic acid–polycaprolactone scaffolds.
Vrancken et al44 showed that a polycarbonate urethane total
meniscus replacement device could not protect cartilage from
degeneration in a goat model at 12 months. Hannink et al20

tested a polycaprolactone-based polyurethane implant in
a canine model, with all implants being severely damaged at
24 months. These previous unsuccessful studies underscore
the difficult challenge associated with long-term total meniscus reconstruction in a large animal model.
Partial meniscus devices had similarly experienced failures, with Gruchenberg et al18 showing gapping or total
implant loss as early as 3 and 6 months. In our study, 8
of 11 implants formed intact neomeniscus tissue, with 3
of those 8 experiencing some extrusion from the joint. To
our knowledge, this study is the first to show this rate of
scaffold retention and neomeniscus formation at 2 years
in a large animal total meniscus replacement model.
Significant tissue ingrowth was observed throughout all
explants. The original scaffold had been replaced by dense,
organized extracellular matrix, with cellular shape corresponding to that of native tissue. There was increased collagen content and organization around the polymer fibers,
likely a response by fibroblasts to increased tensile stresses
in those areas. The anterior region of explants exhibited
the greatest quantity of polymer fiber remaining, likely
attributed to decreased loading. The ovine stifle joint is
constantly in flexion,19 meaning that the anterior region
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Figure 6. Mechanical properties. (A) Compressive modulus of native menisci, time-zero scaffolds, and explants in the anterior,
body, and posterior regions. (B) Equilibrium modulus of native and explant tissue in the 3 regions. (C) Ultimate tensile load and
(D) tensile stiffness of the anterior and posterior horn-root complexes of native menisci, time-zero scaffolds, and explant tissue.
Values are presented as mean 6 SD. *P \ .05. **P \ .001.
is relatively protected from high loads, possibly causing
less polymer fiber loss. Conversely, the posterior region
exhibited the least amount of fibers and the greatest tissue
organization, likely because of these increased compressive
and tensile stresses in that region.12
In the periphery of the explants, circumferential alignment of crimped collagen bundles was observed. The crimping period of the explant tissue was notably less than native
meniscus (Figure 4B), which suggests less maturity than
native tissue,31 but the alignment indicates that the initially
isotropic collagen sponge was remodeled in response to compressive stresses being converted into circumferential tensile stresses. The ability of the remodeled matrix to resist
hoop stresses is crucial to neomeniscus function; histological
results confirmed that circumferential collagen bundles
could provide this utility. To our knowledge, this is the first
tissue engineering study to definitively show circumferential alignment of neomeniscus tissue in an in vivo model.
The inner margin of the neomeniscus tissue also resembled that of the native meniscus, with strong type II collagen immunofluorescence on the inner margin of all 3
regions of explants. This is noteworthy given that the initial
implant contained only type I collagen and that type II deposition is likely a response to compression by chondrocyte-

like cells on the inner margin. The location-dependent deposition of collagen types I and II was demonstrated in both in
vitro32,40 and in vivo27,35 studies, but this study is the first to
do so without the use of added growth factors, cells, or
meniscus extracellular matrix. Safranin O stain showed
the presence of proteoglycans in several samples, another
response by chondrocytes to compressive stresses. Thus,
aligned circumferential tissue was deposited on the periphery, with cartilage-like tissue (type II collagen, proteoglycan) near the inner margin, both characteristic of the
fibrocartilaginous structure of the native meniscus.
The degree of tissue deposition and remodeling in musculoskeletal tissues is directly related to that tissue’s mechanical loading. In this study, the instantaneous compressive
modulus of explant tissue was greater than that of native
menisci and more than twice that of time-zero scaffolds.
This suggests that remodeling in response to loading played
a role in increasing the viscous mechanical response of the
neomeniscus, typically associated with higher proteoglycan
and water content. Perhaps more intriguing was the
regional trend in that the posterior region exhibited the
greatest modulus, consistent with the increased fibrocartilaginous tissue in that region. The equilibrium modulus of
explant tissue, more indicative of the elastic response, was
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Figure 7. Cartilage macroscopic results. (A) Representative images of the femoral condyle and tibial plateau of contralateral and
surgical knees: best-, intermediate-, and worst-case examples. White scale bar: 10 mm. Red-dashed circles, areas of deep cartilage damage; black arrows, osteophytes. (B) International Cartilage Repair Society mapping scheme for cartilage analysis, split
into 9 regions. (C) Indentation hardness of contralateral and surgical femoral condyles in 9 regions. A, anterior; C, central; L, lateral; M, medial; P, posterior. Values are presented as mean 6 SD.
approximately 40% of native tissue, only slightly lower than
that found in our 1-year study,36 suggesting that the native
meniscus has greater fibrous organization. Lee et al27
showed instantaneous and relaxation moduli that were
between one-third and one-half those of native tissue at
12 weeks with a partial meniscus scaffold and achieved values comparable with native tissue only by using growth factors. In the present study, the neomeniscus tissue had the
requisite compressive properties to protect the underlying
cartilage from catastrophic deterioration, with a structural
scaffold without cell seeding or growth factors.
Tensile properties of the time-zero scaffold-fixation complex were comparable with those of the native meniscus-root
complex in the anterior and posterior regions and decreased
to approximately 40% of those values at 2 years. The loss in
tensile properties can be attributed to polymer fiber strength

loss; these fibers exhibit no mechanical integrity by 1 year.41
Thus, at 2 years, neomeniscus tissue, not fiber, is bearing
all of the tensile load, and even at 40% of the native meniscus
value, the neomeniscus failure load exceeds the tensile loads
typically encountered in the sheep knee joint.
A key indicator of meniscus scaffold function is the quality of the articular surfaces. Joint changes were observed in
our 2-year study, with the presence of osteophytes and macroscopic cartilage damage. Upon a closer look histologically,
cartilage damage was, on average, down to the transitional
zone, with very few cases of damage down to the bone. The
overall OARSI histopathology score averaged among
regions in this study (8.54 of 25) was only slightly higher
than the values of the Mankin grading scheme in our 1year study (3.43 of 14; ratio corresponds to 6.13 of 25),36
indicating that damage did not significantly progress.
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Figure 8. Cartilage microscopy and Osteoarthritis Research Society International (OARSI) grading. (A) Representative cartilage
histology images (best, intermediate, and worst) from contralateral and surgical femoral condyles. (B) Box-and-whisker plot of
OARSI microscopic cartilage scores for contralateral and surgical medial femoral condyles in the 9 regions. Maximum score:
25. Values are presented as minimum and maximum (fences), 25th and 75th percentile (box), median (horizontal line within
box), and mean (X). *P \ .05. **P \ .001. A, anterior; C, central; L, lateral; M, medial; P, posterior.
Mankin scores throughout the literature ranged from 3.0 to
9.0 of 14 (ratio corresponds to 5.4 to 16.1 of 25) for other in
vivo meniscus tissue engineering studies, with damage
often progressing from short-term (3-6 months) to longterm (12-24 months) time points.20 Note that even contralateral knees in this study exhibited a degree of cartilage
damage (OARSI histopathology score, 3.90 of 25) and that
the damage in our study was qualitatively less than that
in other studies performing meniscectomy.20,25,36 One limitation of this study is that histological analysis of the tibial
plateau was not performed; it is possible that the cartilage
of the tibial plateau experienced more advanced degenerative changes than that of the femoral condyle.
There were 3 implant ruptures of the 11 animals, possibly linked to the surgical procedure and/or lack of postoperative rehabilitation protocol. One of the limitations of
the surgical procedure in this study—and many others in
the literature7,20,23,27—is that they were performed by fully
opening the joint as opposed to arthroscopically. The open
procedure leads to increased bleeding and inflammation in
the joint and can cause changes within the synovial environment. We anticipate that in future clinical trials, with
an arthroscopic-assisted procedure in humans, these complications will be avoided, as with other arthroscopic procedures, such as anterior cruciate ligament avulsion repair3
and torn labra repair.17

In addition to the open surgical procedure, this study had
other limitations. Unfortunately, because of the smaller size
and space within the ovine joint, the medial joint capsule
and medial collateral ligament were dislocated to access
the meniscus, leading to instability of the knee. The instability possibly explains the presence of osteophytes on the
medial margin of the femoral condyles and tibial plateaus,
a result observed in previous in vivo work.24 An arthroscopic
approach in the larger human knee would maintain knee
stability by keeping all ligaments intact.
Another limitation was that animals were standing
approximately 3 hours after the procedure, in contrast to
postoperative management in humans, where toe-touch
weightbearing protocols would be in place. Significant weightbearing before adequate healing of the knee may have caused
subluxations of the knee joint, implant extrusion, or rupture
early in the study. Typical weightbearing would not begin
with patients until 4 weeks postoperatively, giving the joint
time to heal and for tissue ingrowth to commence. Thus,
the results in this study demonstrate the efficacy of our device
in the worst-case scenario; in clinical use, these surgical and
postoperative limitations would be avoided.
This study used simple structural scaffolds to induce
ingrowth and remodeling of neomeniscus tissue. For clinical
translation, the regulatory approval route is less complex
when compared with scaffolds containing growth factors,
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cells, or tissues grown in bioreactors.33 Nonetheless, there is
still potential to influence clinical performance with biological enhancers—for example, bone marrow aspirate or
platelet-rich plasma, which could be added to the scaffold
at the time of surgery in the operating room. In theory,
these adjuvants may result in amplified tissue organization,
increasing compressive and tensile mechanics and ultimately improving outcomes with regard to joint protection.
Despite the surgical and postoperative rehabilitation
limitations in sheep, this study showed that functional
chondroprotective neomeniscus formation can be induced
by implantation of a fiber-reinforced collagen-hyaluronan
sponge. This study is the first to show neomeniscus formation in response to an acellular, fiber-reinforced resorbable
scaffold at 2 years in a large animal model. Overall, while
articular changes were observed, end-stage osteoarthritis
was avoided in a long-term large animal model, showing
the potential for clinical use of this technology.
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