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One-Year Outcomes of Total Meniscus
Reconstruction Using a Novel Fiber-
Reinforced Scaffold in an Ovine Model

Jay M. Patel,*y ME, Aaron R. Merriam,*y PhD, Brian M. Culp,* MD,
Charles J. Gatt Jr,*y MD, and Michael G. Dunn,*yz PhD
Investigation performed at Rutgers Biomedical and Health Sciences–Robert Wood Johnson
Medical School, New Brunswick, New Jersey, USA

Background: Meniscus injuries and resulting meniscectomies lead to joint deterioration, causing pain, discomfort, and instability.
Tissue-engineered devices to replace the meniscus have not shown consistent success with regard to function, mechanical
integrity, or protection of cartilage.

Purpose: To evaluate a novel resorbable polymer fiber–reinforced meniscus reconstruction scaffold in an ovine model for 52
weeks and assess its integrity, tensile and compressive mechanics, cell phenotypes, matrix organization and content, and pro-
tection of the articular cartilage surfaces.

Study Design: Controlled laboratory study.

Methods: Eight skeletally mature ewes were implanted with the fiber-reinforced scaffold after total meniscectomy, and 2 addi-
tional animals had untreated total meniscectomies. Animals were sacrificed at 52 weeks, and the explants and articular surfaces
were analyzed macroscopically. Explants were characterized by ultimate tensile testing, confined compression creep testing, and
biochemical, histological, and immunohistochemical analyses. Cartilage damage was characterized using the Mankin score on
histologic slides from both the femur and tibia.

Results: One sheep was removed from the study because of a torn extensor tendon; the remaining 7 explants remained fully
intact and incorporated into the bone tunnels. All explants exhibited functional tensile loads, tensile stiffnesses, and compressive
moduli. Fibrocartilagenous repair with both types 1 and 2 collagen were observed, with areas of matrix organization and biochem-
ical content similar to native tissue. Narrowing in the body region was observed in 5 of 7 explants. Mankin scores showed less
cartilage damage in the explant group (femoral condyle: 3.43 6 0.79, tibial plateau: 3.50 6 1.63) than in the meniscectomy group
(femoral condyle: 8.50 6 3.54, tibial plateau: 6.75 6 2.47) and were comparable with Mankin scores at the previously reported 16-
and 32-week time points.

Conclusion: A resorbable fiber-reinforced meniscus scaffold supports formation of functional neomeniscus tissue, with the
potential to prevent joint degeneration that typically occurs after total meniscectomy. Further studies with improvements to
the initial mechanics of the scaffold and testing for longer time periods are warranted.

Clinical Relevance: Meniscectomy is an extremely common orthopaedic procedure, and few options currently exist for the treat-
ment of significant loss of meniscus tissue. Successful development of a tissue-engineered meniscus scaffold could substantially
reduce the incidence of postmeniscectomy joint degeneration and the subsequent procedures used for its treatment.

Keywords: meniscus; tissue engineering; biomechanics; knee

Meniscus tears are one of the most common musculoskele-
tal injuries. Because of the relative avascularity of the
meniscus,2 tears are often unable to heal without surgical
intervention, causing patients pain and loss of mobility.
Meniscectomy is one of the most frequently performed
orthopaedic procedures and involves removing the dam-
aged tissue.12 Although meniscectomy has shown short-
term symptom relief, long-term follow-up shows a direct

correlation between the amount of meniscus tissue
removed and the amount of articular cartilage damage.1,17

Another option for large meniscus tears is allograft trans-
plantation, which provides a fully intact, mechanically
functional total meniscus replacement.37 However, disad-
vantages include long-term failure, limited cellular infil-
tration and remodeling, size-matching issues, graft
preservation, and risk of disease transmission. Recent
advances in tissue engineering may provide an off-
the-shelf, cell-free meniscus replacement that provides
long-term cartilage protection and prevents the onset of
osteoarthritis.
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The menisci of the knee aid in load distribution, stability,
lubrication, and joint preservation.28 The menisci protect the
articular surfaces by distributing loads from the femoral con-
dyle over a larger area on the tibial plateau. One critical
property of the meniscus is its ability to resist tension
when compressive stresses are converted to circumferential
hoop stresses.32,40 Therefore, tissue-engineering approaches
should aim to replicate these mechanical functions. Two of
the first clinically used implants were the collagen-based
Menaflex38,39 and the polyurethane-based Actifit.8,9 Both
implants are porous sponges that are conducive to cellular
ingrowth.43 However, because of the relatively low circumfer-
ential tensile mechanics of these isotropic sponges, their use
is limited to partial meniscus replacement, requiring an
intact peripheral meniscus rim.

Previous tissue-engineering strategies have used biolog-
ical materials such as collagen,3,14 hyaluronan,7,11 and
silk29 and synthetic polymers such as polylactic acid,7 poly-
glycolic acid,11,23 polycaprolactone,7,22,26 polyethylene,19

and poly vinyl alcohol.19 While several short-term (\8-
month) studies have shown compressive resistance, fibro-
chondrocytic cell morphology, and collagen expression,
most have failed at longer time points because of implant
rupture and/or joint deterioration.44 These shortcomings
are often attributed to an inability to provide and maintain
functional tensile mechanics.

Previously, our group developed a total meniscus replace-
ment device composed of a collagen-hyaluronan sponge
reinforced with degradable poly (desaminotyrosyl-tyrosine
dodecyl ester dodecanoate) (pDTDDD) fibers oriented to
mimic the structure of the meniscus.4 The novel implant
design is patented (US Patent No. US8623085 B213) and
has been licensed for product development (Meniscofix; Novo-
pedics Inc). The porous sponge provides a substrate for cell
attachment and infiltration. pDTDDD is a tyrosine-derived
polymer that has relatively high mechanical properties and
a relatively slow degradation profile.5 The reinforced scaffold
was shown to exhibit an ultimate tensile load and tensile
stiffness similar to the native meniscus. An ovine total menis-
cus replacement study demonstrated the success of this scaf-
fold, particularly with regard to affinity for cellular
infiltration and matrix deposition, maintenance of functional
mechanical loads, and protection of the articular cartilage
compared with untreated meniscectomies at 16 and 32 weeks
postoperatively.31

The purpose of this study was to evaluate this implant
for 52 weeks in an ovine model and make comparisons to
the previous 16- and 32-week results as well as to 52-
week untreated meniscectomy. Our hypothesis was that
the meniscus scaffold would be able to (1) remain intact

and incorporate into the bone tunnels, (2) maintain func-
tional tensile properties, (3) have compressive properties
that approximate those of native tissue, (4) become popu-
lated with fibrochondrocytic cells and exhibit extracellular
matrix (ECM) deposition and organization, and (5) improve
cartilage protection compared with meniscectomy while pre-
venting the progression of cartilage damage.

METHODS

In this study, we implanted scaffolds into 8 sheep. In addi-
tion, we performed untreated total meniscectomies on 2
additional sheep to verify cartilage damage after meniscec-
tomy in this animal model. An ovine model was used
because of the similarities in meniscus structure between
sheep and humans.6 Upon retrieval at 52 weeks postopera-
tively, uniaxial tensile testing and confined compression
creep testing were performed. Histological staining was per-
formed to analyze the cellular and extracellular makeup of
the explanted neomeniscus tissue. Immunohistochemistry
was performed to examine distribution of collagen types 1
and 2 (COL-1, COL-2). Collagen and sulfated glycosamino-
glycans (S-GAG) content were obtained through colorimet-
ric assays. The femoral and tibial articular cartilage of the
experimental and meniscectomy groups was analyzed histo-
logically for damage using Mankin scores.

Scaffold Production

The pDTDDD was polymerized, melt extruded, and drawn
into 100-mm-diameter fiber at the New Jersey Center for
Biomaterials (Department of Chemistry, Rutgers Univer-
sity). Fiber was quasi-woven around a circumferential set
of pins to create a semilunar, wedge-shaped network of
fibers,4 with extended tails for fixation (Figure 1). A slight
modification was made to the scaffold used in the previous
ovine study.31 Additional fiber was added primarily to the
inner margin of the scaffold (Figure 1), resulting in a 28%
increase in total fiber length.

Sodium hyaluronate (molecular weight 1.5-2.2 MDa;
0.25 g/L; Acros Organic) from bacterial fermentation was
dissolved in dilute hydrochloric acid (HCl; pH 2.35).
Ground, lyophilized type I bovine Achilles tendon collagen
(20 g/L, 2% wt/vol; Worthington Biochemical Corp) was
swollen in the hyaluronic acid solution. The gel-like disper-
sion was injected into and around the quasi-woven scaffold.
The scaffold was frozen via ethanol–dry ice bath and lyoph-
ilized (–50�C, 0.05 mbar) for 24 hours. Scaffolds were cross-
linked in 1-ethyl-3-(dimethyl aminopropyl) carbodiimide
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(10 mM) and N-hydroxysuccinimide (5 mM) for 6 hours
(50 mL per scaffold). Scaffolds were subjected to three
10-minute washes in DI H2O, a 3-hour sodium phosphate
wash (Na2HPO4; 100 mM), and four 6-hour DI H2O
washes. Last, scaffolds were lyophilized again and steril-
ized with gamma irradiation (Sterigenics) at 25 kGy.

Surgical Procedure and Sacrifice

Ten skeletally mature (2-3 years; 50-70 kg) Dorset Finn
Cross sheep were used in this study under an Institutional
Animal Care and Use Committee–approved protocol, with
8 sheep receiving an implant (experimental group) and 2
sheep receiving an untreated meniscectomy. Surgical prep-
aration, procedure, and postoperative care were performed
as previously described.31 Animals were anesthetized and
each right hindlimb was scrubbed and sterilely prepared.
Total medial meniscectomies were performed on the right
hindlimb of all animals. For the experimental group, tibial
bone tunnels were drilled at the anterior and posterior
horn sites. The scaffold tails (Figure 1) were pulled
through the tunnels and fixed with titanium interference
screws (Smith & Nephew). Animals were allowed unre-
stricted movement 3 hours after the procedure and given
antibiotic, anti-inflammatory, and pain-killing medication
as necessary. Animals were sent to a farm facility approx-
imately 2 weeks postoperatively and were sacrificed at 52
weeks. Explants were analyzed macroscopically for intact-
ness, size, and shape and evaluated mechanically, bio-
chemically, and histologically. The articular surfaces
from all 10 sheep were recovered. The 10 native medial
menisci extracted from the surgeries (right leg) were also
analyzed: 4 for tensile testing, 4 for compression creep
and biochemical testing, and 2 for histology and immuno-
histochemistry. Surgeries and postoperative care were

performed by the same orthopaedic surgeon and staff to
minimize variability.

Mechanical Evaluation

The mechanical properties of the explants were character-
ized using uniaxial tensile testing and confined compres-
sive creep testing. Explants were randomly assigned to 1
of 2 groups (n = 4 per group) (Figure 2). From the first
group, cylindrical plugs (4-mm diameter 3 4-mm height)
were taken from the anterior and posterior regions and
used for confined compressive creep testing. Uniaxial ten-
sile testing was performed on those 4 explants, 4 native
menisci, and 4 unimplanted scaffolds (after sterilization).
The anterior and posterior regions were loaded into cryo-
clamps (Bose ElectroForce Systems) with a 10-mm–gauge
length consisting of the sample’s body region (Figure 2,
left). All samples were tested (Instron No. 5569) at
10 mm/min until failure. Load at failure and tensile stiff-
ness were obtained.

Figure 1. Implantation of the fiber-reinforced scaffold in an
ovine model. The extended tails (black arrows) were fixed
in tibial bone tunnels with titanium interference screws. The
design modification was fiber addition to the inner margin
of the scaffold (red dotted line).

Figure 2. Explant groups. Group 1: Anterior and posterior
plugs taken for confined compressive creep/biochemical
testing and remainder for ultimate tensile testing. Group 2:
Body plug for confined compressive creep/biochemical test-
ing and 2 slices per region (anterior, body, posterior) for his-
tology and immunohistochemistry.

900 Patel et al The American Journal of Sports Medicine

 at RUTGERS UNIV on April 5, 2016ajs.sagepub.comDownloaded from 

http://ajs.sagepub.com/


From the second group of 4 explants, 1 additional plug
was taken from the body region to obtain 4 plugs per
region. Anterior, body, and posterior plugs were also taken
from each of 4 native menisci. For confined compressive
creep testing, samples were hydrated for at least
60 minutes and placed in a 4-mm-diameter cylindrical
chamber with a unidirectional fluid flow filter. A 1-N
load was applied for 3600 seconds (Instron No. 5542).
The aggregate moduli of the samples were calculated using
the biphasic theory of Mow et al.33

Histological Evaluation

The remaining tissue from the second group of explants
was used for histological and immunohistochemical evalu-
ation (Figure 2). Two tissue samples were taken from the
anterior, body, and posterior regions. One sample from
each region was fixed in Carson’s buffered formalin, paraf-
fin embedded, cut into 8-mm-thick radial cross sections,
and stained with hematoxylin and eosin (AML Laborato-
ries). Polymer fiber density was obtained by taking 5 ran-
domly chosen images (2.36 mm2) from the anterior, body,
and posterior regions of each of the 4 explants. The number
of fibers in each image was counted, and density was calcu-
lated and averaged over the 5 images. The slides were also
analyzed qualitatively for cell concentration and morphol-
ogy, ECM development and organization, vascularity,
and inflammatory response.

The second tissue sample from each region was embed-
ded in optimal cutting temperature compound (Tissue-Tek;
Sakura) and frozen with liquid N2. After fixation in 100%
methanol for 10 minutes, 8-mm-thick sections were cut
and stained for COL-1 (AB745; Millipore) and COL-2
(AB34712; Abcam Inc) and with secondary fluorescent
antibody (AlexaFluor 594; Texas Red; Life Technologies).
Autofluorescence was negated by using negative controls
to set the exposure. The location and content of each colla-
gen type were observed qualitatively. Differences between
the inner and outer margins and between the regions were
also noted. Explant sections were also compared with those
of native menisci for both methods of staining.

Biochemical Testing: Collagen and GAG Content

For quantitative biochemical analyses, compression creep
plugs (explant and native tissue) were frozen and lyophi-
lized. These samples were weighed (10-25 mg each) and
digested with papain solution (1 mg tissue/100 mL solution;
125 mg/mL papain, 5 mM L-cysteine-HCl, 5 mM ethylene-
diaminetetraacetic acid disodium salt (EDTA-2Na) in phos-
phate-buffered saline, pH 6.0) for 24 hours. The 100-mL
sample homogenates were hydrolyzed with 100 mL of
12 M HCl at 120�C for 24 hours. Two 10-mL aliquots from
each hydrolyzed sample were transferred to a 96-well plate
and evaporated to dryness under vacuum. Each well
(including 2 blank wells and 7 3 2 standard wells) was sub-
ject to incubation in 100 mL chloramine T (20 minutes, room
temperature) followed by incubation in 100 mL dimethyla-
minobenzaldehyde (30 min, 60�C). Absorbance was mea-
sured at 530 nm, and hydroxyproline concentration per

gram of tissue was used to calculate collagen content with
a scale factor of 7.46.34 Two additional 100-mL sample homo-
genates were stained with 100 mL of 1,9 dimethylmethylene
blue. Absorbance was measured immediately at 525 nm,
and S-GAG concentration per gram of tissue was calculated.
Concentrations were calculated by using a regression anal-
ysis on ranges of hydroxyproline and chondroitin-6-sulfate
standards.

Articular Cartilage Evaluation

After explant recovery, the femoral condyle and tibial pla-
teau of each knee were analyzed macroscopically for loca-
tion (International Cartilage Repair Society [ICRS]
mapping system) of damage. Anterior-to-posterior slices
were taken from the femoral condyle and tibial plateau of
all 10 sheep (8 experimental, 2 meniscectomy). Slices were
fixed in Carson’s buffered formalin and embedded in paraf-
fin, and 8 mm sections were stained with Safranin O/Fast
Green (AML Laboratories). The central region of each sec-
tion was graded with the Mankin score,30 a semiquantitative
system ranging from 0 (no damage) to 14 (complete damage)
that accounts for structural damage, cellular changes, pro-
teoglycan stain, and tidemark integrity.

Statistical Analyses

Explant ultimate tensile load and tensile stiffness were
analyzed with a 1-factor analysis of variance (ANOVA;
P \ .05) when being compared with native and time-zero
(unimplanted scaffold) values. A post hoc Tukey honest sig-
nificant difference (HSD) test was performed to find statis-
tical differences between groups. Regional differences
(between anterior, body, and posterior regions) in fiber
densities and biochemical data from the explant group
were compared with 1-factor ANOVA with Tukey HSD.
Aggregate moduli and biochemical content from the ante-
rior, body, and posterior regions were compared between
native menisci and explant tissue with a 2-tailed, type 2 t
test (P \ .05).

RESULTS

Macroscopic Observations

All animals returned to a standing position within 3 hours
postoperatively and achieved normal weightbearing and
gait within 6 weeks. All animals experienced slight weight
gain but only by an average of 10.1%. One sheep was
removed from the experimental group because of a torn
extensor tendon that may have been caused by interfer-
ence screw placement. This resulted in 3 explants for ten-
sile analysis, 3 anterior and 3 posterior plugs for
compressive analysis, and 7 experimental articular surfa-
ces for cartilage analysis. At sacrifice, all 7 explants were
fully intact, firmly anchored to the bone tunnels, and
peripherally attached to the tibial plateau at the capsular
junction. Tissue infiltration was observed and fibers
remained present, especially at the bone tunnel
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attachment sites. Five of the 7 explants experienced nar-
rowing in the body region, as shown with a black arrow
in Figure 3. This narrowing was classified as a decrease
in inner margin–to–outer margin width. The meniscec-
tomy sheep experienced scar tissue growth into the space
left after meniscectomy. This tissue was rough and spongy
in comparison with the native meniscus and explants and
upon handling had very little mechanical integrity. Images
of a native meniscus, an explant example with narrowing
in the body region, and a meniscectomy scar tissue exam-
ple can be seen in Figure 3.

Mechanical Evaluation

Unimplanted (time-zero) scaffolds possessed a similar ulti-
mate tensile load and significantly higher tensile stiffness
compared with native menisci. The ultimate tensile load
was significantly lower for explants (210.4 6 14.0 N)
than for both the native menisci (572.6 6 210.9 N) and
time-zero scaffolds (524.6 6 48.6 N) (Figure 4A). The ten-
sile stiffness of explants (66.1 6 32.5 N/mm) was signifi-
cantly lower than native menisci (143.5 6 41.6 N/mm)
and time-zero scaffolds (249.4 6 34.1 N/mm) (Figure 4A).

The 52-week explant plugs had an average aggregate
modulus (0.40 6 0.19 MPa) that was 51% that of the native
meniscus (0.78 6 0.25 MPa) (Figure 4B). The aggregate
moduli of the anterior and body regions of the explants
were significantly lower than that of native tissue, and
the posterior region had the highest aggregate modulus
(0.59 6 0.24 MPa) of the 3 explant regions.

Histological Evaluation

A characteristic histology image for each explant region
(anterior, body, posterior), accompanied by that group’s
average polymer fiber density, is shown along with an
image from a native meniscus in Figure 5. The anterior
region had a significantly greater polymer fiber density
than the body and posterior regions. Polymer fibers in
the anterior region maintained diameters between 100
and 110 mm, whereas some fibers from the body and poste-
rior regions had diameters \50 mm. Polymer fibers tended

to be evenly dispersed through the interior of the cross sec-
tion. The surfaces of the explants were composed of new
tissue that did not contain fibers.

Significant cellular infiltration was seen throughout the
explants, with no noticeable differences in concentration
between the inner and outer margins. Cells near polymer
fibers tended to display an elongated shape, while cells
along the inner margin experienced more circular fibro-
chondrocytic shapes. There were areas of dense ECM depo-
sition and organization in the posterior region of all 4
explants, and the body region contained moderately less
organization. The anterior region contained little notice-
able ECM organization as a large portion of the area was
still occupied by fibers. The explant ECM was not as orga-
nized as that of the native meniscus, but the body and pos-
terior regions did have areas of aligned collagen fibers
similar to native tissue (Figure 5). Blood vessels were
observed in all 3 regions and in both the inner and outer
meniscus (see Figure 5, body, 2003). There was a slight
presence of inflammatory cells, mainly monocytes and neu-
trophils. These cells were found primarily surrounding the
pDTDDD fibers, with the anterior region having the great-
est inflammatory response.

Immunohistochemical staining showed that COL-1 was
found primarily in the outer two-thirds of all 3 explant
regions and was more present and organized in the body
and posterior regions than in the anterior region. In all
regions, COL-1 was frequently observed surrounding any
remaining polymer fiber. The organized regions of COL-1

Figure 3. Macroscopic images of (A) native ovine meniscus,
(B) a 52-week explant with narrowing (arrow), and (C) 52-
week meniscectomy scar tissue growth.

Figure 4. (A) Ultimate tensile load and tensile stiffness of 52-
week explants (n = 3) compared with native ovine menisci
and time-zero scaffolds (n = 4 each). (B) Aggregate modulus
of 52-week explants (n = 3 anterior/posterior, n = 4 body)
compared with native ovine menisci (n = 4 per region).
Mean 6 SD. *Statistically significant difference.
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in the ECM were almost always paired with elongated
nuclei (Figure 6). COL-2 was primarily found near the
inner margin of explants, with a higher concentration at
the tissue surface. No considerable differences were
observed in COL-2 content between the anterior, body,
and posterior regions of the explants. The inner margin
of explants contained rounder cell nuclei than the outer
two-thirds. COL-1 images from the outer two-thirds and
COL-2 images from the inner margin are shown in Figure
6 for native and explant tissue.

Biochemical Content

After digestion with papain, several implant samples had
small strands remaining, indicating the presence of polymer
fibers. Collagen and S-GAG percentage per dry weight are

shown in Figure 7. No statistical differences existed between
explant and native tissue within each region for both bio-
chemical tests. However, the average collagen content of all
explant plugs was 64.8% that of native tissue, a significant
difference (P \ .001). Collagen and S-GAG content did not
vary significantly by region, but the posterior region (1.14%
6 0.26%) had a higher percentage of S-GAG than did the
anterior (0.76% 6 0.17%) and body (1.01% 6 0.30%) regions.

Articular Cartilage Evaluation

Macroscopic observations showed all 7 experimental sheep
exhibited only superficial abrasions to both the femoral con-
dyle and tibial plateau. These were centralized to the
Central-Central region, as described by the ICRS, or on
both surfaces at the point of contact in standing position.

Figure 5. Hematoxylin and eosin–stained slices from the anterior, body, and posterior regions of 52-week explants, compared
with native meniscus at low and high magnification. Fiber densities (fibers/mm2; mean 6 SD) are shown in the bottom left corner
of 3 explant images.

Figure 6. Collagen type 1 (COL-1; outer two-thirds) and COL-2 (inner third) immunohistochemical staining. Collagen (red) with
cell nuclei (blue) for native and explant tissue.
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The tibial plateau directly under the meniscus explants
remained pristine. Both meniscectomy sheep exhibited visi-
bly deeper lesions, with 1 sheep experiencing damage down
to the bone. Superficial abrasions were also seen on a greater
area of meniscectomy surfaces than on experimental surfa-
ces. In addition, slight osteophytic growth was noted on both
meniscectomy surfaces, even underneath the weak scar tis-
sue that grew into the empty space. Sample articular surfa-
ces of the experimental and meniscectomy groups are
compared with a native joint in Figure 8.

Histological assessment (Figure 8, insets) showed that
the experimental group experienced only superficial carti-
lage damage to the femoral condyles and tibial plateaus,
never deeper than 20% of the cartilage thickness. The
meniscectomy group experienced damage to the bone in 1
animal and damage to the radial zone of the cartilage in
the other. Slight hypocellularity was seen at the surface
of experimental groups, as well as a slight reduction in
the proteoglycan stain. These changes were more severe
in the meniscectomy group. All tidemarks were intact,
except for 1 of the 2 meniscectomy femoral condyles. Man-
kin scores were lower for both the femoral condyles and the
tibial plateaus in the experimental group than for those in
the meniscectomy group (Figure 9).

DISCUSSION

The purpose of this study was to assess the functionality
of a novel pDTDDD fiber-reinforced collagen-hyaluronan
sponge for total meniscus replacement in a 52-week animal

model with regard to mechanics, histology, ECM composi-
tion, and cartilage protection. To our knowledge, this study
is the first to test all of these criteria with a tissue-engineered
total meniscus substitute for at least 52 weeks.

While several constructs have shown short-term success in
animal models,7 studies longer than 24 weeks have typically
resulted in implant ruptures or joint deterioration.16,24,25 One
of the most common reasons for these failures is inadequate
tensile strength in these implants. Based on the tensile stiff-
ness of the native ovine meniscus from this study, an average
cross-sectional area of ~25 mm2,6 and a strain of 8% at max-
imum compressive load,36 the maximum circumferential load
that an ovine meniscus would encounter would be ~120 N.
Although the ultimate tensile loads of all three 52-week

Figure 9. Femoral condyle and tibial plateau Mankin scores
(out of 14) for explant and meniscectomy groups at 52
weeks. Mean 6 SD.

Figure 7. Collagen and sulfated-glycosaminoglycan (S-GAG)
content as a percentage of dry weight (dw) tissue in the ante-
rior, body, and posterior regions of native and explant tissue.
Mean 6 SD.

Figure 8. Articular surfaces of native joint, 52-week explant
joint, and 52-week meniscectomy joint. Severe damage is
highlighted by red dotted ellipses, and osteophytes are high-
lighted by black arrows. Insets: Representative histological
images of cartilage used to determine Mankin scores.
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explants were less than half of their time-zero value, they
were well above this 120-N functional tensile load. This
explains the ability for all 7 explants to remain intact. It is
important to note that these tensile properties are not indic-
ative of the entire meniscus, only the body region. Because
of the narrowing of the explant body regions in this study,
the anterior and posterior regions would be expected to
have significantly higher ultimate tensile loads and tensile
stiffnesses.

With tensile stiffness values that were approximately
half that of native tissue, the 52-week explants displaced
more than native menisci under loading conditions, likely
causing permanent narrowing in the body region. To
date, no other study has analyzed the tensile properties
at or past 52 weeks, but other studies have experienced
similar narrowing or extrusion.18,25 The addition of poly-
mer fibers to the implant in this study was intended to
help prevent narrowing; however, even though these
changes made the scaffold stronger, it also made the scaf-
fold thicker, with geometry less like the native meniscus.
Compression of the femoral condyle onto the thicker
implant may have caused the inner margin of the scaffold
to be pushed out, causing narrowing in the body region.
Therefore, our future studies with this scaffold will give
greater care to the geometry of the final product.

While more narrowing occurred in the 52-week study
than at earlier time points (2/8 at 16 weeks, 3/8 at 32
weeks),31 tensile properties remained fairly consistent from
16 weeks onward. The ultimate tensile load and tensile stiff-
ness in this study (210.4 6 14.0 N; 66.1 6 32.5 N/mm) were
only 11.1% and 10.4% lower than that at 32 weeks (236.7 6

39.3 N; 73.8 6 18.4 N/mm). Because the fibers have degraded
significantly by 16 weeks,42 they are contributing less to the
mechanics of the scaffold, and the regenerated tissue is
assuming a larger portion of the circumferential stresses.
Therefore, past 52 weeks, the tensile mechanics of this tissue
are not expected to decrease.

The evidence of ECM deposition was also suggested by
the confined compressive creep data. The average aggregate
modulus at 52 weeks (0.40 6 0.19 MPa) was about half that
of native tissue, but this value was more than double that of
time-zero scaffolds from our previous study (~0.15 MPa31).
The increase in mechanics can be attributed to tissue depo-
sition and organization. This theory is further supported by
a slight increase compared with explants from earlier time
points (16 weeks: 0.33 6 0.07 MPa; 32 weeks: 0.33 6 0.09
MPa).31 Most of the previous in vivo meniscus studies did
not report compressive values,23,25 especially in confined
creep. With regard to a compressive equilibrium modulus,
Gruchenberg et al15 showed increases from time-zero silk
fibroin scaffolds (~45 kPa) to 6-month explants (76 kPa)
toward native meniscus values (95 kPa), albeit for a partial
meniscus replacement. Tienen et al41 also reported signifi-
cant increases in compressive moduli of 6-month explants
from time-zero porous polymer scaffolds but was able to
achieve modulus values that were approximately only 38%
of native tissue. To our knowledge, no meniscus study has
been able to obtain compressive moduli greater than native
tissue, but increasing the initial compressive stiffness of the
scaffolds could be a potential avenue for doing so.

The collagen sponge used in the study allows for rapid
cell infiltration and attachment, followed by a more grad-
ual remodeling process. In addition, the degradation of
the pDTDDD fiber allows for additional cell infiltration
and ECM deposition. This degradation was verified by
the reduction in fibers from 32-week explants to 52-week
explants. In the 52-week explants, the anterior region con-
tained ~21 fibers per mm2, estimated to be 64% of the time-
zero density, whereas the fiber densities of the body and
posterior regions were only 14% and 3%, respectively.
Since the junction of the body and posterior regions typi-
cally experiences the greatest circumferential strain,10

the fibers in these 2 regions most likely degraded more rap-
idly because of loading. The difference in fiber density can
most likely be attributed to the least amount of strain
being placed on the anterior region.

The strain profile may also explain the region-depen-
dent ECM organization of the explants. The anterior
region of the explants was the least organized and con-
tained the least COL-1, perhaps because of the least total
strain in this region. In contrast, since the posterior region
of the meniscus experiences the highest combination of
strains,10 a greater degree of tissue deposition and organi-
zation occurred in this region. Many of the COL-1 fiber
bundles and tie fibers seen in the explants resembled those
found in native tissue. While other studies have not
emphasized differences in ECM properties by region, sev-
eral have also been able to induce a similar microarchitec-
ture to the native meniscus.26,35 Specifically, in this study,
we observed COL-1 in the outer two-thirds and COL-2 in
the inner third in orientations and quantities similar to
native tissue. In addition, the presence of aligned collagen
fiber bundles was more apparent in 52-week explants
when compared with earlier time points,31 suggesting
that the scaffold continues to be remodeled.

While biochemical data were not available from the ear-
lier time points, collagen content approached native tissue
values and was vastly increased from the time-zero scaf-
fold, which consisted of ~14% collagen based on scaffold
and fiber weights. S-GAG content slightly above native tis-
sue was also observed (~10% greater), with the posterior
region showing the highest content. The presence of
S-GAGs at native levels in our explants may also indicate
similar levels of the proteoglycan aggrecan. A larger pro-
teoglycan content will improve osmotic properties, corre-
lating with the improved compressive moduli. The
elevated amount of stress on the posterior region may
have caused the cells in this region to synthesize more pro-
teoglycans and the associated S-GAGs for compressive
resistance. On the other hand, the lower stress on the ante-
rior region most likely resulted in it having the least
S-GAG. Regardless, all regions were comparable with
native tissue. This development of the ECM is contingent
upon the location and phenotype of the cells.

The qualitative cellular observations suggest the pres-
ence of fibrochondrocytes. The elongated shape of cells in
proximity to fibers suggests that these cells have experi-
enced tension, making them fibroblastic. Elongated nuclei
were shown in the immunohistochemistry, especially near
aligned fiber bundles in the outer two-thirds, indicative of
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COL-1 expression by fibroblasts. The rounded shape of cells
throughout the rest of the scaffold, especially on the inner
margin, implies a response to compression. COL-2 was
expressed by many of these cells, indicating a cartilage-like
tissue. Other studies have obtained very similar cellular phe-
notypes, either through cell seeding or growth factor addi-
tion.21,23 For example, Lee et al26 induced fibrochondrocytic
differentiation of mesenchymal stem cells and collagen
expression with growth factors, and Kon et al25 showed
increased cartilage metaplasia by seeding autologous chon-
drocytes onto their scaffold. To our knowledge, the ability
of our scaffold to display these properties without any cellu-
lar or growth factor addition is unique. The minimal inflam-
matory response implies that the by-products of the polymer
degradation were nontoxic and nonacidic, consistent with
previous reports on degradation of polyarylates.20

Perhaps the most important requirement of meniscus
replacement is protecting the articular surfaces. While
scar tissue ingrowth with the approximate shape of the
meniscus was observed in the meniscectomy group of this
study, this group experienced significant joint deterioration,
including damage deep into at least the radial zone and the
presence of osteophytes. It is apparent that this weak scar
tissue was not able to distribute loads, allowing for signifi-
cant cartilage damage to occur. In contrast, the explant
group displayed markedly less cartilage damage. While joint
preservation was observed in many short-term studies,24,26

this is one of the only studies of at least 52 weeks to show
improvement over meniscectomy.16,24,25 Even with a partial
meniscus replacement, Maher et al27 showed no significant
differences in cartilage protection between implantation
with Actifit and partial meniscectomy in sheep in a 12-
month study. Furthermore, our scaffold was able to avoid
progressive cartilage damage between time points that is
frequently found in the both partial and total meniscus
replacements.16,24,45 For example, Hannink et al16 showed
only moderate cartilage damage at 6 months, but by 24
months, Mankin scores were higher than those of meniscec-
tomy controls. Their 6-month femoral condyle and tibial pla-
teau Mankin scores were 6 and 6.5, respectively, which
were almost double the values found in this 52-week study.
Moreover, femoral condyle Mankin scores at 52 weeks (3.43
6 0.79) were comparable with those at 16 weeks (3.71 6

2.50) and 32 weeks (3.14 6 2.28), showing that cartilage
damage was not progressing. Therefore, the reduction in
cartilage damage for the implant group versus meniscec-
tomy and the maintenance of the articular surfaces with
time make the results of this study distinctive.

There were a few limitations in this study. In an effort
to reduce the number of animals used, 8 experimental
but only 2 untreated meniscectomy sheep were used, as
we had previously established the deleterious effects of
that procedure on sheep articular cartilage at 16 and 32
weeks.31 Because of the exclusion of 1 sheep and the exis-
tence of 2 explant analysis groups, only 3 implants were
included in some of the analyses. Ultimate tensile testing
was performed only on the body region because of gripping
constraints. In addition, because of the constraints of the
explant groups (Figure 2), body plugs were taken from

different animals than the anterior and posterior plugs,
adding a potential element of variability. Last, the sheep
used in this study returned to a standing position hours
after surgery, which is not representative of the restrictions
on movement and activity after procedures in humans. A
nonweightbearing recovery period might allow for matrix
remodeling to initiate without loading that could cause rup-
ture, extrusion, thinning, or narrowing.

Our quasi-woven meniscus implant was able to remain
intact, maintain functional tensile properties, exhibit fibro-
chondrocytic cells, continue ECM deposition and organiza-
tion, and protect the articular surfaces. To our knowledge,
this is the first study to successfully show these properties
in a total meniscus replacement for at least 1 year in a large
animal model. Future work will test a modified implant for
longer than 52 weeks to determine if tissue organization
and mechanics that are more comparable with the native
meniscus are achieved. Furthermore, an implant with
the corresponding size and shape of the human meniscus
will be developed and evaluated.
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